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Effects of 3,4-diaminopyridine and
tetraethylammonium on the pre- and post-junctional
a-adrenoceptor mediated inhibitory actions of
noradrenaline in the guinea-pig ileum
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1 The effects of potassium channel blockers, 3,4-diaminopyridine (DAP) and tetraethylammonium
(TEA) were studied on the pre- and post-junctional a2-adrenoceptor mediated effects of noradrenaline
in the guinea-pig proximal ileum.
2 Both DAP (4 to 500 pmol I ') and TEA (0.3 to 3 mmol I-') transiently increased the basal tension
of the ileum. However, DAP also increased the amplitude of the smooth muscle twitches evoked by
transmural nerve stimulation, whereas TEA marginally depressed them.
3 Atropine (2 pmol I1-) antagonized the contractions induced by DAP but did not affect the similar
effects of TEA. On the other hand, DAP restored the smooth muscle twitches depressed by atropine,
while TEA did not.
4 DAP, in a concentration-dependent manner, reduced or abolished the prejunctional inhibitory a2-
adrenoceptor mediated effect of noradrenaline, whereas TEA (up to 3 mmol I-') was almost
ineffective.
5 The postjunctional inhibitory x2-adrenoceptor mediated effect of noradrenaline was attenuated
even at the smallest TEA concentration used (0.3 mmol I1-) and its postjunctional stimulatory ai-
adrenoceptor mediated effect was unmasked. However, DAP, was only marginally effective, even at
the highest concentrations used (100 and 500 gtmol l`).
6 From these results it would appear that in both the pre- and post-junctional inhibitory a2-
adrenoceptor mediated actions of noradrenaline in the guinea-pig ileum the primary step might be an
increased potassium conductance. However, the potassium channels on the neuronal and the smooth
muscle membrane have different sensitivities to DAP and TEA.

Introduction

The pre- and post-junctional inhibitory a-adrenocep-
tor mediated action of adrenoceptor agonists in the
small intestine is well established (Ahlquist & Levy,
1959; Paton & Vizi, 1969; Kosterlitz et al., 1970;
Bauer, 1976; 1981; Anderson & Lees, 1976; Drew,
1977; Wikberg, 1978; Bauer & Kuriyama, 1982). It is
also well known that an increase in the frequency of
nerve stimulation may facilitate the secretory mechan-
isms (Vizi, 1979; Alberts, 1982) and oppose the
receptor mediated depression of the transmitter secre-
tion and smooth muscle twitches induced by nerve
stimulation (Paton & Vizi, 1969; Vizi, 1979; Bauer et
al., 1982). The inhibition of transmitter secretion due
to the activation ofprejunctional a2-adrenoceptors has

been thought to involve restriction of nerve impulse-
induced influx ofcalcium into the varicosities, where it
acts as the trigger of their secretory mechanisms
(Alberts, 1982).
The presence of inhibitory x-adrenoceptors was

recently found not only on pre- but also on post-
junctional structures of the longitudinal muscle layer
of the guinea-pig ileum (Bauer, 1981; 1982; Bauer &
Kuriyama, 1982).

It has become increasingly evident that an enhanced
potassium conductance could play a pivotal role in
both the pre- and post-junctional inhibitory x-adren-
oceptor mediated effects of sympathomimetic amines.
Rezvani et al. (1983) demonstrated that 4-amino-
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pyridine, a potassium channel blocker, which in-
creases the availability of calcium, antagonized the
prejunctional inhibitory action of opiates in the
guinea-pig ileum. Bauer & Rusko (1982) showed that
changes in the tetraethylammonium sensitive potas-
sium conductance are responsible for the postjunc-
tional o-adrenoceptor mediated inhibition in the
taenia coli.
The present study was carried out to analyse the

interaction of 3,4-diaminopyridine and tetraethylam-
monium with the pre- and post-junctional inhibitory
actions of noradrenaline in the guinea-pig ileum.

