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Summary

The establishment of a dose-response relationship and its quantification is the usual procedure for analysing drug
action on an isolated organ. However, the time course of the effect seems to be an inherent characteristic of the
agonist which produces it. In our study, we have analyzed the time-response curves of four cholinergic agonists
(acetylcholine, methacholine, carbachol and bethanechol) which produce tonic contractions of the isolated rat
gastric fundus. The order of affinity of agonists to muscarinic receptors on the rat fundus were carbachol >
bethanechol > methacholine > acetylcholine (Ka values: 46 +12, 84+21, 380+ 110 and 730+ 120 nM, respectively).
The effective concentrations which produced 60 % of the maximal response (ECgq) were used for establishing the
time-response curves. The time-response curves were also recorded after partial alkylation of muscarinic receptors
with phenoxybenzamine, after exposure of the isolated rat fundus to physostigmine and after addition of
supramaximal concentrations of the agonists. The experimental time-response curve for acetylcholine was on the
extreme left, followed by curves for methacholine, bethanechol and carbachol, respectively. Phenoxybenzamine and
supramaximal doses of the agonists did not change the order of response development in time, but supramaximal
doses shifted all curves to the left and phenoxybenzamine shifted all time-response curves to the right. Only
physostigmine shifted the time-response curve for methacholine to the right. The results of our study suggest that
the response rate of the isolated rat gastric fundus to cholinergic agonists depends on the intrinsic activity of these
agents, but not on their affinity for muscarinic receptors.
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Introduction changed by experimental conditions or disease (e.g.

contraction of heart myocytes in failing hearts), the

The responses of cells or tissues to various
agonists differ not only in their magnitude, but also in
their time course. It has been hypothesized that the
time-course of cellular response development to an
agonist depends primarily on the type or capacity of
intracellular signalling mechanisms (Mewes and
Ravens 1994). Even if the whole cell response was

time course of the responses should not differ from
that in control cells, providing that there was no
impairment of the signal transduction cascade above
the level of receptor for the agonist (Mewes and
Ravens 1994). When the effects of agonists on isolated
organs are examined, the development of the response
in time will depend not only on the type of receptor
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and intracellular signalling, but also on the diffusion
constants of the agonists in a bath medium and the
tissue (Kenakin 1984). However, if the agonists with
similar molecular structure and polarity were used, the
role of diffusion could be disregarded (Ushio-Fukai et
al. 1995).

The analysis of time-dependent kinetics of
relaxation or contraction of isolated organs could be a
useful subsidiary tool for studying the effect of
agonist(s) action, as has been proved previously for
phenylephrine and the isolated rabbit aorta (Wiener
and Thalody 1993).

The aim of the present study was to analyze
the time course of isolated rat fundus tonic
contractions produced by four choline esters and to
assess if the rate of responses produced by the four
muscarinic receptor agonists was related to their
intrinsic activity. According to previous studies, M3
muscarinic receptors mediate contractions of the rat
fundus muscle (Eglen et al. 1992, Jankovic et al. 1994).
It is known that muscarinic agonists differ according to
the receptor reserve, the ability to induce a
conformational receptor change and/or stimulus-
response coupling (Eglen et al. 1996). However, the
time course of their effects has not been evaluated up
to now.

Methods

Isolated preparations of the rat fundus

After fasting for 12 h, 12 Wistar rats of either
sex, weighing between 200 g and 350 g, were killed by
cervical dislocation and exsanguinated. The abdomen
was opened along the midline and the gastric fundus
was excised and put into a dissecting dish filled with
Krebs solution (in mM: NaCl 94.7, KC1 4.7, MgSOy4 2.4,
CaCl; 2.52, KH;PO4 1.18, NaHCO3 24.88 and glucose
11.7). The fundus was at first flattened by two parallel
incisions along the great curvature. According to the
method of Vane (1957), several parallel sections at
1.5 mm intervals with the great curvature were made in
the fundus producing very long and narrow isolated
preparations (40 mm in length and 1.5 mm in width)
containing all the layers of the gastric wall. Usually, two
isolated preparations of the gastric fundus were
prepared from one animal.

The strips were mounted in an isolated 100 ml
organ bath, filled with Krebs solution. The bath was
gassed continuously with 95 % O3 and 5 % CO3, and
maintained at 37 °C. One end of the preparation was
attached to the bottom of the bath, and the other to the
lever of an isotonic transducer (T3 isotonic transducer,
Palmer Bio Science, USA). All strips were loaded with
1.0 g, and an additional stretching weight of 1.0 g.
Tonic contractions of isolated preparations were
recorded on a Linseis recorder, model L6522.

Agonists and antagonists

After mounting the isolated preparation in an
organ bath, 45 min were allowed for the preparation to
become stabilised before any drug was added.

