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Arecaidine, a constituent of the betel nut, exerts a stimulating action on cholinergically
innervated structures (Marmé, 1890 ; Plesch, 1895 ; Dixon, 1924 ; Stefansson, 1937 ; von
Euler & Domeij, 1945 ; Holtz & Westermann, 1955 ; van Rossum, 1962). It therefore
seemed of interest to modify the molecule of arecoline—i.e., arecaidine methyl ester—
systematically and to investigate the pharmacological properties of the new compounds,
which were synthesized by Mutschler (1964). The results might give us a better general
picture of the interaction between drugs and cholinoceptive receptors. This paper deals
with the investigation of a number of arecaidine derivatives on the isolated ileum of the
guinea-pig. The results suggested that the action of these compounds is dependent on
the length of the side-chain, on hydrogenation of the double bond in the ring and on
quaternization of the ring nitrogen atom. Formulae of the compounds investigated are
represented in Table 3. :

METHODS

The experiments were carried out on the isolated ileum of the guinea-pig as described by Magnus
(1904). The Tyrode solution was composed as follows: 8.0 g sodium chloride ; 0.9 g potassium
chloride ; 0.2 g. calcium chloride ; 0.1 g magnesium chloride ; 0.25 g sodium dihydrogen phosphate ;
1.0 g sodium bicarbonate ; 1.0 g glucose ; water to 1,000 ml. Oxygen was bubbled continuously
through the solution, which was kept at 30° C. At this temperature the pH of the solution was 8.0.
Each piece of ileum was stimulated by means of the selected agonist at intervals of 5 min. When
after a maximal effect desensitization occurred, we waited until a test dose of acetylcholine again
provoked the same contraction response as observed before the desensitization phenomenon. The
latter especially took place after maximal responses provoked by acetylcholine, arecoline or
arecaidine ethyl ester.

The effects of all compounds investigated were compared with the response to arecoline and
correlated with the dose-response curve of the latter drug. The sensitivity of the isolated ileum
towards arecoline remained constant for several hr, as demonstrated in control experiments. The
dose-response curves were calculated by the method of Ariens (1964) and characterized by means of
the following parameters: 1, intrinsic activity, with respect to the maximal contraction amplitude
observed after arecoline administration ; 2, affinity—i.e., the reciprocal value of the drug concentra-
tion which caused 50% of the maximal effect (ED50); and 3, slope of the straight lines which
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are obtained upon transformation of the sigmoid-shaped dose-response curve, as described by
Ariens (1964). Moreover, a further characterization of the cholinomimetic compounds was obtained
upon investigation to which extent their agonistic action could be blocked by atropine. For the
quantitative’ evaluation of a possible antagonistic action the method described by Schild (1949)
was used. Atropine was added to the bath fluids in the concentrations 3 x 107 and 107°Mm,
respectively.

Some of the esters of arecaidine or dihydroarecaidine had no intrinsic activity. The affinity of
these compounds for the receptors was investigated upon evaluation of their influence on the effects
of acetylcholine. For this purpose, the ileum was stimulated regularly, at intervals of 5 min, by
means of a constant concentration of acetylcholine, approximately corresponding to the EDS50.
Before every second or third effect the antagonist to be investigated was added to the bath fluid
in increasing concentrations (Fig. 3). The extent to which the effect of acetylcholine could be
inhibited by the antagonist was also evaluated by means of a dose-response curve and described
quantitatively. .

RESULTS

1. Comparison of arecoline with acetylcholine and its tertiary analogue, dimethylamino-
ethyl acetate

For arecoline—i.e., arecaidine methyl ester—40 dose-response curves were obtained.
The mean value for ED50 proved to be 5.8 x 107®M (confidence limits from 5.0 to 6.7

ACETYLCHOL INE 2-DIMETHYL ARECOLINE
AMINOETHY L
ACETATE

Fig. 1. Isolated ileum of the guinea-pig. Administration of increasing doses of acetylcholine,
2-dimethylaminoethyl acetate and arecoline. Concentrations in mol/l. Administration of the
agonists every 5 min.
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for P=0.05). The slope of the dose-response curve, after transformation according to
Ariens (1964), was 61°. In Fig. 1 the original dose-response curves for acetylcholine,
arecoline and dimethylaminoethyl acetate are represented. Considerable differences in
the sizes of the maximally possible amplitudes of contraction after arecoline, acetylcholine
and dimethylaminoethyl acetate were noted. When the intrinsic activity of arecoline was
arbitrarily set equal to 1.0, that of acetylcholine was only 0.80+0.03 (mean+S.E.M.),
whereas that of dimethylaminoethyl acetate proved as high as the intrinsic activity of
arecoline.

