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SUMMARY

KENAKIN, T. P. & BLACK, J. W. (1978) The pharmacological classification of
practolol and chioropractolol. Mol. Pharmacol., 14, 607-623.

The classification of beta adrenoceptor subtypes has apparently received substantial
confirmation from the cardioselective properties of practolol, so-called beta, receptor
blockade. This interpretation assumes that practolol has no relevant pharmacological
properties other than beta receptor antagonism; the present report challenges that
assumption. Practolol was studied to elucidate the reported alkylating properties of
chloropractolol; although no evidence of alkylation was found, the results with chloro-
practolol are included as a check on the self-consistency of the pharmacological analyses

done on rat isolated atria and coronary-perfused hearts. Practolol and chloropractolol

had, respectively, 0.3 and 0.4 times the agonist activity of isoprenaline on atrial pacemaker
frequency. Using the method ofBarlow, Scott, and Stephenson [(1967) Br. J. Pharmacol.,

31, 188-196], apparent equilibrium dissociation constants (pKp) for these partial agonists
were calculated to be 6.8 and 7.8, respectively. However, attempts to estimate the

apparent pKp values directly from Schild plots were frustrated by nonlinearity at low
dose ratios. The anomalously low level of antagonism seen at low concentrations appeared
to be due to concurrent sensitization of the tissue to isoprenaline, which, decaying more
slowly than receptor blockade, became manifest after prolonged washing. The degree of
sensitization, namely, a dose ratio of 0.5, was equal to that produced maximally by
inhibition of extraneuronal uptake of isoprenaline, using 17/�-estradiol, and/or inhibition
of catechol O-methyltransferase, using U-0521. Neither practolol nor chloropractolol
blocked extraneuronal accumulation of isoprenaline measured in perfused hearts, but

both depressed the steady-state effiux of 3-methoxyisoprenaline, presumed to be due to
catechol O-methyltransferase inhibition. Atria maximally sensitized by U-0521 treatment
gave Schild plots for practolol and chioropractolol that were linear, had a slope of unity,
and gave apparent pKp values that agreed with values from studies of agonist activities
and those calculated independently by a third method, that of Stephenson [(1956) Br. J.

Pharmacol. Chemother., 11, 379-393]. These results are consistent with the predictions

of Furchgott’s [(1972) in Handbuch der experimentellen Pharmakologie, Vol. 33, Cate-

cholamines (Blaschko, H. & Muscholl, E., eds.), pp. 203-212, Springer, Berlin] mathe-
matical model for stimultaneous blockade of receptors and agonist uptake, provided that
the catechol O-methyltransferase in rat atria is inhibited at slightly lower concentrations
than the beta receptors. The relevance of this finding, if any, to the cardioselective
properties of practolol will now need to be examined.

INTRODUCTION tive, competitive antagonist of cardiac beta

Practolol has been classified as a selec- adrenoceptors (1). Chioropractolol, the
chloroacetyl analogue of practolol, has been

‘Postdoctoral Fellow of the Medical Research proposed as an alkylating agent for cardiac

Council of Canada. beta adrenoceptors (2). Although we could
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not confirm this proposal (3), we did find
that cbloropractolol and practolol had
other actions on our measuring system,
namely, rat isolated atria. These differences
and their implication for the classification
of beta adrenoceptor antagonists are the
subject of this report.

METHODS

Rat isolated atria. Male hooded rats
(250-350 g) were killed by a blow on the
head. The right atria were rapidly excised

and suspended in 30-mi organ baths con-
taming a solution of Na�, 170.8 nm’t; Cl,
153.4 mM; K�, 6.3 mM; Ca2�, 1.3 mM;
H2P04, 1.3 mM; HCO3, 25 mM; and glu-
cose, 25 mrvi, gassed with 95% 02-5% CO2,
at 34#{176},pH 7.2. Rates (per minute) of the

spontaneously beating atria were displayed
on a potentiometric chart recorder con-
nected to a rate meter (ADG Instruments)
that instantaneously measured the recip-
rocal of the intervals between atrial isomet-
ric contractions. The tissues were first ex-
posed to isoprenaline (usually 1 nM) for 10
mm and then washed repeatedly for 30-40
mm, until a basal rate was achieved that

did not change with further washings. All
dose-response curves to agonists were ob-

tained by a cumulative method using a
common ratio, for increasing doses, of 5 (4).
After completion of the control dose-re-
sponse curve to isoprenaline, the tissues
were washed repeatedly until basal atrial
rates (within ±5%) were obtained again be-

fore antagonists were added. Tissues were
equilibrated with antagonists for 45-60 min,
changes in basal atrial rate were noted, and

then cumulative dose-response curves to
isoprenaline were repeated. The location
parameter for each family of replicated
curves, i.e., the concentration of agonist
giving a half-maximal response, was ob-
tained after averaging the concentrations
giving equal responses (5).

Measurement of drug antagonism. Since
both chioropractolol and practolol showed
intrinsic activity on rat atria, the measure-
ment of isoprenaline antagonism was no
longer straightforward. Van Rossum (4) has
suggested that the displacement of the half-
maximal parameters of the dose-response
curves be considered as the agonist dose

ratio (r) produced by the partial agonist. If

the regression of log (r - 1) on log [P1 (the
molar partial agonist concentration) is un-
ear with a slope not significantly different
from unity, it could be considered a graph-
ical representation of the Schild equation
(6) for a bimolecular reaction (i.e., when n
= 1):

log (r - 1) = n log [P] - log K�

Under equilibrium conditions, the value
of the abscissa at the ordinate intercept [log
(r - 1) = 01 of a linear regression with a

slope of unity has been assumed to be an
estimate of log K�, where K� is the equiib-
riurn dissociation constant of the partial
agonist for the receptor and pKp is the
negative logarithm. If Van Rossum’s (4)
assumptions that response and stimulus are
linearly related and that half-maximal re-
sponse is the result of half-maximal recep-
tor occupancy are valid for this measuring
system, the calculated K� wifi be an accu-
rate measure of the equilibrium dissocia-

tion constant of the partial agonist and the
receptor. However, if these assumptions are
not valid, the calculated K� will be multi-
plied by a factor involving the efficacy of
the partial agonist, the magnitude of which
depends upon the relationship between
stimulus and response. We have used Van
Rossum’s method for the calculation of
isoprenaline dose ratios but feel that since
the relationship between stimulus and re-
sponse is not known, it would be prudent
to consider the calculated K� values as ap-
parent equilibrium dissociation constants
of the partial agonist for the receptor, sub-
ject to the relative efficacies of isoprenaline
and the partial agonist.

Statistical analyses. The sets of dose-
response curves to isoprenaline obtained in
the presence of chloropractolol and prac-
tolol produced replicate estimates (arrays

of ordinates) of log (r - 1) for each concen-
tration of antagonist. An estimate of how
well the array means conformed to a linear
regression (i.e., Schild plot) was gained by
comparing the magnitude of the deviations
of array means from the regression line
with the within-array variation (7). This
test for linearity yielded a variance ratio
(F), which in turn indicated whether or not
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(ep/eA) - ([P1/K,’) - KA

1 + (1 - ep/eA) - (P/Kp)
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the deviations of the array means were
statistically different from the computed

regression line. Where Schild regressions
had slopes not significantly different from

each other, an analysis of covariance was
used to determine whether or not the
regressions were significantly different with
respect to their positions along the x axis.
Such a test compared the difference of or-
dinate values at a given abscissa with the

standard error of this difference to yield a
value of t (the null hypothesis being that
the lines coincide) (7).

