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SUMMARY

1. The action of adrenaline (in the presence of propranolol; 3 x 10-6 M), adenosine
triphosphate (ATP) and carbachol on guinea-pig taenia caeci, and the interaction
between these agonists, was studied by measuring changes in membrane potential
using the sucrose-gap method in quiescent preparations at 22 IC.

2. A sustained hyperpolarization was caused by addition of adrenaline (3 x 10-6 M)
and by applying adenosine triphosphate (ATP; 4 x 10-4 M) for 5 min in Krebs
solution. In calcium-free medium containing EGTA (0 4 mM) and high magnesium
(6-2 mM), both the a-agonist and ATP caused a transient hyperpolarization which
passed off within 5 min, although the agonist was still present.

3. The transient hyperpolarization evoked by these agonists in the absence of
calcium could be evoked only once. The response was restored after exposure to high
calcium, (40 mm for 2 s, or 10 mm for 30 s). The maximum amplitudes of the
hyperpolarization caused by adrenaline orATP after exposure to high calcium (40 mm
or 10 mM) were similar, while the maximum hyperpolarization after application of
2'5 mM-calcium was smaller.

4. The area ofthe maximal response evoked by adrenaline orATP was independent
of the exposure time to calcium-free solution after removal of the extracellular
calcium (20 min). The sum of the areas of a first submaximal response, obtained by
applying adrenaline for less than 5 min to the calcium-free solution (20 min), and of
the second response (5 min application) elicited after continuing in calcium-free
medium for another 8 min, was constant.

5. In the presence of the bee toxin apamin (10-7 M), addition ofATP (4 x 10-4 M)
caused depolarization of the membrane both in the presence and absence of external
calcium. These responses were not blocked in low sodium solution (22-7 mM) but were
reduced by the calcium antagonist D600 (2 x 10-5 M).

6. In calcium-free conditions the a-response to adrenaline was decreased by a
preceding addition ofATP and vice versa. Abolition of the ATP response (4 x 10-4 M)
by adrenaline (10-5 M) was prevented by blocking the a-receptors with phentolamine
(2 x 10-5 M).

7. Carbachol (5 x 10-7-5X 10-5 M) depolarized the muscle cells in calcium-free
medium; a second addition of carbachol also caused depolarization, the amplitude
being lower. The carbachol depolarization was dependent on the exposure time to
calcium-free solution.
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8. The adrenaline response was reduced by about 25% by carbachol if applied
previously, independent of the carbachol concentration (5 x 10-7-5 x 10-5 M). The
carbachol response, however, was not affected if preceded by the a-response.

9. It is concluded that ATP and the a-agonist, after binding to their receptor sites,
activate the same mechanism, which is mobilization of calcium from the same
membrane compartment to open potassium channels, causing hyperpolarization of
the muscle cell membrane; the hyperpolarization is transient or sustained in nature
dependingon the availability ofexternal calcium to replenish the calcium compartment
localized in the membrane. This adrenaline and ATP-sensitive calcium compartment
is distinct from that which is sensitive to carbachol.

INTRODUCTION

Receptor-operated channels have been considered to allow calcium influx in order
to explain the modulating action of certain stimulating substances on smooth muscle
tension (Bolton, 1979). It has also been suggested that the inhibitory effect of the
a-agonist adrenaline on taenia caeci of the guinea-pig is mediated by calcium
(Bulbring & Tomita, 1977; Den Hertog, 1981). Recently, evidence has been obtained
that release of calcium from a membrane-bound compartment takes place after
binding of the a-agonist adrenaline to the receptor site. This calcium compartment
is replenished in the presence of extracellular calcium so that a sustained hyper-
polarization is observed which is thought to be due to continuous release of calcium
keeping the potassium channels open. Regulation of the potassium permeability by
internal calcium has also been proposed in other tissues (Meech, 1974; Putney, 1976;
Haylett, 1976) and suggested to be responsible for the a-action in taenia caeci
(Biilbring & Tomita, 1969; Biilbring & Tomita, 1977). In the absence of external
calcium adrenaline also caused hyperpolarization which is, however, transient in
nature, since no calcium replenishment occurs.
The inhibitory action of adenosine triphosphate as observed in taenia caeci

(Bueding, Bfilbring, Gercken, Hawkins & Kuriyama, 1967; Axelsson & Holmberg,
1969) can also be explained by an increase in potassium permeability (Tomita &
Watanabe, 1973; Maas, Den Hertog, Ras & Van den Akker, 1980). Furthermore,
multiple sources of calcium for activation of the contractile mechanism of the
guinea-pig taenia caeci on stimulation with carbachol have been suggested (Brading
& Sneddon, 1980). One of these sources is thought to be an internal calcium store,
releasing calcium on addition of carbachol (Ohashi, Takewaki & Okada, 1974;
Casteels & Raeymaekers, 1979; Brading & Sneddon, 1980).
The question arises whether adenosine triphosphate or carbachol activate the same

process that is responsible for the ac-action of adrenaline in taenia caeci. Evidence
has been obtained from the present study that both adenosine triphosphate and the
a-agonist adrenaline dislodge bound calcium from the same membrane compartment,
but that this compartment is different from the carbachol-sensitive calcium store.
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METHODS

Ti~sne preparation. Guinea-pigs of either sex (250-300 g) were stunned and bled. Strips of the
taenia caeci about 0-8 mm thick and 40 mm long were used throughout. The preparations were
equilibrated in Krebs solution at 22 0C for at least 1 h before the experimental procedure was
started.

