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SUMMARY

1. A study was made of the responses of the isolated taenia of the
guinea-pig caecum to stimulation of the intramural nerves.

2. Four types ofresponse are described, made up of a contraction and/or
a relaxation occurring during stimulation and an after-contraction occur-
ring when stimulation is stopped.

3. A delayed relaxation which sometimes occurred at the end of stimu-
lation is also described.

4. Atropine usually abolished the contractions occurring during stimu-
lation. After-contractions either appeared or were increased in amplitude
in the presence of atropine, and delayed relaxations were abolished.

5. The anti-cholinesterase drug neostigmine could convert the response
during stimulation from a relaxation to a contraction. After-contractions
were often abolished by neostigmine and delayed relaxations appeared.

6. It is concluded that the contractions which occurred during stimu-
lation were mediated by cholinergic nerves. The after-contraction appears
to be a rebound phenomenon, following the hyperpolarization of the
muscle caused by stimulation of the inhibitory nerves. It is suggested that
the delayed relaxation is caused by the effects ofpersisting inhibitory trans-
mitter substance on cells which do not undergo rebound excitation.

INTRODUCTION

A study of the excitatory innervation of the taenia from the guinea-pig
caecum has proved difficult, for two reasons. First, no drug has been found
which abolishes specifically the responses to stimulation of the intramural
inhibitory nerves (G. Burnstock, G. Campbell & M. J. Rand, 1966, and
unpublished results). The effect of stimulation of the excitatory nerves
as they run in the taenia must, therefore, be complicated by the simul-
taneous stimulation of the inhibitory nerves. Secondly, stimulation of the
inhibitory nerves can cause hyperpolarization of the muscle, followed by
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a rebound depolarization and acceleration of action potential firing
(Bennett, 1966a). It is important to be able to distinguish between this
rebound excitation and excitation resulting from the stimulation of
excitatory nerves.

This paper is a study of the interaction between the effects of stimu-
lation of the excitatory and the inhibitory nerves in the taenia. Various
responses to stimulation are described and their interpretation in terms of
electrical activity of the smooth muscle cells is discussed.

METHODS

Guinea-pigs of either sex were stunned and bled to death. Taenia strip preparations and
caecal wall preparations were dissected as described previously (Burnstock et al. 1966a).
The preparations were suspended in a 40 ml. organ-bath filled with modified Krebs solution
(Bulbring, 1953), bubbled with 95 % 02 and 5% CO2. The temperature of the solution was
maintained at between 35 and 370 C. Movements of the preparations were recorded with an
isotonic frontal-writing lever, which exerted a load of about 1 g and recorded with approxi-
mately sixfold magnification on a smoked drum.
Taenia strips were stimulated through two platinum ring electrodes placed around the

tissue, allowing free movement of the muscle. Caecal wall preparations were mounted on a
Perspex holder, with the flap ofcaecal wall which is attached to the taenia in this preparation
lying over two platinum wire electrodes in the holder. A Grass Model 5 stimulator was used
to deliver monophasic square-wave pulses at various frequencies. The pulse duration was
fixed at 1 msec throughout this work. Strengths of stimulation were used which caused
approximately maximal responses. Bursts of stimulation lasting for 10 sec were given at
intervals of more than 4 min.
The drugs used were: acetylcholine chloride; atropine sulphate; neostigmine methyl-

sulphate.