In the first series of experiments, agonists
were added to the bath cumulatively. Between the
addition of each agonist, there was a 20 min break.
After the first series had been finished, the
concentration-response curves were determined and
the concentration producing 60% of the maximal
response (ECgo) for each agonist was assessed.

In the second series of experiments, ECgp of
each agonist was added to the bath. In order to follow
the time course of each isolated contraction, the speed
of the recorder was set at 50 mm/min.

In the third series of experiments, a
supramaximal concentration of each agonist
(concentration of the agonist higher than the

concentration producing maximal response, 50—100
multiple of the ECsp) was added to the bath. In order
to follow the time course of the contraction of an
isolated preparation, the speed of the recorder was also
set at 50 mm/min.

The first two series of experiments were
repeated after exposure of the isolated preparations to
antagonists. The preparations were exposed to
phenoxybenzamine for 30 min, and then thoroughly
washed every 10 min for one hour before the agonists
were added. When physostigmine was used, it was
constantly present in the bathing solution (10 mM).

Compounds
The following substances were used:
acetylcholine  chloride,  bethanechol  chloride,

carbamylcholine chloride (carbachol), methacholine
chloride, physostigmine salicylate (Sigma Chemical
Co., St. Louis, USA) and phenoxybenzamine
hydrochloride (Smith Kline & French, Brentford, UK).

Statistical analysis

Every concentration of each agonist was
administered to isolated preparations from six different
animals. The concentration-response curves were
constructed using linear regression according to least-
squares analysis. Effective concentrations of each
agonist that produced a 50% response of the
maximum (ECsg) was calculated for each agonist
together with its confidence limits (1.96 x standard
error). The absolute maximal responses to the agonists
were compared among themselves by Student’s t-test.

-The results were considered statistically significant

when P <0.05.

The dissociation constants (Ka) for the
cholinergic agonists were calculated according to the
procedure described by Furchgott and Bursztyn (1967):
after partial receptor inactivation by an irreversible
antagonist, phenoxybenzamine, equally effective
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concentrations of a cholinergic agonist before [A] and
after treatment [A’] were determined. Then, 1/[A] was
plotted against 1/[A’]. The slope of the regression line
and the y-intercept were used to calculate the
dissociation ~ constant:  Ka = (Slope-1)/intercept.
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Receptor reserve (R) for the agonists was calculated
according to the formula: R = Ka/ECsp.

The differences in time-development of mean
responses to ECgg of the agonists were tested by two-
way analysis of variance. The difference was considered
significant if P <0.05.

Fig. 1. Concentration-response
curves for choline esters used in the
study. Each point represents the
mean from 6 experiments. Error bars
= standard deviations, full squares
— acetylcholine, full circles -
bethanechol, upward full triangle -
methacholine, downward  full
triangle — carbachol.

10 9 8 7 6
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Results

Acetylcholine (5.5 naM—7.9 uM), methacholine
(5.0 nM-2.3 uM), bethanechol (5.0 nM—-1uM) and
carbachol (5nM-790 nM) induced concentration-
dependent contractions of the isolated rat fundus
(Fig. 1). The order of potency of the agonists was:
carbachol = acetylcholine > methacholine >
bethanechol (ECsp values: 18+1, 19+1, 35+1 and
77+1 nM, respectively). In contrast, the maximal
responses obtained with different agonists (the
absolute values on recordings: acetylcholine 98.2+15.3
mm, methacholine 89.7+14.2 mm, bethanechol
99.7+12.8 mm and carbachol 88.0+20.5 mm) were not
significantly different. In order to determine the
dissociation constant (Ka) of agonists we used an
irreversible antagonist of muscarinic receptors,
phenoxybenzamine (10 mM). Examples of these
experiments are presented in Fig. 2. The order of
affinity of agonists to muscarinic receptors in the
fundus were carbachol > bethanechol > methacholine
> acetylcholine (Ka values: 4612, 84+21, 380+110.
730£120 nM, respectively). The receptor reserve,
expressed as Ka/ECsp, was 39.2 for acetylcholine,
10.9 for methacholine, 2.6 for carbachol and 1.1 for
bethanechol.

The time for developing the maximum of tonic
contractions in the isolated rat fundus induced by ECgp
of acetylcholine (47 nM), methacholine (71 nM),
bethanechol (160 nM) and carbachol (38 nM) is shown
in Figure 3. The responses to carbachol and
bethanechol did not significantly differ, while
significant differences were found between responses

to acetylcholine, methacholine and bethanechol (or
carbachol) (p<0.001).