Estimate of equilibrium constants from

agonist activity. As chloropractolol and
practolol were partial agonists in this prep-
aration, it was theoretically possible to cal-
culate the apparent K� by an independent
method utilizing the agonist activity of
these drugs. Barlow, Scott, and Stephenson
(8) have described a method whereby the
dose-response curve of a partial agonist
could be compared with the dose-response
curve of a full agonist in the same tissue to
yield an estimate of the equilibrium con-
stant of the partial agonist (Kp). However,
they assumed that a considerable receptor
reserve existed for the full agonist, and
therefore the concentrations of full agonist
(A) were considerably less than the equilib-
rium dissociation constant of the full ago-
nist for the receptor (KA). As it was not
known whether or not this assumption was
justified in our experimental system, A was
not considered to be necessarily less than

KA in the following calculations. Thus the
reciprocals of equiactive concentrations of

isoprenaline and chloropractolol could be
equated by

1 eAKP

[A] - ep KA

1 (

[P1 \�
eA-ep

ePKA

where eA and ep refer to the respective
efficacies of isoprenaline (A) and the partial
agonist (P) and K� is the equilibrium dis-

sociation constant of the partial agonist. If
a regression of 1/[A] on 1/[P] was linear
with a positive slope and ordinate intercept,
an estimate of Kp could be obtained (slope
#{247}intercept). It should be noted that the

resulting value would be the equilibrium
dissociation constant of the partial agonist
for the receptor, modified by an efficacy

term, (eA - ep)/eA. When the efficacy of the
full agonist is considerably larger than the

efficacy of the partial agonist, (eA - ep)/eA

approaches unity and an accurate estimate

for K� results. A double-reciprocal plot is
known to be an unsatisfactory method of
expressing data to obtain kinetic parame-
ters (9). A regression of Eq. 2

[Al=�KA_�.( eA )K(2)
eA-ep [P] \eA-eP

holds three advantages over a double-recip-
rocal plot: (a) the variance of 1/[PJ is rela-
tively large in these experiments, and under

these circumstances plots of the form of Eq.
2 have been shown to be superior (9); (b) a
convenient measure of the 95% limits of the

K� (from the limits of the slope) can be
made (as opposed to the difficulties in-
volved with dealing with the variance of

the ratio slope #{247}intercept); and (c) double-
reciprocal plots often give spuriously
“good” linear regressions, whereas a plot of
Eq. 2 exaggerates errors and gives a more
sensitive indication of whether or not the
data comply well with the theoretical rela-

tionships. The estimate of K� is modified

by an efficacy term (which approaches un-
ity if eA >> ep) and thus will be referred to

as the apparent K�.
Estimation of a partial agonist equilib-

rium constant by Stephenson’s method.

Stephenson (10) has derived a relationship
between equiactive concentrations of a full

agonist in the absence [A,] and presence
[A2] of a partial agonist [P]. This method
was based on the assumption that there is

a receptor reserve for the full agonist. As
this was not known to be a property of our

(1) measuring system, the calculations were
carried out without this assumption. Thus

[A2]

1 + (1 - ep/eA) #{149}([P]/Kp)

where KA and Kp are the equilibrium dis-
sociation constants and eA and ep are the
efficacies of the full and partial agonist,

respectively. The slopes of regressions of
the control dose-response curve concentra-
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tions of isoprenaline (A) in the presence of
various concentrations of partial agonist

provided estimates of the K� for the partial

agonist, where

K,’ ( eA “� = [Pj - slope
\eA - epj 1 - slope

The value calculated from a regression of
Eq. 3 is the equilibrium dissociation con-

stant of the partial agonist, modified by an
efficacy term that approaches unity if e�

>> ep. As the relative values of the efficacies

are not known, the constant obtained will
be referred to as the apparent K�.

Blockade of extraneuronal uptake of

isoprenaline. After determination of con-
trol responses to isoprenaline, some atria
were equilibrated with 17$-estradiol, 5 �zM,

an inhibitor of extraneuronal uptake of cat-
echolamines (1 1). After 30 mm a second
dose-response curve was determined in the

presence of the 1 7$-estradiol.
Metabolism of isoprenaline by catechol

0-methyltransferase. Some atria were

equilibrated for 30 mm with U-0521, 10 nM,

a catechol derivative known to inhibit cat-
echol O-methyltransferase in this prepara-
tion (12). This was the lowest concentration

of U-0521 capable of producing sensitiza-
tion to isoprenaline, and higher concentra-
tions produced no further increase in the

magnitude of the sensitization. To avoid
oxidation, 0.1 mM ascorbate and 0.1 mM

EDTA were added to the medium in the
usual way. A second dose-response curve
was then determined in the presence of U-

0521.
Detection of metabolites of isoprenaline

during perfusion of isolated rat hearts.
The detection of metabolites was facilitated
by using whole hearts perfused by the Lan-
gendorff technique (13) with a modified

Tyrode solution containing Nat, 149.2 mM;

K�, 2.7 mM; Ca2�, 1.275 mM; Mg2�, 2.1 mM;

Cl, 145.3 mM; H2PO.,, 0.4 mM; HCO:�,
11.9 mM; glucose, 5.0 mM; ascorbic acid,

0.284 mM; and EDTA, 0.04 mM (14). This
solution was constantly bubbled with 98%
02-5% C02, heated to 36#{176},and pumped
through the coronary arteries by a peristal-
tic pump at a constant rate of 8.5 ml/min.
The hearts were perfused for periods of 30

mm before being exposed to �H-labeled

isoprenaline.
Collection of measurement of 3-methox-

yisoprenaline. The isoprenaline metabolite
produced by catechol O-methyltransferase,
3-methoxyisoprenaline, was measured after
a stabilization period in hearts perfused
with a solution containing labeled (10 nM)
and unlabeled (1 /zM) dl-isoprenaline. B#{246}n-
isch and Trendelenburg (14) had previously
shown that the rate of effiux of 3-methox-
yisoprenaline was constant after 9-10 mm
of perfusion, and therefore samples of ye-

nous outflow were collected for 30 sec after
12 and 16 mm, weighed to check the rate of
perfusion, and subjected to the following
extraction procedure, based on the prefer-

ential adsorption of the catechol group, for
3-methoxyisoprenaline. First, 1 nil of the

medium was immediately acidified with 0.5
ml of a mixture of 0.5 N HC1, 1% EDTA,
and 1% sodium metabisulfite (1:1:3). To this
were added 1 ml of Tris buffer (2.5 M, pH
8.5) and 0.5 g of chromatography standard,
neutral grade A12O3. This mixture was

shaken at room temperature for 10 mm and
centrifuged at 2500 rpm for 5 mm. An au-
quot of 1 ml of the supernatant was mixed

with scintillation fluid and counted in a
Packard Tri-Carb 3380 liquid scintillation
counter. Automatic external standardiza-

tion was used to estimate quenching. The
efficiency of counting was 20-26%.

After 17 mm of perfusion the hearts were
cut into four sections, dried by blotting, and
weighed. They were then dissolved in

Soluene-350 (Packard) for 24-72 hr and

counted as above. Two separate samples of
arterial perfusion fluid, obtained after re-
moval of the heart, were subjected to the
above extraction procedure for 3-methox-
yisoprenaline. The radioactivity in the su-
pernatant was a measure of the contami-
nation of the venous samples by nonad-
sorbed isoprenaline. The venous samples
were corrected accordingly. If the venous

samples at 12 and 16 mm or the two arterial
samples differed by more than 5%, the re-
sults were discarded. All hearts were beat-

ing rhythmically throughout the experi-

ment.
Drugs. Drugs were obtained from the

following sources: dl-[7-1H]isoprenaline hy-
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drochioride (8.4 Ci/mmole), Radiochemical

Centre; dl-isoprenalime sulfate, l-isoprena-
line hydrochloride, and 17$-estradiol,
Sigma Chemical Company; dl-practolol, a
generous gift from Imperial Chemical In-

dustries; reserpine, Ciba; L-ascorbic acid
and EDTA, BDH Chemicals; and U-0521
(3’ , 4’-dihydroxy-2-methylpropiophenone),

a generous gift from the Upjohn Company.
Isoprenaline and U-0521 were dissolved

in 0. 1 mM ascorbate, and all drugs were
kept out of direct light and on ice. Chioro-

practolol, synthesized by Dr. K. Bowden,
was dissolved in distified water immedi-
ately before use.