Solution&. The Krebs solution contained (mM): NaCl, 116; KCl, 2-8; MgCl2, 1P2; CaCl2, 2-5;
NaHCO3, 22-7; NaH2PO4, 1P2; glucose, 11 5; the solution was gassed with 95% 02 and 5% CO2
to keep the pH constant (7 4). Low sodium medium was made by replacing NaCl (116 mM) with
MgCl2 (96 mM) or sucrose (220 mM), while NaH2PO4 was omitted from the solution. The calcium-free
solution contained 0 4 mM-EGTA (ethylene glycol-bis (a-aminoethyl ether) N,N'-tetraacetic acid)
and 6-2 mM-MgCl2. Superfusion of the preparation with calcium-free solution containing EGTA
(0'4 mM) and MgCI2 (6.2 mM) for 20 min was sufficient to bind residual extracellular calcium as shown
previously (Den Hertog, 1981). Short-lasting exposure of the preparation to calcium-containing
solution was performed by injecting Krebs solution (2-5 mM-calcium) or calcium chloride with
sodium chloride (10 and 40 mM-calcium) directly into the tube holding the preparation.

Atropine (1-4 x 10-6 M) and guanethidine (2-5 x 10-6 M) were added to the solutions to block the
cholinergic receptors (except in the carbachol experiments) and to prevent release ofcatecholamines
from the nerve terminals; propranolol (3 x 10f6 M) was added to avoid stimulation ofthe ,-receptors
by adrenaline (Builbring & Den Hertog, 1980). The responses evoked by these agonists were
unaffected by tetrodotoxin (2 x 10-7 M), which blocks transmitter release by impairing presynaptic
nerve conduction, and were therefore a result oftheir direct action on the smooth muscle membrane.
Drugs used were EGTA (Sigma), atropine (Merck), guanethidine (Ciba), phentolamine (Ciba),
propranolol (ICI), apamin (Serva), methoxy verapamil (D600; Knoll AG), L-adrenaline (Sigma),
adenosine triphosphate (ATP; Sigma), carbachol ((2-hydroxyethyl) trimethyl ammonium chloride
carbamate; Merck); the other chemicals used were of analytical grade and obtained from Merck.

Electrophysiological measurement8. The sucrose-gap method was used to measure changes in
membrane potential and mechanical activity simultaneously (Bulbring & Tomita, 1969). Changes
in muscle contraction are not presented because the experiments were carried out on quiescent
preparations if not stated otherwise obtained at 22 °C and 2-8 mM-K to avoid disturbance of the
electrical measurements. Potential changes were measured by means of calomel electrodes making
contact with the test solution and with the reference solution (isotonic KCl) and recorded via a
pre-amplifier. Data are presented as mean values+s5.E. of the mean; values are considered
significant for P < 0-05 (Student's t test for paired values). A planimeter was used to measure the
areas under the responses evoked by the agonists.

RESULTS

Calcium and the a-response. The hyperpolarization of the smooth muscle cells of
the taenia caeci caused by adrenaline is sustained in the presence of extracellular
calcium and is transient under calcium-free conditions (Fig. 1 A and B) which is in
agreement with previous observations (Builbring & Tomita, 1977; Den Hertog, 1981).
The transient hyperpolarization caused by the binding of the a-agonist adrenaline
to the receptor, in the absence of extracellular calcium, is probably due to opening
of potassium channels by release of calcium from a limited membrane-bound
compartment (Biulbring & Tomita, 1977; Den Hertog, 1981). The properties of this
compartment were investigated more extensively, by taking the area ofthe az-response
as an index for the amount of calcium released from this structure by the a-agonist.
The a-response was evoked after superfusion of the preparation with calcium-free
solution containing EGTA (04 mM) and high magnesium (6-2 mM) for different
periods of time. The results show that the maximum amplitude of the transient
hyperpolarization was independent of the duration of the calcium-free period (Fig.
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1 C). The area of the response, however, decreased with longer incubation periods in
calcium-free solution before adrenaline was added and reached a constant value after
20 min (Fig. 10). The area of the response appeared to be dependent on the
availability of extracellular calcium. Thus, the change in response area can be
explained by the disappearance ofextracellular calcium after 20 min superfusion with
calcium-free solution. The constancy of the area of the response under calcium-free
conditions (20-60 min) suggests that leakage of calcium from the membrane bound
compartment does not take place.

