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The relationship between stimulus-induced antidromic
firing and twitch potentiation produced by paraoxon in
rat phrenic nerve-diaphragm preparations

A.L.Clark, F. Hobbiger & D.A. Terrar

Department of Pharmacology and Therapeutics, The Middlesex Hospital Medical School, Cleveland Street,

London W1P 6DB

1 The relationship between stimulus-induced repetitive antidromic firing (ADF) in the motor
nerve and twitch potentiation produced by the organophosphate anticholinesterase paraoxon, has
been investigated in rat diaphragm preparations.

2 Little or no ADF was produced by paraoxon in preparations bathed in a Tyrode solution
containing 1 mM calcium and 1 mM magnesium ions although the preparations showed marked
twitch potentiation.

3 Increases in the calcium:magnesium ion ratio produced a ratio-dependent increase in the ADF
but had no consistent effect on peak twitch potentiation.

4 Dithiothreitol, a disulphide bond reducing agent which decreases the affinity of acetylcholine for
nicotinic cholinoceptors, abolished ADF but only modified the time course of twitch potentiation.
5§ It is concluded that the initiation of ADF is a consequence of the prolonged action of
acetylcholine within the synaptic cleft following inhibition of acetylcholinesterase, and that ADF is

not the only mechanism by which twitch potentiation can be produced.

Introduction

It has been suggested (Masland & Wigton, 1940) that
the mechanism underlying twitch potentiation by
anticholinesterases is the initiation of repetitive an-
tidromic action potentials (APs) (antidromic firing,
ADF) subsequent to the application of a stimulus to
the motor nerve and that ADF is also responsible for
the muscle fasciculations produced by anticholines-
terases (Feng & Li, 1941). Previous studies (Clark &
Hobbiger, 1983) have shown that in rat diaphragm
preparations which have been treated with the disul-
phide bond reducing agent dithiothreitol (DTT), the
anticholinesterase paraoxon still produced marked
twitch potentiation, but failed to initiate muscle fas-
ciculations. The same dissociation between these two
effects was obtained in the absence of DTT when the
ratio of calcium:magnesium ions in the solution ba-
thing the muscle was reduced. If it is true that ADF is
responsible for muscle fasciculations, these observa-
tions indicate that ADF might not be the sole
mechanism by which twitch potentiation is or can be
produced.

In this paper we report results of studies of
stimulus-induced ADF in the phrenic nerve and its

relationship to twitch potentiation in rat diaphragms
treated with paraoxon, together with the effects of
DTT and changes in the calcium: magnesium ratio in
the bathing solution on this relationship.

A preliminary account of this work has been pre-
sented to the British Pharmacological Society (Clark,
Hobbiger & Terrar, 1979).

Methods
The preparation and organ bath

Left hemidiaphragms together with their phrenic
nerves were obtained from male Sprague-Dawley
rats and mounted in one chamber of a two chamber
perspex bath. Each chamber had a 50 ml capacity.
One chamber had a cork floor and the ribs attached
to the muscle were pinned to it. The muscle was kept
in a vertical position by a thread which connected the
central tendon to a Grass FT-10C force-
displacement transducer. Muscle contractions were
recorded under a resting tension of 10 g.
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The chamber containing the muscle was perfused
at a constant flow rate (20 to 30 ml min ~!) with one of
four Tyrode solutions (Tyrode A, B, C or D) flowing
from a reservoir which was gassed with O, containing
5% CO,. The Tyrode solution was removed from the
chamber by surface suction. All solutions contained
137mM NaCl, 2.7mm KCl, 12.0mMm NaHCO; and
11 mM glucose together with the following concent-
rations of calcium and magnesium ions: Tyrode A
2 mM CaCl,, 0.1 mMMgCl,; Tyrode D 2 mM CaCl,,
1 mM MgCl; Tyrode B 1.4 mM CaCl,, 1 mM MgCl,;
Tyrode C 1 mM CaCl,, 1 mm MgCl,.

The perspex bath was mounted in a constant temp-
erature water bath. Tyrode solutions were passed
through coils in this bath before entering the muscle
chamber, and the muscle chamber itself was fitted
with a perspex lid to minimize heat loss to the air, so
that the temperature within the muscle chamber was
maintained at 36 to 37°C. Drugs were made up to
final concentrations in individual reservoirs.