The slope of the dose-response curves was identical for all the above three compounds.
The affinities on the other hand showed considerable differences, as may be concluded
from the magnitude of the concentrations necessary to obtain 50% of the maximal
contractions (Table 1).

Since enzymatic degradation of acetylcholine might be responsible for the apparently
reduced intrinsic activity, the experiments were repeated in presence of the anticholin-
esterase compound physostigmine. As might be expected, the dose-response curve in the
presence of physostigmine showed a shift to the left. Again, the intrinsic activity (0: 85+
0.07) was lower than that of arecoline. Addition of ganglionic blocking agents like
trimetaphan or hexamethonium to the bath fluid did not cause any increase of the
contraction amplitude.

2. Action of arecaidine esters

The stimulating action of the arecaidine esters proved dependent on the length of
their side-chain (Fig. 2). The dose-response curves for these esters are represented in

TABLE 1

AFFINITY, INTRINSIC ACTIVITY AND SLOPE OF THE DOSE-RESPONSE CURVE OF TERTIARY
ARECAIDINE AND DIHYDROARECAIDINE ESTERS, AND OF ACETYLCHOLINE AND ITS
TERTIARY ANALOGUE DIMETHYLAMINOETHYL ACETATE

Experiments performed on the isolated ileum of the guinea-pig. Relative values based on arecoline as
standard compounds  * no quantitative evaluation possible  t partial antagonist  $ slope of the dose-
response curve as inhibitor

rel. rise of the dose-

Compound rel. affinity Intrinsic activ. response curve
Acetylcholine 10 0:30 1-0
Dimethylamino-

ethyl acetate 0-004 1-00 1-0
Arecoline
(Methyl ester) 1 (=5, 8x 10-%m) 1 (=max. contraction) 1 (=61°)
Arecaidine ester
Ethyl- 35 1-00 10
n-Propyl- 0-03 0-54 06
iso-Propyl- 0:006 036 0-45
n-Butyl- 0-07 0-90 0-85
iso-Butyl- 0-02 0-47 0-55
Amyl- 0-05 065 07
Dihydroarecaidine ester
Methyl 0:004 093 095
Ethyl- 0002 0-65 065
n-Propyl- — 0-27¢% —
. 0:002 -— 09
lso-Prolpyl- 0-004 — t 09 ¢
n-Butyl- 0-002 — 1-0 3
iso-Butyl 0-003 — 0-85%
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Fig. 3. The methyl and ethyl esters possessed the highest intrinsic activity. Like
acetylcholine, esters with a longer side-chain could not produce a maximal effect. The
affinity of the arecaidine ethyl ester was approximately 3.5 times higher than that of
arecoline, though but one third of that of acetylcholine. Hence the ethyl ester is a very
active compound, its ED50 amounting to approximately 1.5 x 10*M. The transition
of the ethyl ester to the corresponding n-propyl compound was accompanied by a
considerable loss of activity. The affinity decreased by a factor 100, whereas the intrinsic
activity and the slope of the dose-response curve were both reduced by about 50%.
The n-butyl and n-amyl esters were somewhat more active than the n-propyl ester, the
iso-propyl and iso-butyl esters on the other hand proved still less active than the n-propyl
ester. The parameters in question are listed in Table 1.

3. Action of the dihydroarecaidine esters

Hydrogenation of the double bond in the ring considerably decreased the stimulating
action of the arecaidine esters. As for the methyl ester, the affinity decreased by a factor
250 upon hydrogenation. For the ethyl ester a decrease by a factor 1,000 was observed.
The intrinsic activity of the dihydroarecaidine esters diminished dependent upon the
length of their side-chains. The intrinsic activity of the n-propyl ester, for instance, was

| | 3
T 11 MM TIrr7T7 70 TTT1?T
m*ua%*'\)&m MW&QNN&Q O\‘MU‘%“N N.ba‘ O\*Na
TR SHEAETRS NS oAaE
n- PROPYLESTER -BUTYLESTER n-BUTYLESTER METHYLESTER

Fig. 2. Isolated ileum of the guinea-pig. Administration of increasing doses of n-propyl, iso-butyl,
n-butyl and methyl ester, respectively. Concentrations in mol/l. Administration of the agonists
every 5 min.
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IODOME THYLATE n-BUTYLESTER

Fig. 3. Isolated ileum of the guinea-pig. Administration of constant doses of acetylcholine. Before
every second or third effect an inhibitor is given in increasing concentrations. Concentrations
of the agonist acetylcholine and of the antagonists arecaidine butyl ester iodomethylate and
dihydroarecaidine butyl ester in mol/l. Agonists given every 5 min ; the antagonist is admini-
stered 1 min before the agonist. !

but 0.27. This compound, however, also showed inhibiting properties and might thus
be qualified as a partial antagonist (Ariens, 1964).