C
5.0-

<,4-0-1

A Adr. B Adr.

5204
E

10-

Time (min)

Fig. 1. Changes in membrane potential caused by the ca-agonist adrenaline (3 x 10-6 M)
measured with the sucrose-gap method. A, the hyperpolarization evoked by adding
adrenaline (3 x 10-6 M) (adr.) to the Krebs solution. B, after 20 min superfusion of the
preparation with Ca-free solution containing 0 4 mM-EGTA and 6-2 mM-Mg. C, the
adrenaline response, evoked after different periods in Ca-free medium, represented by the
area (triangles) and the maximum amplitude (circles); the response at 60 min was taken
as unity (area: 1 00 = 7 9+ 3 0 mV min; amplitude: 1 00 = 4-7 + 1P3 mV; n = 4).

The availability of releasable calcium from the compartment was measured as
shown in Fig. 2. Adrenaline was applied for different periods after superfusion of the
preparation for 20 min with calcium-free solution. Following the first exposure to
adrenaline (2 min) and after continuing the experiment under calcium-free conditions
for another 8 min, adrenaline was added again (9 min) to obtain the a-response (Fig.
2 A). The onset of the first response was fast with respect to the second response. The
relation between the amount of calcium released from the membrane structure as
reflected by the area of the response, and the exposure time of the preparation to
adrenaline (3 x 10-6 M) is shown in Fig. 2 C. Stimulation of the a-receptors for at least
5 min resulted in a maximum response; this maximal hyperpolarization was not
followed by a second a-response on addition of adrenaline (Fig. 2B) as mentioned
previously (Den Hertog, 1981). Furthermore, the total area, i.e. the sum of the first
and second response, remained constant. These results support the assumption that
a constant and limited amount of calcium is available to be released by adrenaline.
The filling of the calcium store depends on the extracellular calcium concentration

as reported previously (Den Hertog, 1981). To obtain evidence for the filling capacity
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of the store, different calcium concentrations were applied to the preparation for
different periods of time. In these experiments the calcium store was emptied by
adding adrenaline (3 x 10-6 M; 5 min) to the calcium-free solution (20 min). Continuing
the experiment under calcium-free conditions (8 min) to wash off the adrenaline,
calcium chloride was injected for a certain period followed by superfusion of the
preparation for another 20 min with calcium-free solution to remove extracellular
calcium before adrenaline was added again (Fig. 3A and B). The areas of the
responses, evoked after filling of the compartment by applying different calcium
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Fig. 2. The hyperpolarization caused by adrenaline (3 x 10-6 M) added for different periods
to the Ca-free medium after 20 min and by a second addition ofadrenaline after continuing
in Ca-free medium for another 8 min. A, the ac-response caused by a 2 min exposure to
adrenaline and by a second addition of the a-agonist (9 min). B, the response obtained
by adding adrenaline for 9 min; the second application of the agonist did not result in
hyperpolarization of the muscle cells. C, the area of the first (circles) and second response
(triangles) at various exposure periods; the area of the first response obtained during
addition of adrenaline for 9 min was taken as unity (100 = 9-8±3-2 mV min; n = 4).

concentrations for various periods are presented in Fig. 3 C. This relationship shows
that the calcium store can be filled completely in a few seconds by a high
concentration of calcium (40 mM) or in about 30 s if the extracellular calcium
concentration was 10 mm. The store could not be filled to the same level in the
presence of 2-5 mM-calcium (Fig. 3C) or lower calcium concentrations (Den Hertog,
1981), whatever the application period.
Thus, the store can be replenished rapidly with calcium from the extracellular

space, calcium is bound rigidly to this membrane structure and a constant and limited
amount of stored calcium is released on stimulation of the a-receptors.

Calcium and the ATP response. Hyperpolarization of the muscle cells was observed
on addition ofATP (4 x 10-4 M) to the Krebs solution at 22 OC. This hyperpolarization,
often showing an initial maximum (nine out of sixteen experiments), was sustained
in the presence of calcium (Fig. 4A); the maximum amplitude of the response was
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reached 30 s (30-5± 39 s) after the onset and was 2-8+ 0-5 mV (n = 16). The role of
extracellular calcium was investigated by evoking the ATP response after superfusion
ofthe preparation for20 min with calcium-free solution. A transient hyperpolarization
was observed on addition of ATP (4 x 10-i M, 5 min; Fig. 4A, middle response). The
hyperpolarization reached its maximum after about 20 s (18-2 ± 25 s; n = 16); the
maximum amplitude was 77 + 23% of the value obtained in the presence of calcium.
The membrane potential reached its pre-ATP value within 4 min although the
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Fig. 3. The transient hyperpolarization caused by adrenaline (3 x 10-6 M, 5 min) in Ca-free
medium (20 min) after short exposure to different calcium concentrations. Adrenaline was
added to the Ca-free solution for 5 min in order to empty the calcium compartment. A,
recording obtained after continuing the experiment in Ca-free solution for another 8 min;
calcium was injected (2-5 mm, 20 s; left hand recording at arrow) and adrenaline was added
again for 5 min after 20 min superfusion of the preparation with Ca-free medium (right
hand recording). B, the same procedure was followed as in A, but a high concentration
of calcium (40 mM) was injected for 5 s. C, the area of the adrenaline response obtained
after injecting 2-5 mM-calcium (circles), 10 mM-calcium (squares) and 40 mM-calcium
(triangles) for various periods. The area of the response observed after injecting 40 mm-
calcium for 5 s is taken as unity (1I0 = 4-2+0-8 mV min; n = 4).

