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Effect of dithiothreitol on agonist and antagonist

actions in frog muscle
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The effects of the disulphide bond reducing agent dithiothreitol (DTT) in the frog rectus
abdominis preparation have been investigated. DTT, 1 mM, reduced the potency of the
monoquaternary agonists acetylcholine, carbachol and tetramethylammonium and the
response to electrical field stimulation; the same applied to nicotine, but the action of
edrophonium was unaffected and that of the bisquaternary agonist, decamethonium, was
increased. The potency of tubocurarine and gallamine as antagonists was unaltered or
slightly reduced by DTT when monoquaternary agonists were used and increased when
decamethonium was used as agonist. All these effects of DTT were reversed by the oxidizing
agent 5-5'dithiobis(2-nitrobenzoic acid) and can be explained by a reduction of a disulphide
bond in the vicinity of the anionic site of the nicotinic cholinoceptor. Comparison between
these results and published data indicate that there are species differences between nicotinic
cholinoceptors at motor endplates. In the guinea-pig ileum preparation DTT reduced the
potency of nicotine acting at ganglionic nicotinic cholinoceptors, but had no effect on the

agonist response mediated via muscarinic cholinoceptors.

Dithiothreitol (DTT) reduces a disulphide bond in
the vicinity of the anionic site of the nicotinic
cholinoceptor in the eel electroplax (Karlin &
Bartels 1966; Karlin 1969). The conformational
change in the receptor produced by this action results
in a 3 to 4-fold decrease in the potency of mono-
quaternary agonists and an increase in the potency of
the bisquaternary agonist, decamethonium (C 10).
Furthermore, responses to hexamethonium are
changed from a conventional antagonist type to an
agonist type.

In the chick biventer cervicis muscle preparation,
DTT also produces an approximately 4-fold reduc-
tion in the potency of monoquaternary agonists
(Rang & Ritter 1971), but in the frog rectus
abdominis preparation, a 4-fold reduction in potency
was reported by Fleisch et al (1974), whereas a 10- to
30-fold reduction in potency was observed by Mittag
& Tormay (1970). In the chick biventer cervicis
muscle preparation, DTT treatment has no effect on
responses to the bisquaternary agonist C10, the
potency of tubocurarine as an antagonist is increased
2-4 fold and responses to hexamethonium are
converted from an antagonist type to an agonist type
(Rang & Ritter 1971). In the dorsal muscle of the
leech, following DTT treatment, the potency of
carbachol (CCh) is reduced but the type of response
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to hexamethonium is not changed (Ross & Triggle
1972).

Because of these species differences and in view of
the fact that studies on frog muscle constitute an
important part of electrophysiological investigations
of neuromuscular transmission, we have carried out
an investigation of the effects of DTT on the action
of agonists and antagonists in the frog rectus
abdominis preparation. This paper also includes
results of studies of the effects of DTT on agonist
action at muscarinic and ganglionic nicotinic choli-
noceptors in the guinea-pig ileum preparation.

A preliminary report on part of this work has been
published (Blechen et al 1979).

METHODS

Frog rectus abdominis preparation

The rectus abdominis muscle (species: Rana tempor-
aria) was suspended in an organ bath (10 ml capac-
ity) containing frog Ringer solution of the following
composition in mM: NaCl, 103; KCl, 1; CaCl,, 0-7;
NaHCO,, 3; glucose, 5-6. The pH of the solution,
gassed with pure oxygen and maintained at 21 °C,
was 8-5.

Following stretching by a 2 g load for 60 min,
responses were recorded under isotonic or isometric
conditions. For isotonic recording, a resting tension
of 200 mg was applied and responses were recorded
on a smoked kymograph drum via a Gimbal lever
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with an approximately 10-fold magnification. Isome-
tric responses were recorded under a resting tension
of 1g, via a Grass FT-03C force displacement
transducer connected to a Devices M4 polygraph.
Agonists were added to the organ bath for 90 s at 5 or
6 min intervals and between drug administrations the
preparation was washed 3 times with drug-free
Ringer solution.

Field stimulation was applied with silver plate
electrodes placed in the organ bath on either side of
and close to the muscle. Stimulation (0-5 Hz, supra-
maximal voltage (20 to 50 V) and 0-25 ms pulse
duration) was applied for 20 s at 5 min intervals.

