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D-Arg[Hyp3-Thi’-D-Tic’-Tic8]-bradykinin, a potent antagonist
of smooth muscle BK, receptors and BK; receptors

!S.G. Farmer, R.M. Burch, D.J. Kyle, J.A. Martin, S.N. Mecker & J. Togo

Nova Pharmaceutical Corporation, 6200 Freeport Centre, Baltimore, Maryland 21224, U.S.A.

D-Arg[Hyp3-Thi®-p-Tic’-Tic®]-bradykinin (NPC 16731) inhibited bradykinin (BK) binding and BK-
induced contraction in guinea-pig ileum, being markedly more potent than p-Phe’-BK analogues as a
BK, receptor antagonist. In isolated trachea NPC 16731, unlike other BK, antagonists, inhibited BK
binding and BK-induced contraction, and 43Ca%* efflux in tracheal smooth muscle cells. That NPC 16731
potently inhibits BK effects in trachea provides further evidence for the existence of the airway BK,

receptor.
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bradykinin binding

Introduction Bradykinin (BK) receptors have been divided
into BK,; and BK, subtypes based on the relative potencies of
BK analogues in isolated smooth muscle (Farmer & Burch,
1991). Many p-Phe’-substituted BK analogues are BK, recep-
tor antagonists (Vavrek & Stewart, 1985; Burch et al., 1990),
but exhibit pA, values of only 5.50-6.50 in ileum or uterus
(Burch et al., 1990). Also, these peptides are often spasmogenic
at concentrations necessary to inhibit BK (Farmer et al.,
1989a,b).

BK, receptor antagonists, such as D-Arg[Hyp?,p-Phe’}-BK
(NPC 567), do not displace [3H]-BK binding from tracheal
smooth muscle (Farmer et al, 1989a). In addition, BK,
antagonists exhibit minimal inhibition of BK-induced con-
traction of guinea-pig airways, and NPC 567 does not inhibit
BK-induced *°Ca?* efflux from tracheal smooth muscle cells
(Farmer et al., 1991). These data led to the proposal that a
novel receptor, designated BK ,, mediates BK-induced trache-
al contraction (Farmer et al., 1989a). Its existence, however,
can be established only with the discovery of a BK; receptor
antagonist. We have compared effects of D-Arg[Hyp>-Thi*-D-
Tic”-Tic®]-BK (NPC 16731), a novel BK analogue, with those
of NPC 567, a well-characterized BK, antagonist (Burch et
al., 1990; Farmer & Burch, 1990), on effects of BK in guinea-
pig ileal and tracheal smooth muscle.

Methods Isolated tissue studies Ileal and tracheal strips,
from male Dunkin-Hartley guinea-pigs (300400 g), were pre-
pared (Farmer et al., 1986; 1989b). Smooth muscle prep-
arations were suspended in organ baths (resting tension, 1.5 g)
for 60 min with washes every 15min. At the end of this period,
BK (0.1 nM—0.1 mMm) was added non-cumulatively. At the end
of the experiment a maximum, reference response to meth-
acholine (MCh, 1 mM) was obtained.

NPC 16731 (0.1, 1.0 or 10 um) was added 15 min before each
application of BK. One antagonist concentration was exam-
ined in each preparation, although different concentrations
were tested in tissues from the same animal. pD, values for
BK were obtained by regression analyses of concentration-
response curves. pA, values for NPC 16731 were estimated by
dividing the antagonist concentration by BK ECg, ratio-1 in
the presence and absence of a given antagonist concentration

! Present address and address for correspondence: Pulmonary Phar-
macology Section, ICI Pharmaceuticals Group, Wilmington, Dela-
ware 19897, U.S.A.

(Tallarida et al., 1979). We also examined the effect of NPC
16731 on tracheal sensitivity to MCh, histamine and sub-
stance P.

45Ca’* efflux studies Culture of tracheal smooth muscle
cells, and #5Ca?* efflux experiments therein are detailed else-
where (Farmer et al., 1991). Briefly, confluent cultures were
incubated in Dulbecco’s modified Eagle medium containing
HEPES (10mM, pH 7) and #*Ca?* (20 £Ci), but no serum, for
2-4h. Efflux of radioactivity was measured for 20min by
replacing media every 60s. At the end of the experiment,
radioactivity remaining in the cells was measured after incu-
bation with trypsin (0.1 mgml~!). Radioactivity from super-
natants and from solubilized cells was determined by liquid
scintillation counting. Fractional +°Ca2* efflux at each inter-
val was estimated by division of radioactivity lost during a
given 60s period by the amount of radioactivity associated
with the cells. Where appropriate, NPC 567 and NPC 16731
were added S min prior to and at the same time as BK.

Bradykinin binding Displacement of [*H]-BK binding in
ileal and tracheal smooth muscle membranes by NPC 567 or
NPC 16731, and .subsequent determination of K, and K;
values, were performed exactly as described previously
(Farmer et al., 1989ab). All data are expressed as the
mean + s.e.mean.

Materials D-Arg[Hyp3-Thi®-p-Tic’-Tic®]-BK was synthe-
sized at Nova Pharmaceutical Corporation. NPC 567 was
synthesized by Abbot Laboratories (North Chicago, U.S.A.),
and BK and substance P were purchased from Bachem Inc.
(Torrance). Acetyl-S-methylcholine chloride (MCh) and hista-
mine dihydrochloride were obtained from Sigma Chemical
Co. (St. Louis, U.S.A)). Drugs were dissolved as required in
distilled water.

Results Bradykinin binding Trachealis and ileal membranes
contain saturable BK binding sites with respective K, values
of 87 + 10pM and 115 + 38 pMm. Specific binding in trachea
was 65 + 3% and, in ileum, 96 + 1%. In ileum NPC 567 and
NPC 16731 inhibited BK binding with respective K; values of
844 + 6.2nM and 0.98 + 0.23nm (Figure la). In contrast to
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Figure 1 (a & b) [*H]-bradykinin ([*H]-BK) binding displacement
curves for NPC 567 (O) and NPC 16731 (@) in (a) guinea-pig ileal
and (b) tracheal membranes. [*H]-BK was 0.2nM, and EBDA cor-
rected for BK when determining K; values. In ileum, indirect Hill
coefficients for NPC 567 and NPC 16731 were —1.14 + 0.29 and
—0.79 + 0.03 respectively. In trachea, the Hill coeflicient for NPC
16731 was 0.96 + 0.11. (c & d) Effect of NPC 16731 on BK-induced
contraction (c) of guinea-pig ileum and (d) trachea. (O) Control, (@)
0.1 um NPC 16731, ([J) 1 um NPC 16731, (B) 10 um NPC 16731. Each
point is the mean of at least 7 experiments; vertical bars show
s.e.mean.

5-4

ileum, only NPC 16731 caused 100% displacement of [*H]-
BK binding in tracheal smooth muscle membranes, exhibiting
a K; value of 0.14 + 0.03nm. NPC 567 (10 um) displaced BK
binding by only 23% (Figure 1b).

Isolated smooth muscle NPC 16731 displaced BK
concentration-response curves to the right in trachea and
ileum (Figure 1c and d), with respective pA, values of

763 +£0.10 (n=8) and 728 + 009 (n=7). In ileum the
maximum response to BK (expressed as % maximum
response to MCh) was unaffected by NPC 16731: control,
92.0 + 2.3%; in presence of NPC 16731, 86.3 + 49%. In
trachea the maximum response to BK, 34.3 + 2.3%, was com-
parable to 45.5 + 3.3% in the presence of NPC 16731. NPC
16731 (10um) did not alter tracheal sensitivity to MCh
(control pD, 6.48 + 0.15; NPC 16731 6.43 + 0.03), histamine
(control pD, 5.31 + 0.06; NPC 16731 5.47 + 0.13), or sub-
stance P (control pD, 7.13 + 0.06; NPC 16731 7.18 + 0.10).
Spasmogenic activity of NPC 16731 was never observed in
either tissue.

4SCa* efflux BK (0.1 nM—10 M) stimulated efflux of +5Ca2*
with a pD, value of 7.60 1+ 0.20 (n = 3). NPC 16731 inhibited
BK-induced “*Ca?* efflux (—log IC,, 8.48 + 0.05; Figure 2),
whereas at concentrations of up to 10uM, NPC 567 was
without effect on efflux (data not shown).

Discussion NPC 16731, a novel BK, receptor antagonist, is
significantly more potent than the D-Phe’-substituted BK
analogues (Burch et al., 1990). Thus, NPC 567 had a K; value
similar to that in earlier studies (Steranka et al., 1988; Farmer
et al., 1989b), whereas NPC 16731 was approximately 120 fold
more potent than NPC 567 in displacing [*H]-BK binding.
Moreover, NPC 16731 inhibited BK-induced ileal contrac-
tions with nearly 50 fold greater potency than NPC 567, the
pA, of which is around 6.00 (Burch et al., 1990).

Studies with D-Phe’-BK analogues are complicated by their
spasmogenic effects (Farmer et al., 1989a,b). Whether this rep-
resents a true partial agonist action at BK receptors or is a
non-specific effect is unknown. However, smooth muscle con-
tractions to the D-Phe’-analogues, unlike responses to BK, are
phasic and exhibit tachyphylaxis. NPC 16731 exhibited no
contractile activity in trachea or ileum.

Finally, the proposal for the BK, receptor was based on the
inability of BK, or BK, antagonists to inhibit BK binding in
airway smooth muscle (Farmer et al., 1989a). Moreover, BK
and BK, antagonists are ineffective against BK-induced tra-
cheal contraction or efflux of “5Ca%* in cultured tracheal
smooth muscle cells (Farmer et al., 1991). Although it did not
influence responses to MCh, histamine or substance P, NPC
16731 was a potent inhibitor of BK-induced tracheal contrac-
tion and of *>Ca?* efflux. These data, coupled to the observa-
tion that NPC 16731 was a potent inhibitor of BK binding in -
tracheal membranes, substantiates the evidence for the BK,
receptor in airway smooth muscle.
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Figure 2 Inhibition by NPC 16731 of “5Ca%* efflux induced by
bradykinin (10nM) in cultured guinea-pig tracheal smooth muscle

cells. Each point is the mean of 3 experiments; vertical bars show
s.e.mean.



References

BURCH, RM, FARMER, S.G. & STERANKA, L.R. (1990). Bradykinin
receptor antagonists. Med. Res. Rev., 10, 237-269.

FARMER, S.G. & BURCH, RM. (1991). The pharmacology of
bradykinin receptors. In Bradykinin Antagonists: Basic and
Clinical Research. ed. Burch, R.M,, pp. 1-31. New York: Marcel
Dekker, Inc.

FARMER, S.G., BURCH, R.M,, DEHAAS, CJ, TOGO, J. & STERANKA,
LR. (1989b). [Arg!-DPhe’)-substituted analogs of bradykinin
inhibit vasopressin- and bradykinin-induced contractions of
uterine smooth muscle. J. Pharmacol. Exp. Ther., 248, 677-681.

FARMER, S.G,, BURCH, R.M.,, MEEKER, S.N. & WILKINS, D.E. (1989a).
Evidence for a pulmonary bradykinin B, receptor. Mol. Phar-
macol., 36, 1-8.

FARMER, S.G., ENSOR, J.E. & BURCH, R.M. (1991). Evidence that cul-
tured airway smooth muscle cells contain bradykinin B, and B,
receptors. Am. J. Respir. Cell Mol. Biol., (in press).

SPECIAL REPORT 787

FARMER, S.G., FEDAN, J.S, HAY, D.W.P. & RAEBURN, D. (1986). The
effects of epithelium removal on the sensitivity of guinea-pig iso-
lated trachealis to bronchodilator drugs. Br. J. Pharmacol., 89,
407-414.

STERANKA, LR, MANNING, D.C, DEHAAS, CJ., FERKANY, J.W,
BOROSKY, S.A.,, CONNOR, JR, VAVREK, RJ, STEWART, JM. &
SNYDER, S.H. (1988). Bradykinin as a pain mediator: receptors are
localized to sensory neurons, and antagonists have analgesic
actions. Proc. Natl. Acad. Sci., U.S.A., 85, 3245-3249.

TALLARIDA, R.J., COWAN, A. & ADLER, M.A. (1979). pA, and receptor
differentiation: a statistical analysis of competitive antagonism.
Life Sci., 285, 637-654.

VAVREK, RJ. & STEWART, J.M. (1985). Competitive antagonists of
bradykinin. Peptides, 6, 161-164.

( Received October 26, 1990
Accepted November 26, 1990)



Br. J. Pharmacol. (1991), 102, 788-790

SPECIAL REPORT

© Macmillan Press Ltd, 1991

Pinacidil inhibits the ryanodine-sensitive outward current and
glibenclamide antagonizes its action in cells from the rabbit

portal vein

Zhiling Xiong, Shunichi Kajioka, 'Takeshi Sakai, 2Kenji Kitamura & Hirosi Kuriyama

Department of Pharmacology, Faculty of Medicine, Kyushu University, Fukuoka 812, Japan

Pinacidil, a potassium-channel opener, inhibited the ryanodine-sensitive oscillatory outward potassium
current induced by Ca released from an intracellular store. Glibenclamide, a blocker of the ATP-sensitive
K-channel, prevented the action of pinacidil, suggesting the presence of an additional site (to K channels)
for the vasodilator actions of pinacidil at which glibenclamide can act as an antagonist.

Keywords: Pinacidil; glibenclamide; Ca-dependent K current; oscillatory outward current; Ca release; intracellular Ca store

sites; K-channel opener; ATP-sensitive K channel

Introduction Pinacidil is a known K-channel opener which
activates ATP-sensitive K-channels in cardiac cells (Fan et al.,
1990). In smooth muscle cells, the vasodilator actions of pina-
cidil are thought to be mediated by the activation of ATP-
sensitive K-channels (Standen et al., 1989; Okabe et al., 1990;
Fan et al, 1990; Kajioka et al., 1990). These workers demon-
strated that glibenclamide, a blocker of the ATP-sensitive K-
channel, inhibited K-channel activities induced by various
K-channel openers. However, it is not yet clear whether pina-
cidil and glibenclamide act solely on the K-channel or
whether pinacidil activates additional vasodilator mechanisms
(Cook et al., 1989). In the present experiments, we describe an
action of pinacidil which appears not to be related to K-
channel opening.

Methods Single smooth muscle cells were prepared by col-
lagenase treatment from rabbit portal vein. Cells were placed
in a physiological salt solution (PSS) at room temperature and
the patch-clamp technique was performed with a glass elec-
trode (24MQ) filled with a high-K solution containing
0.1lmm EGTA. For single channel recording, outside-out
membrane patches were obtained with electrodes of resistance
5-10 MQ. The ionic composition of PSS and the high-K solu-
tion were as follows (mm): (PSS): NaCl 135, KCl 6, CaCl, 2.5,
MgCl, 1.2 and glucose 12; (high-K solution): KClI 140, MgCl,
5, Na,ATP 5, EGTA 0.1 and glucose 12. For single-channel
current recording, 4 mmM EGTA was added to the high-K solu-
tion and the concentration of free Ca was kept at 0.3 um by
addition of CaCl,. The pH of the solutions was adjusted to
7.25 £+ 0.05 with 10mm HEPES titrated with Tris. Drugs used
were pinacidil (Shionogi Pharmac. Ltd.), glibenclamide (Sigma
Chem., St. Louis, MO) and ryanodine (Wako Pure Chem,
Osaka).

Results Single smooth muscle cells of the rabbit portal vein
at a holding potential of —40mV produced an oscillatory
outward current (Ioo; Ohya et al., 1987; sometimes called a
spontaneous transient outward current (STOC), Bolton &
Lim, 1989). Superfusion of ryanodine (30 uM; Figure la) or
caffeine (3 mM; data not shown), both of which are known re-
leasers of Ca from its store site, inhibited Ioo within a few
min, suggesting that, in the portal vein, the generation of Ioo
is closely related to the release of Ca from an intracellular
store (Ohya et al., 1987; 1988; Sakai et al., 1988). A high con-
centration of glibenclamide (30 M) inhibited the activity of
Ioo, but 1 uM glibenclamide had no action on Ioo (Figure 1b).

!'Present address: Department of Prosthetic Dentistry, Kyushu Dental
College, Kitakyushu, Japan.
2 Author for correspondence.

Single channel current recording showed that 100 um gliben-
clamide did not inhibit the large conductance Ca-dependent
K-channel, which is reported to be closely related to gener-
ation of oo (Figure 1c(i); Sakai et al., 1988). This idea is sup-
ported by the fact that charybdotoxin, a selective blocker of
the large conductance Ca-dependent K channel, blocked Ioo
(data not shown). Similarly, application of pinacidil (< 100 um)
did not change the activity of the large conductance Ca-
dependent K-channel (Figure 1c(ii)). On the other hand, with
the whole-cell voltage-clamp configuration, application of
pinacidil (>3 uM) rapidly produced an outward current and
then inhibited Ioo after a delay of several min (Figure 1d(i)). A
higher concentration of pinacidil (30 zM) further inhibited Ioo
and after its removal, the outward current induced by pina-
cidil declined but it took over 10min after washout for Ioo
generation to recover (Figure 1d(ii)). Pinacidil (5uM) neither
produced an outward current nor inhibited Ioo, after pretreat-
ment with 1uM glibenclamide (Figure le(i)). However, 8 min
after removal of both drugs, reapplication of pinacidil (5 um)
produced an outward current and inhibited the generation of
Ioo. If pinacidil was applied first glibenclamide (1 um) partly
restored Ioo and inhibited the pinacidil-induced outward
current (Figure le(ii)). Amplitude histograms showed that
pinacidil reduced the number of Ioo (calculated from ampli-
tudes larger than 100pA) to 0.21 times of the control, and
simultaneous application of glibenclamide partly restored Ioo
generation (0.51 times of the control; Figure 1f). As shown in
Figure 1g, the relative amount of current carried as Ioo was
reduced by application of pinacidil (> 1 um) dose-dependently,
and glibenclamide (1 um) significantly prevented the inhibitory
actions of pinacidil.

Discussion The findings of the present experiments indicate
(1) that pinacidil not only activates K-channels (Standen et al.,
1989; Kajioka et al., 1990), but also inhibits the spontaneous
K current induced by Ca release from intracellular stores and
(2) that glibenclamide both prevents the pinacidil-induced
inhibition of Ioo and blocks the pinacidil-activated outward
current.