The phrenic nerve was stimulated via a circular
electrode located in the muscle chamber and con-
nected to a Farnell physiological stimulator (stimula-
tion parameters: 0.2 Hz frequency, 50 or 200 ps pulse
duration and supramaximal voltage). The proximal
part of the phrenic nerve was passed through a small
hole in the partition between the two chambers of the
perspex bath. The hole was then sealed with vaseline,
the nerve placed in a horizontal position over two
platinum electrodes for recording ADF and the
chamber containing the nerve filled with liquid paraf-
fin prewarmed to 37°C.

Recording from the phrenic nerve

The nerve was crushed between the two recording
electrodes so that all APs were recorded as
monophasic potentials. The recording electrodes
were connected to a Grass P16 amplifier (amplifica-
tion 100 fold) and the signal displayed simultaneous-
ly at low and high gain on a Gould OS 4000 digital
storage oscilloscope (bandwidth 1Hz to 10kHz).
The analogue output unit of the oscilloscope allowed
traces which had been stored at a fast sweep speed
(5mscm~?) to be reproduced accurately at a much
slower speed (5scm™!) with a Servascribe pen re-
corder.

Each stimulus applied to the nerve normally trig-
gers a single orthodromically and antidromically con-
ducted AP. Antidromically conducted APs subse-
quent to this initial AP are referred to as repetitive
antidromic firing (ADF) and are initiated by treat-
ment of preparations with paraoxon. ADF was moni-
tored over a period of 50ms subsequent to nerve
stimulation, during which time its intensity built up to
a peak and then declined. For quantitative assess-
ment of ADF, its peak voltage was used. In a limited

number of experiments, the area under the ADF
waveform was also estimated by connecting the out-
put from the oscilloscope to a Time Electronics digi-
tal integrator. By setting the zero level so as to
exclude activity attributable to instrument noise, a
figure was obtained for neuronal activity during a
50 ms sweep triggered by the stimulus applied to the
nerve. The value obtained by subtracting from this
the count attributable to the initial antidromically
conducted nerve AP was taken as the value of ADF
activity. Values obtained in this way showed a good
correlation with the peak amplitude of ADF. For
example, in a typical experiment, the following val-'
ues were obtained: after brief contact of the prepara-
tion with paraoxon peak amplitude of ADF was
165 uV and integrated count of ADF was 30; after
prolonged contact with paraoxon, peak amplitude
was 50 uV and the integrated count was 1. The peak
amplitude of ADF includes a noise level of approxi-
mately 45 pV (peak-to-peak).

Drugs

The following drugs were used: diethyl-4-
nitrophenylphosphate, paraoxon (Koch-Light),
dithiothreitol, DTT (Sigma), 5,5'-dithiobis(2-
nitrobenzoic acid), DTNB (Sigma).

Results

Relationship between antidromic firing and twitch
potentiation produced by paraoxon

In the absence of any drugs, a single supramaximal
stimulus applied to the phrenic nerve produced a
single muscle contraction and a single antidromically
conducted AP with an amplitude up to 20 mV. When
paraoxon (0.2 to 2 uM) was added to the perfusion
fluid (Tyrode A, B or D solution) twitch potentiation
developed and the initial antidromic AP was fol-
lowed within 2 to S5ms by a series of repetitive
antidromic APs (ADF). The amplitude of the ADF
triggered by an individual nerve stimulus builtupto a
peak within 10 to 15 ms after stimulation of the nerve
and then declined (Figure 1). When two closely
spaced (5 ms apart) stimuli were applied to the nerve,
ADF was greater than that seen after a single nerve
stimulus.