RESULTS

Agonist properties of chloropractolol.
Chloropractolol produced a dose-depend-
ent tachycardia that could be inhibited by

propranolol. A Schild plot for propranolol
with chioropractolol as the agonist had a
slope not significantly different from unity
(0.9; 95% limits, 0.5-1.4) and yielded a pKp
for propranolol of 8.9 (8.4-10.3). The ago-
nist response began immediately after the
chloropractolol was added and reached a
plateau in 10-16 mm. The average dose-
response curve is shown in Fig. 1A. The
agonist activity was not reduced by using
atria from rats treated with reserpine, in-

dicating that this activity was not due to
release of neurogenic noradrenaline.

The offset rate constant for chioroprac-
tolol antagonism at beta adrenoceptors was

reported recently (3). The rate of offset of

the agonist action has now been determined
for comparison by exposing tissues to var-
ious concentrations of chloropractolol for

30 mm, washing the atria at 5-mm intervals,
and then noting the decay of the drug-in-
duced tachycardia. The steady-state decay
was adequately described by a linear semi-

logarithmic regression of the tachycardia
(expressed as a percentage of the initial

agonist response, using a log scale) on time

in minutes. The rate constant for the offset
of tachycardia was obtained from the slope
of this linear regression (k0�� = 0.693/t,12)
(15).

The rate constants for the decay of tach-
ycardia were not independent of the con-

centration of chioropractolol (Fig. 2A), and
a regression of log k0ff on the log of the
concentration appeared to be linear (Fig.
2B). This regression was not significantly
different from a regression of the log k0ff for
antagonism (of isoprenaline responses) by

chloropractolol (3) on the log of the concen-
tration of antagonist (analysis of covariance
oflines; t = 1.4, d.f. = 12). This showed that

the dependence of the rate of offset of chlo-
ropractolol activity on concentration, as
measured by either the agonist or antago-

fist activity, was the same.
Dose-response curves of the agonist ac-

tivity of isoprenaline and chloropractolol
were compared by the method of Barlow,
Scott, and Stephenson (8) (see METHODS)

to estimate the equilibrium dissociation
constant of chloropractolol for beta adren-
oceptors.

Data from a comparison of the dose-re-
sponse curves to chioropractolol with the
mean dose-response curve to isoprenaline

in rat atria [where all known removal proc-
esses for isoprenaline, namely, chemical ox-
idation (4 �LM EDTA), uptake into cardiac

muscle (5 �M 17$-estradiol), and methyla-
tion by catechol O-methyltransferase (10

flM U-0521), had been inhibited] provided
the linear regression shown in Fig. lB. The
estimate of the apparent pK� for chioro-
practolol from the agonist response was 7.8
(95% limits, 7.3-8.0).

Agonist properties of practolol. An ago-
nist dose-response curve to practolol could
also be obtained (Fig. 1). A similar positive
chronotropic effect in anesthetized rats has
been reported for this compound (16). Pro-
pranolol satisfied the conditions for simple
competitive antagonism of practolol-in-
duced tachycardia. The Schild plot for pro-
pranolol, with practolol as the agonist, had
a slope of 0.9 (95% limits, 0.6-1.2) and
yielded an apparent pKp for propranolol of
9.0 (8.6-9.9). The decay of the practolol-
induced tachycardia with washing was not
independent of concentration, and the rate
of offset (k0ff) showed a linear correlation
with log concentration similar to that seen
for chioropractolol (slope = -0.6, with 95%
confidence limits, -0.4 to -0.8; intercept
= -5.2 to -5.5). This linear regression was
not significantly different from the regres-
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FIG. 1.

A. Agonist responses to isoprenaline, chloropractolol, and practolol. Ordinate: increase in atrial frequency

expressed as a fraction of the maximal response to isoprenaline in the same preparation. Abscissa: molar

concentrations of agonist (log scale). The means of the concentrations of agonist producing 0. 1, 0.3, 0.5, 0.7, and
0.9 times the maximal isoprenaline response were calculated to give the mean dose-response curve. The bars

represent the standard errors of the means of these concentrations. #{149},mean dose-response curves to isoprenaline

(n = 15). The mean concentration of isoprenaline producing half the maximal response was 0.75 nM (95% limits,

0.45-1.04). From a much larger sample of rat atria (n = 92) with a mean basal atrial rate of 283 min’ (277-289),

isoprenaline produced a mean maximal increase in rate of 157 min’ (152-162). 0, mean dose-response curve to

chioropractolol. The concentration of chioropractolol producing half its own maximal response was 16 nM (95%
limits, 10-20). Chloropractolol produced a maximal respons e 0.4 (0.36-0.46) times that of isoprenaline (n = 13).

L�, mean dose-response curve to practolol. The concentration of practolol producing half its own maximal

response was 190 nM (95% limits, 120-260). The mean maxi m al response to practolol was 0.32 (0.26-0.38) times

that of isoprenaline.

B. Estimation of the equilibrium constant for chioropractolol. Regression of the concentrations of isoprenaline

producing 0.05,0.1, 0.2, and 0.3 times the maximal response to isoprenaline (ordinate) on these same concentra-

tions divided by equiactive concentrations of chioropractolol (abscissa). The regression is linear (F = 0.54, n,

= 2, n2 = 48) and provides an estimate of the apparent K,’ for chloropractolol. The slope is 1.6 x i0’ (95%

limits, 0.93-2.5), giving an estimate for the pKp of 7.8 (7.45-8.03). The dashed lines indicate the 95% confidence

limits of the regression.

C. Estimate of the equilibrium constant for practolol. Regression of the concentrations of isoprenaline

producing 0.05, 0.1, 0.15, and 0.2 times the maximal response to isoprenaline (ordinate) on these same

concentrations divided by equiactive concentrations of practolol (abscissa). The regression is linear (F = 0.25,

= 2, n2 = 40) and has a slope of 1.80 X 10’ M (0.6-8). The estimate of the apparent pKp for practolol from

this regression is 6.8 (6.1-7.2). The dashed lines indicate the 95% confidence limits of this slope.

sion of log koff, for the antagonism of iso-
prenaline responses, on log concentration
of practolol previously reported (analysis of
covariance of lines; t = 2.25, d.f. = 6) (3).

As with chloropractolol, the agonist dose-

response curves to practolol were also used
to calculate an estimate of the apparent
pKp for this partial agonist by the method
of Barlow, Scott, and Stephenson (8). The
linear regression is shown in Fig. 1C. The
estimate of the pKp for practolol from this
regression was 6.8 (95% limits, 6.4-7.2).

Antagonist properties of chloropracto-

lol. Chloropractolol antagonized the atrial
rate responses to isoprenaline (Fig. 3A), and
the maximal responses to isoprenaline also
increased significantly (paired t-test; t =

7.8, d.f. = 24, p < 0.001). However, a signif-

icant increase in the maximal responses to
isoprenaline was also seen in parallel con-
trol atri�i without chioropractolol but only
washed for 90 mm (paired t-test; t = 4.0, d.f.

