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1 Concentration-e�ect curves were obtained with carbachol tested on isolated preparations of
guinea-pig ileum taken from adjacent sites in the same animal, one recorded isotonically, the other
isometrically: similar experiments were made with histamine as agonist and with carbachol on rat
uterus (in oestrus).

2 The position and steepness of the curves was expressed as the values of [EC50] and the exponent,
P: with carbachol or histamine on guinea-pig ileum the curves were signi®cantly steeper with isotonic
recording (P50.02, sign test) and displaced towards lower concentrations (P50.005) but there were
signi®cant correlations (P50.05) between values obtained with tissues from the same animal.

3 The curves for carbachol on the rat uterus were very steep: with isotonic recording the exponent
(often eight or more) was consistently higher than with isometric (P50.001): there was no signi®cant
displacement but there was a signi®cant correlation (P50.05) between values of [EC50] obtained
with tissues from the same animal.

4 Although the results obtained by the two methods are di�erent, they are correlated.

5 These e�ects are to be expected because with isotonic recording there can be no change in length
until the tension exceeds the load and the tissue bulk sets an upper limit to shortening: the range
within which an e�ect can be measured (the `operational window') is smaller. The observed e�ects
on [EC50] and P have been reproduced with theoretical data.
British Journal of Pharmacology (2001) 133, 1081 ± 1086

Keywords: Concentration-e�ect curves; guinea-pig ileum; rat uterus in oestrus; carbachol; histamine; isotonic recording;
isometric recording; operational windows
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exponent obtained by ®tting points from a theoretical signal curve lying within a particular window

Introduction

The relation between the e�ect (response) produced by a drug
and its concentration, plotted logarithmically, is sigmoid and

empirically can be ®tted to the equation:

E � M__�A�P__
�A�P � �EC50�P

�1�

where the concentration, [A], produces the e�ect, E, [EC50]
produces a half-maximal response (M/2) and the exponent,
P (also referred to as the Hill coe�cient, nH), determines the

steepness of the curve (Parker & Waud, 1971). It has long
been known that the positions of agonist curves, given by
values of [EC50], vary greatly and preparations where this is

high are regarded as `insensitive'. With the advent of the
computer-®tting of data it has been possible to make
quantitative comparisons between the steepness of the curves

using P. For the one-to-one binding of drug to receptor,
P=1, but in a recent survey of published curves (Barlow,
1999) values ranged from very ¯at (P=0.2) to very steep
(P=8). It is not possible to explain these di�erences

mechanistically because the steps between the binding of
an agonist to a receptor and the response are not known but

the exponent is of practical value because a preparation with
a steep curve is needed for a sensitive biological test.

This paper describes an investigation of the e�ects of the
method of recording mechanical responses from smooth
muscle on the shapes of agonist concentration-e�ect curves
by making experiments with adjacent pieces of tissue from

the same animal and recording isotonically with one and
isometrically with the other using the same load. Two types
of tissue were studied, guinea-pig ileum and rat uterus in

oestrus (which has a very steep concentration-e�ect curve,
Edinburgh Sta�, 1970). These were a ®rst step in a study of
the e�ects of the method of recording on antagonist curves

(described in Part II).

Methods

Concentration-e�ect curves were obtained with isolated
preparations of ileum from Dunkin-Hartley guinea-pigs

(200 ± 250 g). These were killed by stunning and exsanguina-
tion, in accordance with Home O�ce regulations, and
preparations were set up as described by Edinburgh Sta�

(1970) in Krebs' solution containing 0.1 mM hexamethonium
and aerated with oxygen+5% CO2 at 378C. Two adjacent
pieces of tissue were used in each experiment: with one the
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contractions were recorded isotonically with a load of 0.5 g
and with the other the tension was recorded isometrically
with an initial tension of 0.5 g. The agonist was added

manually: in one set of experiments it was carbachol, in
another it was histamine. The contact time was 30 s with
doses applied every 3 min.
Similar experiments were made with the isolated rat uterus

preparation from female Wistar rats (280 ± 330 g) on day 1 of
the cycle, as indicated by the presence of corni®ed epithelial
cells in vaginal smears taken daily. Animals were killed by

stunning and exsanguination and preparations were set up as
described by Edinburgh Sta� (1970) in de Jalon's solution at
318C. In each experiment two strips from the same animal

were tested, one with isotonic recording, the other with
isometric and each with a load of 0.5 g. The agonist was
carbachol, added manually with a contact time of 45 s and

doses applied every 3 min.

Data analysis

The program SPICE (Bailey et al., 1998) was used to ®t
values of response and agonist concentration by least-squares
to equation 1 or a similar equation allowing for a baseline

(BL):

E � M__�A�P__
�A�P � �EC50�P

� BL �2�

This gives estimates of [EC]50, the exponent, P, and BL
(baseline where appropriate). Carbachol chloride, hexam-

ethonium bromide, histamine, (7)adrenaline and (7) and
(+)isoprenaline were obtained from Sigma.
All responses were recorded with a Maclab system.

Statistical tests

A sign test was used to investigate di�erences between

isotonic and isometric recording with tissues from the same
animal: paired t-tests and signed rank tests were also used.
Pooled data were compared using t-tests and U-tests.

Correlations were tested with parametric (r, Student's t)
and nonparametric (Spearman's rank coe�cient) methods.

Results

Sample log.concentration-e�ect curves using isotonic and

isometric recording with adjacent pieces of tissue from the
same animal are shown in Figure 1. All values of [EC50]
and P (for carbachol and histamine with ileum and for

carbachol with uterus) are summarized in Table 1. In 19
out of 20 experiments with ileum [EC50] for the agonist was
higher with isometric recording (P50.005, sign test) and

the ratio of the values (M/T in Table 1) was greater than
1. In 16 out of 20 the curves were ¯atter (P50.02). Even
when the data are pooled there are di�erences between the
mean values of [EC50] and of P, which are signi®cant

(Table 1). A 2-factor analysis of variance (which retains the
pairing of results) was made for e�ects of method and
animal and the [EC50] values for carbachol and histamine

showed a signi®cant e�ect of method (F-values of 7.4 and
22.6 respectively: P50.05). Although di�erent, there are
signi®cant correlations between the values: Figure 2 (upper

left) shows isometric values of [EC50] for carbachol and
histamine on guinea-pig ileum plotted against isotonic
values. With all 20 points the Spearman rank correlation

coe�cient is 0.51 (P50.05). There is also a signi®cant
correlation (P50.05) between values of P (Figure 2 upper
right).

In all experiments with rat uterus P was bigger for isotonic

recording than for isometric (P50.001) but there was no
signi®cant correlation (Figure 2, lower right). There was only
a small increase in [EC50], which was not signi®cant (paired t-

test, signed rank test) but there is a signi®cant correlation
(P50.05) between the values obtained by the two methods
(Figure 2, lower left).

Discussion

Tissue preparations di�er in the concentrations of agonist
which produce an e�ect and the range of values of [EC50]
obtained in this work can be seen in Table 1. There are clear

di�erences between the values of [EC50] and P using di�erent
methods of recording and tissue from the same animal.
Because of the experimental plan, di�erences between results

obtained with the two methods could be detected in spite of

Figure 1 Concentration-e�ect curves for carbachol with samples of
adjacent tissue from guinea-pig ileum and from rat uterus in oestrus
recorded isotonically and isometrically. The scales have been chosen
so that the graphs are of roughly comparable height with the maxima
indicated on the ordinate: values of [EC50] are marked on the
abscissa.
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the wide range in the sensitivity of tissues from di�erent
animals (shown by the values of [EC50] and P). Although
detectably di�erent, these values should be correlated (as has

been found) if both are dependent on a factor which may
vary between animals (such as the relation between signal
and muscle response). Because results were obtained with two
agonists operating on di�erent receptors it is possible to see

that the e�ect of the method does not appear to depend
which agonist was used.
The results are to be expected because with isotonic

recording there can be no change in length until the tension
exceeds the load and, at the upper end of the curve, the tissue
bulk sets a limit to shortening. In the experiments with ileum,
for instance, higher concentrations of agonist could increase