On continued exposure of the preparation to para-
oxon twitch potentiation and peak ADF associated
with consecutive nerve stimuli progressively in-
creased to a maximum and thereafter they both
declined. The time course of these changes in twitch
potentiation and peak ADF was accelerated by in-
creasing the concentration of paraoxon. The decline
could be prevented by stopping the perfusion of the
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Figure 1. Paraoxon-induced twitch potentiation and antidromic firing (ADF) in a rat diaphragm preparation. In
this and subsequent figures, following exposure of the preparation to paraoxon, nerve stimulation was discontinued
while the organ bath was emptied and then refilled with Tyrode solution not containing paraoxon. Nerve stimulation
and perfusion with drug-free Tyrode solution were then restarted. (a) Twitch responses to indirect supramaximal
stimulation at 0.2 Hz frequency, recorded isometrically. Paraoxon (0.5 um) was added to the perfusion fluid (Tyrode
D) for the period indicated. (b) Electrical activity recorded from the phrenic nerve (1) before addition of paraoxon
and (2) following removal of paraoxon from the perfusion fluid. In all records of electrical activity, the large upward
deflection at the beginning of the trace represents the antidromically conducted action potential (AP) initiated by the
stimulus applied to the nerve. This AP is too large to be recorded accurately at the amplification shown here.
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Figure 2 Effect of a limited period of exposure to paraoxon on twitch potentiation and antidromic firing in a rat
diaphragm preparation bathed in Tyrode A solution. The preparation was exposed to paraoxon (P, 0.5 uM) for 5 min
as indicated. Traces 1 to 4 of electrical activity in the phrenic nerve were recorded at times corresponding to points 1

to 4 on the tension trace.

organ bath with the paraoxon-containing Tyrode
solution at a point where twitch potentiation and
ADF were pronounced but not yet maximal, replac-
ing the fluid in the organ bath with a Tyrode solution
without paraoxon and restarting perfusion of the

organ bath with this Tyrode solution. Under these
conditions, both ADF and twitch potentiation were
fairly well maintained for periods of 30 to 60 min
after removal of paraoxon from the organ bath (Fig-
ure 2).
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Effect of changing the ratio of calcium: magnesium
ions in the Tyrode solution on paraoxon-induced
antidromic firing

As in the case of twitch potentiation (Clark & Hob-
biger, 1983), the rates of onset and decline of
paraoxon-induced ADF were related to the ratio of
calcium: magnesium ions in the bathing solution. Alt-
erations of the calcium: magnesium ratio had little or
no effect on peak twitch potentiation. On the other
hand, the peak amplitude of ADF was increased with
increasing calcium: magnesium ratios (Table 1).

In experiments in which the period of exposure of
preparations to paraoxon was limited, as described
above, and preparations were bathed in Tyrode C
solution (containing 1mm CaCl,, 1mM MgCl,),
paraoxon (0.5 puM) produced twitch potentiation
without any detectable ADF in 4 out of 5 experi-
ments. In the one experiment where ADF did occur
(peak amplitude 63 puV) it quickly fell below the
detectable level (i.e. 30 uV) after removal of paraox-
on from the organ bath. When in these experiments
Tyrode C solution was replaced by Tyrode A solution
(containing 2 mM CaCl,, 0.1 mm MgCl,) ADF ap-
peared in all preparations. The effect of replacing
Tyrode C solution by Tyrode A solution on twitch
potentiation was variable. In two experiments twitch
potentiation was enhanced. In another two experi-
ments there was an enhancement followed by a de-
cline. In the fifth preparation only a decline in twitch
potentiation was seen. The effects of Tyrode A solu-
tion on ADF and twitch potentiation were reversed
by changing back to Tyrode C solution (Figure 3).

Table 1 Effect of the ratio of calcium:magnesium ions
firing (ADF) produced by paraoxon (0.5 pM)

Effect of dithiothreitol on paraoxon-ihduced
antidromic firing

The effect of DTT on ADF was studied using Tyrode
A solution and a limited exposure of the preparation
to paraoxon, as described previously. Following re-
moval of paraoxon (0.5 puM) from the organ bath,
steady levels of ADF (peak amplitude 146 39 uV)
and twitch potentiation (3.3+0.9 times control
twitch tension) were seen (n = 6). Addition of DTT
(1 mMm) to the Tyrode solution caused the ADF to
decline below the detectable level (10 to 40 pV) but
reduced twitch potentiation only by 28.0+12.5%.
Removal of DTT from the Tyrode solution was not
associated with a return of ADF but partly restored
the twitch potentiation to its pre-DTT value. When
the oxidizing agent DTNB (1 mM) was added to the
Tyrode solution, ADF reappeared (peak amplitude
181+ 36 uV), and was maintained at a steady level of
132+ 30 nV when DTNB was removed. DTNB also
restored twitch potentiation to pre-DTT levels, after
a transient phase of enhancement (Figure 4).