Methods

Guinea-pigs ofeither sex were stunned and bled. After
the animals had been killed, pieces of the proximal
ileum (more than 50 cm from the ileocaecal valve) of
3 cm length were quickly excised. The lumens of the
preparations were flushed with Krebs-Eccles solution.
The tissues were set-up in an organ bath filled with
Krebs-Eccles solution of the following composition

(mmol-L'): Na' 137.9, K+ 6.2, Ca2' 2.7, Mg2+ 1.2,
Cl- 134.7, HCO3 13.6, H2PO4 1.2, SO} 1.2 and
glucose 9.9. The solutions were gassed with 95% 02
and 5% CO2 and the pH was maintained at 7.2 to 7.4.
The ileum was stimulated transmurally (Paton,

1955) with supramaximal pulses of 0.1 ms duration at
a frequency of 0.1 Hz. When the action of a drug on
the responses to electrical stimulation was inves-
tigated, the stimuli were applied continuously
throughout the experiment. The actual experiments
were started after uniform twitches had been obtained.
Increasing concentrations of noradrenaline were
applied cumulatively to the bathing fluid. The interval
between successive concentrations of noradrenaline
was adjusted to allow the effect of each concentration
to develop fully. A concentration-response curve to
noradrenaline was first established, then exposure to
noradrenaline was discontinued. When the twitch
response and the basal tension had recovered, the
potassium channel blockers were added to the bathing
fluid for 5 min (the time required to reach steady state
tension changes) and the concentration-response
curve to noradrenaline was repeated.
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Figure 1 The effect of tetraethylammonium (TEA: 0, U) and 3,4-diaminopyridine (DAP: 0, 0) on the twitch
amplitude (b) elicited by transmural stimulation and the basal tension (a) of the guinea-pig proximal ileum, before
(open symbols) and after pretreatment with atropine (10 min; 2jmol 1 ') (closed symbols). Each point represents the
mean of 6 to 9 trials; vertical lines show s.e.mean.
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In order to investigate the actions of 3,4-diamino-
pyridine and tetraethylammonium on the basal ten-
sion and evoked twitches, they were applied in single
concentrations before and after pretreatment of the
tissues with atropine for 10 min, the time required to
reach the maximal effect.

Isometric smooth muscle contractions were recor-
ded with a strain gauge transducer. The experiments
were performed at 370C under an initial tension of
about lOmN.
The following drugs were used: atropine sulphate

(Spofa), 3,4-diaminopyridine (DAP; Fluka), (± )-
noradrenaline hydrogentartrate (Spofa), tetraethyl-
ammonium chloride (TEA; Merck), tetrodotoxin
(TTX; Sankyo).

Fresh stock solutions were prepared in distilled
water. All concentrations are indicated as mol of
base l`.

Results are expressed as arithmetic means
+ s.e.mean. Differences between means were asses-
sed using Student's t test for paired observations
(Delaunois, 1973).

initial fast contraction (phasic response) was also
concentration-dependent (Figure 1). The sustained
increase in tension (tonic response) was only marginal-
ly dependent on the concentration of DAP (4, 20, 100
and 500 gmol I-') and reached the values of
4.80 ± 0.59 (n = 7), 4.51 ± 0.34 (n = 9), 5.39 ± 0.73
(n = 8) and 6.57 ± 0.51 (n = 7) mN, respectively.

The effects ofatropine on tetraethylammonium and
3,4-diaminopyridine-induced contractions and changes
in twitch amplitude

Atropine (2 fmol I-') lowered the basal tension of the
guinea-pig ileum by 3.2 ± 0.4 mN and fully abolished
the evoked smooth muscle twitches (n = 12).

Pretreatment of the ileum with atropine had no
significant effect on the TEA-induced smooth muscle
contractions. In the presence ofatropineTEA failed to
restore the responses of the ileum to transmural
stimulation. High concentrations ofTEA (higher than
3 mmol I-') evoked rhythmic smooth muscle contrac-
tions; therefore, their effect on the evoked twitches was
not tested. These rhythmic contractions were of

Results

The effect ofnoradrenaline on twitch response and
basal tension

Cumulatively applied noradrenaline (1 nmol l` to
10 pmol -') led to a concentration-dependent inhibi-
tion of smooth muscle twitches elicited by supramax-
imal electrical stimulation of the intramural 'postgan-
glionic' nerve fibres of the guinea-pig ileum. The basal
tension of the proximal ileum was decreased by
1 nmol I1 to 1 ILmol 1-' of noradrenaline, while the
highest noradrenaline concentration used
(1O0moll-') induced a contraction of the smooth
muscle, as described earlier (Bauer, 1981; 1982).