Inhibition of Ioo by pinacidil was not due to direct block-
ade of the Ca-dependent K-channel, since the activity of the K
channel was not inhibited by pinacidil. Although the possi-
bility that pinacidil might synthesize an endogenous channel-
blocker for the Ca-dependent K-channels cannot be excluded,
a more plausible explanation for the inhibition of Ioo is that
pinacidil inhibits some step involved in the Ca release mecha-
nism and/or the Ca refilling mechanism. Since both
ryanodine-sensitive and IP,-sensitive Ca release channels
could modify the generation of Ioo (Ohya et al., 1987; 1988;
Sakai et al., 1988), it is difficult to decide whether one or both
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Figure 1 Effects of ryanodine, pinacidil and glibenclamide on the oscillatory outward current (Ioo) and single channel activity of the
Ca-dependent K-channel with large conductance. (a) Effect of ryanodine (30 uM) on loo. (b) Effect of glibenclamide (1 um and 30 um)
on loo. (c) Effects of glibenclamide (100 uM) and pinacidil (100 zM) on activity of the Ca-dependent K-channel. (d) Effects of pinacidil
(3 uM or 30 um) on Ioo. (¢) Antagonism by glibenclamide (1 uM) of the pinacidil (5 um)-induced inhibition of Ioo. The holding poten-
tials were —30mV (a, b and e), —40mV (d) and OmV (c). Traces in (c) were recorded with the outside-out membrane patch
configuration whereas the other traces were recorded with the whole-cell voltage-clamp configuration. All drugs, dissolved in deion-
ized water and diluted with PSS, were superfused in the bath with a flow rate of I mlmin~!. (f) Amplitude histograms of Ioo
measured in the absence (i) of and presence of 5uM pinacidil (i) or in the presence of 5uM pinacidil and 1M glibenclamide (iii).
Histograms were obtained from the result shown in Figure le(ii) (indicated as f(i), f{ii) and f{iii) above the trace) and the fluctuations of
the current less than 30 pA were omitted from the measurement. Curves were fitted by an equation of:

Y = A, » Exp(—X/M,) + A, * Exp(—(X — M,)?/83) + A, + Exp(—(X — M,)?/S2)

with following values; control, A, = 150, M, = 20pA, A, = 16, M, = 119pA, S, = 130, A, = 11, M, = 448 pA, S, = 58, correlation
coefficient (r) = 0.92; 5SuM pinacidil, A, = 150, M, =23pA, A, =1, M, = 100pA, S, =96, A, =22, M; = 353pA, S, =66,
r = 0.96; 5uM pinacidil + 1 um glibenclamide, A, = 150, M, =25pA, A, =7, M, = 119pA, S, =70, A; =49, M, = 442pA, S, =
98, r = 0.98. (g) Inhibitory actions of pinacidil (1, 5 and 30 uM) on relative amount of current carried as Ioo observed in the absence
and presence of 1 uM glibenclamide. Amount of Ioo was estimated by area of amplitude histogram and the histogram in the absence
of drug was normalized as 1.0. Each column shows mean value with s.d. (n = 3). ** indicates P < 0.01 (P-values were calculated
between the values in the presence and absence of 1 uM glibenclamide).

processes is responsible for the pinacidil-induced inhibitory
action seen in the present experiments.

Glibenclamide is used to inhibit selectively ATP-sensitive
K-channel in cardiac muscle and pancreatic S-cells (see review
by De Weille & Lazdunski, 1990). In the present experiments,
a low concentration of glibenclamide (1 um) restored the gen-
eration of Ioo blocked by pinacidil without any action on Ioo
by itself, while a high concentration of the drug (30 uM) had a
similar action to pinacidil. This implies that glibenclamide
(1 um) itself, while not having the ability to activate Ioo, did

antagonize the inhibitory actions of pinacidil. Although gli-
benclamide inhibited the pinacidil-induced outward current
(ATP-sensitive K current), the antagonizing action of gliben-
clamide on Ioo was neither related to activation of ATP-
sensitive K-channels by pinacidil, as lemakalim had no
inhibitory action on Ioo in the same preparation (unpublished
observations), nor was it due to direct activation of Ca-
dependent K-channels, as glibenclamide had no excitatory
action on these channels.

In summary, pinacidil activates glibenclamide-sensitive K-
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channels and, in addition, appears to inhibit release of, or
deplete Ca from intracellular stores, which is also antagonized
by glibenclamide (<1 uM), suggesting that both drugs do not
act selectively on ATP-sensitive K-channels.
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Comparison of the effects of intra-arterial and aerosol
administration of endothelin-1 (ET-1) in the guinea-pig isolated

lung
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Pierre Braquet
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1 Intra-arterial injection of endothelin-1 (ET-1, 400 pmol; 1ug) in guinea-pig isolated perfused lungs,
induced increases in pulmonary inflation pressure (PIP) and perfusion pressure (PPP), associated with
oedema formation and thromboxane B, (TxB,) release but not with the generation of sulphidopeptide
leukotrienes or release of histamine. In contrast, aerosol administration of ET-1 (3, 6, 10 ugml~1, for
2min) evoked a dose-dependent increase in PIP, without significant changes in PPP, oedema formation
or TxB, release.

2 Addition of indomethacin (5uM) or BW 755C (10 or 100um), but not nordihydroguaiaretic acid
(NDGA, 50uM) or FPL 55712 (10 uMm), to the perfusion medium led to a significant inhibition of the
increases in PIP and PPP, TxB, release and oedema formation evoked by intra-arterial injection of
400 pmol ET-1. In contrast, indomethacin (5 uM), BW 755C (100 uM) or FPL 55712 (10 um), added to the
perfusion medium 10 min prior to challenge, did not affect the increase in PIP induced by a 2-min aerosol
of a solution of ET-1 10 ugml~1.

3 In vivo aerosol administration of indomethacin (100 mgml~*, for 20 min) to non-anaesthetized guinea-
pigs, 15min before lung removal, did not modify the bronchopulmonary response evoked in isolated
perfused lungs by an aerosol of ET-1 10ugml~!. However, under the same experimental conditions,
indomethacin significantly inhibited TxB, release evoked by aerosolized arachidonic acid (2mgml™?).

4 1In conclusion, the present study shows that when injected by the intra-arterial route, ET-1 effects are
mediated primarily via the generation of cyclo-oxygenase metabolites of arachidonic acid, whereas when
the aerosol route is used, the peptide appears to act on airway smooth muscle cells, through an

indomethacin-insensitive process which may involve some other, as yet unidentified, mediator(s).
Keywords: Endothelin-1; bronchoconstriction; indomethacin; BW 755C; FPL 55712; NDGA ; guinea-pig lung; aerosol

Introduction

The spasmogenic effect of endothelin-1 (ET-1), a 21-amino
acid peptide isolated from cultured porcine endothelial cells
(Yanagisawa et al, 1988), is not restricted to the vascular
system. Indeed, this peptide induces the in vitro contraction of
pulmonary tissue from various species (Uchida et al., 1988;
Maggi et al., 1989; Turner et al., 1989; Hay, 1989; Advenier et
al., 1990). Intravenous injection of ET-1 in the guinea-pig
elicits a dose-dependent bronchoconstriction which is accom-
panied by a rapid and marked increase in mean arterial blood
pressure (Payne & Whittle, 1988; Braquet et al., 1989a;
Macquin-Mavier et al., 1989; Touvay et al., 1990). However, it
has been suggested that the in vivo effects of ET-1 on blood
pressure and bronchopulmonary alterations in the guinea-pig
are, at least in part, dissociated (Touvay et al., 1990). This was
strengthened by the finding that in the guinea-pig, aerosol
administration of ET-1 also induces a potent broncho-
constriction without significant changes in blood pressure
(Lagente et al., 1989).

Pretreatment of guinea-pigs with the cyclo-oxygenase inhib-
itor, indomethacin, produced a marked but incomplete inhibi-
tion of the bronchoconstriction induced by both intravenous
and aerosol administrations of ET-1 (Payne & Whittle, 1988;
Braquet et al., 1989b; Macquin-Mavier et al., 1989; Lagente et
al., 1989). Furthermore, a marked release of cyclo-oxygenase
metabolites, especially thromboxane (Tx) A,, following injec-
tion of ET-1 into guinea-pig lung is observed (De Nucci et al.,
1988; Antunes et al., 1989; Braquet et al., 1989a; Touvay et
al., 1990). These results suggested that ET-1 exerts its bron-
chopulmonary activity mostly via the generation of cyclo-
oxygenase metabolites such as TxA,. However, the possible
contribution of other mediators such as lipoxygenase-derived

! Author for correspondence.

metabolites of arachidonic acid in the ET-1-induced broncho-
pulmonary effects have yet to be determined.

In the present study, we compared the effects of intra-
arterial and aerosol administration of ET-1 in isolated and
perfused guinea-pig lungs, in order to analyse the respective
contribution of the direct and the indirect bronchopulmonary
alterations of the peptide. Furthermore, the pharmacological
modulation of the ET-1-induced bronchopulmonary effects, as
well as the possible release of histamine, TxA, and of the
bronchoconstrictor lipoxygenase metabolites of arachidonic
acid upon challenge with the peptide were also investigated.

Methods

Lung perfusion experiments

Male Hartley guinea-pigs (400-500g, Charles River, Saint-
Aubin-les-Elbeuf, France) were anaesthetized with sodium
pentobarbitone (60mgkg™!, i.p.) and the lungs were prepared
as described by Pons et al. (1989). Briefly, after mid-
thoracotomy the lungs were washed in situ through the pul-
monary artery with 5S0ml of Krebs solution containing 2%
bovine serum albumin (Krebs-BSA) and heparin
20 units ml~!. Then, the trachea was cannulated and the lungs
rapidly excised and suspended in a warmed (37°C) glass
chamber. The trachea was connected to a respiratory pump
(Ugo Basile pump, Varese, Italy, 60 strokesmin~!, 1ml
100g~! body weight) and the pulmonary inflation pressure
(PIP) was monitored with a Gould transducer (Cleveland,
Ohio, USA) connected to the ventilation system and linked to
a multichannel recorder (Gould). The lungs were perfused at a
flow rate of Smimin~! through the pulmonary artery with
thermostated (37°C) and oxygenated (95% O,:5% CO,)
Krebs-BSA. The pulmonary perfusion pressure (PPP) was
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monitored via a transducer (Gould) connected to the per-
fusion system. The lungs were allowed to equilibrate for
10 min before intra-arterial or aerosol administration of ET-1
or the various agents tested. For the aerosol administrations,
a Devilbiss ‘Pulmosonic’ ultrasonic Nebuliser (Sommerset,
Pennsylvania, USA) was inserted in series with the afferent
limb of the ventilator circuit (as modified from Payne & De
Nucci, 1987). The various drugs tested, indomethacin (5 um),
BW 755C (10 and 100uMm), FPL 55712 (10um), nor-
dihydroguaiaretic acid (NDGA; 50 um), were added to the
perfusion medium 10 min before the stimulation with ET-1 or
the various agents. The lung effluent was collected for 1min
before and 5min following intra-arterial or aerosol challenge
for the measurement of histamine, inactive metabolite of
TxA,: thromboxane B, (TxB,), and immunoreactive sul-
phidopeptide leukotrienes. In order to evaluate oedema for-
mation, the wet weights of the lungs were measured prior to
and at the end of the experiments. The increment of the lung
weight is expressed as a percentage calculated over the value
measured before the experiment.

Pretreatment of guinea-pigs by aerosol administration of
indomethacin

In some experiments, non-anaesthetized guinea-pigs were
placed in a plexiglass chamber (12 x 30 x 12cm) and exposed
to an aerosol of a solution of indomethacin 100mgml~! for
20min. The aerosol was generated by a Devilbiss ‘Pul-
mosonic’ ultrasonic nebuliser, directly connected to the plex-
iglass chamber. The guinea-pig lungs were prepared as
described above, 15min after the end of the aerosol of indo-
methacin.

Mediator assays

TxB, and sulphidopeptide leukotrienes were assayed accord-
ing to the method described by Pradelles et al. (1985) and with
commercial kits (Stallergenes, Fresnes, France). The minimal
detectable concentration of TxB, was 10pgml~' and within
the range of 10400 pgml~! the intra-assay variation was less
than 10%. Cross-reactivities with TxB, and dinor TxB, were
17% and 11%, respectively. Cross-reactivity with other pros-
tanoids was less than 1%. Background values of TxB, in the
effluent, prior to ET-1 challenge never exceeded 1ngml~!.
The minimal detectable concentration of sulphidopeptide leu-
kotriene in lung effluent was equivalent to 10pgml~! leuko-
triene C, (LTC,) and cross-reactivities with LTD,, LTE, and
LTB, were 56%, 2% and 0.1%, respectively.

For the assessment of histamine, 2ml aliquots of the lung
perfusate were mixed with 0.2ml of a 4.8 N perchloric acid sol-
ution in water. After centrifugation for 20min at 3500r.p.m.
and at 4°C, the supernatants were collected and stored at 4°C.
The spectrofluorimetric assay for histamine was performed
according to the method described by Shore (1959).

Drugs

The composition of the Krebs solution was (in mm): NaCl
118, KCl 4.7, CaCl, 2.5, MgSO,, 7TH,0 1.2, KH,PO, 12,
NaHCO; 25 and glucose 5.6. The following drugs were used:
sodium pentobarbitone (Nembutal, Clin-Midy, Saint-Jean-de-
la-Ruelle, France), pancuronium bromide (Pavulon, Organon
Technika, Fresnes, France), heparin (Roche, Neuilly-sur-Seine,
France), BSA, TxB,, histamine hydrochloride, NDGA (Sigma,
Saint Louis, MO, U.S.A.). NDGA was solubilized in a 50%
ethanol solution in water and then added to the Krebs-BSA.
The inhibitor of cyclo-oxygenase and lipoxygenase, BW 755C
(3-amino-1-[m-(trifluoromethyl)-phenyl]-2-pyrazoline, a gift
from Drs M.D. Cooke and S. Moncada, Wellcome Research
Laboratories, Beckenham, U.K.), and the antagonist of pep-
tidoleukotrienes, FPL 55712 (7-[3-(4-acetyl-3-hydroxy-2-
propylphenoxy)-2-hydroxypropoxy]-4-oxo-8-propyl-4H-1-
benzopyran-2-carboxylic acid, a gift from Dr Shipman, Fisons

Pharmaceuticals, Loughborough, U.K.), were dissolved in dis-
tilled water. The cyclo-oxygenase inhibitor, indomethacin, was
solubilized either in 0.5N NaOH in 0.15M NaCl and the solu-
tion was then adjusted to pH 7.4-7.6 for aerosol adminis-
tration, or dissolved in absolute ethanol and further diluted in
Krebs-BSA. ET-1 (mol. wt. =2492, Peptide Institut Inc.,
Osaka, Japan) was dissolved in distilled water and further
diluted in a 0.15M NaCl solution (saline).

Statistical analysis

The results are expressed as mean + s.e.mean. Differences
between means were analysed by Student’s ¢ test for unpaired
data or by use of two-way analysis of variance for the time-
course studies.

Results
Effect of intra-arterial and aerosol administration of
endothelin-1 in isolated guinea-pig lungs

Aerosol administration of ET-1 (1, 3, 6 or 10ugml™*
solutions) for 2min provoked a dose-dependent increase in
PIP, developing slowly and reaching a maximal value by
2-3min following the beginning of the aerosol (Figure 1).
Aerosol administration of a solution containing 1ugml™!
ET-1 evoked no significant change in PIP, as compared to the
effect of the solvent alone. When a solution containing ET-1,
3ugml~!, was administered by aerosol an important increase
in PIP was observed. This bronchoconstrictor response was
not significantly different from the one induced by 6 ugml~!
ET-1, but significantly lower than that evoked by aerosol
administration of 10ugml~! ET-1 (two way analysis of
variance). These results are in keeping with the ones pre-
viously obtained when investigating the in vivo aerosol admin-
istration of the peptide in guinea-pigs (Lagente et al., 1989).

The increase in PIP induced by aerosol administration of
10ugml~! ET-1 was of lower intensity than the one induced
by intra-arterial injection of 400 pmol (approx. 1ug) of the
peptide (Figure 2a). When administered by the intra-arterial
route, the ET-1-induced bronchoconstriction was associated
with an increase in PPP (Figure 2b), which lasted for at least
5min following injection of the peptide. In contrast, the bron-
choconstrictor effect induced by aerosolized ET-1 (10 ugml~1)
was not associated with such a significant change in PPP
(Figure 2b).

As presented in Figure 3, intra-arterial injection of 400 pmol
ET-1 provoked a 10% oedema formation and generation of
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Figure 1 Time-course of the increases in pulmonary inflation pres-
sure (PIP) induced by aerosol administration of 1 (O, n=17), 3 (@,
n=26), 6 (0, n=7) or 10ugml™! (M, n = 15) for 2min in isolated
and perfused guinea-pig lungs. PIP is expressed in mmHg as means,
with s.e.mean shown by vertical bars.
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Figure 2 Time-course of the increases in pulmonary inflation pres-
sure (PIP) (a) and pulmonary perfusion pressure (PPP) (b) induced by
intra-arterial (400 pmol, O, n = 25) or aerosol (10 ugml~?! for 2min,
@, n = 15) administration of endothelin-1 (ET-1) in isolated and per-
fused guinea-pig lungs. PIP and PPP are expressed in mmHg as
means, with s.e.mean shown by vertical bars.
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TxB, in the lung effluent; however, there was no detectable
release of histamine or sulphidopeptide leukotrienes (data not
shown). In contrast, no generation of TxB, and little, if any,
oedema formation was observed after aerosol administration
of 10 ugml ™! ET-1 (Figure 3).

Pharmacological modulation of the bronchopulmonary
effects induced by intra-arterial injection of endothelin-1

The effects of indomethacin, BW 755C, FPL 55712 and
NDGA on the bronchopulmonary alterations induced by
intra-arterial injection of 400 pmol of ET-1 were investigated.
Addition of indomethacin (5uM) or BW 755C (10 or 100 uM)
to the perfusion medium of isolated and perfused guinea-pig
lungs led to a significant inhibition of the increase in PIP,
TxB, release and oedema formation induced by ET-1 (Figure
4a, ¢ and d). In the presence of indomethacin or BW 755C, the
increase in PPP was also reduced, but this inhibition did not
reach a significant level (Figure 4b). The effect of BW 755C
was concentration-related and that of 100 uM abrogated the
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Figure 3 Comparison of the effects of intra-arterial (400 pmol, open
columns, n = 25) or aerosol (10ugml~! for 2min, stippled columns,
n = 15) administration of endothelin 1 (ET-1) on pulmonary inflation
pressure (PIP), pulmonary perfusion pressure (PPP), oedema forma-
tion, thromboxane B, (TxB,) release in isolated and perfused guinea-
pig lungs. Increases in PIP (APIP) and PPP (APPP) are expressed in
mmHg. Lung oedema (AL.W.) is expressed as percentage increase in
the wet weight of the organ, as compared to the pre-experiment value.
TxB, release is expressed in ngml~*. Results are presented as means
with s.e.mean shown by vertical bars. *P < 0.05; **P <0.01;
***p < 0.001 (¢ test).

increase in PIP and in lung weight, as well as the TxB,
release, induced by ET-1 (Figure 4a, ¢ and d). In contrast,
FPL 55712 (10 um) or NDGA (50 uM), added to the perfusion
medium, did not significantly affect the bronchopulmonary
alterations evoked by ET-1 (Figure 4a, b, ¢ and d). On the
contrary, in the presence of NDGA (50 um), the increases in
PIP and PPP, TxB, release and oedema formation evoked by
ET-1 were slightly enhanced (Figure 4a, b, ¢ and d).