agonist was still present. Continuing in calcium-free solution for another 10 min, a
second addition ofATP (4 x 10-4 M) failed to produce the transient response (Fig. 4A,
right hand recording).

These results resembled those described for the a-response to adrenaline and
suggest the existence of a limited calcium pool, which is depleted by ATP to produce
the transient response. To get some understanding of the properties of this ATP-
sensitive calcium pool, the filling capacity and the constancy of the calcium content
were investigated. Therefore, the ATP response was evoked again in calcium-
containing and calcium-free medium (Fig. 4B, first and second response). Thereafter,
the preparation was superfused with calcium-containing Krebs (2-5 mM) for 20 s
followed by a 20 min period in calcium-free medium. After this procedure the
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transient hyperpolarization was restored on addition of ATP as shown in Fig. 4B
(third response). Following the same procedure, the area of the ATP-response evoked
in calcium-free solution (20 min) after filling the calcium pool in the presence of
different external calcium concentrations for various periods was determined. The
magnitude of the subsequent ATP response depended on the calcium concentration
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Fig. 4. The hyperpolarization obtained on addition of ATP (4 x 10-4 M) on taenia caeci
at 22 0C, measured with the sucrose-gap method. A, the ATP response evoked in
Ca-containing Krebs solution, and after superfusion of the preparation with Ca-free
solution for 20 min (middle response); after continuing in Ca-free medium for another
8 min. ATP failed to produce the transient hyperpolarization. B, the ATP response after
superfusion of the preparation with Krebs solution for 10 min, and evoked after 20 min
calcium-free solution (middle recording); Krebs solution was added for 20 s (arrow) and
after 20 min Ca-free solution ATP was added to evoke the transient hyperpolarization
again (third response). C, the area of the ATP response obtained after injecting
2-5 mM-calcium (circles), 10 mM-calcium (squares) and 40 mM-calcium (triangles) for
various periods following the procedure as described above and in Fig. 3. The area of the
response observed after injecting 40 mM-calcium for 5s is taken as unity
(1'00 = 75+±1-8 mV min; n = 4).

used for refilling the store. The relationship between the exposure time to a certain
calcium concentration and the area of the response is presented in Fig. 4C; a similar
relationship between the calcium concentration and the maximal amplitude of the
response was found (not shown). These results indicate that the pool is filled with
extracellular calcium in a similar way as the compartment which is sensitive to
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adrenaline (see Fig. 3C). The filling of this compartment is limited by the calcium
antagonist D600 (2 x 10-5 M, 40 min), which is represented by a reduced amplitude
of the transient hyperpolarization evoked by ATP (4 x 10-4 M) in the absence of
external calcium (20 min). The maximum amplitude of this response was 74+ 12%
(n = 12) of the pre-D600 value, which is comparable with the effect of D600 on the
a-response (evoked after 60 min; Den Hertog, 1981).

A- ATP ATP ATP

B

C

5 min

Fig. 5. The ATP response evoked in taenia caeci both in the presence and absence of
external Ca at 22 'C. A, the hyperpolarization evoked by ATP (4 x 10- M) in Ca-containing
Krebs solution and after 20 min in Ca-free medium; the right hand recording shows that
a second dose ofATP cannot evoke the hyperpolarization if the tissue remains in Ca-free
medium for another 8 min. B, the ATP response in the presence ofapamin (10-7 M, 20 min),
following the same procedure as in A. Note that the muscle cell membrane is depolarized
by ATP (4 x 10-' M) and a second response in Ca-free medium could not be evoked. C,
reduction of the amplitude of the ATP response by D600 (2 x 10-' M, 20 min) in the
presence of apamin (10-7 M), following the same procedure as in B; the ATP response in
Ca-free medium was evoked after 40 min in D600.