The effect oftetratethylammonium and 3,4-
diaminopyridine on twitch response and basal tension

TEA (0.3 to 3 mmol I-') evoked a concentration-de-
pendent, transient contraction and slightly decreased
the amplitude (by 10 to 20%) of smooth muscle
twitches elicited by transmural stimulation (Figure 1).
After the initial contraction the smooth muscle tension
gradually declined and the sustained tension reached
the initial level (0.01 ± 0.48 mN; n = 6) in the presence
of 0.3 mmol 1` TEA, or it dropped below the initial
level (- 1.83 ± 0.42 and - 3.62 ± 0.48mN; n = 6) in
the presence of 1 and 3 mmol I` TEA in the bathing
fluid for 5 min, respectively.
DAP (4 to 500 pmol I-') also induced a contraction

of the smooth muscle. Moreover, it increased the
amplitude of evoked smooth muscle twitches. The
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Figure 2 The effect of 3,4-diaminopyridine (DAP) on
the inhibitory effect of noradrenaline on the twitch
response of the guinea-pig proximal ileum. The control
responses (0) are the inhibitory effects induced by
noradrenaline (NA) alone. The concentrations of DAP
used are: (-) 4 and (0) 20pmollI'; (-) 0.1 and (A)
0.5mmoll-'. Each point represents the mean; vertical
lines show s.e.mean; number of trials is given in paren-
theses.
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myogenic origin, as they were not affected by TTX
(1 ;tmol -') or atropine (2 jimoll'-i) (n = 7).

In contrast, pretreatment of the preparations with
atropine significantly (P< 0.05) attenuated the effect
ofDAP on the basal tension, and DAP in a concentra-
tion-dependent manner restored the evoked smooth
muscle twitches suppressed by atropine (Figure 1).

The effects of3,4-diaminopyridine on the inhibitory
responses elicited by noradrenaline

Incubation of the ileum with DAP reduced the
potency of noradrenaline at inhibiting electrically
induced smooth muscle twitches. As shown in Figure
2, DAP (4 and 20;Lmol l') displaced the noradren-
aline concentration-response curve to the right and
significantly (P< 0.05) reduced or abolished its max-
imal inhibitory effect. In the presence of high concen-
trations ofDAP (0.1 and 0.5 mmol I-') noradrenaline
up to 10 pmol I` either did not affect the amplitude of
evoked twitches or in concentrations of 1 pmol I` and
higher slightly increased their amplitude.
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The shape and intensity of the inhibitory action of
noradrenaline on the smooth muscle basal tension was
unchanged by small concentrations of DAP (4 and
20 tmol l'). High concentrations of DAP (0.1 and
0.5 mmol I-'), however, prevented the reduction ofthe
basal tension by noradrenaline (up to 1 pmol I-').
Only the highest concentration of noradrenaline used
(10ptmoll ) significantly (P<0.05) reduced the
basal tension of the ileum (Figure 3).

The effects oftetraethylammonium on the inhibitory
responses elicited by noradrenaline

Incubation of the ileum with TEA either slightly
increased (0.3 mmol 1 l) or reduced (1 mmol I i) the
inhibitory effect of noradrenaline on the evoked
smooth muscle twitches. The highest TEA concentra-
tion (3 mmol I-') used, however, significantly
(P< 0.05) attenuated the inhibitory effect of
noradrenaline and shifted the noradrenaline concen-
tration-response curve to the right (Figure 4). In
contrast, the effect ofTEA was much more pronoun-
ced against the noradrenaline induced smooth muscle
relaxation. Even 0.3 mmol I' of TEA reduced the
inhibitory effect of noradrenaline on the smooth
muscle tension. Higher concentrations of TEA (1 and
3 mmol I- i) not only fully abolished the noradrenaline
evoked smooth muscle relaxation, but also reversed its
action to a concentration-dependent contraction
(Figure 5).