The development of tonic contractions of the
isolated fundus in time produced by ECe¢ of
acetylcholine (11 mM), methacholine (17 mM),
bethanechol (20.4 mM) and carbachol (2.6 mM) after
exposure to phenoxybenzamine (10 mM) is shown in
Figure 4. The difference between responses to
acetylcholine, methacholine and bethanechol (or
carbachol) was significant (P <0.05).

The development of tonic contractions of the
isolated rat fundus produced by supramaximal
concentrations  of  acetylcholine (5.5 —mM),
methacholine (5.1 mM), bethanechol (5.1 mM) and
carbachol (1.6 mM) is shown in Figure 5. The
differences between responses to acetylcholine,
bethanechol and carbachol (or methacholine) were

significant (P<0.05). There was no significant
difference between responses to carbachol and
methacholine.

In the presence of the acetylcholinesterase-
inhibiting agent physostigmine (10 mM), the
concentration-response curve for acetylcholine was
significantly shifted to the left (P<0.05; ECso =
1.3+03 nM). On the other hand, physostigmine
(10 mM) did not affect the concentration-response
curves for methacholine, bethanechol and carbachol
(P>0.05; ECsp values: 30+2, 89+2 and 17+2 nM,
respectively). The development of tonic contractions of
the isolated rat fundus in time produced by ECep of
acetylcholine (47 nM), methacholine (71 nM),
bethanechol (160 nM) and carbachol (38 nM) in the
presence of physostigmine (10 mM) is shown in Figure
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6. According to the two-way analysis of variance, the  found between responses to acetylcholine, bethanechol
responses to carbachol and methacholine were not  and methacholine (or carbachol) (P <0.01).
significantly different, while a significant difference was
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Fig. 2. Concentration-response curves for choline esters before and after incubation of isolated rat fundus with 10 mM
phenoxybenzamine. Each point represents the mean from 6 experiments. Error bars = standard deviations,
2a — acetylcholine, full squares — acetylcholine + 10 mM phenoxybenzamine, full circles — acetylcholine (control),
2b- - bethanechol, full squares — bethanechol + 10 mM phenoxybenzamine, full circles — bethanechol (control),
2c — methacholine, full squares — methacholine + 10 mM phenoxybenzamine, full circles — methacholine (control),
2d - carbachol, full squares — carbachol + 10 mM phenoxybenzamine, full circles — carbachol (control).

Discussion postprandial  time-course of blood  glucose
concentrations, secretory response of endocrine

Although the analysis of the time-dependence  glands), this does not apply to the effects of drugs. The

of macrophenomena has become quite usual and a  usual procedure of analyzing the effects of drugs on
matter of course (e.g. growth of malignant tumours, isolated tissues is to establish the magnitude of the
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response. Although the theories of both Clark and
Paton differed in their explanation of the cause of the
relative efficacy of the given drug (whether it is due to
the proportion of occupied receptors in the first case or
to the rate of interaction between the drug and
receptor in the second), they considered only the link
between drug concentration and effect without paying
attention to the time course of the effect. However,
there has been recent renewal of interest in the time
course of drug effects which turned out to be worth
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analyzing (Bova et al. 1992). Indeed, it has been
recently shown at the cellular level, that changes of the
rate of response to certain agents, without changes of
the magnitude of response, may significantly affect the
final outcome of the response (Alekseev et al. 1996).
From this aspect, it has been hypothesized that the rate
of the response to an agonist could reflect the type
and/or capacity of the intracellular signalling system at
the cellular level (Naqvi ef al. 1994).

Fig. 3. The time course of isolated
rat fundus tonic contractions after
addition of ECey of acetylcholine,
methacholine,  bethanechol  or
carbachol into the bath. Each point
represents the mean from 6
experiments. Error bars = standard
deviations.  full  squares -
acetylcholine,  full  circles -
methacholine, upward full triangle
—  bethanechol, downward full

triangle — carbachol.
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Fig. 4. The time course of isolated
rat  fundus ftonic contractions 8 ]
produced by ECgp of acetylcholine, 8 o
methacholine, bethanechol or F m;
carbachol after the exposure to E
phenoxybenzamine (10 uM). Each f: 4)4
point represents the mean from 6 © i
experiments. Error bars = standard 5 ]
.. L 204
deviations,  full  squares - K |
acetylcholine,  full circles - od

methacholine, upward full triangle

T T 1
140 160

- bethanechol, downward full
triangle — carbachol.

