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1 A series of eight isatogen derivatives was studied on isolated tissues taken from guinea-pigs.
The ability of the compounds to relax the taenia, to inhibit adenosine 5'-diphosphate (ADP)-stimu-
lated respiration in mitochondria and to antagonize the inhibitory effects of adenosine 5'-triphosphate
(ATP) on smooth muscle was measured.
2 All the derivatives inhibited ADP-stimulated respiration in mitochondria and relaxed the smooth
muscle. These two effects were found to be significantly correlated.
3 Only half the compounds blocked the inhibitory effects of ATP, and all of these had a chemically
reactive group (nitro, methoxy or pyridyl) in the 2-2'-position. 2-2'-Pyridylisatogen was the most
effective blocking agent.
4 The blockade of the inhibitory effects of ATP is not related to the other actions of the derivatives.

Introduction

2-2'-Pyridylisatogen (PIT) has been shown to exert
two actions on the isolated taenia of the guinea-pig
caecum. Initially there is a relaxation of the smooth
muscle which develops slowly (over 10-30 min) and
cannot be reduced by autonomic blocking agents
(Spedding & Weetman, personal communication). If
the tone of the smooth muscle is restored, either by
washing or by the addition of a spasmogenic agent,
it can be shown that the tissue has become specifically
blocked to the inhibitory effects of adenosine 5'-tri-
phosphate (ATP) (Hooper, Spedding, Sweetman &
Weetman, 1974; Spedding, Sweetman & Weetman,
1975).
Congeners of PIT, particularly 2-phenylisatogen

and the related 2-phenylindolone, have been shown
to inhibit oxidative reactions in rat mitochondria.
(Sweetman, Green & Hooper, 1971). We have there-
fore studied a series of 2-substituted isatogens with
a view to answering the following questions. First,
are the three effects of the isatogens related? Second,
is PIT the most effective and specific ATP receptor
antagonist within this series of compounds?

1 Present address: Department of Life Sciences, Leeds
Polytechnic.

Methods

Smooth muscle

Taenia caeci preparations were obtained from female
guinea-pigs (250-600 grams). The preparations were
suspended in 10 ml isolated organ baths filled with
McEwen's solution (McEwen, 1956) maintained at
35 + 1°C and gassed with 95% 02 and 5% CO2. The
composition of McEwen's solution was as follows
(mM): NaCl 130, KCI 5.6, CaCl2 2.2, NaHCO3 25,
NaH2PO4 1.2, glucose 11.1 and sucrose 13.2. After
an equilibration period of 30 min, responses were
recorded isotonically on a smoked drum (magnifica-
tion 1:4, load 1.5 grams).

Cumulative concentration-response curves were
obtained for ATP at 20 min intervals, the tissue being
washed at least four times between curves (Van Ros-
sum, 1963). Each dose of ATP was allowed to pro-
duce its full relaxant effect (5-10 s contact) before
the concentration in the bath was increased (see
Figure 1). The occasional preparation with low tone,
i.e. that did not contract in the isolated organ bath
so that it was 25% or less of the fully relaxed length,
was not used.
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The initial concentration-response curve for ATP
on each preparation was disregarded because this did
not give a reliable index of the responsiveness of the
tissue. Subsequent curves were measured and the
EC50 value determined on each tissue (i.e. the concen-
tration of ATP producing 50%1 maximal relaxation).
Dose-ratios (DR) were estimated as the ratios of the
EC50 values after and before the modifying drug, each
preparation receiving only one exposure to an isa-
togen.
A concentration of isatogen, which was selected in

preliminary experiments, was allowed to act on the
taenia for 30 minutes. In most cases a direct relaxa-
tion of the smooth muscle occurred; the degree of
this effect was measured as a T50 value (i.e. the time
taken for the selected concentration of drug to relax
the taenia to 50% of the maximum). Carbachol
(0.05-1.0 gM) was routinely used to recontract the
taenia to within 20% of the initial length, so the
measurement of the dose-ratios (see above) was per-
formed in the presence of the cholinomimetic agent.