Pharmacological modulation of the bronchopulmonary
effects induced by aerosol administration of endothelin-1

The effects of addition of indomethacin, BW 755C or FPL
55712 into the perfusion medium were investigated only on
the increase in PIP, since no changes in PPP, TxB, release
and lung wet weight were observed following ET-1 aerosol
administration in guinea-pig isolated lungs (see above). The
presence of indomethacin (5 M) in the perfusion medium did
not significantly modify the increase in PIP after aerosol
administration of ET-1 (3, 6 or 10 ugml~?, for 2min) (Table
1). In addition, in vivo aerosol administration of indomethacin
(100mgml~!, for 20min) to non-anaesthetized guinea-pigs,
15min before lung removal, did not modify the broncho-
pulmonary response induced by an aerosol of 10ugml~?!
ET-1 to isolated perfused lungs (data not shown). Further-
more, BW 755C (100 uM) and FPL 55712 (10 uM), added to the
perfusion medium, also failed to affect the increase in PIP
induced by an aerosol of 10 ugml~! ET-1. Indeed, the ET-1-
induced increases in PIP were 17.7 + 1.5mmHg,
18.2 + 4.5mmHg and 17.0 + 29 mmHg in the absence and in
the presence of BW 755C and FPL 55712, respectively.

Table 1 Effects of indomethacin on the increase in pulmonary inflation pressure (PIP) induced by aerosol administration of endothelin-
1 (ET-1) \
Increase in PIP induced by aerosolized ET-1
(mmHg)
ET-1 (ugml™!) n Control n Indomethacin
3 6 133+23 6 9.2+ 26
6 7 154 + 26 6 19.0 + 39
10 15 177+ 1.5 4 180+ 19

Indomethacin (5uM) was added to the perfusion medium 10min before administration of ET-1. Increases in PIP following aerosol
administration of ET-1 (3, 6 or 10ugml~', for 2min) are expressed in mmHg as mean + s.e.mean of the indicated number (n) of
experiments. No significant differences were observed between control and indomethacin-treated lungs, regardless of the dose of ET-1

used.
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Figure 4 Effects of indomethacin (Indo, 5 um), BW 755C (10 or 100 um), FPL 55712 (10 um) and nordihydroguaiaretic acid (NDGA,
50 uM) on the increases in pulmonary inflation pressure (PIP) (a) and pulmonary perfusion pressure (PPP) (b), thromboxane B,
(TxB,) release (c) and oedema formation (d) induced by intra-arterial injection of 400 pmol endothelin-1 (ET-1). The various drugs
were added separately to the perfusion medium 10min before the injection of ET-1. Increases in PIP and PPP are expressed in
mmHg. TxB, release is expressed in ngml~!. Lung oedema is expressed as percentage increase in the wet weight of the organ, as
compared to the pre-experimental value. Results are presented as mean with s.e.mean shown by vertical bars of the number of
experiments indicated inside the bars of (a). * P < 0.05, ** P < 0.01; *** P < 0.001 (¢ test).

Bronchopulmonary effects induced by arachidonic acid
administered by aerosol

The effect of indomethacin on the bronchopulmonary actions
of aerosolized arachidonic acid was also studied, in order to
ascertain that the dose of indomethacin chosen in this series of
experiments was adequate. In isolated perfused guinea-pig
lungs, aerosol administration of arachidonic acid (2mgml~?)
for 3min provoked a slowly developing increase in PIP with a
maximal value of 12.9 + 1.5mmHg by 34 min (Table 2). This
peak increase in PIP was associated with no significant
change in PPP and with only a minimal alteration (less than
3.9%) in the lung weight (data not shown). However, aerosol
administration of arachidonic acid induced a marked gener-
ation of TxB, in the lung effluent (Table 2). Addition of indo-
methacin (5 uM) to the perfusion medium did not significantly
affect the increase in PIP induced by arachidonic acid,

although it reduced by 95% the generation of TxB, (Table 2).
Also, in vivo aerosol administration of indomethacin to non-
anaesthetized guinea-pigs, 15 min before lung removal, led to
a 60% reduction (P < 0.05) of the arachidonic acid-induced
generation of TxB, by isolated lung, without significant alter-
ation of the bronchoconstrictor response (Table 2).

Discussion

Intra-arterial injection of ET-1 in isolated perfused lungs of
the guinea-pig has been shown to result in a dose-dependent
increase in PIP, associated with TxB, release (Antunes et al.,
1988; De Nucci et al., 1988; Braquet et al., 1989a; Touvay et
al., 1990). The present results indicate that ET-1 also induces
an in vitro increase in PIP in isolated and perfused guinea-pig
lungs when administered by aerosol. The threshold concentra-

Table 2 Effects of indomethacin on the increase in pulmonary inflation pressure (PIP) and thromboxane B, (TxB,) release induced by

aerosol administration of arachidonic acid

Treatment n
Control 8
Indo (5 um) 6
Indo (100mgml~?!) 6

Increase in PIP

TxB, release

(mmHg) (ng ml~?)
129+ 15 153 + 3.1
92+ 1.7 0.8 + 0.3%**
200 + 4.1 63+ 1.7*

Indomethacin was added to the perfusion medium (5 uM) or administered by aerosol to non-anaesthetized guinea-pigs (100mgml~*, for
20min). Isolated and perfused guinea-pig lungs were challenged with arachidonic acid (2mgml~!) for 3 min. Increases in PIP are
expressed in mmHg and TxB, in ngml~'. Results are presented as mean + s.e.mean of the indicated number (n) of experiments.

* P < 0.05; *** P < 0.001 (t test).



tion of the peptide was 3ugml™!, and in the range of 3-
10pugml~', the ET-l-induced effects were dose-dependent.
These results are in agreement with those reported by Lagente
et al. (1989), who initially described the in vivo broncho-
constrictor effects of aerosolized ET-1 in the guinea-pig.
Administered by the aerosol route, however, ET-1 had no sig-
nificant effect on PPP, oedema formation or generation of
TxB, in the lung effluent. This contrasts with intra-arterial
injection of the peptide.

The inhibition of the bronchopulmonary effects of intra-
arterially administered ET-1 by indomethacin or BW 755C
indicates that when this route is used, ET-1-induced effects are
primarily mediated by cyclo-oxygenase metabolites of arachi-
donic acid, a result in agreement with previous reports (De
Nucci et al., 1988; Antunes et al., 1988). In addition, no release
of immunoreactive sulphidopeptide leukotrienes and no inhib-
itory effect of NDGA and FPL 55712 were observed, suggest-
ing that lipoxygenase metabolites of arachidonic acid are not
involved in the bronchopulmonary alterations induced by
intra-arterial injection of ET-1.

The present results also indicate that, when administered by
aerosol, ET-1 effects appear not to be mediated through the
generation of cyclo-oxygenase metabolites. Indeed, no gener-
ation of TxB, was detected following aerosol administration
of ET-1, under experimental conditions where aerosolized ara-
chidonic acid evoked a marked release of this metabolite in
the lung effluent. Furthermore, the bronchopulmonary
response induced by aerosolized ET-1 was unaltered when
indomethacin, BW 755C or NDGA were added to the per-
fusion medium. Previous work by Lagente et al. (1989)
demonstrated that indomethacin, given intravenously to
anaesthetized guinea-pigs, reduced by 60% the in vivo bron-
chopulmonary response evoked by aerosolized ET-1, suggest-
ing that when the aerosol route is used, ET-1-induced effects
are only partially mediated by the release of cyclo-oxygenase
metabolites. Such a discrepancy between in vivo and in vitro
results indicates that other components or cell types (like cir-
culating blood cells) could be recruited during in vivo aerosol
challenge with ET-1 and contribute to the indomethacin-
sensitive part of the bronchopulmonary activity of the peptide.
On the other hand, it has been recently reported (Battistini et
al, 1990) that the TxA, antagonist, BM 13177, markedly
reduced the in vitro contraction of guinea-pig trachea induced
by ET-1. However, in this study, the effect of indomethacin
was not evaluated. In this regard, Maggi et al. (1989) and
Advenier et al. (1990) have reported only a slight inhibition of

References

ADVENIER, C., SARRIA, B, NALINE, E, PUYBASSET, L. & LAGENTE,
V. (1990). Contractile activity of three endothelins on the human
isolated bronchus. Br. J. Pharmacol., 100, 168-172.

ANTUNES, E., DE NUCCI, G. & VANE, J.R. (1988). Endothelin releases
eicosanoids from and its removed by isolated perfused lungs of the
guinea-pig. J. Physiol., 407, 40P.

BATTISTINI, B, FILEP, J. & SIROIS, P. (1990). Potent thromboxane-
mediated in vitro bronchoconstrictor effect of endothelin in the
guinea-pig. Eur. J. Pharmacol., 178, 141-142.

BOUKILI, M.A, BUREAU, M.F., LELLOUCH-TUBIANA, A, LEFORT, J,
SIMON, M.T. & VARGAFTIG, B.B. (1989). Alveolar macrophages
and eicosanoids but not neutrophils, mediate bronchoconstriction
induced by FMLP in the guinea-pig. Br. J. Pharmacol., 98, 61-70.

BRAQUET, P., TOUVAY, C, LAGENTE, V. VILAIN, B, PONS, F,
HOSFORD, D., CHABRIER, P.E. & MENCIA-HUERTA, J.M. (1989a).
Effect of endothelin-1 on blood pressure and bronchopulmonary
system of the guinea-pig. J. Cardiovasc. Pharmacol., 13, suppl. 5,
S143-S146.

BRAQUET, P, TOUVAY, C, LAGENTE, V., VILAIN, B, PONS, F,
LEJEUNE, V. & MENCIA-HUERTA, JM. (1989b). Indomethacin
inhibits in vitro and in vivo endothelin induced broncho-
constriction in the guinea-pig. Eur. Resp. J., 2 (suppl. 5), 274S.

DE NUCCI, G, THOMAS, R, D'ORLEANS-JUSTE, P., ANTUNES, E,
WALDER, C., WARMER, T.D. & VANE, J.R. (1988). Pressor effects of
circulating endothelin are limited by its removal in the pulmonary
circulation and by the release of prostacyclin and endothelium-

EFFECTS OF ET-1 IN GUINEA-PIG ISOLATED LUNG 795

the contraction of guinea-pig trachea and human bronchus
induced by low concentrations of ET-1 in the presence of
indomethacin. The lack of effect of this drug added to the per-
fusion medium under our experimental conditions is in
keeping with these last results, but can also indicate that, in
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than trachea are the primary targets of ET-1.

In the present study, no inhibitory effect of indomethacin
was observed when non-anaesthetized guinea-pigs were
pretreated with this drug by aerosol. This pretreatment,
however, significantly reduced the release of TxB, induced by
aerosolized arachidonic acid, and has been reported to
suppress the bronchoconstriction induced by aerosolized
FMLP in the guinea-pig. Indeed, Boukili et al. (1989) have
demonstrated that indomethacin administered by aerosol to
anaesthetized guinea-pigs significantly reduced the broncho-
constriction induced by both intravenous and aerosol admin-
istration of FMLP and abrogated that evoked by intravenous
injection of arachidonic acid, suggesting a predominant cyclo-
oxygenase-dependent component in these experiments. Under
our experimental conditions, aerosol administration of indo-
methacin (100mgml~!, for 20min) suppressed the in vivo
bronchoconstriction evoked by intravenous injection of ara-
chidonic acid (0.5mgkg~"'; Pons et al., unpublished results).
Interestingly, although pretreatment of the animals or addi-
tion of indomethacin to the perfusion medium significantly
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evoked by aerosolized ET-1 may involve mediators other than
the indomethacin-sensitive ones, for example platelet-
activating factor or neuropeptides, deserves investigation.

In summary, these results demonstrate that in isolated and
perfused guinea-pig lungs, ET-1 administered by the intra-
arterial or aerosol route induces bronchopulmonary effects.
When ET-1 is injected by the intra-arterial route, its effects are
primarily mediated via the generation of cyclo-oxygenase
metabolites of arachidonic acid, whereas when the aerosol
route is used, the peptide appears to act on airway smooth
muscle cells through an indomethacin-insensitive process
which may involve some other, as yet unidentified,
mediator(s).
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Morphine, but not sodium cromoglycate, modulates the release
of substance P from capsaicin-sensitive neurones in the rat

trachea in vitro

N.J. Ray, A.J. Jones & 'P. Keen

Department of Pharmacology, University of Bristol, The Medical School, Bristol, BS§ 1TD

1 Opioids have been shown to inhibit substance P (SP) release from primary afferent neurones (PAN). In
addition, opioid receptors have been identified on PAN of the vagus nerves. Sodium cromoglycate (SCG)
decreases the excitability of C-fibres in the lung of the dog in vivo. We have utilised a multi-superfusion
system to investigate the effect of opioids and SCG on the release of SP from the rat trachea in vitro.

2 Pretreatment of newborn rats with capsaicin (50mgkg~! s.c. at day 1 and 2 of life) resulted in a
93.2 + 6.3% reduction in tracheal substance P-like immunoreactivity (SP-LI) content when determined by
radioimmunoassay in the adult.

3 Exposure to isotonically elevated potassium concentrations (37-90 mm), capsaicin (100 nM~10 um), and
bradykinin (BK; 10nM-1uMm) but not des-Arg®-BK (1uM) stimulated SP-LI release by a calcium-
dependent mechanism. .

4 SCG (1 um and 100 um) did not affect spontaneous, potassium (60 mm)- or BK (1 um)-stimulated SP-LI
release.

5 Morphine (0.1-100 uM) caused dose-related inhibition of potassium (60 mM)-stimulated SP-LI release
with the greatest inhibition of 60.4 + 13.7% at 100 uM. The effect of morphine was not mimicked by the
k-opioid receptor agonist, US0,488H (10 uM) or the J-opioid receptor agonist, Tyr-(D-Pen)-Gly-Phe-(D-
Pen) (DPDPE).

6 The effect of morphine was totally abolished by prior and concomitant exposure to naloxone (100 nm)
which had no effect on control release values.

7 We conclude that opioid receptors, predominantly of the u-opioid receptor subtype, inhibit SP-LI
release from PAN in the rat trachea and suggest that centrally inactive u-opioid receptor agonists may
have therapeutic potential in the treatment of asthma.

Keywords: Morphine; sodium cromoglycate; trachea substance P; primary afferent neurone

Introduction

In airways of mammals, including the rat, immuno-
histochemical and morphological studies have localised the
undecapeptide substance P (SP), possibly coexisting with cal-
citonin gene-related peptide (CGRP), and the related tachy-
kinins, neurokinin A (NKA) and neurokinin B (NKB), to
capsaicin-sensitive vagal and non-vagal primary afferent neu-
rones (PANSs). These sensory fibres innervate both bronchial
and vascular smooth muscle, submucosal glands and the res-
piratory epithelium (Lundberg et al., 1984; Hua et al., 1985;
McDonald et al., 1988).

Recent evidence suggests that airway irritation causes local
defence reactions including bronchoconstriction, vasodilata-
tion and an increase in vascular permeability (Lundberg &
Saria, 1982a; 1983; Lundberg et al., 1983a). Activation of local
axon reflexes, with release of mediators including SP from per-
ipheral endings of sensory fibres, contributes to these reactions
(Lundberg et al., 1985). Indeed it has been postulated that
these axon reflexes may have relevance to the pathogenesis of
asthma (Barnes, 1986).

Opioid receptors exist on small-diameter PANs in the
spinal cord (LaMotte et al., 1976). Autoradiographic studies
have demonstrated opioid receptors on vagal PANs (Atweh et
al., 1978). Several studies have shown that opioids inhibit the
release of SP from neurones in vitro (Jessell & Iversen, 1977;
Lembeck & Donnerer, 1985) and in vivo (Yaksh et al., 1980).
Opioids have also been shown to modulate non-adrenergic,
non-cholinergic (NANC) bronchoconstriction and plasma
extravasation induced by antidromic stimulation of the vagus

! Author for correspondence.

nerves in the guinea-pig in vivo (Belvisi et al., 1988; 1989).
These authors concluded that this effect may be mediated by
presynaptic inhibition of SP release from the peripheral
termini of vagal afferents.

Sodium cromoglycate (SCG) has been reported to depress
the excitability of C-fibres in the canine lung in vivo (Dixon et
al., 1980). In addition, bradykinin, a known stimulant of vagal
afferent C-fibres (Kaufman et al., 1980), causes SCG-sensitive
bronchoconstriction in man in vivo (Fuller et al., 1987).

We have developed a multi-superfusion system to study the
control of the release of SP-like immunoreactivity (LI) from
rat trachea in vitro and have investigated the effect of morp-
hine on potassium- and capsaicin-stimulated SP-LI release. In
addition, the effect of SCG on potassium- and bradykinin-
stimulated SP-LI release was studied.

Preliminary data have been presented to the British Phar-
macological Society (Ray et al., 1989).

Methods
Experimental protocol

Male albino rats (Wistar 350400 g) were obtained from the
departmental colony in Bristol. Animals were killed by a ter-
minal injection of sodium pentobarbitone (100mgkg™!, i.p.).
Eight or ten spirally cut tracheae (Constantine, 1965) were
mounted in parallel surfasil (Pierce Chemical Co.)-coated glass
chambers and simultaneously superfused (Watson-Marlow
202S/AA) at 37°C with oxygenated (95% O,/5% CO,) physio-
logical salt solution (composition (mm): NaCl 120, KCl 4.7,
CaCl, 2.6, MgSO, 1.2, KH,PO, 1.2, NaHCO, 25, glucose
11.1) at Smlimin~! to allow equilibration. After at least 60 min
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bovine serum albumin (BSA; 1mgml~') and three peptidase
inhibitors were added to the physiological salt solution and
the flow rate adjusted to 1 ml min~!. Peptidase inhibitors were
phosphoramidon (1 um), captopril (100uM) and bacitracin
(20mgml~1!) (Turner et al., 1985). After a further 15min four
fractions of 5min from each trachea were simultaneously col-
lected in vials containing a final concentration of 0.1% tri-
fluoroacetic acid (TFA), ethylenediaminetetracetic acid,
disodium salt, dihydrate (EDTA, 1mmM), and dithiothreitol
(DTT, 1mM). Drugs were added to the superfusion fluid
reservoir for 4 min during the third collection period. Where
the KClI concentration was raised the NaCl concentration was
correspondingly reduced to maintain the isotonicity of the
superfusing medium. Some experiments were performed on
trachea from rats which had been pretreated neonatally with
capsaicin. Rats received capsaicin (50mgkg~!) subcuta-
neously 24 h and 48 h after birth. Control littermates received
equal volumes of the vehicle which consisted of 10% ethanol:
10% Tween 80 (v/v) in 0.9% (w/v) saline.

Substance P-like immunoreactivity extraction and
radioimmunoassay

Superfusates were applied to Sep-Pak C, cartridges (Waters
Associates) and washed with 0.1% TFA. Peptides were eluted
with acetonitrile-0.1% TFA (80:20v/v) and evaporated to
0.5ml under nitrogen. The final SP-LI content of the trachea
was extracted by plunging each trachea into a microcentrifuge
tube containing 400 ul of boiling homogenizing medium (0.1%
TFA, 1mMm EDTA, 1mMm DTT) for 10min. The tubes were
then transferred to ice and the samples homogenised in the
tubes with a motor-driven Teflon pestle. A further 200 ul of
homogenizing medium was added to wash the pestle. The
samples were then centrifuged for 15min at 8000g and the
supernatants decanted and retained for radioimmunoassay
(RIA). Samples were then lyophilised and stored at —70°C.
RIA of SP-LI was performed with an antiserum directed
against the C-terminus of the peptide, as previously described
(Harmar & Keen, 1986). None of the agents employed inter-
fered with the RIA at the concentrations used.

Calculation of substance P-like immunoreactivity release

Changes in SP-LI release were calculated as the difference in
fractional release constants (FRC) between the mean of frac-
tions 1 and 2 and the mean of fractions 3 and 4 based on the
recovery of exogenous SP (40pgml~!) determined as
622 + 3.2% (n = 12).