Superfusion of the preparation for 60 min with calcium-free solution instead of
20 min before adding ATP (4 x 10-4 M) did not modify the response. Therefore, it is
unlikely that calcium is leaking from this ATP-sensitive compartment, which is
another feature similar to the adrenaline-sensitive calcium store.
TheATP hyperpolarization is probably due to an increase in potassium conductance

(Tomita, & Watanabe, 1973; Jager, 1974; Maas et al. 1980). The opening of potassium
channels in liver cells and taenia caeci is thought to be prevented by the bee toxin
apamin (Vladimirova & Shuba, 1978; Banks, Brown, Burgess, Burnstock, Claret,
Cocks & Jenkinson, 1979; Maas & Den Hertog, 1979; Shuba & Vladimirova, 1980;
Den Hertog, 1981). The immediate effect of ATP (4 x 10-4 M) after pre-treatment of
the preparation with apamin (10-7 m) for 20 min was a depolarization accompanied
by spikes and muscle contraction (not shown) followed by repolarization not
exceeding the pre-ATP value (n = 4; Fig. 5B). These observations are in agreement
with the results described by Shuba & Vladimirova (1980). The maximum amplitude
of the depolarization, measured from the pre-ATP value to the onset of the spike,
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was 5-0+ 1-8 mV in four different experiments. The transient hyperpolarization
recorded in the absence of external calcium on addition ofATP (4 x 10-4 M; Fig. 5A,
second response) was also reversed by apamin (10-7 M) to a transient depolarization
(Fig. 5B, second response); the maximum amplitude was 0-82 + 0-33 mV (n = 4). A
second exposure to ATP after continuing in calcium-free solution for another 8 min
did not affect the membrane potential (Fig. 5B, third recording) as in the absence
of apamin (Fig. 5A, right hand recording). The depolarization evoked by ATP in the

A B C D E
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K11 KI' AT-P ATP 10'9 408 lo'- 1o-' 1O- 10O4
5 min D600 (m)

Fig. 6. The effect ofD600 on the isotonic contraction evoked by potassium (10 mM; 2 min)
and ATP (4 x 10-4 M; 1 min; in the presence of 10-7 M-apamin) at 220C. A, potassium
contraction in the absence of D600; B, with 10-1 M-D600. C, ATP contraction (in the
presence of apamin) in the absence of D600; D, with 10-6 M-D600. E, inhibition by
different concentrations ofD600 ofpotassium contraction (triangles) andATP contraction
(circles). Complete inhibition of the contraction is taken as 100%.

presence of apamin both in calcium-containing and calcium-free solution was
diminished by the calcium antagonist D600 (2 x 10-5 M, 20 min, Fig. 5C), and spikes
were not elicited during the depolarization. The maximum amplitude of the response
in the presence of the calcium antagonist and apamin (10-7 M) was 42+5% of the
value obtained in the absence of D600 (n = 4) in calcium-containing medium, and
38±8% in calcium-free solution. Sodium cannot account for the depolarization
because the response persisted after reducing the concentration gradient by lowering
the external sodium concentration (22-7 mm) and replacing sodium chloride with
magnesium chloride or sucrose. These results indicate that the depolarization evoked
by ATP in the presence of apamin is due to calcium entering the cells from the
extracellular space and from a membrane-bound compartment which is replenished
with extracellular calcium.
The contraction evoked by ATP in the presence ofapamin (10-7 M) is probably due

to the entry of calcium. Whether the pathway used for this calcium movement is
distinct from the voltage-dependent calcium channels, was investigated by comparing
the ATP contraction (in the presence of apamin) with the contraction caused by
potassium (10 mM; Fig. 6A-D). It is thought that high potassium promotes calcium

431



A. DEN HERTOG

entry through the voltage-dependent channels (Kuriyama, Mishima & Suzuki, 1975).
However, the modification of the ATP contraction by the calcium antagonist D600
appeared to be different from the inhibition of the potassium contraction (Fig. 6E).
ATP and the a-response. The mechanisms involved in the ATP response and those

responsible for the a-action of adrenaline (Den Hertog, 1981) in taenia caeci are
similar in many aspects. Dislodging calcium from a membrane-bound compartment
is an essential step in the process leading to the response evoked by ATP as well as
in that leading to the response evoked by the at-agonist. Whether both agonists are
acting on the same structure to release calcium was studied by measuring the
influence of the a-agonist adrenaline on the ATP response under calcium-free
conditions and vice versa. Therefore, the a-response was elicited in calcium-free
medium (20 min) prior to the ATP response evoked after superfusion of the
preparation for another 8 min with calcium-free solution to remove adrenaline from
the extracellular space. The muscle cells appeared to be incapable of responding to
ATP (4 x 10-4 M) when the a-response was evoked in advance by adrenaline (10-5 M;
Fig. 7A). The preparation was also insensitive to adrenaline (3 x 10-6 M) if this was
preceded by the ATP response (10-3 M; Fig. 7B). The reduction of the amplitude
of the ATP response if preceded by adrenaline (3 x 10-6 M) is presented in Fig. 7D.
Reversing this procedure showed that the adrenaline response (3 x 10-6 M) was
decreased to 66+ 6% (n = 12) of the control value if preceded by ATP (4 x 10-4 M).
The inhibiting effect of adrenaline on the ATP response was abolished by blocking
the c-receptors in advance (20 min) using phentolamine (2 x 10-5 M; Fig. 7 C). Hence,
ATP and the at-agonist bind to different receptor sites to activate the same process
leading to a transient hyperpolarization.