Isolated mitochondria

The conditions employed to prepare mitochondria
from guinea-pig liver were those previously used for
the rat (Chappell & Hansford, 1969). Respiration was
measured polarographically with a Clark oxygen elec-
trode, the reaction volume being 3 ml and the tem-
perature 32 + 1°C. Mitochondrial respiration was
stimulated by the addition of adenosine 5'-diphos-
phate (ADP, 0.5 pmol), and the degree of inhibition
of this stimulation produced by the isatogens was
determined. The inhibitors were added to the reaction
chamber 2 min before ADP, and from a series of
determinations of this type, the IC50 was obtained
for each isatogen (i.e. the concentration of inhibitor
reducing by 50% the stimulation of respiration in-
duced by ADP). The protein content of the mitochon-
drial preparations was determined by the Biuret reac-
tion (Gornall, Bardawill & David, 1949) and the
volume was adjusted with medium so that it was con-
stant (4 mg) in all experiments. The medium for these
experiments consisted of (mM): sucrose 217, Tris-HCl
2.8, sodium glutamate 3.3, sodium hydrogen malate
3.3, phosphate buffer 3.3; pH was 7.4.

Drugs

Six phenylisatogen derivatives were synthesized by
established chemical procedures (Bond & Hooper,
1969: see Table 1 for the structures). PIT and its
5-chloro analogue (5-Cl-PIT) were prepared by the
method of Ruggli & Cuenin (1944) as modified by
Robertson (1973). When the tosylate salt was used,
it was prepared by treating the isatogen with
p-toluensulphonic acid in ether.

The other drugs were: adenosine 5'-triphosphate
disodium salt, adenosine 5'-diphosphate disodium
salt, carbachol chloride, Tris-HCI and dimethylforma-
mide (BDH); ethylene-glycolbis-(,B-aminoethylether)-
N,N'-tetracetic acid (EGTA) (Sigma).

Statistics

Values in the text refer to the mean + s.e. mean. Dif-
ferences in means were determined by Student's t test,
after checking the homogeneity of the variances
(Snedecor & Cochran, 1967). Correlation coefficients
were determined by the method of Daniel (1974).

Results

Relaxation of the taenia

All the isatogens relaxed the taenia, 2-phenylisatogen
and its 2'-nitro derivative being the most active (Table
1). The only compound with a substitution in the
A-ring, 5-Cl-PIT, was less active than the other de-
rivatives; in half the experiments it did not produce
a 50% maximal relaxation of the taenia within 30
min (the T50 values were: >30, >30, >30, 24, 15
and 12 minutes).

Antagonism of A TP-induced relaxations of the taenia

Of the eight compounds in Table 1, only PIT,
5-Cl-PIT and the 2'-nitro and 2'-methoxy derivatives
of 2-phenylisatogen exerted an appreciable effect. PIT
was the most potent of the derivatives: see Figure 1.

Inhibition of ADP-stimulated respiration

All the derivatives were able to reduce ADP-stimu-
lated respiration. The IC50 value for PIT, which was
determined on five occasions, showed only a small
variation (7.0 + 0.96 nmol/mg mitochondrial protein).
Only single estimates of the IC50 values were made
for the other compounds (Table 1).

Relationship between the three action of the isatogens

As it was not possible to obtain exact T50 values
for 5-Cl-PIT (see above), and because this was the
only derivative with a substitution in the A-ring, it
was omitted from the statistical analysis. Table 2 con-
tains the correlation coefficients for the three proper-
ties with the remaining isatogens. The relaxant effect
was significantly correlated with the inhibition of the
mitochondrial respiratory function, but not with the
ATP-receptor antagonism. Indeed, the ATP-receptor
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Table 1 Structure-activity relationships of the isatogens
0
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00
.2 -Phenylisatogen

Derivative

*2-Phenylisatogen
*2-2'-Nitro-
phenylisatogen
*2-2'-Methoxy-
phenylisatogen
*2-4'- Methoxy-
phenylisatogen
*2-2'-Biphenyl-
isatogern
*2-2'-Ethoxycar-
bonylphenylisatogen
2-2'-Pyridyl-
isatogen
5-Chloro-2-2'-
pyridylisatogen