Statistical analysis

Results are expressed as means + s.e.mean. Differences
between means were analysed by Student’s ¢ test for unpaired
data (two-tailed) or analysis of variance when appropriate. A
P value of less than 0.05 was considered to be significant.

Drugs

Drugs and chemicals were obtained from the following
sources: phosphoramidon, bacitracin, bovine serum albumin
(BSA), DTT, capsaicin, SP, BK, des-Arg® BK, trans-3,4-
dichloro-N-methyl-N(2-(1-pyrrolidinyl)cyclohexyl)- benzene-

acetamine (U50,488H), Tyr-(p-Pen)-Gly-Phe-(D-Pen)
(DPDPE), naloxone hydrochloride, cromolyn sodium, (Sigma
Chemical Co., Poole, Dorset); EDTA, ethylene glycol bis-(2-
aminoethyl) tetraacetic acid (EGTA; Fisons Ltd,
Loughborough); captopril (E.R. Squibb & Sons, Inc., Prin-
ceton, U.S.A.), morphine hydrochloride (McFarlan Smith
Ltd.,, Edinburgh) and sodium pentobarbitone (May & Baker
Ltd., Dagenham).

Results

Effect of neonatal pretreatment with capsaisin

Neonatal administration of capsaicin caused a significant
reduction in tracheal SP-LI content when extracted and
assayed after the rats had attained 350 g body weight. SP-LI
content of the trachea was reduced from 2125 + 135pg (n = 8)
in vehicle-treated rats to 144 + 17pg (n = 8) in capsaicin-
treated littermates representing a 93.2 + 6.5% reduction.

Stimulation of SP-LI release

Capsaicin (100nM—10um), KCl (37-90mm), and BK (10 nmM—
1 uM), caused dose-related increases in SP-LI release above
spontaneous values. Des-Arg® BK (1uM) did not increase
SP-LI release. Replacement of calcium ions by magnesium
with addition of 1mM EGTA did not affect spontaneous
SP-LI release but caused a total abolition of the increase in
release stimulated by 60 mMm KCl, a 97.8 + 21.0% reduction of
that by 1uM capsaicin and a 97.6 + 23.7% reduction of that
by 1 um BK (see Table 1).

Effect of sodium cromoglycate on substance P-like
immunoreactivity release

Tracheae were preincubated in SCG (1 um and 100 um) for
60min prior to and during the equilibration period. SCG
(Ipum and 100uM) did not significantly affect spontaneous,
60mm KCl or 1 um BK stimulated SP-LI release when com-
pared to control values (Table 2).

Effect of opioid agonists on KCl-stimulated substance
P-like immunoreactivity release

Morphine (0.1-100 uM), when present 2min prior to and
during exposure to 60mM KCIl, produced dose-dependent
inhibition of SP-LI release: at a dose of 3 uM the inhibition
was 33.6 + 11.2% (n =10, P < 0.01), at 10um 49.3 + 16.7%
(n=10, P <001) and at 100um 604 + 13.7% (n= 10,
P < 0.001; Figure 1). Morphine (100 uM) did not inhibit SP-LI
release by capsaicin (1 um). If naloxone (100 nM) were present
during the equilibration and stimulation periods then the
inhibitory effect of morphine (30 uM) on KCl-stimulated SP-LI
release was abolished (Figure 2). Naloxone (100 nm) alone did
not affect SP-LI release. The x-receptor agonist, U50,488H
(10uM) did not significantly alter 60mm KCl-stimulated
release. Results were: KCl-stimulated control (60 mMm):
1000 + 9.0% (n=14); U50488H (10um): 111.2 +9.6%
(n = 14; P > 0.05). In a series of experiments we examined the
effect of the d-receptor agonist DPDPE. The maximum dose
which did not increase recovery of exogenous SP was 1uM.
This effect may reflect inhibition of neutral endopeptidase. At

Table 1 Effect of calcium-free medium on substance P-like immunoreactivity (SP-LI) release by (a) 60mm KCI, (b) 1 uM capsaicin and

(c) 1 um bradykinin (BK)

Calcium control

(a) KCl 60mm 100.0 £ 16.7 (8)
(b) Capsaicin 1 um 100.0 + 20.9 (10)
(c) BK 1um 100.0 + 22.3 (10)

Release is expressed as a percentage of control for (n) preparations.
*** P < 0.001

Calcium-free % inhibition
-39+ 148 (8) >100.0***

2.2 + 1.6 (10) 97.8 + 21.0%**

24 +8.0(10) 97.6 £ 23.7%**
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Table 2 Effect of sodium cromoglycate (SCG) on (a) spontaneous, (b) 60mm KCl and (c) 1 uM bradykinin (BK)-stimulated substance

P-like immunoreactivity (SP-LI) release

Spontaneous

(1) Control 100.0 + 6.6 (30)

SCG 1M 107.2 £ 7.5 (30)
(2) Control 1000 + 7.6 (30)
SCG 100uM 1048 + 5.0 (30)

Release is expressed as a percentage of control.
Values are means + s.e.mean of n animals.

this dose DPDPE did not affect SP-LI release by KCI. Results
were: KCl-stimulated control (60mMm): 100.0 + 10.3%
(n = 10); DPDPE (1 uM): 99.3 + 7.0% (n = 10; P > 0.05).

Discussion

We have investigated the release of SP-LI by a variety of
neuronal stimulants in the superfused rat trachea. Treatment
of newborn rats with capsaicin caused a greater than 90%
reduction in tracheal SP-LI content. Capsaicin causes the
selective destruction of chemosensitive C-fibre PANs under
these conditions (Jancso et al., 1977). This suggests that the
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Figure 1 Effect of morphine on substance P-like immunoreactivity
(SP-LI) release evoked by KCl 60mM. Data are mean differences for
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60mM. Data are means expressed as a percentage of 60mm KCl-
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KCli BK

100.0 + 10.3 (15)
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100.0 + 109 (15)
98.8 + 14.6 (15)

100.0 + 12.0 (15)
106.0 + 16.2 (15)
1000 + 10.8 (15)

959 + 183 (15)

great majority of tracheal SP-LI is localized to PANs, a
finding that is consistent with those of Lundberg and associ-
ates who found that treatment of newborn rats with capsaicin
abolishes vagally mediated neurogenic plasma extravasation
in the trachea (Lundberg & Saria, 1982b) and causes an
almost total loss of SP-immunoreactive fibres from the
airways (Lundberg et al., 1984).

A markedly increased outflow of SP-LI was observed
during exposure to KCl, capsaicin and BK. Removal of
calcium ions from the superfusion medium abolished release
to KCl and significantly reduced it to capsaicin and BK. The
effect of BK was not mimicked by des-Arg®-BK. BK receptors
have two distinct populations, classified as B, and B, (Regoli
& Barabé, 1980). BK is a potent activator of C-fibres
(Kaufman et al., 1980; Dray et al., 1988) and stimulates SP-LI
release from capsaicin-sensitive neurones in guinea-pig
airways (Saria et al., 1988). In our studies the BK B, receptor
agonist, des-Arg®-BK (Regoli & Barabé, 1980) was inactive
suggesting that the BK receptor stimulating calcium-
dependent SP-LI release is not of the B, subtype. This result
agrees with the report that C-fibre activation by BK is medi-
ated by the BK B, receptor (Dray et al., 1988).

SCG has been reported to suppress C-fibre excitability in
the canine lung in vivo (Dixon et al., 1980) and to inhibit BK-
stimulated bronchoconstriction in man (Fuller et al., 1987). In
both studies, subjects were exposed to SCG 10min prior to
challenge by capsaicin and BK respectively. Since BK is a
known stimulant of vagal afferents (Kaufman et al., 1980) we
postulated that SCG might inhibit SP-LI release by BK from
PANs in the rat trachea. However, we found no apparent
changes in spontaneous, KCl- or BK-stimulated release of
SP-LI after a prior exposure to SCG of 2h. We conclude that
it is possible that SCG can inhibit unmyelinated afferent path-
ways but that this effect does not manifest itself as a suppress-
ion of SP-LI release.

The neurotransmitter(s) mediating NANC neurogenic
inflammatory reactions in the airways are currently unknown.
Several neuropeptides, including SP, have been proposed as
mediators of NANC neurogenic plasma extravasation, bron-
choconstriction, vasodilatation and mucus secretion (Joos et
al., 1988). With regard to plasma extravasation, the most
promising candidate is SP. SP is a powerful stimulant of
plasma extravasation in rat airways in vivo (Lundberg &
Saria, 1982b). Furthermore, vagally mediated NANC neuro-
genic plasma extravasation is abolished by capsaicin-
pretreatment (Lundberg & Saria, 1982b) and inhibited by a
SP receptor antagonist (Lundberg et al., 1983b) although the
latter observation is balanced by the finding that the SP
receptor antagonist possesses potent local anaesthetic activity
(Post et al., 1985). In the present study, morphine inhibited
60mM KCl-stimulated SP-LI release by a dose-related,
naloxone-sensitive mechanism. Opioid receptors are known to
be present on PANSs in the spinal cord (LaMotte et al., 1976)
and vagus nerve (Atweh et al, 1978). Opioids have been
demonstrated to inhibit SP-LI release in vitro (Jessell &
Iversen, 1977; Lembeck & Donnerer, 1985) and in vivo (Yaksh
et al., 1980). Furthermore, in guinea-pig airways, morphine
inhibits NANC neurogenic plasma extravasation in vivo
(Belvisi et al., 1989). The receptor subtype mediating inhibi-
tion of SP-LI release is not known. Morphine is relatively
selective for u-opioid receptors but also stimulates J-opioid
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receptors at high doses (Paterson et al., 1983). In our study,
the effect of morphine was highly sensitive to antagonism by
the selective u-opioid receptor antagonist, naloxone (Paterson
et al., 1983). This finding, together with the fact that the k-
opioid receptor agonist, U50, 488H, and the d-opioid receptor
agonist, DPDPE, did not mimic the action of morphine sug-
gests a predominant role for the u-opioid receptor. Precise
classification requires a highly selective full antagonist at the
d-opioid receptor. The usefulness of the best available, ICI
174,864, has been questioned because it exhibits agonist activ-
ity (Dray & Nunan, 1984).
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GABAj receptor modulation of the release of substance P from
capsaicin-sensitive neurones in the rat trachea in vitro

N.J. Ray, A.J. Jones & 'P. Keen

Department of Pharmacology, University of Bristol, The Medical School, Bristol, BS8 1TD

1 The role of y-aminobutyric acid (GABA) as an inhibitory transmitter in the central nervous system is '
well documented. Recently, GABA, and GABAy receptors have been identified in the peripheral nervous
system, notably on primary afferent neurones (PAN). We have utilised a multi-superfusion system to
investigate the effect of selective GABA receptor agonists and antagonists on the release of substance P
(SP) from the rat trachea in vitro.

2 GABA (1-100uM) did not affect spontaneous release of SP-like immunoreactivity (LI) but caused
dose-related inhibition of calcium-dependent potassium (60 mm)-stimulated SP-LI release. The greatest
inhibition of 77.7 + 18.8% was observed at 100 uM.

3 The inhibitory effect of GABA was mimicked by the GABAy receptor agonist, (3)-baclofen (1-
100 uM), but not the GABA, receptor agonist, 3-amino-1-propane-sulphonic acid (3-APS, 1-100 um).
Baclofen (100 um) had no effect on SP-LI release stimulated by capsaicin (1 um).

4 The inhibitory effect of baclofen (30 uM) was significantly reduced by prior and concomitant exposure
to the GABA, receptor antagonist, phacolofen (100umM) but not the GABA, receptor antagonist,

bicuculline (10uM). Neither antagonist, alone, affected spontaneous or potassium-stimulated SP-LI
release.

5 We conclude that activation of pre-synaptic GABAj receptors on the peripheral termini of PANs in
the rat trachea inhibits SP-LI release and suggest that GABA receptor agonists may be of value in the

therapeutic treatment of asthma.

Keywords: GABA ; GABAj receptor; trachea; substance P; primary afferent neurone

Introduction

The airways receive a dense sensory innervation (Lundberg et
al., 1984; Hua et al., 1985; McDonald, 1988). Irritation of the
airways causes local defence reactions, including brochocons-
triction, vasodilatation and an increase in vascular per-
meability (Lundberg & Saria, 1982a; Lundberg & Saria,
1983). Activation of local axon reflexes, with release of medi-
ators including substance P (SP) from peripheral endings of
sensory fibres, contributes to these reactions (Lundberg et al.,
1983; 1985). Indeed it has been postulated that these axon
reflexes may have relevance to the pathogenesis of asthma
(Barnes, 1986). The role of y-aminobutyric acid (GABA) as an
inhibitory transmitter in the central nervous system (Fagg &
Foster, 1983; Curtis & Johnston, 1974); has recently been
complemented by the identification of GABA receptors on
primary afferent neurones (PANs) of the peripheral nervous
system (Dunlap, 1981; Price et al., 1984; Desarmenien et al.,
1984). GABA receptors have been sub-classified as GABA,
and GABA (Bowery et al., 1983), where GABA , receptors are
bicuculline-sensitive and coupled to chloride channels and
GABA, are bicuculline-insensitive and modulate calcium and
potassium conductances (Dunlap & Fischbach, 1981; Gah-
wiler & Brown, 1985). With specific regard to PANs, GABA,
receptors inhibit calcium channel currents, probably via a G
protein(s), into cultured rat dorsal root ganglion (DRG) neu-
rones (Dolphin & Scott, 1986; 1987) and inhibit substance P
(SP) release from embryonic chick DRG cell cultures (Holz et
al., 1989). We have used a multi-superfusion system to study
the control of SP-like immunoreactivity (LI) release from rat
trachea and have investigated the effect of GABA receptor
activation on spontaneous-, potassium- and capsaicin-
stimulated SP-LI release using selective agonists and antago-
nists. Preliminary data have been presented to the British
Pharmacological Society (Ray et al., 1989).

! Author for correspondence.

Methods
Experimental protocol

Male albino rats (Wistar 350-400g) were obtained from the
departmental colony in Bristol. Animals were killed by a ter-
minal injection of sodium pentobarbitone (100mgkg™?, i.p.).
Eight or ten spirally cut tracheae (Constantine, 1965) were
mounted in parallel surfasil (Pierce Chemical Co.)-coated glass
chambers and superfused (Watson-Marlow 202S/AA) at 37°C
with oxygenated (95% O,:5% CO,) physiological salt solu-
tion (composition (mM): NaCl 120, KCl 4.7, CaCl, 2.6,
MgSO, 1.2, KH,PO, 1.2, NaHCO, 25, glucose 11.1) at
Smlimin~! to allow equilibration. After at least 60 min, bovine
serum albumin (BSA 1 mgml~!) and three peptidase inhibi-
tors were added to the physiological salt solution and the flow
rate adjusted to 1 mlmin~'. Peptidase inhibitors were phos-
phoramidon (1uM), captopril (100uM) and bacitracin
(20mgml~!; Turner et al.,, 1985). After a further 15min four
fractions of 5min from each trachea were simultaneously col-
lected in vials containing a final concentration of 0.1% tri-
fluoroacetic acid (TFA), ethylenediaminetetracetic acid,
disodium salt, dihydrate (EDTA, 1mm) and dithiothreitol
(DTT, 1mM). Drugs were added to the superfusion fluid
reservoir for 4min during the third fraction. Where the KCl
concentration was raised the NaCl concentration was corre-
spondingly reduced to maintain the isotonicity of the super-
fusing medium. GABA receptor agonists were present 1min
prior to and during exposure to stimulants of SP-LI release.
GABA receptor antagonists were present throughout the
equilibration and superfusion periods.

Substance P-like immunoreactivity extraction and
radioimmunoassay

Superfusates were applied to Sep-Pak C, g cartridges (Waters
Associates) and washed with 0.1% TFA. Peptides were eluted
with acetonitrile-0.1% TFA (80:20v/v) and evaporated to



802 N.J. RAY et al.

0.5ml under gaseous nitrogen. The final SP-LI content of the
tracheae was extracted by plunging each trachea into a micro-
centrifuge tube containing 400ul of boiling homogenizing
medium (0.1% TFA, 1 mm EDTA, 1 mM DTT) for 10 min. The
tubes were then transferred to ice and the samples homoge-
nized in the tubes with a motor-driven Teflon pestle. A further
200 4l of homogenizing medium was added to wash the pestle.
The samples were then centrifuged for 15min at 8000g and
the supernatants decanted and retained for radioimmunoassay
(RIA). Samples were then lyophilised and stored at —70°C.
RIA of SP-LI was performed with an antiserum directed
against the C-terminus of the peptide, as previously described
(Harmar & Keen, 1986). None of the agents employed inter-
fered with the RIA at the concentrations used.

Calculation of substance P-like immunoreactivity release

Changes in SP-LI release were calculated as the difference in
fractional release constants (FRC) between the mean of frac-
tions one and two and the mean of fractions three and four
based on the recovery of exogenous SP (40pgml~!) deter-
mined as 62.2 + 3.2% (n = 12).

Statistical analysis

Results are expressed as means + s.e.mean. Differences
between means were analysed by one-way analysis of
variance. A P value of less than 0.05 was considered to be
significant.

Drugs

Drugs and chemicals were obtained from the following
sources: phosphoramidon, bacitracin, BSA, capsaicin, SP,
GABA, (+)-bicuculline, 3-amino-1-propane-sulphonic acid (3-
APS; Sigma Chemical Co., Poole, Dorset); captopril (E.R.
Squibb & Sons Inc., Princeton, U.S.A.); EDTA, ethylene
glycol bis-(2-aminoethyl) tetra-acetic acid (EGTA ; Fisons Ltd.,
Loughborough); (+)-baclofen, phaclofen (Tocris, Essex);
pentobarbitone (May & Baker, Dagenham).

Results

We have previously reported that neonatal treatments of rats
with capsaicin (S0mgkg~!, sc) causes a 932+ 6.3%
reduction in tracheal SP-LI content in the adult. Dose-related
calcium-dependent increases in SP-LI release were detected
during superfusion with KCl (37-90mM) and capsaicin
(100 nM—10 um, Ray et al., 1990).

Effect of GABA on spontaneous and potassium-stimulated
substance P-like immunoreactivity release

GABA (1-100um) did not affect spontaneous release but,
when present 1 min prior to and during exposure to 60 mM
KCl, caused dose-related inhibition of SP-LI release: at 10 um
the inhibition was 30.8 + 18.2% (P > 0.05, n = 8); at 30um
424 +19.7% (P <005 n=38); at 100um 77.7 + 18.8%
(P < 0.001, n = 8, Figure 1).

Effect of selective GABA receptor agonists on
spontaneous and potassium-stimulated substance P-like
immunoreactivity release

The effects of selective GABA receptor agonists were investi-
gated. A GABA, receptor agonist, 3-APS and a GABA,
receptor agonist, (+)-baclofen were employed. 3-APS (1-
100 uM) had no significant effect on either spontaneous or
potassium-stimulated SP-LI release (Figure 2) In contrast,
(+)-baclofen (1-100 um), whilst also not affecting spontaneous
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Figure 1 Effect of GABA on substance P-like immunoreactivity (SP-
LI) release evoked by 60mm KCIl. Data are mean differences for 8
tracheae; vertical bars show s.e. (* P < 0.05; *** P < 0.001).