= 7, p < 0.01; see also Fig. 5B). There was
no significant difference between the in-
creases in the control preparations and
those treated with chloropractolol and
washing (t = 1.7, d.f. = 31). The dextrad

displacements of the half-maximal location
parameters of the isoprenaline dose-re-
sponse curves shown in Fig. 3A provided
data for the Schild plot shown in Fig. 3B.
Note that 10 nM chioropractolol produced
an anomalously low degree of antagonism,
leading to nonlinearity in the Schid plot,
in spite of the fact that this concentration
produced a significant agonist response
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fit of the solid line to the data points. Slope of the regression = -0.53 (95% confidence limits, -0.33 to -0.73);

intercept = 4.8 (4.3-5.3).
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FIG. 3. Antagonism by chloropractolol of responses to isoprenaline in normal atria

A. Mean dose-response curves to isoprenaline. Ordinate: increase in atrial frequency produced by isoprena-

line, expressed as a fraction of the maximal response to isoprenaline. Abscissa: molar concentrations of

isoprenaline (log scale). Multiples of i(Y� M refer to the molar concentration of chioropractolol (“control”

indicates the control response to isoprenaline before chioropractolol). Ordinate values to the left of the x axis

represent atrial responses to chloropractolol alone (basal rates). Atria were equilibrated with chioropractolol for

not less than 45 mm. Bars represent standard errors of the means.

B. Schild plot for isoprenaline-chioropractolol interaction in rat atria. Ordinate: (r - 1), where r is the dose

ratio of concentrations of isoprenaline producing half the maximal response (log scale). Abscissa: concentrations

of chioropractolol (log scale). Dose ratios were obtained from the dose-response curves shown in Fig. 3A (n =

34). The regression is nonlinear (F = 3.09, n, = 29, p < 0.05) and cannot be used to estimate the K5. The portion

of the regression corresponding to dose ratios greater than 3 (ordinate > 0.3) on the abscissa is linear (F = 1.27,

n, = 2, n2 = 21) with a slope of 1.0 (0.9-1.1). Bars represent standard errors of the means.

(Fig. 3A). Associated with this, the family
of dose-response curves did not show the
common crossover point expected from the
uncomplicated interaction between an ag-
onist and a partial agonist. The nonlinearity
of the Schild regression appeared at dose

ratios of less than 3, a region where accurate
measurements were most difficult to ob-
tain. However, if the common practice of
using only dose ratios greater than 5 for
Schild regressions had been followed, the
regression for chioropractolol would have



been linear with a slope not significantly
different from unity. Such a plot would
have yielded an apparent plC,’ of 7.5 (95%
limits, 7.4-7.6). The dose ratio for 10 nM

chloropractolol calculated by extrapolation
of this linear regression of 1.46 (95% limits,
1.3-1.7) was significantly different from the

dose ratio of 1.24 found experimentally
(95% limits, 1.2-1.3).

Thus the nonlinearity of the Schild plot
indicated that something more than simple

reversible competitive antagonism was in-
volved.

Antagonist properties ofpractolol. Prac-
tolol produced dextrad displacement of the
dose-response curves to isoprenaline (Fig.
4A), generating the Schid plot shown in

Fig. 4B. As with chioropractolol, low con-
centrations of practolol (0.1 ,.LM) sufficient
to show significant agonist activity failed to

achieve the expected degree of antagonism,
so that the Schild regression was not linear.
Again, if only dose ratios greater than 5 had
been measured, a linear regression with a
slope not significantly different from unity
would have been found. This linear Schild
plot would have given a pKp for practolol

of 6.9 (6.6-7.2). As with chloropractolol, the

actual dose ratio produced by 0.1 �LM prac-
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Fii;. 4. Antagonism by practolol of responses to isoprenaline

A. Mean dose-response curves to isoprenaline. Ordinate: increase in atrial frequency produced by isoprena-

line, expressed as a fraction of the maximal response to isoprenaline. Abscissa: concentrations of isoprenaline

(log scale). Multiples of I0� M refer to the molar concentration of practolol (“control” indicates the control

response to isoprenaline before practolol). Ordinate values to the left of the x axis represent atnal responses to

practolol alone (basal rates). Atria were equilibrated with practolol for no less than 45 mm. Bars represent

standard errors of the means.

B. Schild plot for isoprenaline-practolol interaction in rat atria. Ordinate: ( r - 1), where r is the dose ratio of

concentrations of isoprenaline producing half the maximal response to isoprenaline (log scale). Abscissa:

concentrations of practolol (log scale). Dose ratios were obtained from the dose-response curves shown in Fig.

4A (n = 28). The regression is nonlinear (F = 3.17, n, = 3, n2 = 23, p < 0.05) and cannot be used to estimate the

K,.. The portion of the regression corresponding to dose ratios greater than 5 (ordinate > 0.6) on the abscissa is

linear (F = 0.35, n, = 2, n2 = 18) with a slope of 1.0 (0.8-1.1). Bars represent standard errors of the means.
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tolol in six atria (1.25; 95% limits, 1.1-1.3)
was significantly lower than that predicted

by the linear portion of the Schild plot (2.0;
95% limits, 1.4-3.0). The pronounced curve
in the Schild plot again indicated that prac-
tolol had another effect on this tissue,

which became apparent at low concentra-
tions.

Chioropractolol-induced sensitization

to isoprenaline. The nonlinearity of the
Schild plot for chloropractolol occurred at
10 nM (Fig. 3B), and so the effects of this
concentration were investigated in more de-
tail.

After equilibration of seven atria with 10
nM chloropractolol for 45 mm and subse-
quent determination of the response to
isoprenaline (total time, 60 mm), the mean
dose ratio for isoprenaline was 1.24 (95%
limits, 1.2-1.3). The atria were then washed
for 30 mm, and the responses to isoprena-
line were redetermined. The dose-response
curve was found to have shifted to the left.
The responses to isoprenaline of the seven

atria before, during, and after equilibration
with 10 nrvi chloropractolol are shown in
Fig. 5A. The sensitization to isoprenaline
was not observed in parallel control atria
washed for 90 mm (Fig. SB).
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FIG. 5. Sensitization to isoprenaline after chloropractolol; mean dose-response curves to isoprenaline

Ordinates: increase in atrial frequency produced by isoprenaline, expressed as a fraction of the maximal

response to isoprenaline. Abscissae: concentrations of isoprenaline (log scale). Bars represent standard errors of

the means. A. #{149},control responses before equilibration with chloropractolol; 0, responses to isoprenaline in

the presence of chloropractolol ( 10 nM) equilibrated for 45 odn; �, responses to isoprenaline in the same atria

after washing for 30 mm (n = 9). Arrows indicate the position on the axis of the half-maximal response

parameters of the dose-response curves. Mean dose ratio for isoprenaline after equilibration with chloropractolol

and washing = 0.5 (95% limits, 0.4-0.6). B. #{149},control responses to isoprenaline; 0, responses to isoprenaline in

the same atria after 90 min of washing (n = 12). Mean dose ratio for isoprenaline after 90 mm of washing = 1.2

(95% limits, 1-1.3).
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Subsequent experiments showed that the
sensitization to isoprenaline could be pro-
duced by a wide range of concentrations of
chloropractolol (10 imi-lO ,�M), provided
that the atria were washed for a period

sufficient for removal of the beta adreno-
ceptor antagonism. Thus, whereas sensiti-
zation to isoprenaline could be observed
after a 30-mn equilibration of the atria
with 10 flM chloropractolol, followed by 30
mm of washing, tissues equilibrated for 30

mm with 1 �LM chioropractolol required a
90-nun wash period [in accordance (3) with
the dependence of the rate of offset antag-
onism on concentration] before sensitiza-
tion to isoprenaline could be observed.

After washout of the isoprenaline antag-
onism, the sensitization to isoprenaline was
present for periods of up to 3 hr. An esti-

mate of the time course for this sensitiza-
tion was obtained by equilibrating atria
with chioropractolol (50 nM) and recording
the dose ratios for isoprenaline (as com-
pared with the first, nonsensitized, control
dose-response curve) over a wash period of
3 hr. Figure 6 shows that the antagonism of

isoprenaline was removed by washing
within the first 20 mm and that sensitiza-
tion (expressed as dose ratios for isoprena-

line of less than 1.0) persisted for over 3 hr.
Parallel control atria showed that the sen-
sitivity to isoprenaline was slightly de-
creased by washing in these tissues, but this

decrease was not statistically significant
(paired t-test; t = 0.6, d.f. = 5).