Conc
(gM)

25

25

50

50

50

50

50

50

Antagonism
of A TP-receptors
(DR + s.e. mean)

3 ± 1 (4)

37 + 29 (4)

34 + 11 (6)

2 ± 1 (5)

2, 1, 1 (3)

1, 1, 1 (3)

61 + 7 (13)

13 + 2 (6)

Relaxant
activity

T50 ± s.e. mean
(min)

4 +1

6 +1

15 + 6

11 + 2

15, 18, 25

16, 30, 25

12 + 2

see text

Inhibition of
ADP-stimulated

respiration
/C50

(nmol/mg protein)

0.6

3

28

2

26

31

7

5

The derivatives were dissolved in either dimethylformamide (*) or water.
DR represents the ratio of the concentrations of ATP producing a 50% maximal relaxation of the taenia
after and before the addition of the isatogen. T50 is the time for the tissue to relax by 50% under
the influence of the selected concentration of the isatogen; the number of experiments in which the
TBO and DR were determined is shown in parentheses (see Figure 1). Carbachol (0.05-1.0 gM) was
used to restore the tone of the smooth muscle after it had been relaxed by an isatogen derivative. 'C50
is the concentration of the isatogen that produced a 50% reduction in the stimulation of respiration that
followed the addition of ADP to the reaction vessel containing mitochondria.
Note that the range of T50 values for the isatogens (4- > 30 min) is much greater than is the value
for ATP (for example 20 gM ATP produces a 50% relaxation of the taenia in 2-8 seconds).

blocking effect appears to be independent of the other
two actions.

Discussion

These results show that there is no stringent struc-
tural requirement within this series of isatogens for
either the relaxant action or for the inhibition of
ADP-stimulated respiration. In contrast with this, dis-
tinct chemical groupings are necessary for the ATP-
receptor blocking activity. Consequently, this will be
considered first.

The pyrrole ring. Spedding (1977) has shown that
the nitrone moiety must be intact for activity, because

replacement of either the dative oxygen or
nitrogen yielded inactive derivatives. Similarly,
3-carbonyl group was also essential.

the
the

The A-ring. Although we have not replaced the
phenyl ring with others, the activity of 5-Cl-PIT sug-
gests that this may be worthwhile. This compound,
at least in some experiments, was much less active-
than PIT in relaxing the taenia and yet retained a
substantial degree of the ATP-receptor blocking ac-
tivity. However, to date we have been unsuccessful
in our attempts to synthesize naphthyl and other de-
rivatives.

The B-ring. Substitutions in this ring determines
ATP-receptor blocking activity in a crucial way. As
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Figure 1 The effect of 2-2'-pyridylisatogen (PIT) on the response of the taenia to ATP. The left hand
part of the trace shows the concentration-response curve to ATP (the values are gM). After a 20 min
period, during which the kymograph was switched off and the preparation washed four times, PIT (50
gM) was added and the taenia relaxed. During the relaxation the drum speed was a quarter of that
employed to record the effects of ATP. After 30 min exposure to PIT, carbachol (0.2 gM) was added
to restore the tone of the preparation. The drum speed was increased to that used originally and a
second concentration-response to ATP was obtained in the presence of carbachol and PIT. The dose-ratio
(DR) was calculated as the ratio of the concentrations of ATP producing a 50% maximal relaxation
of the taenia in the second relative to the first curve. The DR in this experiment was 13.5, which was
the lowest value for PIT in this series of experiments. The T50 (time for 50% maximal relaxation) was
16 minutes.

the 2'-methoxy derivative of 2-phenylisatogen is active
but its 4'-methoxy isomer is not, the 2'-position can
be seen to be important. This is confirmed by the
present finding that all the active ATP-receptor
blocking agents have a reactive group in this position.
However, there is no simple correlation between the
electro-reactivity of the 2'-substituents and the ATP-
receptor blocking action: pyridyl and nitro groups
lead to electron withdrawal, whereas methoxy is elec-
tron donating. There is also no simple correlation
between steric factors and the possession of ATP-
receptor blocking activity.