RESULTS

Types of response to stimulation of intramural nerves
Stimulation of the nerves within the taenia or an attached flap of caecal

wall caused a variety of responses of the taenia. The following description
of the responses is based on observations made on taenia strip and caecal
wall preparations which had not been treated with any drugs.
For ease of discussion, the responses are classified into four types. It

must be emphasized that the types are not discrete, but are convenient
divisions of a graded series of responses. As well as the four types, a
delayed relaxation, which persisted for several minutes after stimulation,
was seen. Since the delayed relaxation was not specifically associated with
any of the four types of responses, it is described in a separate section.
Type 1 responses. The first response seen was a contraction, starting

within 05-3 sec of the onset of stimulation. Stimulation with 1 pulse/sec
or less caused an incompletely fused tetanus to appear (Fig. la). Stimu-
lation with 2 pulses/sec or more caused a smooth contraction which was
maintained throughout the 10 sec period of stimulation. In some pre-
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parations, the contraction continued to increase throughout the period of
stimulation (Fig. 1 b). In other preparations, the contraction reached a
maximal level after a few seconds of stimulation and this level was main-
tained until stimulation was stopped (Fig. 1 c). In a few preparations,
especially those with low tone, spontaneous contractions appeared during
the contractions caused by stimulation.

b
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c
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Fig. 1. Types 1 and 2 responses in taenia strip preparations. Type 1 responses are
shown in panels a, b and c, type 2 in panels d and e. Note the partially fused tetanus
in a and the delayed relaxation in b and c. For further explanation see the text.
The periods of stimulation of the taenia with the frequencies indicated are shown
by the arrows. Time marker, 1 min.

The muscle started to relax 1-2 sec after stimulation was stopped. The
relaxation proceeded back to or below the control level of tone.
Type 2 responses. The first response to stimulation was a contraction

which appeared 1-3 sec after the start of stimulation. The response
differed from type 1 in one respect; 1 or 2 sec after stimulation was
stopped, an after-contraction appeared (Fig. ld). The amplitude of the
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after-contraction was often greater than that of the contraction which
occurred during stimulation.
In those preparations in which the contraction continued to increase

throughout the period of stimulation, the after-contraction could still be
distinguished because the rate of contraction increased at the end of
stimulation (Fig. le). The after-contraction reached its maximal level
within about 10 sec of the end of stimulation.
Type 3 responses. The first response to stimulation was a relaxation

which started after about 1 sec of stimulation. After a further 1 sec or
more of stimulation, the muscle started to contract. An after-contraction,
as described for type 2 responses, was invariably seen.

5 pulses sec 3 pulses sec 2 pulses sec

Fig. 2. Types 3 and 4 responses in taenia strip preparations. Type 3 responses
are shown in panels a and b, type 4 in c. Note the small delayed relaxation in a.
For further explanation see the text. The periods of stimulation of the taenia with
the frequencies indicated are shown by the arrows. Time marker, 1 min.

The relative amplitudes of the relaxation and the contraction which
occurred during stimulation and the time at which the contraction started
were variable. In some cases, the contraction was not large enough to
restore the muscle to its former length during stimulation (Fig. 2a). In
other cases, the contraction was much larger than the relaxation (Fig. 2b).
Type 4 responses. The muscle relaxed throughout the period of stimula-

tion after a latent period of about 1 sec. When stimulation was stopped,
the muscle contracted rapidly. This after-contraction usually proceeded
to a level above the control tone (Fig. 2c), but did not do so in preparations
with very high tone. Generally, the higher the tone of the preparation,
the more rounded and less pronounced the after-contraction became. In
muscles with very low tone, type 4 responses consisted of a cessation of the
spontaneous activity, but a marked relaxation was not possible. In these
preparations, the only marked response to stimulation was the after-
contraction. This is shown for an atropinized preparation in the first two
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panels of Fig. 3. The amplitude of the after-contraction increased as the
frequency of stimulation was increased (Fig. 3).

Occurrence of the response types. Of all the untreated taenia strip pre-
parations used, about 60% gave type 3 or type 4 responses to stimulation
with all frequencies between 1 and 50 pulses/sec. Type 4 responses were
uncommon in the higher portion of this frequency range. The remaining
preparations showed type 1 or type 2 responses over at least a part of the
range of frequencies. Types 1 and 2 responses were most common when
preparations were stimulated with 1 or 2 pulses/sec or with frequencies
greater than about 20 pulses/sec.

