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Facilitatory effects of tachykinins and guanethidine on the
acetylcholine output stimulated by nicotine from guinea-pig
bladder

Michiko Shinkai, lIssei Takayanagi & Teruko Kato

Department of Chemical Pharmacology, Toho University School of Pharmaceutical Sciences, 2-2-1, Miyama, Funabashi, Chiba
274, Japan

1 Contractile responses and acetylcholine release evoked by nicotine in guinea-pig detrusor strips were

determined by isotonic transducer and radioimmunoassay, respectively. Nicotine stimulated acetylcholine
release and a contractile response in guinea-pig detrusor strips treated with the cholinesterase inhibitor,
methanesulphonyl fluoride (MSF). Both actions evoked by nicotine were antagonized by the nicotinic
receptor antagonist, hexamethonium but were insensitive to tetrodotoxin.
2 A sympathetic nerve blocker, guanethidine and a tachykinin antagonist, [D-Arg', D-Pro2, D-Trp7'9,
Leu' ]-substance P (rpwwL-SP) partially inhibited the acetylcholine release evoked by nicotine to much
the same degree. The inhibitory effects of guanethidine and rpwwL-SP on acetylcholine release were

significantly greater than corresponding effects on the contraction evoked by nicotine.
3 In preparations treated with rpwwL-SP to block the tachykinin receptors, guanethidine had no effect
on the response to nicotine. Conversely, after treatment with guanethidine to block release of a mediator
from sympathetic nerve endings, nicotine-induced responses were not affected by rpwwL-SP.
4 Nicotine-induced contraction was reduced to 30% by the muscarinic cholinoceptor antagonist, atro-
pine and completely abolished after desensitization of P2-purinoceptors with a,,B-methylene ATP in the
presence of atropine.
5 A concentration-contractile response curve to neurokinin A (NKA) was shited to the left after cholin-
esterase inhibition with MSF. Atropine abolished the facilitatory effect of MSF and partially inhibited
contractions induced by NKA at 100nm to 1 pm. The contractile responses to substance P methyl ester
(SPOMe) and Tyr°-neurokinin B (Tyr°-NKB) were not influenced by MSF or atropine.
6 After desensitization of NK, tachykinin receptors with SPOMe or preincubation with senktide, the
cholinergic component of the nicotine-induced contraction was the same as the control value (100%).
7 Our findings give further support to our previous results: nicotine stimulates acetylcholine release in a
tetrodotoxin-resistant manner in guinea-pig bladder and acetylcholine release evoked by nicotine is
increased by the coordinated action of sympathetic nerves and tachykinin(s). It is suggested that the
tachykinin receptor subtype involved in acetylcholine release is NK,.
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Introduction

Substance P (SP)-like immunoreactivity (SP-LI) and immuno-
reactive nerves (SP-IR nerves) have been identified throughout
the bladder (Alm et al., 1978; Hokfelt et al., 1978). SP causes
contraction of the guinea-pig bladder (Falconieri Erspamer et
al., 1980; Hunter & Maggio, 1984) and functional NK1 and
NK2 tachykinin receptor subtypes are present in this tissue
(Shinkai & Takayanagi, 1990).
We have shown that nicotine produces a transient,

tetrodotoxin-resistant contraction of isolated detrusor strips
of guinea-pig, and suggested that the drug might interact with
the presynaptic nicotinic receptors located on (1) parasym-
pathetic cholinergic (atropine sensitive), (2) sympathetic non-
adrenergic (guanethidine-sensitive, but resistant to bunazosin
and yohimbine) and (3) non-sympathetic purinergic (sensitive
to desensitization of P2-purinoceptors by a,fl-methylene aden-
osine 5'-triphosphate) nerves to induce a release of two excit-
atory final transmitters, acetylcholine and a purine nucleotide
(Hisayama et al., 1988a). The potentiation of acetylcholine
output from cholinergic neurones by the coordinated action of
sympathetic nerve and tachykinin(s) following nicotine stimu-
lation has been shown indirectly through the effect of the
tachykinin antagonist [D-Arg',D-Pro2,D-Trp7 9, Leu"1]-SP
(rpwwL-SP) and the sympathetic nerve blocking agent, gua-
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nethidine on the nicotine-induced contraction (Hisayama et
al., 1989).