Carbachol and the ct-action. It is known that interaction of carbachol with the
muscarinic receptors ofthe smooth muscle cells ofthe taenia caeci causes depolarization
and contraction. The muscle contraction is assumed to be triggered by an increase
in cytoplasmic calcium. Different sources of calcium are suggested to be involved to
raise the internal free calcium concentration on addition of carbachol: calcium entry
during the spike and via a second voltage-dependent channel and release of calcium
from an internal calcium store (Brading, Burnett & Sneddon, 1980). Experiments
were performed to investigate whether this carbachol-sensitive internal calcium store
and the adrenaline-sensitive pool have some properties in common. The contribution
of extracellular calcium to the carbachol response was excluded by using calcium-free
solution containing EGTA (0 4 mM) and high magnesium (6-2 mM) to prevent the
occurrence of spikes and calcium entry via the voltage-dependent channels.

Addition of 5 x 10-5 M-carbachol after 15 min exposure to calcium-free solution
caused depolarization of the muscle cells (Fig. 8A), while the tissue remained relaxed
(not shown). The depolarization reached an initial maximum and declined while
carbachol was still present. A second carbachol response could be evoked by adding
carbachol to the calcium-free medium after 28 min. (Fig. 8A). The maximum
amplitude of this response was less than the first depolarization and also less than
the depolarization evoked after 28 min exposure to calcium-free solution, but without
a preceding carbachol response (compare Fig. 8A and B, right hand recording). The
area of the first depolarization caused by different concentrations of carbachol after
28 min exposure to calcium-free medium, and the second response preceded by a
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Fig. 7. The influence of the a-response to adrenaline on the ATP response, and vice versa,
in the absence ofexternal Ca. The first agonist was applied for 8 min after 20 min exposure
to calcium-free solution; 8 min after its removal, the second agonist was applied for 5 min.
A, following the a-response to adrenaline (10-6 M), the application ofATP (4 x 10-4 M) had
no effect. B, following the response to ATP (10-3 M), the application of adrenaline
(3 x 10-6M) had no effect. C, in the presence of phentolamine (2 x 10-5 M), which blocked
the a-response to adrenaline (10-5 M), ATP (4 x 10-4 M) caused the characteristic transient
hyperpolarization. D, the hyperpolarization evoked by different concentrations of ATP.
The mean amplitude of the responses (n = 4) evoked by ATP after 20 min superfusion
of the preparation with Ca-free medium are presented by the circles. The mean amplitude
ofthe ATP responses (n = 4) preceded by an adrenaline response (20 min Ca-free medium;
5 min exposure to adrenaline, 3 x 10-1M) and followed by a period of 8 min in Ca-free
solution are given as triangles. The hyperpolarization obtained after addition of
4 x 10-3 M-ATP is taken as unity in each experiment (1-00 = 3-2 +0-6 mV).
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carbachol response evoked 15 min before is presented in Fig. 9A. Under these
experimental conditions the lowest carbachol concentration needed to produce
membrane depolarization Was 10-7 M. The area of the second response is also smaller
than the first carbachol response (Fig. 9A); the reduction of the second response was
more pronounced at higher concentrations if expressed as a percentage of the
carbachol response evoked after 15 min. In contrast to the adrenaline and ATP
response, the amplitude of the carbachol depolarization decreased with the exposure

Carb. Carb.
A

E

Carb.

5 min

Fig. 8. The depolarization obtained in the presence of carbachol (5 x 1O-5 M) (carb.) in
Ca-free medium. A, the carbachol response evoked after 15 min in calcium-free solution
(left hand recording) and continuing in Ca-free solution after 28 min (right hand
recording). B, the carbachol response elicited after 28 min superfusion of the preparation
with Ca-free solution (right hand recording).

period to calcium-free medium (compare Fig. 8A, left hand recording and Fig. 8B,
right hand trace). The relationship between the carbachol response, represented by
the area of the response, and the duration of exposure to calcium-free medium is
presented in Fig. 9B. This plot shows that the reduction of the response was more
pronounced the longer the exposure time.
The aim of the use of carbachol was to investigate whether this stimulating