10 pLJIses sec 20 pul ses sec 50 pulses sec

Fig. 3. Responses to stimulation of a taenia strip preparation with low tone.
Stimulation with 10 pulses/sec in a and 20 pulses/sec in b causes type 4 responses.
Stimulation with 50 pulses/sec in c causes an inhibition of the spontaneous activity
but there is a slight contraction during stimulation, the response being type 3.
Note the very large after-contractions. Since the preparation was treated with
atropine (10-7 g/ml.), the after-contractions are probably not caused by acetyl-
choline. The periods of stimulation of the taenia are shown by the white bars.
Time marker, 5 min.

Stimulation of a flap of caecal wall caused type 3 or type 4 responses of
the taenia over the whole frequency range in less than a quarter of the
preparations examined. Most of the remaining preparations showed type 2
or, more rarely, type 1 responses over the whole range. A few preparations
showed type 1 or type 2 responses over only part of the frequency range.
Delayed relaxation8: When type 1, 2 or 3 responses of the taenia were obtained with fre-

quencies of stimulation of less than 5 pulses/sec, the recovery from the contraction or after-
contraction usually proceeded only as far as the former tone of the muscle (Fig. 1 d, e). When
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frequencies greater than 5 pulses/sec were used, the relaxation during recovery usually
passed below the former level of tone (Figs. 1 b, c; 4; 5 b). This relaxation is termed a delayed
relaxation since inhibitory responses of such a long duration were not observed in atropi-
nized preparations of taenia (Burnstock et al. 1966a). Delayed relaxations were also seen
following some type 4 responses. For instance, the response shown in the second panel of
Fig. 5c, recorded from a preparation treated with neostigmine, consists of a type 4 response
followed by a small after-contraction and then a delayed relaxation. The delayed relaxation
reached its maximum within 40 sec of the end of the period of stimulation. The muscle then
contracted back towards the control level of tone. Up to 4 min elapsed before the former
tone was attained. The amplitude and the du-ation of the delayed relaxation generally
increased as the frequency of stimulation was raised.

The effects of drugs on the response types
Atropine. The application of atropine (10-8-10-7 g/ml.) to preparations

showing type 1 or type 2 responses converted their responses to type 3 or
type 4. The conversion was too rapid to allow close examination of the
changes which occurred in the form of the responses. Figure 4 illustrates
the conversion of a type 2 response of a taenia strip preparation, caused by
stimulation with 30 pulses/sec, to a type 4 response. Burnstock et al. (1966)
did not observe responses of types 1 or 2 in atropinized preparations.
In those preparations which normally showed type 3 or type 4 responses,

the addition of atropine usually increased the amplitude of the relaxation
during stimulation. The greatest observed increase in amplitude of a type 4
response was 45 %, but in two preparations atropine caused no change in
the response amplitude. Type 3 responses were often, but not always,
converted to type 4 by atropine. Type 3 responses in the presence of
atropine usually consisted of a large relaxation with only a relatively small
amount of contraction occurring during stimulation. However, in a few
preparations the relaxation was small compared with the contraction
during stimulation. Increasing the concentration of atropine to 10-6 g/ml.
did not affect these contractions. Contraction of atropinized preparations
during stimulation was more common when the preparations were stimu-
lated with frequencies greater than about 10 pulses/sec. Such a response in
the presence of atropine has been illustrated previously (Fig. 4d of
Burnstock et al. 1966).
When the amplitude of the relaxation in types 3 and 4 responses was

increased by atropine, the amount by which the after-contraction passed
above the control level of tone was also increased. It should also be noted
that the conversion of type 1 responses to type 3 or type 4 by atropine is
accompanied by the appearance of an after-contraction.
Delayed relaxations were always abolished by atropine. The abolition