Thus a specific chloropractolol-induced
sensitization of rat atria to isoprenaline was
revealed, which had a time course different

from that which governed chioropractolol-
adrenoceptor-mediated events, namely,
tachycardia and isoprenaline antagonism.

A new, stable, control dose-response curve
to isoprenaline could be obtained in atria
that had been equilibrated with chioroprac-

tolol and washed until all adrenoceptor an-
tagonism by this drug had been removed.
The atria were more sensitive to isoprena-
line, and thus the control response to iso-
prenaline will be referred to as the sensi-

tized control response. Comparison of atrial
responses obtained in the presence of chlo-
ropractolol (10 nM) with the sensitized con-

trol responses produced a mean dose ratio
for isoprenaline of 2.0 (1.8-2.3). Surpris-
ingly, this dose ratio was significantly larger
than the one already predicted from the
Schild equation using nonsensitized control
data (this dose ratio was 1.46; 95% limits,
1.3-1.7). This result suggested that atria

that had been treated with chioropractolol
and therefore displayed a sensitized re-
sponse to isoprenaline belonged to a differ-

ent population, in the statistical sense, from
normal atria. This sensitization, which

served to produce underestimates of the
dose ratios, was demonstrable over a wide
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FIG. 6. Time course for sensitization of atria to

isoprenaline after chloropractolol and practolol

Ordinate: dose ratios for half-maximal concentra-

tions of isoprenaline. Abscissa: time (minutes) of wash-

ing after incubation ofatria with antagonist for 60 mm.

A, control atria not treated with antagonist (n = 6);

., atria equilibrated with 50 nM chloropractolol for 60

mm (n = 5); 0, 0.5 �LM practolol (n = 6). Bars represent

standard errors of the means.

range of chioropractolol concentrations,
thus implying that the dose ratios over this
range could be significantly larger when
calculated with respect to sensitized con-
trols. The responses to isoprenaline of 19
atria in the presence of a range of concen-
trations of chloropractolol and the sensi-
tized control responses (obtained after
equilibration and washout of chioropracto-
lol) are shown in Fig. 7A. Note that the
difference in maxima between control and
treated curves is no longer evident and the
curves now have a common crossover point.
These dose-response curves provided data
for another Schild plot, which was linear

and now had a slope of 0.9 (0.8-1.0) (Fig.
7B). Thus, after correction for the chloro-
practolol-induced sensitization of the atria
to isoprenaline, chloropractolol appeared to
behave as a simple competitive antagonist

of beta adrenoceptors, with an apparent
pKp of 8.0 (7.9-8.2). An analysis of the
covariance of this linear regression and the
linear portion of the regression from non-
sensitized control data (dose ratios calcu-
lated from the control response obtained
before equilibration with chloropractolol)

showed the lines, and therefore the esti-
mates of the apparent K,’, to be signifi-
cantly different (see legend to Fig. 7B).

Practolol-induced sensitization to iso-

prenaline. Sensitization to isoprenaline of
the same order of magnitude (dose ratio =

0.6; 95% limits, 0.5-0.7) as observed with

chloropractolol was found in five atria
equilibrated with 0.1 �M practolol for 45
mm and washed for 45 mm; this was the
concentration that produced the nonline-

arity in the Schild plot (see Fig. 4B). The
only differences between practolol and
chloropractolol with respect to this sensiti-
zation were that 10 times the concentration
and slightly longer wash periods were re-
quired with the former. The sensitization
also persisted for over 3 hr (see Fig. 6 for
time course).

Sensitization to isoprenaline after

blockade of extraneuronal metabolism.
Sensitization that produces a parallel shift
to the left of a dose-response curve to an
agonist is very often the result of inhibition
of a previously existing removal process for
the agonist in the tissue (17, 18). The sen-

sitization to isoprenaline produced here by
both chioropractolol and practolol sug-
gested inhibition of a previously existing
removal mechanism for isoprenaline. The
most likely candidate for isoprenaline re-

moval is extraneuronal uptake of isoprena-
line (uptake 2) or catechol O-methyltrans-
ferase-catalyzed methylation.

Blockade of the extraneuronal uptake of
isoprenaline by 17$-estradiol (11), 5 �zM,

produced statistically significant sensitiza-
tion to isoprenaline (Fig. 8A), not different
from that produced by either chloroprac-

tolol or practolol.
Inhibition of the catechol O-methyltrans-

ferase-mediated methylation of isoprena-
line by U-0521 (12), 10 nM, also produced
sensitization of the atria to isoprenaline

(Fig. 8B), the magnitude of which was not
significantly different from that produced
by chloropractolol, practolol, or 17/J-estra-
diol. W#{246}ppel and Trendelenburg (17) have
already shown that inhibition of catechol

O-methyltransferase in rat atria was as ef-
fective as inhibition of extraneuronal up-
take by phenoxybenzamine in sensitizing
this tissue to isoprenaline.

Uptake and metabolism of isoprenaline

in whole hearts. These experiments sug-

gested that chloropractolol or practolol in-
terfered with the disposition of isoprenaline
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FIG. 7. Antagonism of isoprenaline by chloropractolol and practolol in sensitized atria

A. Antagonism of responses to isoprenaline calculated from control dose-response curves obtained after

equilibration with chioropractolol and washing; mean dose-response curves to isoprenaline. Ordinate: increase

in atrial frequency produced by isoprenaline, expressed as a fraction of the maximal response to isoprenaline.

Abscissa: concentrations of isoprenaline (log scale). Multiples of 108 M refer to the molar concentration of

chioropractolol (“control” refers to the control response to isoprenaline obtained in atria previously equilibrated

with chloropractolol and washed to remove beta adrenoceptor antagonism-the sensitized control response).

Ordinate values to the left of the x axis represent atrial responses to chloropractolol alone. Bars represent

standard errors of the mean. Atria were equilibrated with antagonist for at least 45 mm.

B. Schild plots for chioropractolol and practolol obtained under different experimental conditions. Ordinate:

(r - 1), where r is the dose ratio of concentrations of isoprenaline producing half the maximal response (log

scale). Abscissa: concentrations of antagonists (log scale). Curve 1, dose ratios calculated from control responses

obtained before equilibration with chloropractolol (n = 34). This regression is the same as that shown in Fig. 3B

and is included for comparison. It is significantly different (with respect to the abscissa intercepts) from

regression 2 (t = 5.42, n = 42, p < 0.01) and regression 3 (t = 5.67, d.f. = 33, p < 0.001). Curve 2, dose ratios

calculated from dose-response curves of atria equilibrated with chloropractolol and washed for sufficient lengths

of time to remove antagonism. These tissues exhibited a sensitized control response to isoprenaline. The

regression is linear (F = 0.26, fl) = 3, n2 = 14), with a slope of 0.9 (0.8-1.0) (n = 19). Analyses of covariance of

lines showed this regression to be significantly different (with respect to the abscissa intercepts) from regression

I (see above) but not from regression 3 (t = 1.95, d.f. = 26) (n = 19). Curve 3, antagonism of isoprenaline

responses by chioropractolol measured in atria previously equilibrated with U-0521 to inhibit catachol 0-
methyltransferase activity (n = 8). This regression is linear (F = 0.1, n1 = 1, n2 = 5), has a slope ofO.9 (0.8-1.0),

and is significantly different from regression 1 but not regression 2 (see above). Curve 4, dose ratios calculated

from control responses obtained before equilibration with practolol (n = 28). This regression is the same as that

shown in Fig. 4B and is included for comparison. The regression is significantly different (with respect to the

abscissa intercepts) from regression 5 (t = 3.7, d.f. = 34). Curve 5, antagonism of isoprenaline responses by

practolol measured in atria previously equilibrated with U-0521 (n = 8). This regression is linear (F = 0.3, n1

= 1, n2 = 5), with a slope of 1.0 (0.8-1.2). Bars represent standard errors of the means.