In this study, we determined the role of the sympathetic
nerves and tachykinin(s) on nicotine-induced acetylcholine
release directly by radioimmunoassay.

Methods

Female Hartley strain guinea-pigs, weighing between 300 and
500 g, were reared on a standard diet and given tap water to
drink. The guinea-pigs were stunned by a blow on the head
and exsanguinated from the femoral artery. The urinary
bladder was rapidly removed and a longitudinal strip (about
2mm x 20mm) of the detrusor muscle was prepared. Each
strip was suspended vertically under a resting load of 1 g in a
5 ml organ bath which contained Krebs solution of the follow-
ing composition (mM): NaCl 118, KCI 4.75, CaCI2 2.50,
MgSO4 1.20, KH2PO4 1.20, NaHCO3 25.0 and glucose 10.0.
The organ bath was maintained at 37°C and constantly
gassed with carbogen (95% 02 + 5% C02). The response to
drugs was recorded isotonically.
The experiments were started after the preparation had

been allowed to equilibrate for about 60min. After priming
twice or three times with 300nm carbachol, the first control
dose of nicotine (0.1 mM) was applied; after incubation for
60min with the appropriate treatments, the second test dose
of nicotine was applied.
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Table 1 Effect of drugs on acetylcholine release and on the contractile responses induced by nicotine in guinea-pig bladder treated wtih
methanesulphonyl fluoride (MSF)

Treatment

Nicotine 0.1 mM
+ hexamethonium, 10pM
+ tetrodotoxin, 30juM
+ guanethidine, 3pM
+ rpwwL-SP, 10pUM

Nicotine, 0.1 mM in the presence of rpwwL-SP, 10puM
+ guanethidine, 3pUM

Nicotine, 0.1 mm in the presence of guanethidine, 3 fM
+ rpwwL-SP, 10pM

Acetylcholine release
(%)

100
15.6 + 3.5* (4)

112.9 + 17.9 (4)
31.8 + 9.7* (4)
27.6 + 5.8* (4)

Contraction
(%)

100
26.1 ± 4.6* (4)
97.3 + 7.7 (4)
81.3 + 2.7* (4)
77.6 + 3.4* (4)

100 100
99.5 + 20.3 (4) 101.5 ± 1.7 (4)

100
94.6 + 8.8 (4)

100
112.7 + 6.3 (4)

* Significant difference from 100% at P < 0.05.
rpwwL-SP: [D-Arg',D-Pro2,D-Trp7 9,Leu" ]-substance P.

When we determined acetylcholine release and contractile
responses simultaneously, each strip was incubated with 1 mm
methanesulphonyl fluoride (MSF) for 30 min in order to
inhibit acetylcholinesterase activity irreversibly. After priming
twice or three times with 300nm carbachol, Krebs solution
containing various concentrations of drugs were superfused at
a rate of 0.4 ml min' from the bottom and collected by aspi-
ration at the top of an organ bath, and the effects of these
drugs on acetylcholine output from the strips as well as con-
tractile responses were studied. The superfusate was collected
continuously on ice and divided into fractions for each 3 min
period, and then assayed for acetylcholine as described below.

Acetylcholine was determined by radioimmunoassay with
rabbit antiserum raised against choline hemiglutarate-bovine
serum albumin conjugates and tritiated acetylcholine with a
specific activity of 75.1 Ci mmol according to the method of
Kawashima et al. (1988). Assays were performed in duplicate
at 4°C. To avoid overestimation by cross-reactivity with nico-
tine, the standard curve for acetylcholine was derived in the
presence of nicotine as appropriate.
A 200,ul portion of the superfusate was incubated overnight

with 50pl of the diluted antiserum (1:350) in Tris-HCl buffer
(0.15 M, pH 7.4) containing 0.4% bovine gamma-globulin,
0.05% isofluorophosphate and 50ul of tritiated acetylcholine
(about 12.1 pg, 4500 c.p.m.). The same volume of superfusion
fluid containing 0.1 mm nicotine served as a blank. Antibody-
bound tritiated acetylcholine was separated from the free tri-
tiated acetylcholine by the ammonium sulphate method (Farr,
1958), and the radioactivity of the precipitates was quantitated
in a liquid scintillation counter. Acetylcholine release induced
by nicotine was calculated by subtracting the value for spon-
taneous acetylcholine release from that for the total.