Table 1 Individual agonist concentration-e�ect curves in experiments with tissue from the same animal ®tted to equation 2 with
baseline as a percentage of the maximum

Guinea-pig ileum (EC5061078
M)

Carbachol Isotonic Isometric
EC50 P BL% EC50 P BL% EC50 ratio M/T

C1 16.5 2.47 0 138.4 0.77 0 8.4
C2 11.7 1.48 0 39.7 1.34 0 3.4
C3 10.8 1.87 0 47.4 0.59 0 4.4
C4 17.0 1.77 0 36.5 1.35 22 2.2
C5 20.1 1.61 0 35.5 2.56 21 1.8
C6 12.8 1.79 0 21.5 1.99 14 1.7
C7 33.6 3.51 18 48.9 1.92 756 1.45
C8 24.7 3.66 0 35.8 2.17 26 1.45
C9 9.05 1.90 0 7.61 1.31 11 0.8
C10 16.0 2.58 0 22.0 2.97 0 1.4
C11 17.9 2.96 15 29.7 2.13 7 1.7
C12 14.7 2.49 0 25.4 1.66 0 1.7
C13 25.4 3.72 0 47.0 1.77 0 1.9

mean 17.7 2.49 41.2* 1.73*
(s.e.mean) (1.90) (0.22) (8.74) (0.19)
EC50 range 9.0 ± 33.6 (3.7-fold) 7.6 ± 138.4 (18.2-fold)

(7.6 ± 18.2, 6.4-fold omitting C1)

Histamine Isotonic Isometric
EC50 P BL% EC50 P BL% EC50 ratio/MT

H1 14.7 2.12 0 23.6 1.77 26 1.6
H2 13.7 2.51 0 16.0 1.83 46 1.2
H3 22.3 1.91 0 33.2 1.24 10 1.5
H4 9.57 1.60 0 28.1 1.24 20 2.9
H5 10.8 1.15 0 28.7 0.87 11 2.7
H6 17.2 1.90 0 22.3 1.99 14 1.3
H7 4.79 0.98 0 19.8 1.10 6 4.1

mean 13.3 1.74 24.5** 1.29
(s.e.mean) (2.13) (0.20) (2.22) (0.14)
EC50 range 4.79 ± 22.3 (4.7-fold) 16.0 ± 33.2 (2.1-fold)

Rat uterus (carbachol61075
M)

Isotonic Isometric
EC50 P BL% EC50 P BL% EC50 ratio/MT

RU1 1.01 4.31 0 1.24 2.37 722 1.2
RU2 0.36 5.05 0 0.45 3.19 717 1.2
RU3 0.96 8.24 0 0.84 2.25 12 0.87
RU4 0.27 13.3 0 0.44 2.07 0 1.7
RU5 0.39 14.6 0 0.52 2.08 0 1.4
RU6 0.67 6.71 0 0.65 2.55 0 0.96
RU7 0.39 2.03 0 0.34 0.79 717 0.87
RU8 1.00 4.55 0 0.78 1.15 710 0.78
RU9 0.66 15.4 0 2.70 1.75 19 4.1
RU10 1.04 2.73 0 0.91 0.98 0 0.87

mean 0.674 7.69 0.887 1.92**
(s.e.mean) (0.10) (1.93) (0.22) (0.24)
EC50 range 0.27 ± 1.04 (3.9-fold) 0.34 ± 2.7 (7.9-fold)
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tension even though the tissue could not contract further.