,(7)

Discussion
I RIP\7Ilo The ability of a-adrenoceptor agonists to inhibit

electrically induced twitches and relax the guinea-pig
ileum has been demonstrated to be due to the reduc-
tion of the amplitude of the cholinergic excitatory

-Q (9) junction potential (ej.p.) (Bauer & Kuriyama, 1982),
(7) acetylcholine release (Paton & Vizi, 1969) and hyper-

polarization of the smooth muscle membrane (Bauer
I (31 ) & Kuriyama, 1982), respectively. Both pre- and post-

(315 junctional inhibitory x-adrenoceptor mediated effects
of adrenoceptor agonists in the guinea-pig ileum are
the result of activation of X2-adrenoceptors (Bauer,
1981; 1982; Bauer & Kuriyama, 1982).

C 9 8 7 6 There is considerable evidence suggesting that X2-C 9 8 7 6 5 adrenoceptor activation of neurones in the myenteric
-log [NA] (mol I-1) plexus affects calcium-sensitive potassium conduc-

tance (Morita & North, 1981). Activation of in-
e 3 The effect of 3,4-diaminopyridine (DAP) on hibitory x-adrenoceptors enhances potassium efflux in
th muscle relaxation induced by noradrenaline sympathetic and enteric neurones (Brown& Caulfield,
|in the guinea-pig proximal ileum. (0) Control 1979; North, 1982). Since this would lead to hyper-
,ntration-response curve to NA. The concentrations '. . '
WP used are: (0) 4 and (0) 20 gumol 1- i; (-) 0.1 and polarization of the membrane, the possibility that
I.5 mmol I-1. Each point represents the mean; ver- prejunctional of-adrenoceptor mediated inhibition de-
lines show s.e.mean; number of trials is given in pressed influx of calcium into nerve terminals by
theses. promoting efflux of potassium was considered. DAP
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malian enteric neurones (Cherubini et al., 1984),
relaxed the guinea-pig ileum and attenuated or fully
abolished the smooth muscle twitches elicited by
transmural nerve stimulation at concentrations 2 to 20
times lower than those used by Cherubini et al. (1984).
These concentrations of quinine did not significantly
affect the contractions induced by acetylcholine and
histamine whereas they decreased those induced by
noradrenaline in the terminal ileum by 10 to 35%. The
same concentrations of quinine also slightly atten-
uated (by 5 to 25%) the relaxation evoked by
noradrenaline on the proximal ileum. Because of the
above mentioned marked inhibitory effect of quinine
itself, its effects at higher concentrations (more than
5pmol -') on the pre- and post-junctional inhibition
induced by noradrenaline could not be studied.
The activation of postjunctional uX2-adrenoceptors

9 8 7 6 5 in the proximal ileum (more than 50cm from the
-log [NA] (mol 1-') ileocaecal valve) results in an increase of membrane

conductance, pronounced hyperpolarization of the
e effect of tetraethylammonium (TEA) on smooth muscle membrane, cessation of action poten-
effect of noradrenaline on the twitch tial discharge and smooth muscle relaxation (Bauer,

,eguinea-pig proximal ileum. (0) Twitch 1981; Bauer& Kuriyama, 1982). These postjunctional
uced by noradrenaline (NA) alone. The inhibitory effects of z-adrenoceptor agonists have also
ofTEA used are: (0) 0.3, (0) 1 and (-) been well established in other smooth muscles of the
Lch point represents the mean of 6 trials gut, ell tabli ino s oothmuce aobhals): vertical lines show s.e.mean. gut, e.g. taenia coli (Bilbring & Tomita, 1969a,b;