Desensitization to a,/-methylene adenosine 5'-triphosphate
(4,#-MeATP) and to substance P methyl ester (SPOMe) was
produced by the methods of Kasakov & Burnstock (1983) and
Laufer et al. (1985), respectively (Figure 3).
The pD2 value (the negative logarithm of the molar concen-

tration which produced 50% of its maximum responses) for a
drug was calculated by graphic analysis. Statistical analyses
were performed by Student's t test. A P value of <0.05 was
considered a significant difference.
Drugs used were nicotine bitartrate (Nakarai Chemicals,

Ltd., Kyoto, Japan), carbachol chloride, atropine sulphate,
ATP, MeATP, gamma-globulins, diisopropyl fluoro-
phosphate, bicuculline (Sigma Chemical Co., MO., U.S.A.),
hexamethonium dibromide (Tokyo Kasei Kogyo Co., Ltd.,
Tokyo, Japan), tetrodotoxin (Sankyo Co., Ltd., Tokyo, Japan),
NKA, Tyr°-NKB, senktide, SPOMe, rpwwL-SP (Peninsula
Laboratories, Inc., Belmont, CA, U.S.A.), acetyl[methyl-3H]-
choline chloride (Amersham Japan Co., Tokyo, Japan) and
methanesulphonyl fluoride (Aldrich Chemical Co., Inc.,
U.S.A.). Guanethidine sulphate was donated by Ciba-Geigy
(Japan), Ltd. (Hyogo, Japan). All drugs used were of analytical
grade.

Results

In the isolated detrusor muscle of guinea-pig treated with
MSF (1mm, 30min) to inhibit acetylcholinesterase irrevers-
ibly, a concentration-response curve for the contractile
response to nicotine was obtained at concentrations between
10pM to 30mM (Figure 1). The pD2 value for nicotine was
4.21 + 0.06 (n = 6) and the maximum response compared with
that to isotonic 120mM K-solution was 91.6 + 3.90% (n = 6).
The contractile response induced by K-solution was not influ-
enced by MSF (95.6 + 4% of control value, mean of 6
experiments).

Simultaneous measurements ofmechanical activity and
acetylcholine release

The effects of some drugs on contractile response and acetyl-
choline release induced by nicotine (0.1 mM) are summarized
in Table 1. Acetylcholine release evoked by nicotine (0.1 mM)
was 84.9 + 7.6 pgmg-1 tissue per 3min (n = 16). Both the
nicotine-induced contraction and acetylcholine release were
greatly reduced by 10pM hexamethonium, and resistant to
3 pM tetrodotoxin (Table 1). The nicotine-induced acetyl-
choline release was also reduced by 3,uM guanethidine or
10pUM rpwwL-SP to much the same degree (about 30%).
On the other hand, the contractile response to nicotine was
only weakly reduced by guanethidine or rpwwL-SP (Table 1).

In preparations treated with rpwwL-SP to block the tachy-
kinin receptors, guanethidine had no effect on the responses to
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Figure 1 Concentration-response curves for nicotine in guinea-pig
detrusor strips treated with methanesulphonyl fluoride (1 mM). Abscis-
sa scale: log molar concentration of nicotine. Ordinate scale: % of
contraction induced by isotonic 120mM K-solution. Each value is pre-
sented as a mean with s.e. (vertical line) of 6 experiments.
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Table 2 Effects of drugs on the contractile responses to
nicotine in guinea-pig bladder treated with meth-
anesulphonyl fluoride

Treatment

Nicotine, 0.1 mM
+ atropine, 1 AM
+ atropine, 1 ,UM

and cxj-MeATP, 50Mm
+ bunazosin, 0.1 pM
+ yohimbin, 0.3,pM
+ methysergide, 1 fUM
+ naloxone, 1 /.M
+ bicuculline, IMm

Contraction (%)

100
28.3 + 4.6* (6)
5.8 + 3.1*t (6)

93.7 + 2.7 (6)
90.6 + 5.1 (6)
97.9 + 3.7 (6)
105.6 + 4.1 (6)
100.4 + 3.8 (6)

* Significant difference from 100% at P < 0.05.
t No significant difference from 0% at P < 0.05.
aJ-MeATP: a4,-methylene ATP.

nicotine. Conversely, after treatment with guanethidine to
prevent release of a mediator from sympathetic nerve endings,
the nicotine-induced response was not affected by rpwwL-SP
(Table 1).