Guinea-pig ileum preparation

Preparations, consisting of 2-3 cm lengths of termi-
nal ileum of adult male guinea-pigs were suspended
at 37 °C in an organ bath (10 ml capacity) containing
Tyrode solution of the following composition in mu:
NaCl, 137; KCl, 2-7; CaCl, 1-4; MgCl,, 1; NaHCO3,
12; glucose, 5-6. The pH of the solution, gassed with
oxygen containing 5% carbon dioxide, was 7-4.
Responses of the longitudinal muscle were recorded
under a resting tension of 1 g via a frontal writing
lever, with an approximately 7-fold magnification
and writing on a smoked kymograph drum. Agonists
were added to the organ bath for 30 s at 3 min
intervals,

Determination of cholinesterase activities
Acetylcholinesterase (acetylcholine acetylhydrolase;
E.C. 3.1.1.7) and cholinesterase (acylcholine acylhy-
drolase; E.C. 3.1.1.8.) activities were determined by
the Warburg manometric method at 37 °C, with a gas
phase of 95% nitrogen + 5% carbon dioxide.
Washed human red cells and human plasma, diluted
in 25 mM sodium bicarbonate, were the enzyme
sources for acetylcholinesterase and cholinesterase,
respectively. Acetylcholine chloride, 10 mM, was
used as substrate.

Drugs and chemicals

Agonists: acetylcholine chloride (ACh, Koch-
Light), carbaminoylcholine chloride (CCh, Koch-
Light), decamethonium iodide (C 10, Koch-Light)
edrophonium chloride (Roche Ltd), nicotine
hydrogen tartrate (BDH) and tetramethylammo-
nium iodide (TMA, BDH). Antagonists: gallamine

triethiodide (May and Baker), hexamethonium bro- -

mide (Koch-Light), and tubocurarine chloride
(Koch-Light). Dithiothreitol (DTT, Sigma). 5-5'-
Dithiobis (2-nitrobenzoic acid) (DTNB, Sigma). All
solutions were prepared freshly before use.
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Evaluation of drug effects

For quantitative assessment of changes in the sensi-
tivity of preparations to agonists produced by either
DTT or cholinoceptor antagonists, the dose ratio
(DR) was used. DR = C,/C,, where C, is the
concentration of agonist which, following exposure
of a preparation to DTT or an antagonist, gives the
same response as the concentration of agonist, C;, in
the control period. Values used for C; and C, were
always taken from the straight portions of the log
concentration-effect curves.

For assessment of antagonist action, each concen-
tration of antagonist was equilibrated with the
preparation, usually for 30 min, until a constant
effect was seen, and the concentration of antagonist
was then increased in a stepwise manner. From a plot
of the concentration of antagonist (B) against
the dose ratio (DR) minus 1, values of K = B/DR-1
were calculated, where K is the concentration of
antagonist which reduced the potency of the agonist
by 50%.

Statistical analysis

For comparing two groups of data, an unpaired one-
or two-tailed Student t-test was used. If the prob-
ability of the two sample means belonging to the
same population was less than 5% (i.e. P <0-05), the
difference between them was deemed to be statistic-
ally significant.

RESULTS
Frog rectus abdominis preparation

Effect of DTT on responses to agonists and electrical
stimulation. The addition of ACh to the organ bath
produced a concentration-related shortening of the
muscle (isotonic recording) or increase in tension
(isometric recording) within the same range of
concentrations (0-5 to 10 um). The same applied for
CCh (2 to 20 um) and C 10 (2 to 20 um).

When DTT (0-25 or 1 mm) was added to the organ
bath for periods of up to 120 min, the log
concentration-effect curve for ACh was shifted to
higher concentrations in a parallel fashion, with no
change in the maximum response, and the reduction
in potency of ACh was maximal or near maximal
after 60 min (Fig. 1). Under these conditions the
activity of DTT declined, as shown by the observa-
tion that when a bath fluid containing 1 mm was
removed from a preparation after 60 min and tested
on a new preparation, its effect was less than that of a
newly made solution containing 0-25 mm DTT. The
effect of DTT on the potency of agonists remained
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fairly constant for up to 45 min after removal of DTT
from the organ bath and thereafter there was a
gradual slow return towards the original sensitivity.
The effects of 025 and 1 mM DTT were fully
reversed by DTNB (1 mm), added to the organ bath
for 30 min. In a preparation which had not been
treated with DTT, DTNB had no effect on responses
to ACh. A higher concentration of DTT (4 mm)
reduced the potency of ACh further but also reduced
the slope and the maximum of the log concentration-
effect curve. This effect could not be fully reversed
by DTNB.
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Fic. 1. Effect of DTT on the sensitivity of the frog rectus
abdominis preparation to ACh, under isometric recording
conditions. Preparations were incubated with DTT (0-25, 1
or 4 mwm) for the period stated (abcissa). The sensitivity to
AChis expressed as % of the original sensitivity (ordinate),
i.e. as 100/DR %. Figures for DRs following exposure to
4 mm DTT were calculated from concentrations of ACh
which produced 50% of the original maximum response.
Points and associated bars represent means + s.e. means
(n=3).0,025mmDTT, O, 1 mm DTT, A, 4mm DTT.