CLASSIFICATION OF BETA ADRENORECEPTOR ANTAGONISTS 617

CHLOROPRACTOLOL

I,
0

in rat atria. Therefore their effect on the
uptake and metabolism of isoprenaline was
studied. Pilot experiments on isolated rat
atria showed that very low levels of 3-meth-
oxyisoprenaline could be recovered, so that

this preparation was unsuitable for accu-
rate determinations of uptake and methyl-
ation of isoprenaline. From experiments on
rat heart ventricle slices and whole hearts,
B#{246}nisch and co-workers (18) concluded
that the perfused heart (Langendorff prep-

aration) was well suited to the assay of
catechol O-methyltransferase activity and
extraneuronal uptake. The results of up-
take experiments of this kind are shown in
Fig. 9A.

The relative amounts of isoprenaline and
3-methoxyisoprenaline inside the heart tis-

sue were not determined, and the ordinate
values are the total amounts of isoprenaline

and metabolite measured after the 17-mm
perfusion. Chloropractolol, practolol, and
U-0521 had no significant effect on the up-
take of isoprenaline in whole rat hearts.
The effects of these drugs on the initial rate
of uptake of isoprenaline were not deter-
mined; thus a small effect on initial uptake

could not have been seen in these experi-
ments. Significant effects were observed,
however, on the steady-state effiux of 3-

methoxyisoprenaline, the major metabolite
formed from isoprenaline by the action of
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Fi;. 8. Effects of inhibition of removal processes for isoprenaline on atrial responses to isoprenaline

Ordinates: increases in atrial frequency produced by isoprenaline, expressed as a fraction of the maximal

response to isoprenaline obtained before inhibition. Abscissae: concentrations of isoprenaline (log scale). A. #{149},

control responses to isoprenaline; 0, responses after 17f3-estradiol (5 �.tM) for 45 mm (n = 4). Mean dose ratio for

isoprenaline concentrations producing half the maximal response = 0.5 (0.3-0.7). B. #{149},control responses to

isoprenaline; 0, responses after U-0521 (10 nM) for 45 mm (n = 8). Mean dose ratio for isoprenaline

concentrations producing half the maximal response = 0.6 (0.5-0.8). Bars represent standard errors of the

means.
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Fic. 9. Effects of drugs on uptake and 0-methylation of isoprenaline in rat hearts

A. Extraneuronal uptake of isoprenaline into rat hearts. Ordinate: picomoles of isoprenaline plus 3-methox-

yisoprenaline per gram stored in cardiac muscle after a 17-mm perfusion period. Abscissa: multiples of 10

represent the perfusion concentrations of drugs (x107 M) beneath each bar. Numbers in parentheses represent

the number of hearts.

B. Efflux of 3-methoxyisoprenaline from perfused rat hearts. Ordinate: picomoles of 3-methoxyisoprenaline

per gram per minute obtained from perfused rat hearts after perfusion with drugs for 30 mm. Abscissa: multiples

of 10 represent the perfusion concentrations of drugs beneath each bar. Numbers in parentheses represent the

number of hearts. C, control; CP, chloropractolol; P, practolol; U, U-0521. Lines represent standard errors of the

means.
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catechol O-methyltransferase. A significant
dose-dependent reduction of the rate of ef-
flux of 3-methoxyisoprenaline was pro-
duced by both chloropractolol and practolol
(see Fig. 9B). Therefore inhibition of cate-
chol O-methyltransferase may be the mech-
anism by which chloropractolol and prac-

tolol produce the sensitization to isoprena-

line.
Activity of chloropractolol and practolol

after inhibition of methylation. To test the
hypothesis that the anomalous receptor an-

tagonism and sensitization to isoprenaline

produced by these drugs was a result of the

inhibition of catechol O-methyltransferase-
mediated removal process for the agonist,

the interaction between chioropractolol
and isoprenaline was studied in atria equil-
ibrated with U-0521. The Schild plot was

linear, with a slope of unity (Fig. 7B), and
yielded an apparent pKpof 8.1 (7.9-8.4). No
further potentiation of isoprenaline re-
sponses was observed after washing atria
previously equilibrated with chioropracto-



3

2
0)

‘C

�JJ
2

4
xiU,

0
U)

CLASSIFICATION OF BETA ADRENORECEPTOR ANTAGONISTS 619

lol and U-0521. Analysis of covariance in-

dicated that this Schild plot was not signif-

icantly different from the Schild plot using
sensitized controls (Fig. 7B) (t = 1.95, n1 =

8, n2 = 19) but was different from the linear
portion of the Schild plots from nonsensi-
tized controls ( t = 5.67, n1 = 8, n2 = 25, p
< 0.001). Thus consistent values for the
apparent Kp of chioropractolol, obtained
from linear Schild plots, were achieved in

experiments in which the sensitization to
isoprenaline was corrected for or if an in-
hibitor of catechol O-methyltranferase was
present; a nonlinear Schild plot with a sig-

nificantly higher apparent K,’ was found
when neither of these conditions was ful-

filled.
An estimate of the apparent K,’ for chlo-

ropractolol was also obtained by the

method of Stephenson (10). Regressions of
equiactive concentrations of isoprenaline in
the absence and presence of various con-

centrations of chloropractolol are shown in
Fig. 10. The sensitized control response to
isoprenaline was taken to be the true con-
trol response (dose-response curves shown
in Fig. 7A). The same method was used to

calculate the apparent K� for chioroprac-
tolol in atria with inhibited catechol 0-

methyltransferase activity. In all these cal-

culations the regressions were linear and
gave estimates for the apparent K,’ that
were comparable to each other and those

obtained from either the Schild plots or the
method of Barlow, Scott, and Stephenson
(8) (quantitative data are given in the leg-

end to Fig. 10).
Similar results were found for practolol.

A linear Schild plot with a slope not signif-
icantly different from unity was obtained
from atria previously equilibrated with U-
0521 (Fig. 7B). Both the regression and

estimate of the apparent pKp (7.1; 95% lim-
its, 6.9-7.5) were significantly different from
those obtained from atria with uninhibited
catechol 0-methyltransferase. Practolol-in-
duced sensitization to isoprenaline was not
observed in atria that had been equilibrated

with U-0521. Thus, after the inhibition
of catechol 0-methyltransferase-induced
methylation of isoprenaline, practolol be-

haved as a simple competitive inhibitor of
isoprenaline in rat atria.

1 2 3 4 5 � 8
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FIG. 10. Estimation of K,. for chloropractolol by

the method ofStephenson (10)

Ordinate: concentrations of isoprenaline producing

agonist responses in atria equilibrated with chloro-

practolol and washed to remove beta adrenoceptor

antagonism (sensitized controls). Abscissa: equiactive

concentrations of isoprenaline in the presence of var-

ious concentrations of chloropractolol: 0, 10 nM [pKp

= 8.0 (7.8-8.1)}; #{149},100 nM [pKp 7.6 (7.4-7.7)]; L�, =

1 jzM [pJCp = 7.7 (7.1-8.0)]. The apparent K5 =

P. [slope/(1 - slope)], where P is the concentration of

partial agonist. The apparent K5 = [eA/(eA - ep)] . Kp,
where K5 is the true equilibrium dissociation constant

of the partial agonist for the receptor. In the presence

of U-0521 (10 nM), the pKp estimates from such plots

at various concentrations of chloropractolol were: 10

nM, pKp 7.8 (7.3-8.0); 100 nM, pKp = 7.8 (7.7-7.9); 1

�LM, pKp = 7.6 (7.4-7.7); 10 �tM, pKp = 7.7 (7.1-8.0). For

practolol they were: 100 nM, pKp = 7.0 (6.9-7.1); 1

�LM, pKp = 7.2 (7.1-7.3); 10 ,.LM, pKp = 7.1 (7.0-7.15).