occurred whether the final response was type 3 or type 4. Figure 4 illu-
strates such an abolition in a preparation, the responses of which were
converted to type 4.
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Neostigmine. Neostigmine (10-8 g/ml.) increased the amplitude and the
duration of contractions of the taenia caused by acetylcholine (Fig. 5a).
In the presence of neostigmine (5 x 10-9-10-8 g/ml.), inhibitory responses

which occurred during stimulation of taenia strip or caecal wall prepara-
tions were usually reversed to contractions during stimulation (Fig. 5b).
Type 4 responses were converted, in sequence, to type 3, type 2 and then
type 1 responses. The time taken for reversal to occur and the degree of
reversal (i.e. the nearness of the ultimate response to type 1) were variable.

T T , .T

ATR 10 gg 1.l

Fig. 4. Effects of atropine on responses to stimulation of a taenia strip prepara-
tion. Stimulation of the taenia with 30 pulses/sec (T, at the dots) initially caused
type 2 responses with a slight after-contraction. After the application of atropine
(ATR, 10-7 g/ml.), the responses are converted to type 4, with a slow after-con-
traction. Note the abolition of the delayed relaxation. Time marker, 10 min.

The responses of the taenia strip preparation illustrated in Fig. 5b to
stimulation with 15 and 30 pulses/sec were reversed from type 4 to 2
within 20 min of the application of neostigmine (5 x 10-9 g/ml.). However,
in some preparations the relaxations during stimulation were only reduced
in amplitude by this concentration of neostigmine. Figure 5c illustrates
one of these preparations. In this taenia strip preparation, the type 4
responses were converted, over the course of 1 hr, to type 3 responses. In
similar preparations, reversal of the response during stimulation was not
seen until the concentration of neostigmine was raised to 5 x 10-8g/ml. At
this concentration of neostigmine, the tone of the preparations was in-
creased considerably.
Type 1 responses were not clearly increased in amplitude by neostig-

mine. However, it appeared that the rise of tone caused by neostigmine
tended to depress excitatory responses. Certainly, high concentrations of
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neostigmine (5 x 10-8 g/ml.) caused large tone rises and depressed type 1
responses.
The main effect of neostigmine on type 2 responses was to decrease the

amplitude of the after-contraction. In many preparations, the after-
contraction disappeared entirely and the response became type 1.

baIR
__ _ ~~~~T30 T 1 30 1 5 30 1 5 30 1 5 30

NEO 5xlO 9'g rml. pulses sec

10-8gml.NEO1O
A

gii T t T T
NEO 10 8g ml.

Fig. 5. Effects of neostigmine on responses of taenia strip preparations. (a)
Neostigmine (NEO, 10-8 g/ml., left in the bath for 10 min and waahed out 10 min
before the start of the second panel) increased the amplitude of responses to
acetylcholine (A, 10-8 g/ml., applied at the dots for 1 min). (b) Neostigmine (NEO,
5 x 10-9 g/ml.) converted type 4 responses to stimulation of the taenia with 15 or
30 pulses/sec (T 15, T 30, at the dots) into type 2 responses. Note the appearance
of delayed relaxations. (c) In the first panel, stimulation of the taenia with 15
pulses/sec (T, between the arrows) caused a type 4 response. Thirty minutes after
the application of neostigmine (NEO, 10-8 g/ml.) the response was converted to
type 3 and a delayed relaxation had appeared (second panel). Twenty minutes
later (third panel), the contraction during stimulation had become larger. Time
marker in a, 20 min; in b, 10 min; in c, 1 min.

Delayed relaxations were potentiated by neostigmine. The application
of neostigmine to preparations showing type 4 responses with no delayed
relaxation caused a reduction in the amplitude of the relaxation during
stimulation. During this change, the preparations usually started to
develop a delayed relaxation following each response, even before the
response was converted to type 3. The final response to stimulation of the
preparation shown in Fig. 5c was type 3, with only a brief after-contraction
when stimulation was stopped followed by a delayed relaxation. In other
preparations, the delayed relaxation became even more marked as the
response changed towards type 1.
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DISCUSSION

The four types of responses of the taenia to electrical stimulation, which
are described above, can each be broken down into three components.
These components are a contraction which occurs during stimulation, a
relaxation which occurs during stimulation and a contraction which appears
at the end of the period of stimulation. Table 1 illustrates the contri-
butions made by the three components to the four response types.