For the quantitative assessment of the effect of
DTT on the action of agonists, therefore, a 60 min
exposure of the preparation to 1 mmM DTT was
chosen and agonist responses were obtained within
45 min of removal of DTT from the organ bath.

With the agonists ACh, CCh, TMA and nicotine,
DTT (1 mum for 60 min) produced comparable paral-
lel shifts of their log concentration-effect curves to
higher concentrations (Fig. 2) which corresponded to
an approximately 4-fold decrease in the potency of
the agonists. The same result was obtained with
isotonic and isometric recording conditions (Table
1).

Responses to edrophonium, in concentrations
which exert an ACh-like action, were not signifi-
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cantly affected by DTT (1 mu for 60 min) (P >0-05,
Table 1).

Table 1. Effect of DTT (1 mm for 60 min) on responses of
the frog rectus abdominis preparation to agonists, under
isotonic and isometric recording conditions.

Dose Ratiost

Agonist Isotonic recording* Isometric recording*
ACh 36+05(n=7 42+ 0-5(n =18
CCh 38£07(n=7 39+ 0~3%n = 27;
T™MA 41£09(n=4 —
Nicotine — 37+£01(n=6
c10 0-5+01(n=7) 0-6t0-1§n=7
Edrophonium — 13+£02(n=3

t For calculation of dose ratios (DRs), see Methods. Each figure
represents the mean % s.e.m.; n = number of observations.

For a given recording method, when DRs obtained for ACh, CCh,
TMA and nicotine were compared, the differences were not statisticall
significant g >0-05), nor was there a significant difference (P >0-05
between DRs obtained for a given agonist when isotonic and isometric
recording conditions were compared.

When the bisquaternary compound C 10 was used
as the agonist, DTT (1 mu for 60 min) produced a
parallel shift of its log concentration-effect curve to
lower concentrations (Fig. 2), which represented an
approximately 2-fold increase in the potency of C 10.
The same result was obtained under isotonic and
isometric recording conditions (Table 1).

The effects of DTT on responses to all the agonists
tested were fully reversed by DTNB (1 mm for
30 min) (Fig. 2).

Addition of DTT (1 mm) to the organ bath
produced a progressive reduction of isometrically-
recorded twitch responses of the preparation to field
stimulation. This effect reached a maximum within
30 min, at which time the twitch response was
reduced to 23-3 + 9:4% (n=6) of its pre-DTT level.
This effect of DTT was comparable to that produced
by tubocurarine (0-1 mM) which reduced the twitch
response to 21-5 + 10-0% (n=6) of the control
value.

Unlike its effect on agonist responses, the reversi-
bility of the effects of DTNB (1 mM for 30 min) on
twitch responses was variable, ranging from 29% to
90% of the control (pre-DTT) twitch tension. The
mean reversal was to 61-8 £ 2:4% (n=6) of the
control value.

Effect of DTT on the action of antagonists. In
preparations not treated with DTT, the log
concentration-effect curves for the agonists CCh,
ACh, TMA and C 10 were shifted to higher concen-
trations in a parallel fashion when tubocurarine (0-75
to 15 um) was added to the organ bath. When the
values of (DR-1) for individual agonists were plotted
as a function of the concentration of tubocurarine
(B), the plots yielded a straight line. Values of
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FiG. 2. Effect of DTT (1 mm for 60 min) on responses of the frog rectus abdominis preparation to the agonists CCh, TMA,
ACh and C 10, under isotonic recording conditions. The figure shows a typical log concentration-effect curve for each
agonist in an individual preparation before (7.—) and after (—O—) treatment with DTT, and after further treatment

with DTNB (1 mM) for 30 min (- - - -A-

K=B/(DR-1) were calculated and are shown in
Table 2. There was no significant difference
(P >0-05) between K values obtained for an individ-
ual agonist when results obtained under isotonic and
isometric recording conditions were compared.

Table 2. Effect of tubocurarine on agonist responses of the

frog rectus abdominis preparation, with and without DTT
treatment; K valuest.