SP-LI release, mimicked the action of GABA in causing dose-
related suppression of KCl-stimulated SP-LI release. At 10 um
the inhibition was 32.3 + 15.6% (P > 0.05, n = 12); at 30um
51.8 +£20.2% (P < 0.05, n = 12) and at 100uM 52.9 + 20.2%
(P < 0.05, n = 12; Figure 2). Baclofen (100 um) had no appar-
ent effect on capsaicin (1 uM)-stimulated SP-LI release
(P > 0.05,n=12).

Effect of GABA receptor antagonists on
baclofen-sensitive substance P-like immunoreactivity
release

The effect of the GABA, receptor antagonist (+ )-bicuculline,
and the GABAy receptor antagonist, phacolfen, on baclofen
suppression of 60 mm KCl-stimulated SP-LI release was inves-
tigated. Bicuculline (10uM) when present throughout the
equilibration and superfusion periods had no apparent effect
on KCl-stimulated release. Furthermore, we were unable to
detect significant antagonism of the inhibitory effect of baclo-
fen (30 uMm). Baclofen caused a 49.7 + 12.4% inhibition of KCI-
stimulated release, whereas, in the presence of bicuculline the
reduction was 42.1 + 12.0% (Figure 3). Phaclofen (100 um)
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Figure 2 Effect of 3-amino-1-propane-sulphonic acid (3-APS, )
and (t)-baclofen () on substance P-like immunoreactivity (SP-LI)
release evoked by 60mM KCl. Data are mean differences for 8-12
tracheae; vertical bars show s.e. (* P < 0.05).
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Figure 3 Effect of bicuculline (Bic; 10 uM) on baclofen (Bac; 30 um)-
sensitive substance P-like immunoreactivity (SP-LI) release stimulated
by 60mMm KCl. Data are mean expressed as a percentage of 60 mm
KCl-stimulated control; vertical bars show s.e. (* P < 0.01).

also had no effect on 60mMm KCl-stimulated release but, in
contrast to bicuculline, significantly antagonized the suppress-
ion of release by baclofen (30 uM). In this experiment, baclofen
caused a 64.5 + 19.6% inhibition of KCl-stimulated release
(P < 0.01, n = 10). In the presence of phaclofen, however, the
degree of inhibition by baclofen was 22.5 + 13.5% (P > 0.05,
n = 10) (Figure 4).

Discussion

We have investigated the effect of GABA on SP-LI release
from the superfused rat trachea in vitro. We have shown that
GABA suppresses the increase in SP-LI release stimulated by
isotonically elevated potassium ions.

Several studies with capsaicin, the pharmacological tool
which when administered neonatally causes the selective
destruction of chemosensitive C-fibre PANs (Jancso et al.,
1977), have provided considerable evidence that the vast
majority of rat tracheal SP-LI content is localized to C-fibres.
Neonatal treatment of rats with capsaicin prevents vagally
mediated neurogenic plasma extravasation in vivo (Lundberg
& Saria, 1982b), causes an almost complete loss of SP-
immunoreactive fibres from the airways (Lundberg et al.,
1984) and reduces tracheal SP-LI content by at least 90%
(Ray et al., 1990).
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Figure 4 Effect of phaclofen (Phac; 100 zM) on baclofen (Bac; 30 um)-
sensitive substance P-like immunoreactivity (SP-LI) release stimulated
by 60mM KCl. Data are mean expressed as a percentage of 60 mM
KCl-stimulated control; vertical bars show s.e. (* P < 0.01).
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GABA receptors have been classified as bicuculline-sensitive
(GABA,) and bicuculline-insensitive (GABAp) subtypes
(Bowery et al., 1983). We have pharmacologically character-
ized the GABA receptor mediating inhibition of KCI-
stimulated SP-LI release using selective agonists and
antagonists. The action of GABA was mimicked by the
GABAG receptor agonist, baclofen, but not the GABA, recep-
tor agonist, 3-APS. Furthermore, the effect of baclofen was
unaffected by bicuculline but partially and significantly
antagonized by the GABAg receptor antagonist, phaclofen
(Kerr et al., 1987). Since baclofen does not inhibit capsaicin-
stimulated SP-LI release, we conclude that the suppression of
release to KCl is via a relatively selective mechanism. We are
unable to provide direct evidence for the precise localisation
of the GABA; receptor identified. Autoradiographic studies
have shown that GABA receptors of both subtypes are
present on PAN terminals of the rat spinal cord (Price et al.,
1984). Desarmenien and associates have provided electrophys-
iological evidence that, in adult rat dorsal root ganglion
(DRG) neurones, GABA , receptors mediate depolarization of
C-fibres whereas GABAjy receptor activation shortens the
calcium component of action potentials (Desarmenien et al.,
1984). PANs are pseudo-unipolar neurones and have no
known means of selectively transporting material synthesized
in the cell body to the central or peripheral terminus. Indeed,
in a previous study we have shown that approximately 75% of
synthesized material is transported to the peripheral termini
(Harmar & Keen, 1982). We therefore conclude that GABA
receptors may also be present at the peripheral termini of
PANs in the rat trachea and that the action of GABA and
baclofen represents presynaptic inhibition of SP-LI release.
Consistent with this hypothesis is the finding that GABA and
baclofen inhibit electrically-stimulated SP-LI release from
embryonic chick DRG neurons (Holz et al., 1989). Further-
more, functional studies have shown that GABA, receptor
activation inhibits vagally mediated non-adrenergic, non-
cholinergic (NANC) neural bronchoconstriction in guinea-pig
airways in vivo via a bicuculline-insensitive mechanism (Belvisi
et al., 1989). This action of GABA was also insensitive to nal-
oxone or phentolamine, suggesting that an indirect action via
release of endogenous opioids or catecholamines is unlikely
(Belvisi et al., 1989). The neurotransmitter(s) mediating NANC
bronchoconstriction is unknown but SP and neurokinin A
(NKA), released from sensory nerve endings, have been pro-
posed as candidates (Barnes, 1986). Potassium-induced trans-
mitter release is caused by a prolonged depolarization of the
neuronal membrane. This initiates a brief phase of calcium
influx through voltage-operated channels leading to a rise in
intracellular calcium and consequent neurotransmitter release.
We have previously demonstrated that KCl-stimulated release
of SP-LI from the trachea is calcium-dependent (Ray et al.,
1990). GABA, receptors may be coupled to calcium and pot-
assium conductances (Dunlap & Fishbach, 1981; Gahwiler &
Brown, 1985). In hippocampal neurones, baclofen has been
shown to hyperpolarize neurones by increasing an outward
potassium conductance (Gahwiler & Brown, 1985). Such a
mechanism could not be expected to operate during depolar-
ization caused by the elevation of the extracellular potassium
concentration to 60 mM. The most likely mechanism of action
is therefore via modulation of calcium currents. With regard
to PANs, GABA, receptor activation shortens the duration of
calcium-dependent action potentials in adult rat DRG cell
bodies in vitro (Desarmenien et al., 1984) and reduces the peak
amplitude of the slowly inactivating calcium current in iso-
lated cat DRG neurones (Robertson & Taylor, 1986). In the
rat, this mechanism is modulated by guanine nucleotides and
may reflect coupling of the GABAy receptor to calcium chan-
nels by a G-protein(s) (Dolphin & Scott, 1987; Dolphin et al.,
1989). We postulate that, in the trachea, activation of GABA,
receptors inhibits calcium influxes, rendering the ion less
available for depolarization-secretion coupling, with conse-
quent attenuation of SP-LI release to high potassium concen-
trations. A physiological role for tracheal GABAy receptors is
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not known. However, GABAergic nerves are present in the
peripheral nervous system, notably in the myenteric plexus of
the gastrointestinal tract (GI) (Jessen et al., 1986). Since the GI
and respiratory tracts are derived from a common embryo-
logical origin it is plausible that a GABAergic innervation will
be found in the airways. Local or axon reflexes, with conse-
quent release of inflammatory neuropeptides, including SP,
have been implicated in the aetiology of asthma (Barnes,
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Comparison of endothelium-dependent responses of monkey

cerebral and temporal arteries

!Noboru Toda, Masahisa Kawakami, Masaaki Yamazaki & Tomio Okamura

Department of Pharmacology, Shiga University of Medical Sciences, Seta, Ohtsu 520-21, Japan

1 Endothelium-dependency of vasodilator responses was compared in helical strips of monkey cerebral
and superficial temporal arteries contracted with prostaglandin F,,. Acetylcholine produced an
endothelium-dependent relaxation in the temporal arteries, but did not consistently alter the tone of
cerebral arteries.

2 Adenosine 5'-triphosphate (ATP) produced a transient contraction followed by a relaxation in the
temporal and cerebral arteries; removal of the endothelium partially attenuated the relaxation of the
cerebral arteries and markedly suppressed the relaxation in the temporal arteries. The dependency of
adenosine 5'-diphosphate (ADP)-induced relaxations on the endothelium was also greater in temporal
arteries than in cerebral arteries.

3 Histamine-induced relaxations in the temporal arteries were independent of the endothelium and were
reversed to contractions by cimetidine. Cerebral arterial relaxations induced by histamine were partly
dependent on the endothelium. Relaxations caused by substance P were reversed to contractions by
removal of the endothelium in the temporal arteries, whereas the peptide did not consistently alter the
tone of cerebral arteries.

4 The Ca2* jonophore, A23187, relaxed the temporal and cerebral arteries to a similar extent; removal
of the endothelium abolished these relaxations. Glyceryl trinitrate elicited similar relaxations of cerebral
and temporal arteries, and these were independent of the endothelium.

5 These findings clearly indicate heterogeneity in the endothelium-dependency of several vasodilator
responses in monkey intra- and extracranial arteries, although the ability of these arteries to respond to
A23187 and glyceryl trinitrate does not appear to differ. The heterogeneous responses observed so far
could therefore be due to different distributions of receptors or to variation in receptor-effector coupling

in endothelial cells.

Keywords: Monkey cerebral artery; monkey temporal artery; endothelium-dependent relaxation; acetylcholine; ATP; histamine

Introduction

In patients with unilateral vascular headache, increased heat
loss from the affected frontotemporal region was
thermographically observed during attacks which were rel-
ieved by compression of the superior temporal artery
(Drummond & Lance, 1984). Drummond & Lance (1983) con-
cluded that dilatation of the temporal arteries and their
branches contributes substantially to migraine headache in
the majority of migraine patients. On the other hand,
migraine headache is considered to be associated with dila-
tation of extracerebral, cranial vasculature, and GR43175,
a S-hydroxytryptamine, (5-HT,)-like receptor agonist
(Humphrey et al., 1988), aborts acute migraine attacks, poss-
ibly by its cerebral vasoconstrictor effect (Saxena & Ferrari,
1989). Endogenous vasodilator substances, such as prosta-
glandin I, (PGI,), PGE, and histamine, may be involved in
the vasodilatation responsible for migraine headache
(Parantainen & Vapaatalo, 1983; Meyer et al., 1987). Non-
steroidal anti-inflammatory agents that inhibit cyclo-
oxygenase activity are effective in preventing the attack,
possibly by suppression of the production of prostaglandin
(Diamond & Freitag, 1989). In any case, extra- and intracra-
nial vasodilatation seems to play a crucial role in the genesis
of the headaches. Since the discovery by Furchgott &
Zawadzki (1980), the functional importance of endothelium-
derived relaxing factor (EDRF) as a powerful, physiological
vasodilator has been widely accepted. Thus, EDRF, together
with the other endogenous vasodilators, may participate in
the vasodilatation responsible for vascular headache. Hista-
mine, adenosine 5'-diphosphate (ADP) and adenosine 5'-
triphosphate (ATP) locally released could produce localized
vasodilatation that might participate in migraine headache.

! Author for correspondence.

These substances dilate monkey and human coronary arteries
(Toda, 1986; 1987) and dog arteries (De Mey & Vanhoutte,
1982) through the mediation of EDRF.

Chemical and physical stimulation of endothelium liberates
EDRF in many vasculatures from experimental animals
(Furchgott, 1983). Information on human cerebral arteries
(Toda, 1977a; 1990b; Edvinsson et al., 1987; Whalley et al.,
1987; Kanamaru et al., 1989; Hatake et al., 1990) is relatively
scarce, because of a shortage of supply of fresh, non-
pathological material. Responses to chemical stimuli of intra-
cranial arteries frequently differ from those of extracranial
arteries (Toda, 1977b; Owman et al., 1978; Toda et al., 1990).
However, little information is available concerning the EDRF-
releasing action of endogenous substances in primate cerebral
arteries, as compared to that in extracranial arteries.

Therefore, the present study aimed to compare the
responses to acetylcholine, ATP, ADP, histamine, substance
P, glyceryl trinitrate and the Ca®* ionophore, A23187, of cere-
bral and superficial temporal arteries obtained from Japanese
monkeys, and to determine their endothelium-dependency. It
has been observed that the magnitude and the mechanism of
action of noradrenaline, dopamine, ouabain and histamine are
quite similar in monkey and human cerebral arteries, whereas
these clearly differ in primate and dog arteries (Toda, 1985;
1990b).

Methods

Japanese monkeys (Macaca fuscata) of either sex, weighing 6
to 10kg, were anaesthetized with intramuscular injections of
ketamine (40mgkg~') and killed by bleeding from the carotid
arteries. The brain was rapidly removed. Middle cerebral and
basilar arteries (0.6 to 0.8 mm outside diameter) were isolated
from the brain. The superficial temporal arteries (0.5 to
0.8mm) were isolated. The arteries were cut helically into
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strips approximately 20mm long, with special care being
taken to avoid endothelial damage. The tissue was fixed verti-
cally between two hooks in a muscle bath containing a modi-
fied Ringer-Locke solution, which was maintained at
37 £ 0.3°C and aerated with a mixture of 95% O, and 5%
CO, . The hook anchoring the upper end of the strip was con-
nected to the lever of a force-displacement transducer (Nihon-
Kohden Kogyo Co., Tokyo, Japan). The resting tension was
adjusted to 1.0g, which is optimal for inducing the maximal
contraction. The composition of the bathing medium was as
follows (mm): NaCl 120, KClI 54, CaCl, 2.2, MgCl, 1.0,
NaHCO, 25.0 and dextrose 5.6. The pH of the solution was
7.35 to 7.42. All preparations were allowed to equilibrate for
60 to 90min in the bathing medium, during which time the
bath solution was replaced three times every 10 to 15 min.

Isometric contractions and relaxations were displayed on
an ink-writing oscillograph (Nihon-Kohden Kogyo Co.). The
contractile response to 30mM K* was first obtained and the
artery strips were repeatedly washed with fresh medium and
re-equilibrated. The strips were partially contracted with
PGF,, (1077 to 107 °m), the contraction being in a range
between 20 and 35% of the contraction induced by 30mm K *.
Concentration-response curves for acetylcholine, histamine,
ATP, ADP, Ca2?* ionophore and glyceryl trinitrate were
obtained by addition of the agents directly to the bathing
medium in cumulative concentrations. At the end of the
experiment, papaverine (10”*M) was applied to attain the
maximal relaxation, which was taken as a standard for relax-
ation. Contractions induced by acetylcholine, ATP, histamine
and Ca?* ionophore were expressed as percentage values rela-
tive to the contraction caused by 30mM K™*. In those experi-
ments in which antagonists were used, the artery strips were
treated for approximately 30min, before the concentration-
response curve for agonists was obtained. The endothelium of
artery strips was removed by gently rubbing the intimal
surface with a cotton pellet. Removal of the endothelium was
determined by abolition or marked suppression of relaxations
induced by the Ca?* ionophore A23187 for the cerebral
arteries and by acetylcholine and substance P for the temporal
arteries, and was histologically confirmed by the silver stain-
ing procedure (Abrol et al., 1984). Paired comparisons of the
responses were made in endothelium-intact and -denuded
strips obtained from the same monkeys.

The results shown in the text and figures are expressed as
the mean + s.e.mean of n observations from different animals.
Statistical analyses were made with Student’s paired and
unpaired ¢ test and Tukey’s method after one-way analysis of
variance. Drugs used were acetylcholine chloride (Daiichi
Seiyaku Co., Tokyo), histamine hydrochloride (Kanto Chemi-
cal Co., Tokyo), adenosine 5'-triphosphate (ATP), adenosine
5'-diphosphate (ADP), Ca?* ionophore A23187 (Boehringer
Mannheim, FRG), glyceryl trinitrate (Millisrol Smg 10ml~!;
Nihon Kayaku Co., Tokyo), substance P (Peptide Institute,
Minoh, Japan), cimetidine (Fujisawa Pharmaceutical Co.,
Osaka, Japan), (+)-chlorpheniramine maleate (Schering
Corp., Kenilworth, NJ, U.S.A), indomethacin (Sigma, St.
Louis, MO, U.S.A), hexamethonium bromide (Yamanouchi
Co., Tokyo, Japan), atropine sulphate (Tanabe Phar-
maceutical Co., Osaka, Japan), prostaglandin F,, (PGF,,)
(Ono Co., Osaka, Japan) and papaverine hydrochloride
(Dainippon Pharmaceutical Co., Osaka). The solvent of glyc-
eryl trinitrate in the amount used did not alter the tone of
PGF,,-contracted arteries. Oxyhaemoglobin (OxyHb) was
prepared by the method described by Martin et al. (1985).
Dog Hb (Sigma) was reduced by Na,S,0,, which was
removed by extensive dialysis against distilled water.

Results
Effects of acetylcholine

In superficial temporal artery strips partially contracted with
PGF,,, the addition of acetylcholine in concentrations

ranging from 107% to 107 5M produced a dose-related relax-
ation (Figure 1b); the mean value of the apparent median
effective concentration (ECs,) was 3.31 £0.66 x 107 8m
(n =20). The relaxation was abolished or markedly sup-
pressed by removal of the endothelium. Typical responses are
illustrated in Figure 2. The relaxation was also suppressed by
treatment with 1.6 x 10~ 5M OxyHb (n = 3). In cerebral artery
strips, acetylcholine in concentrations up to 10”* M did not
consistently alter the tension; slight relaxations occurred in 4
out of 11 strips, slight contractions in the other 4 strips, and
transient relaxations followed by sustained contractions were
seen in the remaining 3 strips from separate monkeys. In each
of the cerebral artery strips, endothelium integrity was deter-
mined from the relaxant response to the Ca2* ionophore,
A23187 (10”7 m). Average changes by acetylcholine in the
tension of the stabilized level did not differ in the arteries with
and without endothelium (Figure la). Transient relaxations
induced by acetylcholine were not inhibited by removal of the
endothelium or by treatment with hexamethonium (10~ 5 M) or
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Figure 1 Concentration-relaxant response curves for acetylcholine in
monkey cerebral (a) and temporal artery strips (b) with (@) and
without the endothelium (Q). The strips were partially contracted
with prostaglandin F,, (1 to 8 x 10”7 mM). Relaxations induced by
10~*M papaverine were taken as 100% ; mean absolute values in cere-
bral arteries with and without the endothelium were 501 + 101 mg
and 465 + 109mg (n = 10), respectively, and those in temporal
arteries were 410 + 33mg and 435 + 44mg (n = 20), respectively.
Paired comparisons were made in the endothelium-intact and
-denuded arteries from the same monkeys. Significantly different from
the value in endothelium-intact arteries, * P < 0.001. Points indicate
means and bars represent s.e.mean.
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Figure 2 Typical recordings of the response to acetylcholine and
ATP in temporal artery strips with and without the endothelium,
obtained from the same monkey. The strips were partially contracted
with prostaglandin F,, (2 x 107 M). Concentrations of acetylcholine
and ATP from 8 to 4 = 1072, 1077, 107%, 10~ ° and 10™*M, respec-
tively; PA = 10~ *M papaverine.
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indomethacin (10~ M), but were markedly attenuated by atro-
pine (10~ 7 m). Sustained contractions in 3 strips were reduced
by endothelium denudation.