TABLE 1
Type of response

,~~~~~~A

Components Type 1 Type 2 Type 3 Type 4

Contraction during stimulation + + +
Contraction after stimulation - + + +
Relaxation during stimulation - - + +

The table illustrates the manner in which the four response types can be made up from
three components. + indicates that a component is discernible in a response type, - that
the component cannot be distinguished.

The contractions which occur during stimulation are, in general,
mediated by cholinergic excitatory nerves. This conclusion was also
reached by Burnstock et al. (1966). Treatment of the taenia with the anti-
cholinesterase, neostigmine, led to the appearance of such contractions in
some preparations. After the application of atropine the contractions were
usually greatly reduced or abolished. In some preparations, however,
contractions of considerable magnitude did occur during stimulation of
atropinized preparations. The nature of the latter contractions is con-
sidered below.
The relaxations occurring during stimulation are mediated by inhibitory

nerves. Burnstock et al. (1966) have shown that there is a double inhibitory
innervation of the taenia comprising intramural nerves and perivascular
inhibitory nerves. No attempt has been made in the present study to
distinguish between the relative contributions of these two sets of inhi-
bitory nerves to the observed relaxations.
The contractions which occur at the end of the period of stimulation are

clearly not mediated.by cholinergic nerves, since they appear or increase
in amplitude in the presence of atropine. Bennett (1966a) has studied the
electrophysiological phenomena underlying the after-contractions and has
concluded that they are rebound contractions. That is to say, hyper-
polarization of the smooth muscle cell membrane, resulting from stimu-
lation of the inhibitory nerves, initiates changes which tend to cause
depolarization and accelerated spontaneous activity.
With regard to the contractions which occur during stimulation of

atropinized preparations, the simplest view to take is that the cholinergic

156



EXCITATION OF TAENIA

nerves in these preparations possess some degree of atropine-resistance. One
disadvantage of this view is that it would be necessary to propose that
resistance is found in only some preparations, while others are extremely
sensitive to the blocking action of atropine. An alternative view is that
there is a fatigue effect in the intramural inhibitory nerves. Rapid stimu-
lation of these nerves would cause an initial large hyperpolarization of
the smooth muscle membrane. Then, as fatigue set in, the output of
inhibitory transmitter substance would fall off and the membrane potential
would return towards the resting potential, although stimulation was
continued. Under these conditions, a rebound depolarization and accelera-
tion of action potential firing could occur, resulting in a contraction during
stimulation.
The conversion of excitatory to inhibitory responses and vice versa

following the application of atropine or neostigmine indicates that there
is an antagonism between the excitatory and inhibitory nerves in the
taenia. Such an antagonism may occur in two ways. First, it may be that
some cells are contracted during nerve stimulation while others are
simultaneously relaxed. The net response would be the summation of the
various changes of length. This situation appears to hold in type 2 re-
sponses. In these responses, the primary response to stimulation is a con-
traction. But it is clear that some cells are inhibited during stimulation,
for an after-contraction occurs at the end of stimulation. Bennett (1966b)
has shown that some cells of the taenia develop excitatory junction
potentials on stimulation of the intramural nerves, while nearby cells
respond to the same stimulus with inhibitory junction potentials.

Secondly, it appears that there is a direct antagonism between the
effects of the excitatory and inhibitory transmitter substances on the
membrane of a single cell. Thus Bennett (1966b) has recorded excitatory
junction potentials from some cells in non-atropinized preparations, but
Bennett, Burnstock & Holman (1966) recorded only inhibitory junction
potentials from all cells in atropinized preparations of taenia. Biilbring
(1957) has found that all muscle cells in the taenia can respond to both
acetylcholine and adrenaline.