Isotonic recording Isometric recording
Agonist Untreated DTT-treated Untreated DTT-treated
CCh  0-57+02 pm 0:60+0-04 um 0-59+0-06 pum 0-7210-14 pm
(n=16 (n = 16) (n = 12) n = 12)
ACh — — 0-88+0-11 um 0-85+0-20 uM
(n=12) = 12)
TMA  0-7840-11 pm 0-8420-11 um — —
(n = 16 (n = 12)
C10  0-53%0-12 um 0-31£0-04 um 0-57£0-06 pm 0-40%0-07 pm
(n = 16) (n = 20) (n=12) (n=12)

+ K = B/DR-1, where B is the concentration of tubocurarine and DR
is the dose ratio obtained in its presence. Each figure represents the
mean + s.e.m.; n = number of observations.

* The difference between K values obtained when untreated and
DTT-treated preparations were compared, using a given agonist, was
statistically significant (P <0-001) only when %10 was used as the
agonist.

For the assessment of the effect of tubocurarine in
DTT-treated preparations, account was taken of the
slow reversibility of DTT’s action on agonist
responses. The change in potency of the agonist,
which occurred following removal of DTT from the
organ bath, was measured as the change in the DR
over consecutive 30 min periods and these DRs were
used to correct the DRs obtained in the presence of
increasing concentrations of tubocurarine over the
same periods. Table 2 shows the values of K=B/
(DR-1) obtained for DTT-treated preparations. It
can be seen that the K values for tubocurarine were
not altered by DTT treatment when CCh, ACh and
TMA were used as agonists, but K was significantly
decreased when C 10 was used as the agonist (P
<0-001).

Gallamine (5 to 50 pM) produced parallel shifts of
log concentration-effect curves to higher concentra-
tions with the agonists ACh, CCh, and C 10, as
assessed under isometric recording conditions. The
potency of gallamine was decreased by DTT when
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ACh and CCh were used as agonists and increased
when C 10 was used as the agonist (Table 3).
Table 3. Effect of gallamine on agonist responses of the frog

rectus abdominis preparation, with and without DTT
treatment; K valuest.

.

Agonist Untreated DTT-treated

CCh 178 £ 0-14 pm * 2:15 £ 0-10 pm
(n = 14) (n=14)

ACh 250 £ 025 um  ** 4.23 £ 0-61 um
(n= 14’; (n=14)

c10 248 £ 027 um  *** 1.34 £ 0-08 um
(n = 12) (n = 12)

t For calculation of K values, see Table 2. Each figure
represents the mean * s.e.m; n = number of observa-
tions.

The difference between K values obtained when unt-
reated and DTT-treated preparations were compared was
statistically significant using all three agonists (* P <0-05;
** P <0-02; *** P <0-001).

Hexamethonium (0-1 to 0-4 mM) produced paral-
lel shifts of log concentration-effect curves for CCh
to higher concentrations, as assessed under isotonic
recording conditions. The K value for hexametho-
nium was unaltered by DTT treatment (P >0-05),
being 73-6 £ 5-7 um (n=19) in control preparations
and 62-9 + 7-5 um (n=15) in DTT-treated prepara-
tions.

In 12 out of 15 experiments, following DTT
treatment, hexamethonium showed only antagonist
type activity. In 3 experiments, hexamethonium
(0-4 mM) produced antagonism associated with a
small contractile response, amounting to 8 to 13% of
the maximum response. The amplitude of the
contractile response was not increased by increasing
the concentration of hexamethonium.

Guinea-pig ileum preparation

In preparations exposed to DTT (1 mm) the potency
of nicotine was reduced. After 30 min incubation
with DTT, the DR was 1-3 + 0-1 (n=4) and after
60 min, it was 3-:0 = 0-5 (n=7). In control experi-
ments, in which 30 and 60 min rest periods were used
instead of incubation with DTT, the sensitivity of the
preparation increased by factors of 17 (DR after rest
period = 0-6 £ 0-1, n=4) and 2-5 (DR after rest
period = 0-4 * 0-1, n=4), respectively. Thus, the
true DRs produced by DTT were of the order of 2-2
and 7-5 for 30 and 60 min of DTT treatment,
respectively.

Incubation with DTT (1 mm) for 30 min resulted
in an apparent 2-fold increase in the potency of CCh
(DR =0-5 £ 0-1, n=4). However, a similar
increase in potency occurred when the preparation
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was incubated in the absence of DTT for the same
period (DR = 0-5 = 0-2, n=4). Thus, DTT had no
effect on responses to CCh.