substance affects the adrenaline-sensitive pool. Therefore, after 15 min exposure to
the calcium-free solution, carbachol was added for 5 min before the a-response was
evoked by adding adrenaline (3 x 10-6 M) after continuing superfusion of the
preparation for another 8 min with calcium-free solution (Fig. 10A). The amplitude
of the adrenaline response was decreased to about 75% of the response to adrenaline
applied without prior carbachol application. This reduction was independent of the
carbachol concentration used to evoke the depolarization preceding the a-response
if represented by the amplitude (not shown) or the area of the a-response (Fig. 11 A).
Thus, reduction of the a-response by a preceding exposure to carbachol is probably
not due to the release of internal calcium by carbachol, which is assumed to increase
with higher carbachol concentrations to reach a maximum at 10-5 M (Brading &
Sneddon, 1980).
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Fig. 9. The response evoked by different concentrations of carbachol in Ca-free medium
and the relationship between the carbachol response and the exposure time to Ca-free
medium. A, the area of the carbachol response evoked after 28 min in Ca-free medium
(triangles) and after 28 min preceded by a carbachol depolarization evoked by adding the
same concentration at 15 min (circles). The carbachol response (5 x 10-6 M) obtained after
28 min was taken as unity (area: I 00 = 21P2+2-6 mV min; n = 4). B, the area of the
response evoked by carbachol (circles: 5 x 10-7M; triangles: 5 x 10-5M) after various
periods of time in Ca-free medium. The carbachol response evoked after 15 min in Ca-free
medium was taken as unity (area: 1-00 = 16-0+ 47 mV min with 5 x 10-7 M-carbachol;
area: 1I00 = 27-7 ± 9 5 mV min with 5 x 10- M-carbachol; n = 4).
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Fig. 10. The influence of carbachol on the adrenaline response in Ca-free medium and vice
versa. A, the carbachol depolarization (5 x 10-6 M; 5 min) after 15 min Ca-free solution,
followed by the hyperpolarization caused by adrenaline (3 x 10-'M; 5 min) after continuing
in Ca-free solution (28 min; right hand recording). B, the adrenaline response followed by
the carbachol depolarization. C, the carbachol depolarization (5 x 10-' M; 5 min) after
28 min Ca-free solution.
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Another approach to examine whether the effect of adrenaline and carbachol on
the smooth muscle cell membrane of the taenia are mediated by affecting the same
calcium store is to measure the carbachol response following the a-response. The
recordings (Fig. lOB) show the carbachol depolarization preceded by the a-response
elicited by addition of adrenaline to the calcium-free solution after 15 min; the
carbachol response evoked after 28 min is presented in Fig. 10C. This graph shows

A B
1.0 1-2

M 0.5- ~~~~~0*6-

0i
5 X10-7 5x 10-6 5 X10-5 5 X10-7 5x 10 5x 10-5

Carbachol (M) Carbachol (M)

Fig. 11. The a-response if preceded by the carbachol response and vice versa following
the procedure, as given in Fig. 10. A, the area of the a-response evoked by adrenaline
(3 x 10-6 M; 5 min) after 28 min Ca-free medium if preceded by the carbachol response
elicited by different concentrations after 15 min Ca-free solution. The adrenaline response
evoked after 28 min Ca-free solution and not preceded by carbachol was taken as unity
(area: 1 00 = 8-3+ 1P7 mV min; n = 16). B, the area of the carbachol response obtained
after 28 min in Ca-free medium (triangles) and after 28 min if preceded by the adrenaline
response (circles): The response evoked by 5 x 10-5 M-carbachol was taken as unity (area:
100 = 21P2+2-6 mV min; n = 5).

that the depolarization increased the higher the carbachol concentration and that the
maximum amplitude of the response was not affected by prior addition of adrenaline.
The area of the carbachol response (Fig. 11 B) increased at higher concentrations in
a similar way to the amplitude. The observation that the a-agonist adrenaline does
not affect the carbachol response supports the assumption that these agonists
promote calcium release from different structures after interaction with their receptor
sites.

DISCUSSION

The results suggest that the action of the a-agonist adrenaline in taenia caeci is
mediated by dislodging calcium from a limited compartment localized in the
membrane resulting in the opening of potassium channels and a concomitant
hyperpolarization, which is in agreement with previous observations (Bulbring &
Tomita, 1977; Den Hertog, 1981). The amount of releasable calcium from this
compartment is limited, which is reflected by the transient nature of the a-response
in calcium-free solution. This compartment can be replenished providing that
extracellular calcium is available. The maximum filling capacity was obtained by
application of 10 mM-calcium or more. The compartment was replenished more
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quickly at higher calcium concentrations, but was only partly replenished by addition
of lower concentrations, whatever the exposure time (see also Den Hertog, 1981).
Calcium is bound rigidly to this membrane structure because the amount of calcium
released by adrenaline does not depend on the exposure time to calcium-free medium
before the a-response was evoked. Furthermore, the amount of calcium released, as
reflected by the area of the a-response evoked under calcium-free conditions, reached
a maximum after a 5 min exposure to adrenaline.
The preparation also responded to ATP with a hyperpolarization (Bueding et al.