The nature of the delayed relaxation seen in this study is difficult to explain. The relaxa-
tion is clearly not of the same type as the inhibitory effects described by Cantoni & Eastman
(1946), since it was seen after responses which did not include a large contraction. Nor is the
relaxation due to an effect of the inhibitory fibres alone, since it is abolished by atropine and
appears after treatment with neostigmine. This evidence clearly links the presence of a
delayed relaxation with the presence of an active cholinergic innervation, although the
relaxation obviously is not mediated by acetylcholine directly.
The occurrence of the delayed relaxation and its sensitivity to drugs could be explained in

the following manner. In non-atropinized preparations, some cells would be depolarized by
the excitatory transmitter substance even though they are exposed to the inhibitory trans-
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mitter substance. At the end of a period of stimulation, the concentrations of both trans-
mitters would decline. If the inhibitory transmitter persisted in the tissue for a much longer
time than did acetylcholine, the cells would eventually become hyperpolarized and the
spontaneous activity would be slowed. These cells would be contracted during stimulation
and a delayed relaxation would occur after stimulation. Other cells would be hyperpolarized
by the inhibitory transmitter substance during stimulation. The hyperpolarization would
initiate the changes which are responsible for rebound excitation (Bennett, 1966a). At the
end of stimulation, there would be an antagonism between the hyperpolarizing effect of the
persisting inhibitory transmitter and the depolarizing effect of the rebound process. It is
possible that the changes responsible for the rebound activity would overcome the de-
clining effects of the inhibitory transmitter. The inhibition caused by the transmitter would
then be curtailed. These cells would be relaxed during stimulation, but would contract
rapidly at the end of stimulation.

In preparations treated with atropine, in which acetylcholine has no excitatory action,
all cells affected by stimulation of the intramuscular nerves would be inhibited during
stimulation and would contract rapidly at the end of stimulation. This would explain why
delayed relaxations were not seen in atropinized preparations. In preparations treated with
neostigmine, the proportion of cells which are contracted during stimulation, and which
therefore do not develop a rebound contraction, would be increased. Neostigmine treatment
would therefore increase the size of the delayed relaxation.

It was shown that stimulation of the intrinsic nerves in some prepara-
tions caused a small primary relaxation followed by a very large rebound
contraction. If the burst of stimulation was applied for only a brief
period, it would be easy to confuse this response with a primary contrac-
tion. A study of the literature suggests that this may have happened on a
number of previous occasions. Thus, Munro (1953) reported that stimu-
lation of the wall of the guinea-pig terminal ileum normally caused a
primary contraction. After the addition of atropine, the primary contrac-
tion was virtually abolished, but a large, prolonged contraction occurred
at the end of stimulation. This was probably a rebound contraction, and
not a contraction caused by the release of a non-cholinergic excitatory
transmitter substance as thought by Munro. Tweeddale (1963) found that
stimulation of strips of circular muscle from the rabbit ileum caused a
large contraction which had a latency of at least 5 sec and sometimes did
not appear until the ends of a 15 sec period of stimulation. This also was
possibly a rebound contraction.

In addition, the contractions of the gastro-intestinal tract in response
to vagal stimulation which were recorded by a number of early workers
(Bunch, 1899; Bayliss & Starling, 1899, 1900; May, 1904; Veach, 1925)
resemble rebound contractions, presumably resulting from the stimulation
of inhibitory vagal fibres. Perhaps it is these rebound contractions which
are the contractions referred to by Dale & Gaddum (1930) as atropine-
resistant. Since recent workers have denied that there is any atropine-
resistant excitatory influence of the vagi on the stomach (Greeff & Holtz,
19.56) it would be interesting to examine under what conditions, if any,
the vagi cause rebound contractions of the gut.
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