The isopropyl-, n-butyl and isobutyl esters of dihydroarecaidine were inhibitors. They
were able to abolish the stimulating action of acetylcholine and other agonists. The
various parameters are enumerated in Table 1.

4. Action of the quaternary arecaidine esters

Iodomethylation of arecoline led to a loss of affinity by a factor 10, whereas intrinsic
activity remained almost unaffected. A far greater loss in affinity was observed upon
quaternization of arecoline as the corresponding ethiodide or propiodide. As shown in
Table 2, the intrinsic activity of the latter two quaternary compounds is considerably
lower than that of the free base.

The methiodide of arecaidine ethyl ester behaved like a partial antagonist. The
corresponding ethiodide, however, turned out to be a genuine inhibitor. All esters of
arecaidine methiodide with longer side-chains acted as pronounced inhibitors. This
inhibitory activity may be qualified as atropine-like, since only the stimulating actions.
of acetylcholine and pilocarpine were antagonized. The effects of histamine, serotonin
and Bat+ ions in the concentrations given in Table 2 remained unchanged.
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Fig. 4. Concentration-activity curves for acetylcholine, dimethylaminoethyl acetate and the indicated
arecaidine esters. Experiments on the isolated ileum of the guinea-pig. Abscissa: log con-
centration (mol/l). Ordinate: % of the maximal contraction amplitude after arecoline. In
every experiment arecoline (n =40) was the standard compound. The curves have been calculated
from the various individual curves according to Ariens (1964).
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Fig. 5. Concentration-activity curves for arecaidine and dihydroarecaidine derivatives. Experiments

on the isolated ileum of the guinea-pig. Abscissa:

Ordinate: upper part:
% inhibition of the acetylcholine effect.

As in Fig.

log concentration (mol/l) of the esters.
% of maximal contraction amplitude after arecoline ;- lower part:
4 arecoline was the standard compound.
The methiodides of arecaidine—and dihydroarecaidine ethyl esters are partial antagonists.

Arecaidine isopropyl methiodide and the ethiodide of arecaidine ester are mere inhibitors.
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The esters of the quaternary dihydroarecaidine esters behaved similarly to the un-
saturated parent compounds. The affinity, however, was reduced by a factor 10 upon
hydrogenation. The methiodide of dihydroarecaidine methyl ester showed cholinergic
properties. Again, the corresponding ethyl ester proved a partial antagonist. Extension
of the side-chain yielded only inhibitors.

5. Inhibition of the agonists by atropine.

As described under Methods, the inhibitory properties of atropine on the agonists
were investigated according to Schild (1949). For the various drugs the x-values at
two different atropine concentrations were determined.  Acetylcholine was used as
standard compound. In order to produce the same contraction response as obtained
without any inhibitor, approximately a 25-fold dose of acetylcholine had to be admini-
stered in the presence of an atropine concentration of 107°M. For a few other agonists
unusual values were obtained. Only the latter compounds will be dealt with here. In
the presence of atropine 10-, 14- and 18-fold doses of respectively arecoline, dimethyl-
aminoethyl acetate and arecaidine ethyl ester had to be administered in order to reach
the initial level of the contraction amplitude. Hence the blockade of the acetylcholine
receptors by atropine was more easily broken by the above-mentioned three agonists
than by acetylcholine itself. These three agonists also had a higher intrinsic activity than
acetylcholine. The stimulating action of the various arecaidine esters could not be

TABLE 2

AFFINITY, INTRINSIC ACTIVITY AND RISE OF THE DOSE-RESPONSE CURVES OF QUATER
NARY ARECAIDINE AND DIHYDROARECAIDINE ESTERS

Experiments on the guinea-pig isolated ileum. Relative values based on arecoline as standard compound
* partial antagonist 1 has nicotine-like action

rel. rise of the

dose-response
Compound quaternized as  rel. affinity Intrins. act. curve
Arecoline —_ 1 (=5%10"%m) 1 (=max. 1 (=61°)
contraction)
Arecaidine ester

Methyl- 0-12 0-93 09
Ethyl-t 0-004 0-57* 065

0-01 —* 0-85
Propyl- methiodide 0-02 —_ 09
iso-Propyl 0-07 — 0-95
n-Butyl- 0-02 — 09
iso-Butyl 0-02 — 10
Methyl- 0-003 0-74 0-65
Ethyl- ethiodide 0-04 —_ 0-85
Methyl- propiodide 0-0002 0-63 0-8