Effects ofsome drugs on nicotine-induced contractions in
methanesulphonylfluoride-treated preparations

In the MSF-treated preparation the nicotine-induced contrac-
tion was reduced to about 30% of control value by atropine
(1pM). Simultaneous treatment with atropine and a4l-MeATP
desensitization to inactivate muscarinic receptors and
P2x-purinoceptors respectively, abolished the nicotine con-
traction. The nicotine-induced contraction was not influenced
by pretreatment with bunazosin (1 pM), yohimbine (300 nM),
naloxone (1 pM), methysergide (1 pM) or bicuculline (1 pM)
(Table 2).

Cholinergic component of the tachykinin-induced
contraction
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Figure 2 Effect of methanesulphonyl fluoride (MSF) and atropine on
the concentration-response curves to neurokinin A (NKA). (0) NKA
alone; (0) treated with MSF 1 mM; (A) in the presence of atropine
1 pM in preparations treated with MSF. Concentration-response curve
of NKA was shifted to the left by MSF. Application of atropine abol-
ished the facilitatory effect of MSF and partially inhibited the NKA-
induced contraction at 100 nm to 1 MM.

Table 4 Effect of drugs on the contractile responses to nico-
tine after desensitization with a,8-methylene ATP (aJJ-
MeATP)

Treatment Contraction (%)

Nicotine, 0.1 mM after desensitization 100
with a,/?-MeATP (SOMM)
+ SPOMe, lMm
+ senktide, lMm
+ atropine, 1 UM

100
93.6 + 4.16 (6)
94.9 + 3.40 (6)
0.0 + 0.00* (6)

* Significant difference from 100% at P < 0.05.
SPOMe; substance P methyl ester.

The concentration-response curve for NKA was shifted to the
left by treatment with MSF to inhibit acetylcholinesterase
activity irreversibly. The pD2 values for NKA before and after
MSF treatment were 6.65 + 0.11 (n = 6) and 7.21 + 0.03
(n = 6), respectively. Atropine (l gM) abolished the facilitatory
effect of MSF and partially inhibited contractions by NKA at
100 nm to lMm (Figure 2), suggesting a cholinergic component
of the NKA-induced action. In contrast, the pD2 values of
Tyr'-NKB (water soluble analogue of NKB) and SPOMe
were not influenced by MSF or atropine (Table 3). The NK3
receptor selective agonist, senktide did not cause a contraction
in guinea-pig bladder.

Effects ofNK1 and NK3 selective agonists on the
cholinergic component of the nicotine contraction

After desensitization with a,/J-MeATP, contractile responses
to nicotine (0.1 mM) were not influenced by desensitization by

SPOMe (IMm) or preincubation with senktide (l gM), but
abolished by atropine (1pM, Table 4). Desensitization with
a,f-MeATP and SPOMe was carried out as illustrated in
Figure 3.

Discussion

Acetylcholine output evoked by nicotine was determined by
radioimmunoassay with rabbit antiserum according to the
method of Kawashima et al. (1988). They reported that the
antiserum was specific for acetylcholine and that the cross-
reactivity with choline, phosphatidylcholine and phos-
phorylcholine was less than 0.012%. To avoid influence of the
cross-reactivity with nicotine, the standard curve for acetyl-
choline was derived in the presence of nicotine.

In order to inhibit acetylcholinesterase activity irreversibly,
the strips were incubated at 370C for 30min in 1mm MSF.

Table 3 The pD2 values of neurokinin A (NKA), Tyro-NKB and substance P methyl ester (SPOMe) before and after treatment with
methanesulphonyl fluoride and atropine

pD2 value

Before treatment

NKA
Tyr'-NKB
SPOMe

6.65 + 0.11 (6)
6.48 + 0.13 (6)
7.43 + 0.14 (6)

After pretreatment
MSF MSF + atropine

7.21 + 0.03* (6)
6.50 + 0.14 (6)
7.40 ± 0.12 (6)

6.34 + 0.20 (6)
6.22 + 0.20 (6)
7.24 + 0.10 (6)