As with chioropractolol, independent es-
timates for the apparent K,’ of practolol
were made by the method of Stephenson
(10). Linear regressions of equiactive con-
centrations of isoprenaline in the absence
and presence of practolol, in atria with in-
hibited catechol 0-methyltransferase activ-
ity, were also obtained. The apparent K,’

values were consistent with each other and
those obtained by other methods (quanti-
tative data are given in the legend to Fig.
10).

Model to represent effect of active re-
moval of agonist. As Furchgott (19) has
shown, it is possible to make a model to

account for the behavior of the Schild plot
for antagonists that also interfere with the
removal of agonist. Such calculations are

useful to find out whether the observed
deviations can be explained by inhibition of
catechol 0-methyltransferase and to define

the limiting values of the antagonist equi-
librium constant for the removal site.



Furchgott (19) derived an equation relat-
ing the concentration of the agonist in the

external solution to the concentration in
the receptor compartment in the presence
of an antagonist:

experimental Schild plot was parallel to and
shifted to the right of the ideal Schild plot
by 0.3 log unit-a value corresponding to
the magnitude of the maximum sensitiza-
tion observed when the removal process

[A0] = [Ab] 1 + [B]/KB +

Urn

k� . KAU

KB
[Ab] (1 + [B]/KB)

1+
KAU

[B]

where KB and KBU are the equilibrium con-
stants of the antagonist for the receptor
and site of agonist removal, respectively,
[A0] and [Ab] are the respective concentra-
tions of agonist in the external solution and
the receptor compartment, k, is the transfer

rate constant for the diffusion of agonist
into the receptor compartment, Urn and

KAU refer to the maximal rate and equiib-
rium dissociation constant for the site of
agonist removal, respectively, and B is the

antagonist.
Utilizing experimental values determined

in the present experiments plus those of
others, theoretical Schid plots were calcu-
lated from Eq. 4 by comparing the value of

[Ab] in the absence and presence of the
antagonist (compare [A0] for [B] = 0 and
for log [B]/KB -1 to 3) and multiplying
the expected theoretical dose ratio by this
factor.

In order to evaluate Eq. 4, a reasonable
estimate of Urn/(ktKAU) was required. Con-

sidering the concentrations of isoprenaline
used in control dose-response curves
(0.1-10 nM) and the Km for the methylation

of isoprenaline in rat hearts of 2.9 �iM (14),
Ab << KAU, and it can be shown that (19)

[Ab] KAU S

[A0] � KAU + Um/kt

The 2-fold potentiation of isoprenaline re-
sponses in our preparation after the inhi-
bition of catechol 0-methyltransferase by
U-0521 (see Fig. 8B) indicated that a rea-
sonable value for [Ab]/[Aa] would be 0.5.
Thus Um/(kt . KAu) is approximately equal
to 1 for the calculation of theoretical Schild
plots for this system.

Equation 4 was calculated for KB/KBU =

1, 2, and 5, and the resulting Schild plots
are shown in Fig. 11. If KB/KBU = 1, the

o KB/

was inhibited. When KB/KBU > 1, a pro-
nounced bend in the Schild plot occurred
at low dose ratios. Thus it can be seen that
shifts in the Schild plot occurring at dose
ratios of 2 (which would give rise to errors
in the estimations of the apparent K,’) re-
sulted in this model system only if the
antagonist inhibited the removal process
for the agonist at very low con-
centrations-equal to or less than the K�.

A comparison of the experimental Schild

3

2

C,

0

0

-1

-1 0 1 2 3

LOG ([BYKB)

FIG. 11. Theoretical Schildplots showing effect of

removal processes for agonist and inhibition of these

processes on the Schild regression

Ordinate: ( r - 1), where r is the dose ratio for

concentrations of agonist required to produce half the

maximal response to that agonist (log scale). Abscissa:

concentration of antagonist as a multiple of the equi-

librium constant of the antagonist for the receptor

([B]/Ks; log scale). The dashed line indicates the

Schild plot obtained when there is no active removal

process for the agonist present in the tissue. When an

active removal process, possessing parameters char-

acteristic of extraneuronal uptake and metabolism of

isoprenaline in rat hearts, is present, the Schild plot

will deviate from this ideal relationship. When the

antagonist has an appreciable effect on the removal

process at low concentrations, Schild plots shifted to

the right of the ideal Schild plot will be obtained. The
numbers next to these lines refer to the values of

KB/KBU.
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plots for chloropractolol and practolol with

the theoretical plots suggested that the re-

moval mechanism for isoprenaline could be
inhibited by these antagonists in concentra-
tions approximately 0.5 times the apparent
K,’.

DISCUSSION

Drugs may be classified by their inter-
actions with cellular macromolecules such
as hormone receptors, enzymes, and storage
sites. These interactions can be defined by
appropriate concentration parameters, usu-
ally the locus for half-maximal combina-

tion. When drugs react with enzymes, stor-
age sites, or transport processes, changes in
the concentration of corresponding sub-

str�t�s or hormones o�#{243}urthat c�n often
l�i�d dfr�t1y to �st1m�t� of i suit4b1� pi�
ri�m�t� si�wh �s tht� K, for d�u�t,nzyn�w
int�r�tions� Howt�v�r, 4rug=r�ptor int�r�
�tlons pr�s�nt �p�c1iil probl�rns, Although
binding �onst�nts in drug�rt�ptor int�riw�
tIon� � o�ftsIonftlly bt mt�surt�d with
minimal ftmhiguity, tn�lirt�t �sttmattion
bi*s�d on th� itn�lysis of tl�su� or �in�ymt�
�oup1�d rt�pons�s is still th� tiwjor nmthod,
For this m�thod1 th� r�l�tIonship (S�hIld
plot) b�tw�n l�t�ritl displ�w�m�nt of dost�
r�pons� �urv�, i�s log ( r = 1)� i*nd th�
con�ntriition of �nt�gonist, tog [Bi, proS
v1d�s th� minimum n�t�ssuxy (but not n�
�ss�xIly �uffi�i�nt) conditions, In this t�st1
If th� r�gr�ssion is lin�ax ovtr � wide r�ng�
of �nt�gonist �onctntrt�tions i�nd hts t�

Mlop� of 1, th� system Is �wh�ving � though

th�r� is simp1� �onip�titivt� int�riwtion b�
tw�n �igonist iind ftnt�gonist for � common
�It�t A pa�n�t�r hiving th� churwts�ristk�

of � dIssocIi�tion t�onst�nt t�itn bt� �k�u1�t�d
from this rt�gr�ssion, HOW�Vtr, Fui�hgott
(19) hfts shown1 by both th�or�tk�il �nd
�xpt�rmtntiil ftn�lysis1 that simph �omp�t�
Itiv� irnti�gonism �n b. �sso�i�t�4 with
no,tlin�tu’ S�hIld plots wh�r� (�) th�r� Is itri

twtivt tlssut rtmovs.l process for th� i*gonlst
�nd (b) tht� �rnt�gonist int�rf�r�s with th�
r�rnovnl pro�ss us w�U us th� r��ptor,
Uptuk� und m�tubolIsm often show us
much hormone sp�Ifl�ity us do th� r�p�
tor sites, so thut it should not b� surprising
If u sp�Ifi� r��ptor untugonist ulso showed
some uffinity for r�slutt�d ru�movul pro�ss�s