In principle, when an agonist is added to the
bath solution with an isolated tissue, a sequence of
events ensues resulting ultimately in the
pharmacological effect. The following steps are well
recognized in the agonist action on an isolated tissue:
1) dispersion through the bath solution and contact
with the isolated preparation, 2) movement through the
interstitium of the isolated preparation and reaching its
receptors, in the present study receptors on the surface
of smooth muscle cells, 3) binding of agonist and
receptor activation, 4) the activated receptor triggers
an intracellular signalling system followed by a cascade
of enzymatic reactions within the cells, and 5) which

Time (seconds)

leads to a response, i.e. to muscle contraction in our
study. Therefore, the rate of the response depends on
the following aspects (Benet et al. 1990): (1) molecular
weight of the agonist and its electrostatic charge;
(2) agonist affinity for receptors; (3) the type of
intracellular signalling system and its activity. It thus
seems that the rate of response development of an
isolated organ depends on the molecular characteristics
of an agonist (molecular weight, degree of its
dissociation in a bath solution at a given pH), on its
affinity for the receptor and the type of intracellular
signalling system (Limbird 1988).
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Fig. 5. The time course of isolated
rat fundus tonic  contractions
produced by supramaximal
concentrations of acetyicholine,
methacholine,  bethanechol  or
carbachol. Each point represents the
mean from 6 experiments. Error bars
= standard deviations, full squares
— acetylcholine, full circles -
methacholine, upward full triangle
- bethanechol, downward full
triangle — carbachol.
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Fig. 6. The time course of isolated

rat  fundus tonic contractions T
produced by ECgp of acetylcholine, g 8-
methacholine, bethanechol or § 1
carbachol after the exposure to g 0
Pphysostigmine (10 mM). Each point R 1
represents the mean from 6 % 0
experiments. Error bars = standard E ]
deviations, full  squares - g D
acetylcholine,  full  circles - ¢
methacholine, upward full triangle 01
—  bethanechol, downward full

triangle - carbachol.

In our experiments we used four cholinergic
agonists with similar molecular characteristics:
acetylcholine (molecular weight 181.7), carbachol
(molecular weight 182.6), bethanechol (m.w. 196.7) and
methacholine (m.w. 195.7), all four being quaternary
ammonium compounds. This means that all four
agonists have approximately similar diffusion rates in
the bath solution and in the intercellular spaces of the
isolated preparation. All four compounds are
muscarinic agonists which bind to the M3 receptor on
smooth muscle cells of the isolated rat fundus
producing tonic contractions (see Figs 1-—4).
Therefore, the differences in the rates of response of
gastric fundus to cholinergic agonists can not be
ascribed to different molecular characteristics.

When elimination of the agonists from the
isolated organ was blocked by physostigmine, the time
course of the contraction development did not change
significantly for acetylcholine, bethanechol and
carbachol. Although the response to methacholine on
the whole became slower, it still developed along the

S
8
8
8
8
S

Time (seconds)

same pattern as without physostigmine. If the time
course of the contraction still depended significantly on
the rate of agonist arrival at the receptors, the time-
response curves in the presence of physostigmine (at
least for acetylcholine) should have shifted to the left.
However, this did not happen.

In order to test the possibility that the
observed differences are due to the different affinities,
we determined Ka values for all the agonists studied.
For the muscarinic receptors that mediate contraction
of the gastric fundus in response to the agonists
studied, the order of affinity was carbachol >
bethanechol > methacholine >  acetylcholine.
However, the order of affinities did not correspond to
the order of response rates, suggesting that the affinity
of the cholinergic drug is not the only important factor
that determines the time course of gastric fundus
contractions.

In general, the receptor reserve expressed as
Ka/ECsp (Ruffolo 1982), reflects the efficacy of the
coupling and/or receptor density (Kenakin 1984). In
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the present study, since all the agonists studied acted
on the same tissue with the same receptor density, the
receptor reserve can be considered as an indirect
indicator of the receptor coupling efficacy. The order
of receptor reserves observed in our study was
acetylcholine > methacholine > carbachol >
bethanechol. This order corresponds to the order of
rates, suggesting that the type and efficacy of coupling
and consequently of the binding of the agonists to the
receptor could be the decisive factors that determine
the time course of gastric fundus contractions in
response to cholinergic drugs.

The decrease in the total number of
muscarinic receptors produced by phenoxybenzamine
slowed down all responses, affecting more the
responses of bethanechol and carbachol the receptor
reserves of which were originally lower. However, the
differences in the time course of contractions became
even greater between acetylcholine and methacholine
on one side and bethanechol and carbachol on the
other. Obviously, the qualitative characteristics of
intracellular reactions following receptor activation did
not change; however, it is not surprising considering
that the mechanism of phenoxybenzamine action does
not extend further than the cell surface. Since the
receptor reserves for bethanechol and carbachol were
the lowest, the total intensity of intracellular signalling
should be seriously affected by a diminished number of
functionally available receptors. Consequently, the
time-response curves should be shifted to the right, and
this was actually the case.
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