* Significant difference from before treatment value at P < 0.05.
MSF: After treatment with methanesulphonyl phluoride 1 mm for 30 min.
The pD2 value of NKA was increased by the irreversible acetylcholinesterase inhibitor, MSF. This facilitatory effect of MSF was
abolished by application of atropine (I FM).
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The pD2 value for nicotine in the MSF-treated preparation
(4.21 + 0.06, n = 6) was significantly greater than in the
untreated strips (3.61 + 0.14, n = 6) obtained in our previous
study (Hisayama et al., 1988a). Nicotine increased acetyl-
choline release in guinea-pig derusor strips in this study. This
nicotine-evoked response was markedly reduced by hexa-
methonium (10pM), indicating that the effect resulted from an
interaction with autonomic nicotinic receptors. On the other
hand, nicotine-induced acetylcholine release was not influ-
enced by tetrodotoxin (300nM). It has been suggested that two
mechanisms are involved in the transmitter release induced by
nicotine, one dependent on sodium action potentials and the
other independent (Takayanagi et al., 1984; Hisayama et al.,
1988b). In this study it was clearly shown that nicotine evoked
acetylcholine release through the latter mechanism.
We confirmed the previous finding that the final effect of the

sympathetic nerve and tachykinin(s) is an increased acetyl-
choline release evoked by nicotine (Hisayama et al., 1988a).
Guanethidine and rpwwL-SP inhibited the nicotine-induced
acetylcholine release to much the same degree. This inhibitory
effect on the release was significantly greater than on the con-
traction evoked by nicotine. Application of guanethidine to
block the release of mediator from the sympathetic nerve,
completely abolished the inhibitory effect of rpwwL-SP on
nicotine-induced acetylcholine release. Conversely, when the
preparation was treated with rpwwL-SP, the inhibitory effect
of guanethidine was abolished (Table 1). In other words, when
the function of the sympathetic nerve was blocked, the effect
of tachykinin(s) was abolished.

Nicotine-induced contraction was not antagonized by
bunazosin or yohimbine although a sympathetic blocking
agent, guanethidine was effective. It was known that exoge-
nously applied noradrenaline did not cause a contraction even
in the presence of noradrenaline uptake mechanisms
(Hisayama et al., 1988a). It seems unlikely that the effect of
guanethidine was nonspecific, since chemical denervation with
6-hydroxydopamine abolished the inhibitory effect of gua-
nethidine, and the drug did not inhibit the muscarinic recep-
tor and purinoceptor mechanisms (Hisayama et al., 1988a).
The sympathomimetic effect of nicotine was non-adrenergic in

a

0 0

o,43-MeATP
0 9

Nic

nature, even if noradrenaline was released from the sympa-
thetic nerve.

Stimulation of acetylcholine release from the cholinergic
nerve by tachykinin(s) has previously been shown in guinea-
pig ileum (Laufer et al., 1985), spinal cord (Otsuka & Konisihi,
1975) and guinea-pig bladder (Shirakawa et al., 1989). In
guinea-pig ileum, NK3 receptors on enteric neurones may
play a functional role in the regulation of motility by pro-
moting the release of acetylcholine (Laufer et al., 1985; Guard
& Watson, 1987). Tachykinin(s) facilitate the release of trans-
mitter from the sympathetic nerves as a result of an inter-
action with NK2 receptors (Regoli et al., 1990; Tousignant et
al., 1987). We recently found that both NK1 and NK2 recep-
tors, but not NK3 receptors, do play an important role in the
tachykinin-induced contraction in the guinea-pig urinary
bladder (Shinkai & Takayanagi, 1990).
To determine the tachykinin receptor subtype involved in

the cholinergic component of nicotine contraction (resistant to
the desensitization of P2.-purinoceptors by a,,-MeATP), the
effects of two selective agonists were examined. Desensi-
tization of NK1 receptors by SPOMe or preincubation with
the NK3 selective agonist, senktide had no effect on the cho-
linergic component of nicotine contraction. NK2 but not NK1
or NK3 tachykinin receptor subtypes might therefore be
involved in the increased acetylcholine output evoked by nico-
tine. Consistent with this result, concentration-response curves
to NKA were shifted to the left by treatment with the cholin-
esterase inhibitor, MSF and were partially inhibited by atro-
pine, indicating that NKA directly stimulated release of
acetylcholine from the nerve ending. Sensitivity to SPOMe
and Tyr°-NKB was not influenced by MSF or atropine,
because the selectivity of these drugs for NK2 receptors is
relatively low (Table 4).
When applied to the neurones of isolated inferior mesen-

teric ganglia of guinea-pig, SP caused a membrane depolar-
ization (Dun & Karczmer, 1979). Treatment of rats with
6-hydroxydopamine which selectively destroys principal sym-
pathetic neurones, profoundly decreased substance P in the
superior ganglion neurones (Black, 1985). Pernow (1983) sug-
gested in his review that, in general, the level of tachykinin(s)