and TEA have previously been found to block potas-
sium conductances (Armstrong & Birnstock, 1965;
Hille, 1967; Lundh & Thesleff, 1977; Ito et al., 1980).
The effects of DAP and TEA observed in this study
suggest that the inhibition of acetylcholine release
induced by the activation of prejunctional a2-adren-
oceptors results from an increased potassium conduc-
tance and is similar to that observed following activa-
tion of prejunctional opiate receptors (Rezvani et al.,
1983). Whether shortening of action potentials in
enteric nerve terminals and the ensuing reduced influx
of calcium, or hyperpolarization of the membrane of
terminal varicosities by noradrenaline, is responsible
for its interaction with stimulus-evoked release of
acetylcholine should be further analysed. The facilita-
tion of calcium entry and augmentation of acetyl-
choline release seems to be important (Loffelholz &
Weide, 1982) for the more pronounced prejunctional
antagonistic effect ofDAP, compared to that ofTEA,
on the noradrenaline induced twitch inhibition. This
suggestion is consistent with the presumption that
catecholamines elicit their prejunctional inhibitory
effect by blocking calcium uptake (Alberts, 1982) as
the result of an increased potassium conductance.

In a separate series of experiments (Bauer &
Matusak, unpublished results) we have demonstrated
that quinine, recently shown to block selectively
calcium activated potassium conductance in mam-
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Figure 5 The effect of tetraethylammonium (TEA) on
the smooth muscle relaxation induced by noradrenaline
(NA) in the guinea-pig proximal ileum. (0) Control
concentration-response curve to NA. The concentrations
of TEA used are: (0) 0.3, (0) 1 and (U) 3mmoll-'.
Each point represents the mean of 6 trials (control, 12
trials); vertical lines show s.e.mean.
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Bauer & Zakhari, 1977). The increase in membrane
conductance in taenia coli was suggested to be due to
an increase in potassium conductance (Builbring et al.,
1966; Shuba & Klevetz, 1967, Tomita et al., 1974)
across the TEA sensitive potassium channels (Bauer&
Rusko, 1982). It is well recognized that an increase in
internal calcium concentration results in the activation
of a potassium conductance in a wide variety of cells
from unicellular organisms to erythrocytes and ver-
tebrate neurones (cf. review by Meech, 1978). There
have been a number of suggestions that such an effect
also occurs in vertebrate smooth muscles (Biflbring &
Tomita, 1969b; Inomata & Kao, 1979; Walsh &
Singer, 1980). TEA blocks calcium-activated potas-
sium conductance in isolated smooth muscle cells and
tissue preparations (Mironneau et al., 1977; Walsh &
Singer, 1980). Therefore, the effects of DAP and TEA
on the smooth muscle relaxation induced by noradren-
aline in segments of the proximal ileum provide
evidence supporting the view that the postjunctional
inhibitory x-adrenoceptor mediated action of adren-
oceptor agonists in smooth muscles of the gut are due
to the increased calcium-activated TEA-sensitive
potassium conductance. This is also supported by our
recent findings in taenia coli of the guinea-pig (Bauer
& Rusko, 1982; Rusko et al., 1984) and accords with
the proposed mechanism of the inhibitory a-adren-

oceptor mediated action of adrenoceptor agonists in
other tissues, e.g. parotid gland (Putney, 1979), liver
cells (Egashira, 1980) and myenteric neurones (Grafe
et al., 1980; Morita & North, 1981).
From the interactions of atropine with DAP and

TEA it would appear that in the guinea-pig ileum the
effect of DAP is predominantly due to an increased
release of acetylcholine, whereas that ofTEA is due to
a direct effect on the smooth muscle membrane. We
have recently found that excitatory postjunctional
xl-adrenoceptors are more densely distributed in the
terminal (close to the ileocaecal valve) than in prox-
imal ileum. However, these receptors are also dis-
tributed in the proximal regions and could be revealed
either after the blockade of postjunctional a2-adren-
oceptors by selective antagonists (Bauer, 1982; Bauer
& Kuriyama, 1982) or after the inhibition of processes
linking the activation ofa2-adrenoceptors and smooth
muscle relaxation, as shown with the use ofTEA in the
present study.
The present experiments provide evidence support-

ing the view that pre- and post-junctional C2-receptor
mediated effects of adrenoceptor agonists are the
result of an increased potassium conductance. The
neuronal potassium channels are more sensitive to
DAP, whereas the potassium channels in the smooth
muscle membrane are more affected by TEA.
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