Although the antagonist properties of
both practolol and chloropractolol were
well known, the finding that they had sig-
nificant agonist properties on the rat iso-
lated atrial preparation posed problems

that were both theoretical and practical.
The theoretical problem was solved by find-
ing that the agonist activity was not re-

duced by reserpine, that propranolol had
the same PKB with these as with isoprena-
line, and that agonist and antagonist ac-
tions decayed at the same rate; the criteria

for classifying these agents as partial ago-
nists were satisfied. The practical problem
raised by partial agonists is the method of

measuring dose ratios. Van Rossum’s the-

p!�3i:K�4 � � �P i;!� C9fl�4-

sion thut dose rutios should b� ni#{248}usurt�d
by th� shift of th&� hulf’iiiuximul con�ntru�
tion pu�um�t�rs, wus bus�d on tht� ussump�
tion of u simple lin�ur rt4utlonshIp bt�twtitn
o�upun�y und r�spons� (4), Would this
ussumption b� Justifiid In our #{248}xpu�rinwnts?
Wti r�uwhu�d an obliqut unswtr by �ompur�
ing tht uppwr�nt pK� vulu�s for pruwtolol
und cthloropruwtolol obtuIntd from th�
S�hild r�gr�ssionsa using Vun Rossurn’s (4)
nwthod, with uppuu�nt plC,’ vulut�s ohtuint�d
by two Ind�p�nd�nt tn�thods thut w�r�
bust�d on dIfft�r�nt ussumptions; Burlow,
S��ott, und St�ph�nson’s (8) und Stuphtn�
son’s (10) All three of th�s� methods yis4d
Kt vulu�s multiplitd by un tfTh�wy tu�rm,
but this tt�rm wus not th� sunw for ull thr�

,m�thods, Exp�rinmntully it wus found that
diff�r�ne�s in tht� estimations of th� appar�
tnt PKP vulutss w�ro not iurg�r than tht�
#{248}rvors in nmasur�nmnt, Thtv�foru w� us�
surn�d that th� �ffi�wy terms modifying
the �stimat�s of K� urt not lurg�, Wt� used
Van Rossums nwthod ht�aust of thu� ad”
ditionul Information provldtd by St�hlld
plots,

Using this nwthod, wt found that ch1o�
ropr.wtolol and pruwtolol did not produ�
simpk eomp�titivti inhibition of isopr�na�
l1nu� r�spons�s as judgt�d by thu� nonlint�ar�
Ity of th� S�hild plot How�vt�r, tht�rt� was
another actIon of th�s� drugs that produ�d
significant sensitIzation of th� atria to iso�
pr�nalin� and l�d to an und�r�stImat� of
th� apparent � As outlinsd by Fur�hgott
(19)� �rtain �rit�ria must bs3 fulffllt�d bs�for�
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a valid measurement of the dissociation
constant of an antagonist for a receptor can
be made. A primary consideration is that
the concentration of the agonist in the re-
ceptor compartment must stay constant
throughout the course of the measure-
ments. If, however, a removal mechanism
for the agonist is inhibited during equiibra-
tion of the tissue with antagonist, the con-

centrations of the agonist will be larger
than suspected, during the measurement of

the antagonism, and the antagonist will
appear to be less potent than it really is.
The estimates of apparent K� values for
both chioropractolol and practolol were sig-
nificantly larger when the sensitization to
isoprenaline was not corrected for or when

the experiments were not done in the pres-
ence of U-0521.

The question therefore is: What is the

mechanism of this sensitization, and is this
process, concurrent with receptor blockade,
sufficient to distort the expected relation-

ships for simple competitive antagonism?
One possible explanation for the sensitiza-
tion is inhibition of extraneuronal uptake
or removal of the agonist. Bell and Grabsch
(20) have shown that extraneuronal uptake
is a physiologically important mechanism
for the termination of the effects of nor-
adrenaline released from neurons. Inhibi-
tion of extraneuronal uptake by 17/3-estra-
diol produced sensitization to isoprenaline
in our preparations equal in magnitude to
that obtained with chioropractolol or prac-
tolol, and a theoretical analysis showed that
inhibition of extraneuronal uptake might
be sufficient to cause the observed distor-

tion of the Schild plot. However, our exper-
iments, admitted’y on perfused whole
hearts rather than isolated atria, failed to

show inhibition of extraneuronal uptake.
Another possibility is suggested by the

work of W#{246}ppel and Trendelenburg (17).
They found that U-0521 sensitized rat atria
to isoprenaline to the same extent as inhi-
bition of extraneuronal uptake by phenox-
ybenzamine. Although a high concentration

of U-0521 (0.1 mM) was used, they con-
cluded that inhibition of catechol 0-meth-
yltransferase was the mechanism of sensi-
tization. The magnitude of the maximum
sensitization (0.25 log unit) was very similar

to that found in our studies with either U-
0521 or 17/3-estradiol. It has been estab-
lished subsequently that the K1 for U-0521

inhibiting extraneuronal uptake of isopren-
aline into rat heart is high (2.4 x i04 M)

(18), making it very unlikely that inhibition

of isoprenaline uptake is the mechanism of
sensitization in our experiments, where the
concentration of U-0521 was 10 nM.

Chioropractolol and practolol produced
sensitization to isoprenaline equal in mag-

nitude to that obtained with U-0521, and
further potentiation with chioropractolol or
practolol, after treatment with U-0521, was

not observed. These results, in conjunction
with the inhibition of the effiux of 3-meth-

oxyisoprenaline, the metabolite of isopren-
aline produced by catechol 0-methyltrans-
ferase in rat heart, support the hypothesis
that these beta adrenoceptor antagonists
inhibit this enzyme in rat heart. Buckner,
Birnbaum, and O’Conner (21) have also

suggested that sotalol inhibits catechol 0-
methyltransferase as well as blocking beta
adrenoceptors, but their evidence was in-
direct.

The equilibrium constant for the inhibi-
tion of catechol-0-methyltransferase would
have to be less than or at least equal to the

K� for beta adrenoceptor antagonism for
the theoretical analysis to be in accord with
the experimental Schild plots for cbloro-

practolol and practolol. Concentrations
equal to 10 times the K� were required,
however, to cause significant reduction of

3-methoxyisoprenaline efflux. We are not
convinced that there is any conflict here. If
coronary perfusion of the whole heart is
inefficient and if a substrate gradient into
cardiac muscle exists for isoprenaline, a the-
oretical treatment (22) predicts that, as the

substrate gradient decreases with enzyme
inhibition, a spuriously high value for K1
wifi be obtained. Furthermore, pilot exper-

iments on a preparation of catechol-O-
methyltransferase from rat liver showed no
inhibition by either chloropractolol or prac-
tolol. A similar situation was encountered
by Eisenfeld, Iversen, and Axeirod (23),
who found that dichloroisoproterenol
blocked the 0-methylation of tritiated cat-
echolamines in perfused, isolated hearts but
had no effect on a preparation of catechol
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6. Arunlakshana, 0. & Schild, H. 0. (1959) Br. J.

0-methyltransferase isolated from this or-

gan. Isoenzymes of catechol 0-methyl-
transferase are known (24), and it is possi-
ble that the experiments with chronotropic
responses in vitro are affected by a rela-
tively small amount of a type of this enzyme
unique to the sinoatrial node. Or, more

likely, the enzyme may be located in two
different compartments, perhaps one asso-
ciated with membrane-bound enzymes and
the other with free intracellular enzymes; a
special kind of membrane-bound catechol

0-methyltransferase has already bee1l de-
scribed (25, 26).

In conclusion, our results indicate that

chloropractolol and practolol may be clas-
sified as inhibitors of cardiac catechol 0-
methyltransferase in addition to their ac-
tion as partial agonists at beta adrenocep-
tors in rat atria. The relevance of this find-
ing, if any, to the cardioselective properties
of practolol will now need to be examined.
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