Effects of ATP and ADP

In temporal arteries contracted with PGF,,, ATP (107 to
1075 m) elicited a concentration-dependent relaxation which
was frequently preceded by a transient contraction. The mean
ECs, value for the relaxant effect of ATP was
6.85 + 1.89 x 10~ "M (n = 13). The relaxation was markedly
suppressed by removal of the endothelium (Figure 3b) or by
treatment with 1.6 x 10~ 5M OxyHb (from 54.9 + 6.4% relax-
ation to 5.1+ 1.6% contraction at 107°mM ATP, n=7,
P < 0.001). Mean values of the transient contraction induced
by 1076 1075 and 10~*M ATP from the level of stabilized
relaxation attained at a preceding dose were 1.5+ 0.7,
69 + 3.5 and 204 + 7.8%, respectively, relative to contrac-
tions caused by 30mMm K * in the strips with endothelium, and
those were 2.7 + 1.1, 9.8 + 2.1 and 35.8 1+ 9.8%, respectively,
in the arteries denuded of endothelium (n = 10). In the experi-
ment shown in Figure 2, removal of the endothelium mark-
edly potentiated the contractions. Such potentiation was seen
in 4 out of 10 strips from different monkeys. In cerebral artery
strips contracted with PGF,,, ATP also produced a transient
contraction followed by a sustained relaxation; the EC,,
value for relaxation average 5.98 + 1.07 x 10~ "M (n = 15).
The relaxation was significantly attenuated by removal of the
endothelium (Figure 3a). Treatment with OxyHb
(1.6 x 10™5M) also attenuated the relaxation caused by
107 ATP from 529+ 72% to 235+6.1% (n=S8,
P < 0.01). Endothelial integrity was determined by the addi-
tion of 10~7 M A23187. Contractions induced by 1076, 105
and 107*M ATP (80+ 1.6, 192 + 4.8 and 69.2 + 14.0%,
respectively, n = 15) were unaffected by removal of the endo-
thelium (7.9 + 1.6, 23.4 + 5.9 and 63.9 + 12.6%, respectively,
n = 15).

Temporal arteries responded to ADP (1077 and 107 °m)
with dose-dependent relaxations. At 10~ >M, ADP produced a
transient contraction followed by a relaxation. Removal of the
endothelium markedly suppressed the relaxation (Figure 4b).
In cerebral arteries, ADP (10”7 to 107 5M) produced a
concentration-related relaxation; at 10~ M, transient contrac-
tions were followed by sustained relaxations. Relaxations

Relaxation (%)
3

100 100L

107 10% 10°°% 10° 107 10°% 10° 10°°
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Figure 3 Concentration-relaxant response curves for ATP in
monkey cerebral (a) and temporal artery strips (b) with (@) and
without the endothelium (QO). The strips were partially contracted
with prostaglandin F,, (2-10 x 10~ 7m). Relaxations induced by
10~ *M™ papaverine were taken as 100% ; mean absolute values in cere-
bral arteries with and without the endothelium were 338 + 40 mg and
290 + 42mg (n = 8), respectively, and those in temporal arteries were
367 + 41 mg and 355 + 57mg (n = 13), respectively. Paired compari-
sons were made in the endothelium-intact and -denuded arteries from
the same monkeys. Significantly different from the value in
endothelium-intact arteries, * P < 0.001; ** P < 0.01. Points indicate
means and bars represent s.e.mean.
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Figure 4 Concentration-relaxant response curves for ADP in
monkey cerebral (a) and temporal artery strips (b) with (@) and
without the endothelium (Q). The strips were partially contracted
with prostaglandin F,, (2-7 x 10~7M). Relaxations induced by
10~ * M papaverine were taken as 100% ; mean absolute values in cere-
bral arteries with and without the endothelium were 459 + 67 mg and
437 + 71 mg (n = 11), respectively, and those in temporal arteries were
337 £+ 24mg and 320 + 30mg (n =7), respectively. Contractions
induced by 30mM K* were taken as 100%; the mean absolute value
in temporal arteries denuded of the endothelium was 1143 + 182mg
(n = 7). Paired comparisons were made in the endothelium-intact and
-denuded arteries from the same monkeys. Significantly different from
the value in endothelium-intact arteries, * P < 0.001; **P < 0.01.
Points indicate means and bars represent s.e.means.

induced by 10”7 and 10-°M ADP were significantly attenu-
ated by removal of the endothelium (Figure 4a). Attenuation
of the response was greater in temporal arteries than in cere-
bral arteries.

Effects of histamine and substance P

Histamine-induced relaxations in temporal artery strips were
not reduced by removal of the endothelium (Figure 5b). The
relaxations to histamine at concentrations of 10~7 to
2 x 107%M were abolished or reversed to contractions by
treatment with 10~ %M cimetidine (Figure 6). The contraction
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Figure 5 Concentration-relaxant response curves for histamine in
monkey cerebral (a) and temporal artery strips (b) with (@) and
without the endothelium (Q). The strips were partially contracted
with prostaglandin F,, (3-8 x 10" 7M). Relaxations induced by
10~ * M papaverine were taken as 100% ; mean absolute values in cere-
bral arteries with and without the endothelium were 406 + 51 mg and
384 + 57mg (n = 8), respectively, and those in temporal arteries were
389 + 42mg and 392 + 48 mg (n = 11), respectively. Paired compari-
sons were made in the endothelium-intact and -denuded arteries from
the same monkeys. Significantly different from the value in
endothelium-intact arteries, * P < 0.001; ** P < 0.01. Points indicate
means and bars represent s.e.mean.
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Figure 6 Modifications by cimetidine (O) and cimetidine plus
chlorpheniramine ( x ) of the response to histamine in monkey tempo-
ral artery strips’ with the endothelium. The strips were partially con-
tracted with prostaglandin F,, (3-8 x 10~ 7 m). Relaxations induced
by 10~ %M papaverine were taken as 100% relaxation; mean absolute
values in control strips (@) and those treated with cimetidine (105 M)
and cimetidine plus chlorpheniramine (10-°M) were 337 + 31mg
(n=6), 303 + 30mg (n = 6) and 323 + 107mg (n = 4), respectively.
Contractions induced by 30mM K* were taken as 100% contraction;
the mean absolute value in strips treated with cimetidine was
1710 + 325mg (n = 6). Significantly different from control, * P < 0.01;
** P < 0.05 (Tukey’s method). Points indicate means and vertical bars
represent s.e.mean.

was abolished by 107 ®m chlorpheniramine. Treatment with
indomethacin (10"°M) did not significantly alter the
histamine-induced relaxation (n=4). Monkey cerebral
arteries responded to histamine with relaxations, which were
greater than those seen in the temporal arteries (cf. control
dose-response curves in (a) and (b) of Figure 5). The maximal
relaxations at 107 5M in the cerebral and temporal arteries
were 73.5 +5.1% (n=28) and 499 + 8.6% (n = 11), respec-
tively (significantly different, P < 0.05), and the ECs, values
were 46+10x107'M (n=8) and 95+ 1.6 x 10°"M
(n = 11), respectively (P < 0.05). The cerebral arterial relax-
ation was significantly reduced by removal of the endothelium
(Figure 5a), as already demonstrated in an earlier report
(Toda, 1990a).

Temporal artery strips responded to 10”7 M substance P
with a moderate relaxation (46.2 + 9.0%, n = 6), which was
reversed to a contraction of 22.5 + 8.1% (n = 6) by removal of
the endothelium; the difference was statistically significant
(P < 0.001). OxyHb (1.6 x 10~ m) abolished the relaxation in
2 strips. In cerebral arteries, substance P did not consistently
alter the tension; slight contraction in 6 strips, slight relax-
ation in 3 strips and no change in the other 2 in 11 strips from
different monkeys, averaging a contraction of 5.2 + 3.9%.

Effects of Ca** ionophore A23187 and glyceryl trinitrate

The addition of A23187 in concentrations of 10~ % and 10~ "M
elicited similar magnitudes of relaxation in the temporal and
cerebral arteries, which was abolished or reversed to a con-
traction by removal of the endothelium (Figure 7). The
A23187-induced relaxation was not affected by 10~ ¢m indo-
methacin (n = 4) but was abolished by 1.6 x 10~ °mM OxyHb
(n = 5) in these arteries. In contrast, relaxations caused by
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Figure 7 Responses to Ca2* ionophore A23187 in monkey cerebral
(a) and temporal artery strips (b) with (@) and without the endothe-
lium (O). The strips were partially contracted with prostaglandin F,,
(1-7 x 10”7 M). Relaxations induced by 10~*M papaverine were taken
as 100% relaxation; mean absolute values in cerebral arteries with
and without the endothelium were 399 + 57mg and 326 + 49mg
(n = 10), respectively, and those in temporal arteries were 365 + 77 mg
and 384 + 60mg (n = 11), respectively. Contractions induced by
30mM K* were taken as 100% contraction; mean absolute values in
cerebral and temporal arteries without the endothelium were
798 + 112mg (n = 4) and 1276 + 244 mg (n = 3), respectively. Paired
comparisons were made in the endothelium-intact and -denuded
arteries from the same monkeys. Significantly different from the value
in the endothelium-intact arteries, * P < 0.001; ** P < 0.01. Points
indicate means and bars represent s.e.mean.

glyceryl trinitrate (10™° to 10~ 6M) in these arteries were not
influenced by removal of the endothelium (Figure 8). EC,,
values of glyceryl trinitrate in the temporal and cerebral
arteries  were 303+080 x 10°°M (n=9) and
5.13 + 1.31 x 10~ °M (n = 10), respectively, which were not
significantly different.

Discussion

The present study revealed that responses to acetylcholine,
substance P and

ATP, ADP, histamine and their
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Figure 8 Concentration-relaxant response curves for glyceryl tri-
nitrate in monkey cerebral (a) and temporal artery strips (b) with (@)
and without the endothelium (O). The strips were partially contracted
with prostaglandin F,, (3-9 x 10~ 7M). Relaxations induced by
10~ *M papaverine were taken as 100% ; mean absolute values in cere-
bral arteries with and without the endothelium were 432 + 70mg and
382 + 52mg (n = 11), respectively, and those in temporal arteries were
367 + 61 mg and 354 + 39mg (n = 9), respectively. Paired compari-
sons were made in the endothelium-intact and -denuded arteries
obtained from the same monkeys. Points indicate means and bars
represent s.e.mean.
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endothelium-dependency markedly differed in temporal and
cerebral arteries isolated from Japanese monkeys. In the tem-
poral artery strips, acetylcholine produced a relaxation, which
was suppressed by removal of the endothelium and by treat-
ment with OxyHb, suggesting the involvement of an EDRF,
as observed in many blood vessels from a variety of animals
(Furchgott, 1983). In contrast, acetylcholine did not consis-
tently alter the cerebral arterial tone. Dependence of the relax-
ant response to acetylcholine on the endothelium was not
verified, although a component of the acetylcholine-induced
contractions may be dependent on the endothelium, as sug-
gested for the responses of monkey and dog cerebral arteries
to angiotensin II, substance P, arachidonic acid, PGH,,
acetylcholine, stretch, etc. (Toda et al., 1990; Onoue et al.,
1988; Fujiwara et al., 1989; Katusic et al., 1987).

Relaxations induced by ATP in temporal arteries were
dependent on the endothelium and were suppressed by treat-
ment with OxyHb, suggesting the involvement of an EDRF.
Most published studies indicate endothelium-dependent relax-
ations by ATP in a variety of arteries from experimental
animals (De Mey & Vanhoutte, 1982; Angus & Cocks, 1989)
and from human pulmonary arteries (Greenberg et al., 1987).
However, in the present study, relaxations induced by ATP
and ADP in monkey cerebral arteries were dependent only
slightly on the endothelium, whereas those of temporal
arteries markedly depended on the endothelium. The release
of an EDRF by ATP from human umbilical vessels is report-
ed to be much less than that by histamine and A23187 (Van
de Voorde et al., 1987). It appears that relaxations caused by
ATP and ADP in monkey cerebral arteries are associated
mainly with activation of purinoceptors (Houston et al., 1987)
in smooth muscle and only slightly with EDRF liberated by
endothelial receptor activation. Contractions of the temporal
and cerebral artery strips stimulated by ATP did not depend
on endothelium, although contractions to some other agon-
ists, such as angiotensin II and OxyHb, in monkey cerebral
arteries are supposed to be mediated by constrictor substances
released from endothelium (Toda et al., 1990; Toda, 1990a).

Temporal artery relaxations caused by histamine were
reversed to contractions by cimetidine, and the contraction
was abolished by additional treatment with chlorpheniramine,
suggesting that the relaxation is mediated by histamine H,
receptors and the contraction by H, receptors. Whether the
relaxations seen in the presence of cimetidine and chlorpheni-
ramine are due to an incomplete inhibition of the receptors or
to mechanisms other than those mediated by H, and H,
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receptors are not determined. Since removal of the endothe-
lium did not inhibit the relaxation, the H, receptor is located
in subendothelial tissues, possibly smooth muscle. On the
other hand, monkey cerebral artery relaxations to histamine
were significantly attenuated by removal of the endothelium,
as are those in dog mesenteric arteries (Toda, 1984) and
monkey and human cerebral and coronary arteries (Toda,
1986; 1987; 1990b). Detailed analyses in our laboratory of the
mechanism of histamine actions in monkey cerebral arteries
indicate that the relaxation is mediated via H; receptors
located on endothelial cells and H, receptors on smooth
muscle (Toda, 1990b). Relaxations by histamine were greater
in the cerebral arteries than in the temporal arteries, and the
magnitude of responses in endothelium-denuded cerebral
arteries resembled that in the temporal arteries. The lesser
degree of relaxation in the temporal arteries may therefore be
associated with a lack of release of relaxing substance from
endothelium. In contrast to monkey cerebral arteries, hista-
mine produces a vasodilatation in cerebral arteries from sub-
primate mammals, such as cats and dogs, possibly by
activation of H, receptors in smooth muscle (Edvinsson &
Owman, 1975; Wahl & Kuschinsky, 1979; Toda et al., 1984),
as seen in monkey temporal arteries in the present study.

Monkey cerebral arteries did not consistently respond to
substance P, and slight contraction and relaxation induced
were independent of the endothelium, whereas relaxations by
the peptide were dependent on the endothelium in temporal
arteries, as are those in most blood vessels from different
species (Angus & Cocks, 1989), including human cerebral
(Toda, 1990b) and coronary arteries (Toda & Okamura, 1989).

Vascular headache may be associated with dilatation of
cranial, extracerebral (Saxena & Ferrari, 1989) and extra-
cranial arteries, such as the temporal artery (Drummond &
Lance, 1983). In addition to PGI,, substances liberating
EDREF are expected to be involved in the genesis of the head-
ache. The present study revealed that actions and mechanisms
of action of the substances released possibly from mast cells
(histamine), platelets (ADP) and nerves (acetylcholine, ATP
and substance P) differed in monkey cerebral and temporal
arteries. These findings may provide information for the
detailed analysis of mechanisms underlying vascular headache
in patients, as to whether EDRF as well as PGI, are involved
in vascular headache, the different responsiveness participates
in provoking the headache due to cranial or extracranial
artery dilatation, and the arteries involved in the headache
depending on the substances released.
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Investigation of the 5-hydroxytryptamine receptor mechanism
mediating the short-circuit current response in rat colon

1K.T. Bunce, C.J. Elswood & M.T. Ball

Department of Gastrointestinal Pharmacology, Glaxo Group Research Ltd., Ware, Herts. SG12 0DP

1 5-Hydroxytryptamine (5-HT) stimulated an increase in short-circuit current (SCC) in rat isolated
colonic mucosa with an EC;, value of approximately 4 uM. The purpose of the present study was to
investigate the 5-HT receptor mechanism(s) involved in this response.

2 The relatively selective 5-HT receptor agonists 5-carboxamidotryptamine (5-CT) and a-methyl-5-HT
stimulated SCC and were 6 to 8 times less potent than 5-HT. 2-Methyl-5-HT was inactive both as an
agonist and an antagonist.

3 The following compounds produced no significant inhibition of the SCC response to 5-HT: ketanserin
(1 uM), methysergide (1 uM), methiothepin (0.3 um), GR38032F (0.3 uM), tetrodotoxin (0.3 uM) and sulpiride
(1 pm).

4 Both metoclopramide (3 and 10 uM) and cisapride (0.1 and 1 M) inhibited the SCC responses to 5-HT
in a concentration-related manner, and the higher doses similarly inhibited the responses to 5-CT. With
both agonists the inhibitory effects of metoclopramide and cisapride were insurmountable. However, these
inhibitory actions appeared to be selective since neither metoclopramide nor cisapride affected the basal
SCC or the SCC response to prostaglandin E,.

5 The SCC responses to S-HT and 5-methoxytryptamine were selectively inhibited by ICS205-930 at
3 uMm, and respective pKy values of 6.0 and 6.6 were calculated.

6 It is concluded that 5-HT stimulates an SCC response in rat colon via a receptor mechanism that
cannot be clearly identified as 5-HT,-like, 5-HT, or 5-HT,. This receptor is selectively antagonized by
1CS205-930 and by the benzamides, metoclopramide and cisapride. The 5-HT receptor in rat colon there-

fore exhibits some of the properties associated with the so-called 5-HT, receptor.

Keywords: Rat colon; secretion; 5-hydroxytryptamine receptor

Introduction

Large amounts of S-hydroxytryptamine (5-HT) are present in
the gastrointestinal tract (Thompson, 1971); most of this 5-HT
is present in the enterochromaffin cells of the mucosa
(Erspamer, 1954), although smaller amounts are found in the
myenteric plexus (summarized by Branchek & Gershon, 1987).
5-HT is a potent secretagogue both in vivo (Donowitz et al.,
1977; Cassuto et al., 1982) and in vitro (Cooke & Carey, 1985;
Moriarty et al., 1987), and is probably one of the endogenous
secretagogues responsible for the diarrhoea in patients with
carcinoid syndrome (Donowitz & Binder, 1975; Ahlman,
1985).

In guinea-pig ileum the short-circuit current (SCC; indica-
tive of electrogenic chloride secretion) response induced by
5-HT is inhibited by relatively low concentrations of 1CS205-
930 in a manner consistent with the blockade of 5S-HT; recep-
tors (Baird & Cuthbert, 1987), and in rat ileum the SCC
response to 5-HT is reported to be mediated by S-HT, and/or
5-HT, receptors (Moriarty et al., 1987; Ball et al., 1988b). In
the present study, experiments were carried out to determine
the 5-HT receptor type mediating SCC in rat colon. This
work was of particular interest to us since unlike the ileum of
the guinea-pig and rat (see above), the 5S-HT receptors medi-
ating the increase in SCC in rat colon could not be clearly
designated as 5-HT,-like, 5-HT, or 5-HT, (for a summary of
5-HT receptor classification see Bradley et al., 1986). A pre-
liminary account of this work was presented to the British
Pharmacological Society (Ball et al., 1988a).