1967) due to an increase in potassium permeability (Tomita & Watanabe, 1973; Jager,
1974; Maas et al. 1980). In the absence of external calcium the hyperpolarization was
transient and its characteristics were in every respect the same as those of the
hyperpolarization evoked with the a-agonist adrenaline.
The results can be understood by assuming the existence of a limited calcium

compartment which releases calcium upon activation of the a-receptors or ATP
receptors and is replenished readily by extracellular calcium. This process of
dislodging calcium from its binding site by the agonist and replenishment of this
compartment with calcium from the extracellular space provides a continuous
calcium entry to keep the potassium channels opened as reflected by the sustained
hyperpolarization in normal conditions. The assumption that potassium channels are
opened by internal calcium, probably bound to the inner cell membrane, is supported
by the observations, made on different cells such as red blood cells (Whittam, 1968),
Helix aspersa neurones (Meech, 1974), parotid gland cells (Putney, 1976) and taenia
caeci (Bulbring & Tomita, 1977; Den Hertog, 1981; present observations).
The opening of potassium channels by ATP and other agonists can be prevented

by the bee toxin apamin (Banks et al. 1979; Maas & Den Hertog, 1979; Shuba &
Vladimirova, 1980; Den Hertog, 1981). Both the sustained and transient hyper-
polarizations evoked by ATP are inhibited. Instead, receptor activation by ATP
caused depolarization and muscle contraction, which was inhibited by rather high
concentrations of the calcium antagonist D600. Hence, the depolarization is also
thought to reflect calcium entry into the cytoplasm from both the membrane-bound
compartment and the extracellular space. The low sensitivity to the calcium
antagonist D600 of the calcium entry caused by ATP in comparison to the
voltage-dependent calcium influx caused by potassium makes it likely that different
pathways are involved. Experiments with the a-agonist adrenaline (Den Hertog,
1981) revealed that the excitatory responses in the presence of apamin, reflected by
depolarization and contraction of the muscle cells visualizing calcium entry, were
reduced by the calcium antagonist D600 in a similar manner and in a corresponding
concentration range to that observed with ATP. The inhibitory responses evoked by
both agonists and represented by hyperpolarization of the muscle cells are decreased
also in the presence of D600. Though replenishment of the calcium compartment does
not necessarily take place via the receptor-mediated calcium entry (because this can
be obtained also in the absence of the agonist), the dislodging of calcium from this
compartment only occurs in the presence of ATP. Similar observations were made
with the x-agonist adrenaline (Den Hertog, 1981). These results suggested that both
agonists activate the same processes.
ATP and adrenaline do not act on the same receptors, but are affecting the same
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process leading to the inhibitory responses. This assumption is supported by the
observation that the ATP response elicited in the absence of external calcium could
be abolished by evoking the a-response in advance; the reversed procedure caused
abolition of the a-response. Moreover, when the concentration of the a-agonist was
lowered to occupy only part of the sites, this was followed by a partial inhibition of
the ATP response. This inhibition of the ATP hyperpolarization by a preceding
a-response is prevented by the a-antagonist phentolamine, showing that activation
of the a-receptors by ATP is unlikely to account for this effect. Hence, though the
agonists are mutually antagonistic, they are most likely competing to liberate calcium
from the same membrane compartment probably localized in the vicinity of two
different receptor sites.

Activation of the muscarinic receptors by carbachol caused depolarization of the
muscle cells of the taenia caeci both in the presence and absence of extracellular
calcium. The depolarization is probably due to an increase in sodium permeability
(Bolton, 1972). Evidence has been presented that calcium is released from an internal
pool by high concentrations of carbachol (Brading & Sneddon, 1980); the availability
of releasable calcium is thought to be limited. Hence, the amount of calcium released
by repeated exposure to carbachol (5 x 10-6 or more) becomes progressively smaller
and this is accompanied by a diminished amplitude and area ofthe carbachol response
under calcium-free conditions (Figs. 8 and 9), suggesting that the carbachol response
is also promoted by calcium released from the internal pool.
The amplitude of the contraction caused by carbachol (Brading & Sneddon, 1980)

as well as the depolarization decreased with the exposure time to calcium-free
solution. This might be due to changes in the sodium concentration gradient because
this cation is assumed to carry the carbachol depolarization. Reduction of the
carbachol response might also be due to leakage of calcium from the carbachol
sensitive internal pool under calcium-free conditions. Whatever this relation might
be, the present results show that depletion of the adrenaline-sensitive pool did not
affect the carbachol response; the a-response appeared to be independent of the
amount of available calcium in the carbachol-sensitive compartment.

It is concluded that the carbachol-sensitive calcium pool is assumed to be distinct
from the adrenaline-sensitive membrane-bound compartment and that ATP and the
a-agonist adrenaline, after binding to their receptor sites, activate the same processes
i.e. dislodge calcium from the same membrane compartment to open potassium
channels in smooth muscle cells of the taenia.

The author is indebted to Miss Jacqueline Pielkenrood for performing part of the experiments
and for technical assistance.
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