Dihydroarecaidine ester

Methyl- 0-01 0-98 0-95
Ethyl- 0-0005 0-50 07

0002 — 0-85
n-Propyl- methiodide 0-003 — 0-9
iso-Propyl- 0:007 — 09
n-Butyl- 0:007 — 1-0
iso-Butyl- 0-005 — 09

G
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blocked by hexamehonium. Nevertheless, there was one exception—i.e., the methiodide
of arecaidine ethyl ester. Its action as well as that of nicotine could be abolished by
ganglionic blocking agents (Kummer, Liillmann & Mutschler, 1966).

DISCUSSION

Like muscarine, the tertiary arecaidine esters exert a stimulating action on the smooth
muscle of the guinea-pig ileum. The affinity and intrinsic activity are to a considerable
extent dependent on the length of the side-chains of the esters (Table 1). The ethyl ester
possesses highest affinity (ED50=1.5 x 10"*M)—i.e., approximately one third of that of
acetylcholine. The intrinsic activities of arecoline and arecaidine ethyl ester are signifi-
cantly higher than that of acetylcholine. Surprisingly, dimethylaminoethyl acetate, the
tertiary analogue of acetylcholine, also possesses a higher intrinsic activity than the latter
compound, whereas its affinity is more than 1,000 times lower than that of acetylcholine.
The action of dimethylaminoethyl acetate particularly depends on the pH of the medium,
as will be dealt with in detail in a subsequent paper. The homologues following on the
ethyl ester—i.e., arecaidine n-propyl- and isopropyl esters—show affinities which are
100 and 500 times lower than that of the ethyl ester, respectively. The intrinsic activity
of both propyl esters is also lower. Esters with a longer side-chain are not quite as
inactive as the propyl esters.

As demonstrated by investigations on the blood pressure of the cat (Kummer et al.,
1966) and on the guinea-pig isolated auricle the arecaidine esters possess genuine
muscarine-like activity. This observation for tertiary nitrogen compounds is rather
surprising, since chiefly quaternary nitrogen derivatives are known to react with acetyl-
choline receptors. Recently van Rossum (1962) has emphasized this phenomenon.
Equally surprising is the observation that our tertiary compounds show a higher intrinsic
activity than acetylcholine. Arecaidine esters with a short side-chain and also pilocarpine
have a high affinity to the acetylcholine receptor. These findings suggest that a tertiary
nitrogen atom in the ring is just as suitable for the formation of a bond with the receptor
as are quaternary, alipbatic nitrogen atoms summarized by Ariens, 1964 ; and Barlow,
1964).

Hydrogenation of the double bond in the ring considerably alters the pharmacological
activity of the esters investigated. The affinity decreases, whereas esters with a longer
side-chain possess no more intrinsic activity. Consequently, these dihydroarecaidine
esters are acting as inhibitors. Their inhibitory activity, which is not very specific, should
be considered rather papaverine-like than atropine-like. Hydrogenation of the double
bond in the ring leads to considerable changes in the shape of the molecule. After
hydrogenation the ring either accepts the chair or boat configuration. Accordingly, the
ring substituent at carbon atom 3 is either in the equatorial or axial position. Thus the
steric configuration and also the distance between nitrogen atom and ester group will
undergo alterations. Moreover, abolition of the conjugated double bond system alters
the charge distribution. The basicity of the nitrogen atom may also be influenced
Investigations on the above chemical alterations in connection with the biological activity
of the compounds thus obtained have been carried out and will be published elsewhere.
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TABLE 3

SURVEY OF THE MODE OF ACTION AND THE ACTIVITY OF THE INVESTIGATED ARECAI-
DINE DERIVATIVES

Experiments on isolated ileum of the Guinea-pig. S=stimulating action; I=inhibitory action; { =compound
has nicotine-like activity. The number of asterisks is a measure for the activity ; **** ED50 in the range
10-*—10-"M *** EDS50 in the range 10--—10-*M ** ED50 in the range 10~°—10-*M * EDS50 in the range

10-°—10-*m
(o]
& O
~o-R \on N ‘o Nor g
R . - OR \on
N H
CH3 CHa “cHs c/ Hs CHxCH»  CHs CHxCHxCHs Hs CHa CH
Methyl Sr*x* SH** S* S) S* S**
(Arecoline)
Ethyl S*'*‘T S# I*t I‘** S* S‘ l#
n-Propyl S** I** S* I* I*
iso-Propyl S* ) 1* I*
n-Butyl S** I** I* I*
iso-Butyl S** 1** I* I*