Effect of DTT on the activity of acetylcholinesterase
and cholinesterase

The addition of DTT, 1 to 10 mM, to acetylcholines-
terase caused a progressive reduction of enzyme
activity which was prevented by substrate
(10 mM ACh) but not reversed by it. The time course
of reduction in enzyme activity had first order
characteristics and after a 60 min incubation of the
enzyme with DTT (under anaerobic conditions)
enzyme activity was reduced to 82 + 3% (n =7) and
23 + 6% (n = 6) of the control activity, by 1 and
10 mMm DTT, respectively.

Cholinesterase activity was less susceptible to the
action of DTT and a 60 min incubation of the
enzyme with 10 mM DTT reduced enzyme activity
only to 87 = 1% (n = 3) of the control activity.

DISCUSSION

The results of the experiments reported here show
that, in the frog rectus abdominis preparation, DTT
(0-25 and 1 mM) reduces the potency of the nicotinic
agonists ACh, CCh, nicotine and TMA, and
increases the potency of C 10, with both effects being
fully reversed by the oxidizing agent DTNB. The
response to nerve-released ACh is also reduced,
which is in agreement with the findings of Ben-Haim
et al (1973) and Terrar (1978) that in frog skeletal
muscle preparations DTT reduces the postjunctional
response to nerve stimulation, i.e. the endplate
potential and endplate current.

With higher concentrations of DTT, the effects are
more complex since these could not be fully reversed
by DTNB. This can explain why Mittag & Tormay
(1970) obtained with 2 mM DTT a greater reduction
in the potency of ACh than was observed in our
experiments and in those of Fleisch et al (1974).

In 1976, Michelson & Shelkovnikov reported that
agonists were more potent on the frog rectus
abdominis preparation when muscle responses were
recorded isotonically than when isometric recording
was used. The difference was greatest with the
thickest muscles and it was proposed that the muscle
shortening in the experiments with isotonic record-
ing, enhanced diffusion. In our experiments all
muscles were thin and no differences were observed
between the results obtained with isotonic recording
and those with isometric recording.

The effects of DTT which we observed in the frog
rectus abdominis preparation are comparable to
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those seen in the eel electroplax (Karlin & Winnick
1968; Karlin 1969; Silman & Karlin 1969), but differ
in some respects from those observed in the chick
biventer cervicis muscle preparation (Rang & Ritter
1971). In the latter preparation, DTT reduces the
potency of edrophonium, like that of the other
monoquaternary agonists, while the response to
C 10 is unaffected. Rang & Ritter (1971) also
showed that DTT reduced the potency of tubocu-
rarine 2-4-fold, irrespective of the agonist used,
whereas in our experiments, the change in potency of
tubocurarine and gallamine produced by DTT was
dependent on the agonist used, a slight decrease or
no change occurring with monoquaternary agonists
and an increase occurring when C 10 was used as the
agonist. Furthermore, the agonist type response to
hexamethonium which consistently occurs in the
chick biventer cervicis preparation (Rang & Ritter
1971) following DTT treatment, was only rarely
observed in the frog rectus abdominis preparation.

The effects of DTT on agonist and antagonist
potency observed in our experiments are consistent
with DTT reducing a disulphide bond in the vicinity
of the anionic site of the nicotinic cholinoceptor,
thereby producing a conformational change in the
receptor which alters its affinity for agonists and
antagonists (see Karlin 1969). A possible complicat-
ing factor, invoiving an action of DTT on the
enzymic hydrolysis of ACh, was ruled out by our
findings that under the experimental conditions DTT
(1 mm) had only minor effects on the activities of
acetylcholinesterase and cholinesterase, as also indi-
cated by the observations of Karlin (1967).

Our results on the guinea-pig ileum preparation
show that DTT also effects agonist action on
ganglionic nicotinic cholinoceptors, but not on mus-
carinic cholinoceptors. These findings are in agree-
ment with the observations of Brown & Kwiatowski
(1976) using the rat superior cervical ganglion and of
Stubbins & Hudgins (1971) and Fleisch et al (1974)
using rat jejunum and rat and guinea-pig tracheal
preparations, respectively.

It is concluded that, although studies with DTT
provide evidence for species differences between
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nicotinic cholinoceptors of motor endplates, these
differences do not exclude the possibility that DTT
may be a useful tool in studies of the molecular
events associated with inhibition of AChE at mam-
malian neuromuscular junctions, where muscarinic
(Ganguly & Das 1979; Abbs & Joseph 1981) and
ganglionic nicotinic (Bowman & Webb 1976; Bow-
man 1980a, b) cholinoceptors have been implicated
in the transmission process.
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