It has been shown previously with PIT that the
antagonism of ATP-induced relaxation of the taenia
was not competitive when the conditions were similar
to those described in this paper (Spedding et al.,
1975). If either the duration of the exposure or the
concentration of PIT is increased (> 30 min, > 50 gM),
the antagonism eventually becomes irreversible (Sped-
ding et al., 1975). Thus it is possible that PIT forms
an irreversible complex with or near the ATP-recep-
tor. From the range of isatogen derivatives considered
in this paper, only those with a 2'-substituent were
active, and all of these would be capable of forming

Table 2 Statistical relationships between the properties of a series of isatogens

First effect
Respiration (IC50)
Respiration (IC50)
ATP-receptors (DR)

Second effect
ATP-receptors (DR)
Relaxation (T50)
Relaxation (T50)

r

-0.20
+0.88
-0.21

p

> 0.05
< 0.01
> 0.05

The values in this table were derived from the data in Table 1. The 5-chloro derivative of 2-2'-pyridylisatogen
was omitted (see the text). For other details see footnotes to Table 1. Note that only the mitochondrial
action and relaxant effects are significantly correlated.
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Figure 2 A suggested scheme for the interaction
between 2-2'-pyridylisatogen (PIT) and ATP-recep-
tors. A chemically reactive group in the 2.2'-pos-
ition, in this case pyridyl, reduces the conjugation
of this ring with the nitrone group and consequently
increases the chemical reactivity of the 2-carbon
atom in the pyrrole ring. A covalent bond can then
be formed with a nucleophilic group (represented
as NuH) at or near the ATP-receptor. Reactions of
this type between PIT and the amino group in
aminoacids were taken to completion by refluxing
at 80'C for 1 h in alcohol. PIT has also been shown
to bind irreversibly to albumin at room temperature
(Robertson, 1973).

a covalent bond with nucleophilic groups at or near
the receptor. The 2'-substituent on the B-ring will
reduce the conjugation of this ring with the nitrone
group and thereby increase the chemical reactivity of
the 2-carbon atom in the pyrrole ring, facilitating the
formation of covalent bonding to amino and possibly
other groups on the tissue (Robertson, 1973; Hooper
& Hiremath, 1977). The possible reaction is depicted
in Figure 2. The process can be considered to be ana-
logous to the alkylation of receptor protein by
phenoxybenzamine and related compounds (Good-
man & Gilman, 1965).
The significant correlation between the relaxant ac-

tivity and inhibition of ADP-stimulated respiration
may indicate that a disturbance of mitochondrial
function causes the loss of smooth muscle tone. It
is well known that substances that inhibit mitochon-
drial respiration cause a loss of smooth muscle tone
(Bulbring & Lullman, 1957; Chujyo & Holland, 1963;

Weetman & Turner, 1974). The mechanism of the
relaxation is not yet established, but it may be caused
by an inhibition of prostaglandin biosynthesis, which
is at least in part responsible for the tone (Bennett
& Ppsner, 1971; Ferreira, Herman & Vane, 1972;
Eckenfels & Vane, 1972), and tissues generate less
prostaglandin when their oxidative reactions are inhi-
bited (Nugteren, Beerthuis & Van Dorp, 1967; Splaw-
inski, Nies, Sweetman & Oates, 1973; Ferreira, Her-
man & Vane, 1976; Samuelsson, Granstom & Ham-
berg, 1976). However, the correlation between the loss
of tone and the inhibition of ADP-stimulated respir-
ation in the present experiments provides only cir-
cumstantial evidence of a causative relationship. In
other experiments (Spedding & Weetman, unpub-
lished observations), evidence has been obtained that
the relaxation of the taenia induced by PIT is due
to a 'papaverine-like' action, in which the combina-
tion of Ca2 + with the contractile proteins is inhibited.
Correspondence to D.F.W. please.
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