1 mm

""J~k u)Jl
0 0 0 o 1 min

SPOMe

b

0 0

x,,-MeATP

wI'
0 0 0

Nic

Figure 3 Typical tracings illustrating the effect of substance P methyl ester (SPOMe) desensitization (a) or preincubation with
senktide (b) on the cholinergic component of the nicotine-induced contraction. a48-Methylene ATP (a4-MeATP) desensitization was
achieved by 3 to 5 successive applications (l) at approximately 4 min intervals. Under these conditions, only the cholinergic com-
ponent of nicotine contraction was observed: (0) nicotine 0.1 mm, (0) SPOMe 1 pM; open bar, senktide 1 pM.
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Figure 4 Postulated schemes of mechanisms of action of nicotine in
guinea-pig detrusor. Nicotine may interact with the presynaptic nico-
tinic receptors located on (1) parasympathetic cholinergic, (2) sympa-
thetic non-adrenergic, (3) non-cholinergic non-sympathetic purinergic
nerves to induce a release of excitatory transmitters, acetylcholine and
a purine nucleotide. Tachykinin(s) from capsaicin-insensitive sites
(probably sympathetic nerves) causes facilitation of release of acetyl-
choline through activation of NK2 tachykinin receptors. The possi-
bility remains that a purine nucleotide is colocated with acetylcholine
in parasympathetic cholinergic nerves. Further evidence for the action
of nicotine in this model can be found in Hisayama et al. (1988a;
1989). SYMP: sympathetic nerves; Chol: parasympathetic cholinergic
nerves; NCNS: non-cholinergic non-sympathetic purinergic nerves;
Nic: nicotinic receptors; NK2: NK2 tachykinin receptors; GND: gua-
nethidine; TK: tachykinin(s); rpwwL-SP: [D-Arg',D-Pro2,D-Trp79,
Leu1']-substance P; ACh: acetylcholine.

is regulated by the sympathetic impulse activity.
Capsaicin is known to be a drug that releases and depletes

tachykinins from primary sensory neurones (Hua et al., 1986).
We showed earlier the lack of effect of capsaicin-treatment on
the nicotine-induced contraction, suggesting that sensory
nerves are not involved in the action of nicotine as a site from
which tachykinin(s) is released (Hisayama et al., 1988a).

Nicotine-induced contraction was reduced to 30% by a
muscarinic cholinoceptor antagonist, atropine. In the presence
of atropine the contraction was abolished after desensitization
of P2-purinoceptors with a,8-MeATP (Table 2). Consistent
with our previous data (Hisayama et al., 1988a), not only
acetylcholine but purine nucleotide is involved in the action of
nicotine as a transmitter in guinea-pig detrusor strips treated
with MSF. Since the final effect of the coordinated action of
the sympathetic nerve and tachykinin(s) was only an increased
acetylcholine release, the degree of inhibition of the contractile
response was less than that of acetylcholine release (Table 1).
Though tachykinin(s) could release acetylcholine but not
purine nucleotide in our study, it is not clear whether purine
nucleotide is in separate purinergic nerves, or is located with
acetylcholine in cholinergic nerves.
We present postulated schemes of mechanisms of action of

nicotine in guinea-pig detrusor in Figure 4. In conclusion, we
have shown that nicotine stimulates acetylcholine output in a
tetrodotoxin-resistant manner in guinea-pig detrusor strips,
and that acetylcholine release evoked by nicotine is increased
by the coordinated action of sympathetic nerves and
tachykinin(s). It is further suggested that the tachykinin recep-
tor subtype involved in the increased acetylcholine release is
the NK2 subtype in guinea-pig bladder.

This research was supported by a Grant-in-Aid (No. 02771742) for
Scientific Research from the Ministry of Education Science and
Culture, Japan.
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