The affinity and the intrinsic activity of the quaternized arecoline are both dependent
on the size of the substituent introduced on the nitrogen atom. Thus, in comparison
wth arecoline, which possesses a tertiary, protonated nitrogen atim (Burgen, 1965) the
corresponding methiodide, ethiodide and propiodide respectively show intrinsic activities
which are 10, 300 and 5,000 times lower than that of arecoline itself. A still more pro-
nounced loss of both affinity and intrinsic activity takes place upon iodomethylation of
arecaidinethyl ester. The affinity is reduced by approximately a factor 1,000 and the
original ester, an agonist with maximal intrinsic activity is converted into a partial
antagonist. Arecaidine ethyl ester ethiodide is already an antagonist. The methiodides
of arecaidine esters with a longer side-chain are inhibitors with atropine-like action. The
slopes of the dose-response curves for these inhibitors are similar to that of the arecoline
curve. The affinity of the most active inhibitor—i.e., the methiodide of arecaidine
isopropyl ester—is but 14 times lower than that of arecoline.  For the quaternized
isopropyl ester the ED50 is about 3.5x 107'M. As already observed for the tertiary
esters, the affinity of the quaternary compounds is considerably diminished upon hydro-
genation of the ring double bond. In Table 3 a simplified survey of the results is given.
Esters of (tertiary) arecaidine with short side-chains possess the highest intrinsic activity.
The latter is diminished upon quaternization. Whereas the intrinsic activity depends on
the length of the side-chain, the affinity of the quaternary compounds is hardly influenced
by this parameter. Consequently, esters with longer side-chains are inhibitors with an
atropine-like action. For a high intrinsic activity of both tertiary and quaternary esters
a short side-chain seems to be essential. Transformation of tertiary esters with a longer
side-chain, beginning with the n-propyl esters, into the corresponding, quaternary com-
pounds converts cholinomimetic drugs with moderate affinity into inhibitors with at
least the same affinity. This phenomenon is particularly pronounced in the case of the
ethyl ester. This tertiary ester, of which the ring nitrogen is protonated, shows a high
intrinsic activity. Quaternization by means of a methyl group yields a partial antagonist
with a nicotine-like component: the intrinsic activity has decreased considerably or has
even disappeared completely-with respect to the muscarine-like receptor. If an ethyl
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group is bound to the nitrogen atom instead of methyl, the resulting quaternized com-
pound shows no more intrinsic activity at all. Since the affinity decreases but very little,
an inhibitor is obtained.

SUMMARY

1. A homologous series of tertiary and quaternary arecaidine esters (methyl to
iso-butyl) as well as the corresponding dihydro compounds were investigated quantitatively
on the isolated ileum of the guinea-pig.

2. The tertiary arecaidine esters are agonists. Highest activities are observed for
the ethyl ester (ED50=1.5x107*M) and for arecoline, the methyl ester (ED50=5.8 x
107®M). Esters with a longer side-chain show considerably lower activity. The intrinsic
activities of arecaidine ethyl ester, of arecoline and of dimethylaminoethyl acetate are
higher than that of acetylcholine.

3. Hydrogenation of the double bond in the ring markedly reduces the affinity and
intrinsic activity of the tertiary arecaidine esters. Hydrogenated esters with a longer
side-chain act as inhibitors.

4. Quaternization by means of iodomethylation exerts varying influences on the
intrinsic activities of arecaidine esters. In the case of the methyl ester the intrinsic activity
is somewhat reduced whereas that of the ethyl ester considerably decreases upon iodo-
methylation, thus yielding a partial antagonist. Similar transformation of esters with a
longer side-chain leads to a complete loss of intrinsic activity. The quaternized com-
pounds thus obtained are inhibitors with atropine-like action. Iodoethylation and
iodopropylation even abolish the intrinsic activities of esters with a short side-chain.

5. Hydrogenation of the double bond in the ring of the quaternary compounds
similarly diminishes the activity as observed for the tertiary compounds.

6. For aliphatic nitrogen atoms quaternization is essential in order to enable a
reaction with the acetylcholine receptors of the muscarine type. In the case of ring nitrogen
atoms, the tertiary, protonated form is necessary for obtaining a high intrinsic activity
upon combination with the receptor molecule. In arecaidine esters, quaternization of
the ring nitrogen atom reduces or even destroys intrinsic activity, in proportion to the
length of the ester side-chain.

We are indebted to Dr P. A. Van Zwieten for his comments and for the translation of the
manuscript.
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