There is a narrower range (`operational window') within
which an e�ect can be measured with isotonic recording.
The e�ect of such limits should depend on their position

and the steepness of the `signal' curve (for the process leading
to the response) and has been studied with theoretical data
obtained from 25 evenly spaced points on a curve given by:

E � M__�A�P__
�A�P � �A50�P

�3�

with M=1, [A50]=1 and P=0.5, 1.0 or 1.5. The points lying
within particular limits were then ®tted to equation 1 with the

value of M determined by the width of the window. The
e�ect of a lower limit (threshold) is shown in Figure 3A: this
selects the upper part of the signal curve and increases [EC50].
The e�ect of an upper limit is shown in Figure 3B: this selects

the lower part of the signal curve and decreases [EC50]. The
e�ects on [EC50] of the steepness of the signal curve and the
positions of the limits are shown in Figure 3C and D and are

much greater when the signal curve is ¯at (P=0.5 in equation
3). The e�ects on the exponent P', indicating steepness of the
theoretical concentration-e�ect curve, are shown in Figure 3E

and F. Any window steepens this curve, because it decreases
the range within which the response goes from zero to

maximum. There are irregularities in values of the exponent

P' when the operational window is very narrow and so
encloses only a few points, e.g. when the threshold is high
(Figure 3E) or the upper limit is low (Figure 3F).

These e�ects are not dependent upon the actual equation
used to represent the signal curve: they apply to any
relationship giving a curve of similar shape. With isotonic
recording the e�ect of the threshold, which should increase

[EC50], appears to be more than o�set by the low upper limit
(associated with bulk), hence the lower value than with
isometric recording. The narrower operational window

steepens the curve. The extremely steep curve obtained with
isotonic recording and the rat uterus in oestrus suggests that
the response is almost all-or-none, as might be expected if,

once above a threshold, the signal triggers a coordinated
response limited by bulk. With such steep curves it seems
unlikely that there will be detectable di�erences in [EC50].

With the tissues used in this work the agonists probably

produce their e�ects on tension or shortening by increasing
the internal concentration of calcium ions, and it seems
possible that this may also operate within a window. The

relation between tension and internal calcium has a
remarkably steep response curve (Shiraishi et al., 1998),
comparable with that for carbachol and the rat uterus in

Figure 2 Upper: values of [EC50] and of P for guinea-pig ileum with isometric recording plotted against values with isotonic
recording; pooled results for carbachol and histamine. Lower: values of [EC50] and of P for carbachol and rat uterus in oestrus
plotted similarly.
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oestrus in de Jalon's solution (which has a low concentration
of calcium ions). There is e�ectively a threshold below which

there is no change in tension, so whatever the mechanism
that generates the signal there appears to be a lower window.
Lew & Flanders (1999) call this `threshold inertia'. Such a
threshold should be particularly important for compounds,

which act as physiological antagonists by producing the

opposite e�ect, because it will limit their action. Experiments
with these are described in part II.

We thank Dr David Wyllie for his valued criticism of this
manuscript and Dr N.L. Poyser for the vaginal smear tests in rats.

Figure 3 (A and B) E�ects of operational windows on log.concentration ([A])- e�ect (E) curves. The signal curve (broken line) has
M=1, [A50] and P=1: in (A) the threshold is 0.4 and the upper limit is 1.0: the ®tted curve has P'=1.39 and [EC50]=2.63, marked
on the abscissa. In (3B) the threshold is zero and the upper limit is 0.6: P'=1.58 and [EC50]=0.38. The line shows the least-squares
®t to

E � 0:6
__�A�P`__

�A�P0 � �EC50�P0

(C and D) show the e�ects of the steepness of the signal curve (P in equation 3) and the window (threshold in C, upper limit in D)
on [EC50]. (E and F) show in the same way the e�ects on the steepness, P', of the concentration-e�ect curve.
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