Methods
Experimental procedure

Male albino rats, weighing approximately 200 g, were killed
by cervical dislocation and the descending colon removed.

! Author for correspondence.

The colonic segment was opened along the mesenteric border,
placed in oxygenated Krebs-Henseleit solution and pinned
mucosa side downwards on a wax block. The overlying
muscle layers were dissected away from the mucosa and two
adjacent (paired) pieces of mucosa were used for each experi-
ment. The mucosa was mounted in an Ussing chamber
(window area 0.8cm?) and was prepared for measurement of
short-circuit current (SCC) as described in detail elsewhere
(Bunce & Spraggs, 1988). The mucosa was bathed on both
sides with Krebs-Henseleit solution containing (in mM): NaCl
117, KCl1 4.7, CaCl, 2.5, MgSO,, 1.2, NaHCO, 24.8, KH,PO,
1.2, glucose 11.1; and gassed with 95% O,/5% CO, and
maintained at 37°C. The tissues were short-circuited by appli-
cation of external current with compensation for fluid resist-
ance, by use of a DVC amplifier (DVC-1000 World Precision
Instruments, CT, USA) and the SCC was continuously
recorded.

All drugs were added to both sides of the mucosa; this was
done to facilitate equilibration. Antagonists were added
30min before construction of an agonist concentration-
response curve. All agonist concentration-response curves
were constructed in a cumulative manner.

Compounds

The compounds used were: 5-hydroxytryptamine creatinine
sulphate (5-HT; Sigma), 2-methyl-5-HT hydrochloride (Glaxo),
a-methyl-5-HT maleate (Glaxo), 5-carboxamidotryptamine
maleate (5-CT; Glaxo), GR38032F (1,2,3,9-tetrahydro-9-
methyl-3-[(2-methyl-1H -imidazol- 1 -yl)methyl]-4H -carbazol -
4-one hydrochloride, 2H,0; Glaxo), ICS205-930 (3a-tropanyl-
1H-indole- 3-carboxylic acid ester; Glaxo), ketanserin tartrate
(Janssen), metoclopramide hydrochloride (Sigma), methyser-
gide maleate (Sandoz), methiothepin maleate (Roche), tet-
rodotoxin (Sigma), sulpiride base (DEL Chemical Co.).
Cisapride base was purchased from Janssen and prepared as
the tartrate salt in our own laboratories. These compounds
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were dissolved directly in Krebs solution. ICS205-930 and sul-
piride base were dissolved in 0.1 ml of 1 N HCL. Prostaglandin
E, (Upjohn) was dissolved at I mgml~! in 1% w/v NaHCO,
solution. Forskolin (Sigma) was dissolved at 1mm in 50%
ethanol solution. These latter compounds were then further
diluted with Krebs solution as required. Control tissues
received the appropriate solvent (Krebs, dilute HCI or dilute
ethanol) and no changes in SCC were observed.

Expression of results

EC,, values were determined graphically. EC,, values and
EC,, ratios were expressed as geometric mean with 95%
confidence limits. Percentage inhibitions are expressed
as mean t s.e.mean. pKy values were calculated from:
pKg = log,, (concentration-ratio — 1) — log,, (antagonist
concentration).

Results

Basal conditions

If any tissue exhibited a steady basal SCC of less than
304A cm™2, then that tissue pair (see below) was discarded.
Based on this criterion, the basal SCC of the selected tissues
was 51.4 + 10.8 uA cm™2 (n = 8) (lumen side negative).

S-Hydroxytryptamine-induced secretion

Addition of a single dose of 5-HT to the preparation stimu-
lated a rapid increase in SCC which exhibited fade, an
example of which is shown in Figure 1a. Because of the nature
of these responses it may appear preferable prima facie to have
constructed sequential concentration-response curves with
thorough washing between doses. However, such a protocol
was unsuitable in this epithelial preparation since the repeated
draining and re-addition of the bathing solution frequently
caused disruption to the tissue so that it could not be voltage-
clamped. It was therefore decided to construct cumulative
concentration-response curves, an example of which is shown
in Figure 1b; the next dose of agonist was added on obtaining
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Figure 1 Examples of short-circuit current responses to 5-

hydroxytryptamine (5-HT). (a) Response to a single dose of 5-HT,
10 uM. (b) Cumulative concentration-response curve to S-HT; doses in
UM.
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Figure 2 The short-circuit current (SCC) responses to S-
hydroxytryptamine (5-HT) in paired preparations of rat isolated
colonic mucosa: (Q) = first tissue; (@) = paired partner; tissues were
dissected from adjacent portions of rat colon. Values are mean (n = 6
throughout) with s.emean shown by vertical bars. The maximum
SCC response (100%) to 5-HT (first tissue) was 127.3 + 11.3uA cm™2,

the maximum response to the previous dose. With this pro-
cedure, in an initial series of experiments 5-HT (0.1-100 um)
stimulated concentration-dependent increases in SCC with a
maximum increase in current above basal of 181 + 28 uA
cm™~ 2 (n = 8) at 100 uM. It was originally intended to construct
repeated 5-HT concentration-response curves in each prep-
aration but preliminary experiments showed that this was not
possible since the maximum response to 5-HT in the second
curve was only 66% of that in the first curve. Because of this
problem all subsequent experiments were controlled by use of
paired preparations taken from adjacent portions of descend-
ing colon, and the results are shown in Figure 2. With six
paired sets of tissue the mean EC,, values for 5-HT were 3.9
(2.0-7.7) um for the first tissue and 5.2 (2.2-11.9) um for the
paired partner (P > 0.05), with no significant difference in the
maximum responses to S5-HT (P > 0.05). Although some
desensitization occurred during the construction of the cumu-
lative concentration-response curve, it was considered that the
use of paired preparations provided the best protocol for the
quantitative pharmacological analysis of agonist and antago-
nist activities. Thus the experimental design adopted was, (i)
for agonist studies one tissue received 5-HT and the paired
partner received the test agonist, (i) for antagonist studies one
tissue received agonist alone and the paired partner received
agonist plus antagonist.

Agonists

Three agonists were tested, viz. 5-carboxamidotryptamine, a-
methyl-5-HT and 2-methyl-5-HT which show some selectivity
of S5-HT,-like, 5-HT, and S5-HT, receptors respectively
(Bradley et al., 1986). The data are summarised in Table 1
with the results for the two active compounds, a-methyl-5-HT
and 5-CT, being given in Figure 3. 2-Methyl-5-HT was inac-
tive both as an agonist and an antagonist (against 5-HT) up to
concentrations of 300uM; S5-CT and a-methyl-5-HT were
partial agonists and slightly less potent than 5-HT.

Antagonists

A number of antagonists were tested against the SCC
response to 5-HT. Several of the compounds were inactive;
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Figure 3 The short-circuit current (SCC) responses to 5-

carboxamidotryptamine (5-CT) (a) and a-methyl-5-HT (b) in rat iso-
lated colonic mucosa: (Q) = 5-HT control; (@)= 5-CT, (A)=
a-methyl-5-HT. The equipotent molar ratios calculated from these
graphs are given in Table 1. Values are mean (n = 4 throughout) with
se.mean shown by vertical bars. The maximum SCC responses
(100%) to S-HT were 166.6 + 26.1 and 163.4 + 17.4 uA cm™2 respec-
tively for the 5-CT and a-methyl-5-HT experiments.

these results were given in Table 2 and they show that high
concentrations of ketanserin, methysergide, methiothepin,
GR38032F, tetrodotoxin and sulpiride had no significant
effect on the SCC response to 5-HT.

Two benzamide derivatives were identified which inhibited
the SCC response to 5-HT, viz. metoclopramide and cisapride,
and the results are given in Figure 4. These data show that
both compounds produced a concentration-related but non-
surmountable inhibition of the 5-HT-induced SCC response.
The inhibitory effects of metoclopramide and cisapride
appeared to be independent of the agonist used since at the
higher concentrations tested (10 and 1uM respectively) both
compounds also produced a non-surmountable inhibition of
the SCC response to 5-CT (Figure 5). Because of this pattern
of inhibition the selectivity of the inhibitory effects of meto-
clopramide and cisapride was examined by determining the
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Figure 4 The effects of metoclopramide (a) and cisapride (b) on the
short-circuit current (SCC) responses to 5-hydroxytryptamine (5-HT)
in rat isolated colonic mucosa: (Q)=5-HT control; (A)=
metoclopramide, 3uM; (A) = metoclopramide, 10um; ()=
cisapride, 0.1 um; (IB) = cisapride, 1 um. Values are mean (n = 4-8)
with s.e.mean shown by vertical bars. The maximum SCC responses
(100%) to 5-HT were 146.2 + 18.9 and 158.7 £ 13.5 A cm™2 respec-
tively for the metoclopramide and cisapride experiments.

effects of the compounds on the increase in SCC induced by
prostaglandin E, (PGE,). The results are given in Figure 6
and they show that metoclopramide (10uM) and cisapride
(1 um) failed to inhibit the response to PGE,. Further evi-
dence that metoclopramide and cisapride exhibited selective
antagonism is derived from the observation that neither com-
pound (at 10 and 1um respectively) affected (stimulation or
inhibition) the basal SCC in rat colon.

In addition to the benzamides, the inhibitory action of
1CS205-930 was also tested, and the result is given in Figure 7.
Doses of ICS205-930 of 3' and 10um produced a
concentration-related inhibition of the SCC response to 5-HT.
At 3 um ICS205-930 produced a significant (P < 0.05) inhibi-
tion of the 5-HT response [EC;, values of 5.0 (4.0-6.2) and
20.3 (11.2-36.8)] with a concentration-ratio of 4.1 (2.4-7.0)
from which a pKy value of 6.0 (5.7-6.3) was calculated. The

Table 1 The effect of agonists on the short-circuit current response in rat isolated colonic mucosa

Compound

S-Hydroxytryptamine
2-methyl-5-HT
a-methyl-5-HT
5-Carboxamidotryptamine

* NSE = no significant effect as an agonist or antagonist (vs. 5-HT).

1 Geometric mean, 95% confidence limits.
t Arithmetic mean + s.e.mean (n = 4 throughout).

Equipotent molar ratio}

*NSE up to 300 um
6.6 (1.3-33.0)
8.2 (2.3-29.7)

% 5-HT maximumt
1 100

70+ 11
74+7

Table 2 S-Hydroxytryptamine (5-HT)-induced secretion in rat isolated colonic mucosa: a summary of inactive antagonist compounds

*5-HT EC,,
Compound (uM)
(um) Receptor (Control)
Ketanserin S-HT, 48
(1.0) (32,7.1)
Methysergide S-HT,-like 5.6
(1.0) 5-HT, (3.8,84)
Methiothepin 5-HT,-like 54
0.3) 5-HT, (3:28.7)
GR38032F 5-HT, 33
0.3) (2.3,4.8)
Tetrodotoxin Neuronal 39
(0.3) blocker 2.1,79)
Sulpiride Dopamine 6.6
(1.0) D, (3.9,109)

*5-HT EC;, (um) EC,, % 5-HT maximum}
(plus antagonist) ratio (plus antagonist)
6.7 14 88 + 11
(3.0,15.1)
74 13 121 + 16
4.1,13.2)
14.5 2.7 95 + 16
(2.8,75.8)
54 1.6 97 + 14
(39,74)
8.6 22 97 + 12
(34,214)
11.6 18 79+8
(4.0,33.3)

* Geometric mean, 95% confidence limits. Log,, EC;, values were compared by an unpaired ¢ test. None of the antagonists tested

produced a significant shift (P > 0.05) of the control 5-HT curve.
1 Arithmetic mean + s.e.mean. n = 4-7.
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Figure 5 The effects of metoclopramide (a) and cisapride (b) on the
short-circuit current (SCC) responses to 5-carboxamidotryptamine (5-
CT) in rat isolated colonic mucosa: (Q) = 5-CT control; (A)=
metoclopramide, 10 um; (ll) = cisapride, 1 uM. Values are mean (n = 4
throughout) with s.e.mean shown by vertical bars. The maximum
SCC responses (100%) to 5-CT were 120.6 + 174 and 119.7
+ 22.2uA cm~2 respectively for the metoclopramide and cisapride
experiments.

inhibitory effect of I1CS205-930 appeared to be agonist-
independent since a concentration of 3 uM also antagonized
the SCC responses to 5-methoxytryptamine (0.3-300uMm), a
relatively non-selective agonist, with a concentration ratio of
14.5 (13.8-15.2) from which a pKy value of 6.6 (6.5-6.8) was
calculated. At 3 uM ICS205-930 was selective since it did not
affect the SCC response to forskolin (0.01-3 um) with a
concentration-ratio of 1.7 (1.1-2.6). The effect of ICS205-930
at 10 uM was not analysed further since this concentration was
non-selective and inhibited ‘the SCC response to forskolin
(0.01-3 uM) with a concentration-ratio of 6.4 (1.8-23.4) and a
depression of the maximum response of 27.4 + 11.6%.

Discussion

The present study confirms previous observations that 5-HT
is a secretagogue in rat isolated colon (Zimmerman & Binder,
1984). It was clearly shown by Zimmerman & Binder (1984)
that the increase in SCC in this tissue caused by S-HT was
due entirely to stimulation of electrogenic chloride secretion
and this aspect of the work was not pursued further. Rather,
the main purpose of this study was to investigate the receptor
type mediating the secretory response to 5-HT in rat colon.
This was first done by comparing the rank order of agonist
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Figure 6 The effects of metoclopramide (a) and cisapride (b) on the
short-circuit current (SCC) responses to prostaglandin E, (PGE,) in
rat isolated colonic mucosa. (O)=PGE, control; (O)=
metoclopramide, 10uM; (A) = cisapride, 1uM. Values are mean
(n = 6-8) with s.e.mean shown by vertical bars. The maximum SCC
responses (100%) to PGE, were 85.9 + 17.9 and 87.7 + 11.04A cm ™2
respectively for the metoclopramide and cisapride experiments.
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Figure 7 The effect of ICS205-930 on the short-circuit current (SCC)
responses to 5-hydroxytryptamine (5-HT) in rat isolated colonic
mucosa: (Q) = S-HT control; (@)= ICS205-930, 3um; (O)=
1CS205-930, 10 uM. Values are mean (n = 4-7) with s.e.mean shown by
vertical bars. The maximum SCC response (100%) to 5-HT was
176.1 + 18.4 uA cm™2,

potencies. In this context it is important to point out that
ideally, if agonist relative potencies are to be compared, then
these agonists should stimulate the same maximum responses
(Furchgott, 1972). However, in the present study both a-
methyl-5-HT and 5-CT stimulated maximum responses which
were approximately 70% of that produced by 5-HT (Figure 3).
With this reservation in mind the rank order of agonist
potencies have been compared, and this is shown in Table 3.
In rat colon the observation that 5-CT and a-methyl-5-HT
were agonists may suggest that the SCC responses to these
compounds, and by inference to 5-HT also, involved
5-HT,-like and/or 5-HT, receptors. However, other results
obtained make this suggestion unlikely. Firstly, the observa-
tion that 5-HT > 5-CT suggests that 5-HT,-like receptors
were not involved, and this contention is supported by the
failure of the antagonists methysergide and methiothepin to
inhibit significantly 5-HT-induced secretion. Secondly,
although the result in rat colon that 5-HT > a-methyl-5-
HT = 5-CT may be consistent with the presence of 5-HT,
receptors (see Humphrey, 1984), this deduction is not sup-
ported by the failure of ketanserin, methysergide or methio-
thepin to inhibit the response to 5-HT. Thus, the overall body
of available data indicates that neither 5-HT,-like nor 5-HT,
receptors play a principal role in the SCC response to 5-HT,
although because of the agonist responses to 5-CT and «-
methyl-5-HT we cannot exclude the possibility that small
populations of these latter receptors made a minor contribu-
tion to the SCC responses in these studies. In addition, the
observation that high concentrations of 2-methyl-5-HT were
inactive as an agonist (and as an antagonist) suggests that
neuronal 5-HT, receptors were not involved and this conclu-
sion is corroborated by the lack of effect of the 5-HT, recep-
tor antagonist, GR38032F, and tetrodotoxin on the response
to 5-HT. Thus in the present study the receptors mediating
the secretory response to 5-HT in rat colon could not be
clearly designated 5-HT,-like, 5-HT, or 5-HT,. This latter
result contrasts with studies in other secretory tissues; for
example, in the ileum of the guinea-pig and rat at least part of
the response to 5-HT appears to be mediated by 5-HT, recep-
tors as indicated by the antagonism of GR38032F or rela-
tively low concentrations of I1CS205-930 (Baird & Cuthbert,
1987; Ball et al., 1988b). It is interesting to note that although
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Table 3 A comparison of the rank orders of agonist potencies at S-hydroxytryptamine (5-HT) receptors

Tissue/receptor
tRat colonic mucosa 5-HT

(this study) 1
*5-HT,-like 5-CT > 5-HT
*S-HT,

1 Results are equipotent molar ratios (5-HT = 1).
* Data are from Humphrey (1984) and Bradley et al. (1986).

the 5-HT receptor mechanism identified in the present study
appears to be located on enterocytes, as opposed to enteric
neurones, Gaginella et al. (1983) failed to identify 5-HT
binding sites on plasma membranes prepared from rat colonic
epithelial cells; this point remains to be resolved.

In the present work cisapride inhibited 5-HT-induced secre-
tion in rat colon but, as discussed above, the 5-HT receptor
type involved could not be identified. Allbee & Gaginella
(1985) have also described the inhibitory action of cisapride
against 5-HT in rat colon and attributed this to antagonism of
5-HT, receptors, although clearly this suggestion was not sub-
stantiated by our own work. Cisapride has also been reported
to inhibit the SCC response to 5-HT in the ileum of the rat
and guinea-pig (Cooke & Carey, 1985; Moriarty et al., 1987).
However, in these latter tissues 1CS205-930 or GR38032F
inhibited the 5-HT-induced SCC at doses that would be
expected to be selective for 5-HT, receptors (Baird & Cuth-
bert, 1987; Ball et al., 1988b), and since cisapride is a 5-HT,
receptor antagonist (Nelson & Thomas, 1989) it is likely that
cisapride inhibited such responses at least in part by antago-
nism of 5-HT, receptors. Unlike the ileum of the rat and
guinea-pig, 5-HT; receptors were not involved in the SCC
response to 5-HT in rat colon (see above), although both cis-
apride and metoclopramide still inhibited 5-HT-induced secre-
tion in rat colon in a concentration-dependent manner. In
each case, the antagonism was non-competitive with depres-
sion of the maximum responses, and these effects appeared to
be agonist-independent (5-HT and 5-CT) and selective since
neither of these benzamides affected the basal SCC or the
SCC response to an E prostaglandin which, like the response
to 5-HT, is due to electrogenic chloride secretion (Racusen &
Binder, 1980). Similarly, experiments in rat ileum have also
shown that cisapride does not affect epithelial ion transport in
a non-selective manner (Moriarty et al., 1987). Although the
inhibitory action of cisapride against 5-HT in rat colon has
been reported previously (Allbee & Gaginella, 1985) as far as
the authors are aware, this is the first report of such an effect
of metoclopramide.