In S experiments in Tyrode A solution the effect of
treatment of the preparation with DTT (1 mM for
15 min) before addition of paraoxon (0.5puM for
10 min) was investigated. Under these conditions,
ADF was not detectable in 2 out of 5 preparations. In
one preparation, ADF was only transient and in the
remaining two preparations a steady level of ADF
(peak amplitude 125uV and 300puV) was seen.
Twitch potentiation was slower in onset than in prep-
arations not treated with DTT and peak twitch
potentiation was 4.2+ 0.3 times control twitch ten-

in the perfusion fluid on twitch potentiation and antidromic

CaCl, MgCl,

(mm) (mm)
Tyrode A 2 0.1
Tyrode D 2 1
Tyrode B 1.4 1
Tyrode C 1 1

Figures are meants.e.mean (n = number of experiments).

Peak ADF Peak twitch
amplitude* tensiont
405+92 pvV 5.4+0.6
(n=13) (n=13)
262167 uv 3.31+0.2
(n=5) (n=5)
134+19 pVv 3.0+0.4
(n=3) (n=3)
49+6 pv 3.4+0.6
(n=5) (n=5)

* Peak ADF amplitude was measured as the maximum deflection on the oscilloscope record of electrical activity in
the phrenic nerve during the 50 ms period following a stimulus to the nerve.
+ Peak twitch is expressed as a multiple of that observed at the time of addition of paraoxon to the organ bath, which

istakenas 1.
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Figure 3 Effect of changing the ratio of calcium: magnesium ions in the perfusion fluid on paraoxon-induced twitch
potentiation and antidromic firing. The organ bath was perfused with Tyrode C solution (containing 1 mm CaCl,,
1 mM MgCl,) and the preparation exposed to paraoxon (0.5 um) for the period indicated. At * the amplification of
the tension trace was reduced by half and the perfusion fluid then changed to Tyrode A solution (containing 2 mM

CaCl,, 0.1 mMm MgCl,) for the period indicated.
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Figure 4 Effect of dithiothreitol (DTT) and 5,5’-dithiobis(2-nitrobenzoic acid) DTNB on paraoxon-induced
twitch potentiation and antidromic firing. The organ bath was perfused with Tyrode A solution and the preparation
exposed to paraoxon (0.5 uM), or DTT (1 mMm) or DTNB (1 mm) for the periods indicated.

sion. Addition of DTNB (1 mM) to the Tyrode solu-
tion led to the appearance of ADF in the three
preparations where it was absent and a marked en-
hancement of it in the other 2 preparations. The
mean peak amplitude of ADF in the presence of
DTNB was 382+92 uV and ADF was maintained
after its removal from the organ bath. Twitch potenti-
ation was transiently enhanced on addition of DTNB,
but then declined to 70 + 4% of its pre-DTNB level.

Discussion

The experiments described in this paper show that, in
the rat phrenic nerve diaphragm preparation exposed
to paraoxon, repetitive antidromic nerve activity

(ADF) is dependent on the concentrations of calcium
and magnesium ions in the bathing solution. Thisisin
agreement with the findings of other workers (Ran-
di¢ & Straughan, 1964; Laskowski & Dettbarn,
1979). In our experiments, ADF was barely detecta-
ble with Tyrode C solution, which contained 1 mm
CaCl, and 1 mM MgCl,, but was pronounced with
Tyrode A, B and D solutions, which had higher ratios
of calcium:magnesium ions. Although raising the
ratio of calcium:magnesium ions produced a ratio-
dependent increase in ADF, it did not cause corres-
ponding changes in the peak level of twitch potentia-
tion relative to that obtained with Tyrode C solution.
The main effect of raising the ratio of
calcium: magnesium ions was an increase in the rate
of onset of twitch potentiation. Similarly, in experi-
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ments in which the calcium:magnesium ion ratio was
changed following removal of paraoxon from the
organ bath, increasing the ratio consistently in-
creased ADF whereas lowering it had the opposite
effect. Under these conditions changes in the
calcium: magnesium ion ratio had no consistent effect
on twitch potentiation.

Little or no ADF was recorded when preparations
bathed in Tyrode A solution, which contained the
highest calcium:magnesium ion ratio, were first
treated with DTT and then paraoxon, although under
these conditions twitch potentiation proceeded to a
peak which was comparable to that seen in prepara-
tions which were treated with paraoxon only. Simi-
larly, in preparations in which paraoxon had pro-
duced a marked degree of ADF, the addition of DTT
to the bathing solution abolished ADF without a
consistent effect on twitch potentiation. The effect of
DTT was reversed by the oxidizing agent DTNB.

It can therefore be concluded that ADF is not the
only mechanism by which paraoxon-induced twitch
potentiation can be obtained. A number of authors
(Barstad & Lilleheil, 1968; Webb & Bowman, 1974;
Bowman, 1980a,b) have suggested that although
ADF and twitch potentiation may both arise as a
result of the prolonged action of ACh in the synaptic
cleft, the two events are independent and not causally
related. ADF would be expected to initiate repetitive
endplate potentials and it is difficult to see why these
would not trigger additional muscle APs under the
appropriate conditions. This could be at least partly
responsible for the more rapid onset of twitch
potentiation in Tyrode solutions with higher
calcium: magnesium ion ratios.

Stimulus-induced ADF is distinct from the ephap-
tic back response, which is triggered by action cur-
rents generated in the muscle (Lloyd, 1942 ; Brown &
Matthews, 1960). The ephaptic back response has a
very short latency and terminates usually within S ms
after stimulating the nerve (Werner, 1960), whereas
ADF has a much longer latency and lasts considera-
bly longer.

As far as the mechanisms involved in ADF are
concerned, our observations are consistent with a
number of hypotheses which have been proposed to
account for it. It has been postulated that ADF can be
initiated by depolarization of the nerve membrane
either at the nerve terminal (Masland & Wigton,
1940) or at the first node of Ranvier (Hubbard,
Schmidt & Yokota, 1965). This depolarization might
be caused either by the action of ACh released from
the nerve terminal and feeding back onto prejunc-
tional cholinoceptors (Webb & Bowman, 1974,
Bowman, 1980a,b), or by potassium ions released
from the muscle as a consequence of the postjunc-
tional action of ACh (Katz, 1962; Hohlfeld, Sterz &
Peper, 1981). In either case, increasing the concent-

ration of ACh in the synaptic cleft, by increasing its
output from nerve terminals, would be expected to
increase ADF. Consistent with this view is our find-
ing that ADF is increased when the
calcium:magnesium ratio is increased or pairs of
stimuli are applied to the nerve, since under these
conditions the amount of transmitter released is in-
creased (Jenkinson, 1957; Hubbard, Jones & Land-
au, 1969; Ginsborg & Jenkinson, 1976). In the case
of the experiments where the concentration of mag-
nesium was decreased there may be an additional
contribution from an increased excitability of the
nerve membrane (Frankenhaeuser & Hodgkin,
1956).

If there are prejunctional cholinoceptors, DTT
could reduce the action of ACh at this site and
consequently diminish ADF directly by reducing the
affinity of ACh for these receptors, if they are of the
same type as those on the postjunctional membrane
(Ben-Haim, Landau & Silman, 1973; Terrar, 1978)
or like those in ganglia (Brown & Kwiatkowski,
1976; Bleehen, Clark & Hobbiger, 1983; see Webb
& Bowman, 1974). Alternatively, DTT might reduce
the prejunctional effect of ACh indirectly by an
action on postjunctional cholinoceptors. In the pres-
ence of an anticholinesterase, the diffusion of ACh
from the synaptic cleft is delayed by its binding to
postjunctional cholinoceptors (Katz & Miledi, 1973;
Magleby & Terrar, 1975). Following exposure to
DTT the affinity of ACh for these receptors is re-
duced (Ben-Haim, 1973; Terrar, 1978) and thus
ACh would be expected to leave the synaptic cleft
more rapidly (Terrar, 1976).

If an action of potassium ions on nerve terminals
was important for the initiation of ADF, DTT would
reduce ADF by reducing the amplitude of endplate
potentials and currents (Ben-Haim et al., 1973; Ter-
rar, 1978) and consequently the release of potassium
from the postsynaptic site.

Under conditions where twitch potentiation occurs
with little or no detectable ADF, presumably multi-
ple muscle APs are initiated from a single, prolonged
endplate potential (Eccles, Katz & Kuffler, 1942;
Morrison, 1977). When ADF occurs, multiple end-
plate potentials would be expected to accompany it.
To obtain more information on this, further studies
are necessary and one possible approach would be to
use intracellular microelectrodes to investigate the
effect of paraoxon at individual motor endplates in
preparations with and without DTT treatment.
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