The receptor type mediating the SCC response to 5-HT in
rat colon was further examined by use of ICS205-930. At a
concentration of.3uM, 1CS205-930 produced a small right-
ward shift of the agonist concentration-response curve from
which a pKjy value of 6.0-6.6 was calculated, which is consis-
tent with the presence of the so-called 5-HT, receptor (Clarke
et al., 1989). At this concentration (3 uM) the antagonism of the
SCC responses by ICS205-930 was agonist independent (vs.
5-HT and 5-methoxytryptamine) and selective (no effect
against forskolin). However, the data generated with 1CS205-
930 are tentative because of the small shift produced with a
single concentration of compound (3 uM). In addition, at 3 um
1CS205-930 did cause a small depression of the 5-HT
maximum (Figure 7) which may be attributable to some effect
of ICS205-930 at high concentration on ion conductances
(Scholtysik, 1987). Nevertheless, since the latter concentration
of ICS205-930 did not affect the SCC response to forskolin it
appeared selective and was therefore used for the calculation
of pKy values. However, at 10um ICS205-930 was clearly
non-selective, presumably because of large effects on ion con-
ductances and was not used for quantitative analysis.

Agonist rank order

a-methyl-5-HT _ 5-CT 2-methyl-5-HT

= >
6.6 88 >77

5-HT > a-methyl-5-HT

Since metoclopramide is an antagonist at dopamine D,
receptors (for example, Alphin et al., 1986) the possible role of
these receptors in the secretory response to 5-HT was deter-
mined. However, the benzamide dopamine D, receptor
antagonist, sulpiride (Alphin et al., 1986) had no effect on the
SCC response to 5-HT (Table 2), and this result is corrobo-
rated by the observation that cisapride has a low affinity for
dopamine D, receptors (Megens et al., 1986) while being more
potent than metoclopramide as an inhibitor of secretion in rat
colon. At high concentrations, 5-HT is reported to be an
agonist at o,-adrenoceptors (Apperley et al., 1976), but it is
unlikely that S-HT was stimulating secretion through such a
mechanism in this study since ketanserin, an antagonist at
a,-adrenoceptors as well as 5-HT, receptors (Feniuk et al.,
1985), was without effect (Table 2).

Although both metoclopramide and cisapride inhibited the
SCC response to 5-HT, it can be seen, particularly for cis-
apride (Figure 3) that increasing the concentration of antago-
nist (from 0.1 to lum for cisapride) did not produce a
substantially greater inhibitory effect. This result may indicate
that part of the secretory response to 5-HT was resistant to
metoclopramide and cisapride.

Beubler et al. (1990) have reported that in rat ileum cis-
apride inhibited the 5-HT-induced increase in potential differ-
ence (electrogenic chloride secretion) without affecting the
accompanying inhibition of electroneutral NaCl absorption.
In contrast, ketanserin inhibited the changes in NaCl absorp-
tion without affecting PD. Thus it is possible that in rat colon
different 5-HT receptors control secretory and absorptive pro-
cesses; in the present study the results obtained measuring
SCC relate only to 5-HT and electrogenic chloride secretion.

In conclusion, 5-HT stimulates an SCC response in rat
colon via a receptor mechanism that cannot clearly be identi-
fied as 5-HT,-like, 5S-HT, or 5-HT,. This receptor is antago-
nized by the substituted benzamides, cisapride and
metoclopramide in a selective but non-surmountable manner,
and also by ICS205-930 with a pKy value of 6.0-6.6. A recep-
tor which cannot be designated 5-HT,-like, 5-HT, or 5-HT,
and is sensitive to the benzamides and high concentrations of
ICS205-930 has been identified in other tissues, namely mouse
colliculi neurones (Dumuis et al., 1989), guinea-pig hippo-
campus (Bockaert et al., 1990) and guinea-pig ileum (Craig &
Clarke, 1990; Eglen et al., 1990) and tentatively termed 5-HT,
(Clarke et al., 1989). However, some discrepant observations
have been made. For example, cisapride is a potent full
agonist in the mouse colliculi (Dumuis et al., 1989), a relatively
weak agonist in guinea-pig ileum (Craig & Clarke, 1990), a
very weak partial agonist in guinea-pig hippocampus
(Bockaert et al., 1990) and an antagonist in rat colon mucosa
(present study). The reason for these different results is not
entirely clear, but may be attributable to the fact that cis-
apride is an agonist of low efficacy whose agonist profile is
determined by tissue parameters, viz. receptor number and/or
efficacy of stimulus-response coupling (see Kenakin, 1984, for
discussion). Alternatively, the antagonist activity of cisapride
in rat colon mucosa may be attributable to the presence of
5-HT,-like receptor, although selective agonists and antago-
nists would be required to substantiate this contentious state-
ment.
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Run-down of neuromuscular transmission during repetitive
nerve activity by nicotinic antagonists is not due to
desensitization of the postsynaptic receptor

S.J. Hong & 'C.C. Chang

Department of Pharmacology, College of Medicine, National Taiwan University, Taipei, Taiwan

1 Whether the function of the postsynaptic acetylcholine receptor is use-dependently affected by repeti-
tive nerve stimulation in the presence of competitive antagonists was studied in the mouse phrenic nerve-
hemidiaphragm preparation.

2 For electrophysiological experiments, the preparation was immobilized by synthetic u-conotoxin,
which preferentially blocks muscular Na-channels causing neither depolarization of the membrane poten-
tial, inhibition of quantal transmitter release, nor depression of nicotinic receptor function.

3 High concentrations of cobratoxin depressed indirect twitches and endplate potentials (e.p.ps) without
inducing waning of contractilities or run-down of trains of e.p.ps evoked at 10-100 Hz. However, waning
and run-down were accelerated after washout of the toxin despite diminished postsynaptic receptor block-
ade. Once the run-down of e.p.ps was produced by washout or low concentrations of cobratoxin, further
depression of e.p.p. amplitude with high concentrations of cobratoxin did not attenuate the e.p.p. run-
down.

4 The degrees of waning of tetanus and trains of e.p.ps produced by a very high concentration of
tubocurarine (20 uM) were also less than that caused at a 100 fold lower concentration, albeit the ampli-
tudes of twitches and the first e.p.p. were depressed more rapidly and markedly.

5 Tubocurarine, like cobratoxin, depressed the amplitude of miniature endplate potentials (m.e.p.ps)
more than e.p.ps.

6 In contrast to the steepened run-down of successive e.p.ps in the presence of low concentrations of
either nicotinic antagonists, the amplitude of m.e.p.ps observed during repetitive stimulation was uniform
and was not different from that before stimulation.

7 The results suggest that the e.p.p. run-down and tetanic fade induced by nicotinic antagonists are due
to a slow kinetic blockade of presynaptic receptors and confirm that the e.p.p. run-down is not produced
by a use-dependent failure of postsynaptic nicotinic receptors. The roles of the presynaptic nicotinic recep-

tor in positive or negative feedback modulations of transmitter release are discussed.
Keywords: u-Conotoxin; tubocurarine; acetylcholine release; endplate potential; nicotinic receptor; tetanic fade

Introduction

Characteristic phenomena observed after neuromuscular
blockade by competitive nicotinic antagonists are the waning
to instantaneous fade of already reduced tetanic contraction
and the rapid run-down of successive endplate potentials
(e.p.ps) or endplate currents during repetitive stimulation
(Paton & Zaimis, 1952; Blaber, 1973; Hubbard & Wilson,
1973; Glavinovic, 1979; Magleby et al., 1981). The degree of
e.p.p. run-down caused by tubocurarine and other competitive
antagonists is somehow in parallel with the depression of the
amplitude of the first e.p.p., at least in in vitro experiments
after equilibrium incubation (Gibb & Marshall, 1984; Chang
et al., 1988). The extent of the tetanic fade and the train-of-
four inhibition, however, differs between antagonists and
between the phases of drug action, being more prominent at
the phase of recovery than at the phase of ongoing of drug
action (Bowman & Webb, 1976; Sugai et al., 1976; Bowman
et al., 1986). The most typical is the group of peptides known
as a-neurotoxins isolated from snake venoms which often do
not cause fade of tetanus when neuromuscular transmission is
blocked by high concentrations of toxins (Chang & Lee, 1963;
Bowman et al., 1986; Gibb & Marshall, 1986). Interestingly,
however, the fade becomes more marked after washout of a-
neurotoxins (Bradley et al., 1987; 1990; Chang & Hong, 1987).
This unique action of a-neurotoxins can be substantiated by

! Author for correspondence.

their effect on trains of e.p.ps, i€, little run-down despite the
depressed amplitude of the first e.p.p. at the phase of ongoing
action vs marked run-down but with restored amplitude of
the first e.p.p. on washout of the toxin (Chang & Hong, 1987).
The run-down of e.p.ps in the presence of a nicotinic
antagonist has been attributed to a successive decline in the
release of acetylcholine (ACh) (Bowman, 1980; Bowman et al.,
1986; Chang et al., 1988) since the postsynaptic response to
exogenously applied ACh remains unchanged immediately
after the run-down of e.p.ps as compared to that before high
frequency stimulation (Otsuka et al., 1962). Moreover, tubocu-
rarine depresses uniformly the responses to trains of ionopho-
retically applied ACh without causing any run-down (Gibb &
Marshall, 1984). The presynaptic hypothesis suggests that the
release of ACh during repetitive stimulation is automodulated
by the released ACh acting through presynaptic nicotinic
receptors. A blockade of this positive feedback modulation by
nicotinic antagonists decreases the quantal contents of suc-
cessive e.p.ps and results in run-down of e.p.ps. The differences
in the degree of tetanic fade or e.p.p. run-down caused by dif-
ferent nicotinic receptor antagonists could be due to differ-
ences in the affinities or binding kinetics of pre- and
postsynaptic receptors (¢f. Bowman et al, 1986; Chang &
Hong, 1987). Recently, these findings have been explained by
an agonist-antagonist cooperation at the postsynaptic site
(Bradley et al., 1987; 1990). It is hypothesized that when the
high affinity site of the postsynaptic nicotinic receptor is selec-
tively occupied by a low concentration of antagonist, not
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agonist, subsequent binding of the agonist to the low affinity
site initiates, after activation of the receptor, a chain of events
which leads to desensitization of the receptor.

These hypotheses have been tested by measuring any
changes in the activity of spontaneous miniature endplate
potentials (m.e.p.ps), which are reliable indicators of the sensi-
tivity of the postsynaptic nicotinic receptor, during repetitive
stimulation when antagonists had induced run-down of trains
of e.p.ps. Changes of m.e.p.p. amplitudes rather than changes
in the amplitude of iontophoretic ACh potentials were fol-
lowed because alterations of junctional nicotinic receptors
may not be equally manifest in the response to endogenous
and exogenous neurotransmitters (Pennefather & Quastel,
1981).

Methods

Muscle contractions

Phrenic nerve-hemidiaphragm preparations were isolated
from ICR strain mice 20-30g. The organ bath contained
8-15ml Tyrode (composition in mM: NaCl 137, KCl 2.8,
CaCl, 1.8, MgCl, 1.1, NaH,PO, 0.33, NaHCO, 11.9 and
glucose 11.2) maintained at 37°C and oxygenated with 95%
O, and 5% CO,. The phrenic nerve was stimulated with
0.03 ms rectangular pulses at the frequencies indicated. Muscle
contractions were recorded via an isometric transducer (BG
25) on a physiorecorder (Gould 2200S).

Intracellular recordings

Intracellular recordings of m.e.p.ps and e.p.ps and current
injections were carried out by conventional techniques with a
high impedance amplifier (Dagan 8100). Microelectrodes were
filled with 3 M KCIl and resistances of 3-10 MQ. The potentials
were d.c.-coupled (Gould PB200) and hardcopied onto an
electrostatic recorder (Gould ES2000). The recording unit has
a bandwidth of 35kHz (—3dB). Diaphragms were immobil-
ized with synthetic u-conotoxin (1.2 um), which like the natural
one (Cruz et al., 1985; Hong & Chang, 1989) blocks the Na-
channel of muscle preferentially against that of nerve. Undis-
torted e.p.ps without the complication of muscle action
potential can be evoked from the normal non-depolarized
resting membrane potential. M.e.p.ps can be monitored accu-
rately even after binding of about 50% of the ACh receptors
with nicotinic antagonists. The effect of u-conotoxin on
evoked quantal release was studied on the cut diaphragm
muscle preparation (Barstad & Lilleheil, 1968) prepared by
damaging both ends of muscle fibres (Hong & Chang, 1989).

M.e.p.ps were recorded continuously from 10s before and
for up to 10s after 15s trains of pulses. For the sake of accu-
racy of measurement only those endplates with averaged
m.e.p.p. amplitude (before trains of pulses) greater than 0.3 mV
(>2 fold noise level) were selected. M.e.p.ps with amplitude
greater than 2.5 fold average amplitude (giant m.e.p.ps) were
discarded. Quantal contents of e.p.ps were estimated from
e.p.ps and m.e.p.ps recorded in the same endplate according to
the direct method (del Castillo & Katz, 1954). The amplitudes
of e.p.ps in these calculations were corrected for non-linear
summation (McLachlan & Martin, 1981; Chang et al., 1986)
with the correcting factor set at 0.56.

Statistics

In order to correlate changes of m.e.p.ps with e.p.ps during
trains of stimulation, statistical analyses of data were sampled
from two groups of endplates based arbitrarily on the extent
of run-down of e.p.ps in trains: endplates with plateau e.p.ps
(the average amplitude of the 51st to the 150th e.p.ps) main-
tained at greater than 75% of the first e.p.p. (see Results) were
classified as those with a normal physiological run-down,
while those which declined to less than 70% were classified as

significant run-down. According to this sorting criterion, the
majority of endplates (19 out of 21) belonged to the physio-
logical run-down group when the preparations were not
treated with nicotinic antagonists. The degree of e.p.p. run-
down is defined as (e.p.p; — e.p.p,)/e.p.p;, where e.p.p, and
e.p.p, represent amplitudes of the (gnrst and the plateau e.p.ps,
respectively.

All data are expressed as means + s.e. of recordings
obtained from more than 15 endplates in at least 3 prep-
arations. Differences between group means were analysed by
Student’s ¢ test. n refers to the total number of endplates
studied.

Drugs

Tubocurarine chloride and tetrodotoxin were purchased,
respectively, from Sigma (St. Louis, U.S.A.) and Calbiochem
(San Diego, U.S.A)). u-Conotoxin GIIIB (a 22 amino acid
protein) was synthesized by the Peptide Institute (Osaka,
Japan). Cobratoxin (a 62 amino acid protein) was purified
from crude venom of Naja naja atra to homogeneity by
repeated chromatography on CM-Sephadex columns
(Pharmacia, Sweden).

Results

Effect of synthetic u-conotoxin

Like the natural geographutoxin II, synthetic u-conotoxin, at
a concentration of 1.2 uM, changed neither the resting mem-
brane potential (—80.7 + 0.2 vs —83.4 + 0.2mV, n > 65) nor
the m.e.p.p. amplitude (14 + 0.1 vs 1.7+ 02mV, n > 87) or
frequency of occurrence (1.8 + 0.2 vs 1.4 4+ 0.2/s, n > 87) while
providing good recordings of e.p.ps with amplitude as large as
26.3 + 1.0mV (n = 20). After u-conotoxin, the muscle mem-
brane exhibited little, if any, active regenerative properties
when the intracellularly injected current, up to 40nA, induced
a large electrotonic membrane depolarization of 25-30mV
and this was verified by further treatment with tetrodotoxin
0.5uMm. The amplitudes of successive e.p.ps evoked at 10—
100 Hz declined to a plateau of 20.8 + 0.9mV (n = 20) within
20 pulses. The relative amplitude of e.p.ps at plateau in com-
parison to the first e.p.p. was not different from that obtained
in cut muscle preparations, the degree of run-down being
0224001 vs 024 +0.02 (n=29). In cut muscle prep-
arations, u-conotoxin affected neither the amplitude nor the
run-down of e.p.ps. The pharmacological profile and potency
of synthetic u-conotoxin on skeletal muscle are generally the
same as those of natural geographutoxin II (Hong & Chang,
1989).

Effects of cobratoxin

It is known that short-term after washout of cobratoxin or
erabutoxin the tetanic fade and run-down of e.p.ps were more
prominent than before washout despite a significant recovery
of the twitch response, peak tetanic tension and e.p.p. ampli-
tude (Bradley et al., 1987; 1990; Chang & Hong, 1987). On the
other hand, similar tetanic fade and rundown of e.p.ps could
be produced if the preparation was treated with very low con-
centrations of cobratoxin (0.0015-0.0045 um) for a prolonged
time (3-5h), suggesting that the process of washout of toxin is
not essential for the development of fade and run-down. To
save time, waning was initially induced by incubating prep-
arations with 0.45uM cobratoxin for 30min, a procedure
which completely abolished e.p.ps and muscle contractions.
Preparations were then washed twice with an interval of 5min
between washes. Further washing resulted in a too rapid and
more complete recovery. Typical indirect twitch experiments
are illustrated in Figure 1. A greater degree of waning of con-
tractility was found after washout of cobratoxin than before
washing. For intracellular recordings, u-conotoxin at a con-
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Figure 1 Effects of cobratoxin on wanings of indirect contractility of
mouse phrenic nerve-hemidiaphragm preparation. The phrenic nerve
was stimulated with trains of pulses (10 Hz for 7s, left column) and
60s later, at 100 Hz for 3 s (right column). (a) Control; (b) 12 min after
treatment with cobratoxin 0.45uM. (c and d) 10 and 50 min, respec-
tively, after washout of cobratoxin (the preparation had been incu-
bated with cobratoxin for 30 min). Note the more marked wanings of
contractility after washout of cobratoxin in spite of the restoration of
the initial contractions. The paired upper and lower numerals to the
right of each panel represent the force calibrations for twitches at
10 Hz and tetanus at 100 Hz, respectively. The time scales on the right
top corner of each column represent 3s.

centration of 1.2um was added immediately following wash.
After these treatments, the response of the nicotinic receptors
recovered gradually and m.e.p.ps began to appear 15-20min
after the last'wash. At endplates where m.e.p.ps were greater
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than 0.3 mV, repetitive nerve stimulation at 10 Hz was applied
for 155 to see the effect of stimulation on m.e.p.ps and e.p.ps.
In agreement with previous reports, most of the endplates (27
out of 30) exhibited significant pharmacological run-down of
e.p.ps 30-50min after washout of cobratoxin (Figure 2 and
Table 1). The degree of ep.p. run-down increased from
0.22 + 0.01 to 0.42 + 0.01. In contrast, there was no run-down
of m.e.p.ps during nerve stimulation (Figure 2 and Table 2).

With time, the amplitudes of e.p.ps and m.e.p.ps grew while
the degree of run-down of e.p.ps decreased. Sixty to 80 min
after washout of cobratoxin, the amplitude of both m.e.p.ps
and the first e.p.p. in a train of stimuli recovered to 65 + 6 and
84 + 5% of controls, respectively, and the population of end-
plates showing significant e.p.p. run-down at 10 Hz decreased
to about 42% (14 out of 33 endplates). Two h after washing,
less than 20% of endplates (4 out of 27) showed significant
run-down of e.p.ps. Whether there was run-down of e.p.ps or
not, repetitive nerve stimulation did not induce a progressive
decline of m.e.p.p. amplitude.

M.e.p.p. frequency was also studied to determine whether
some m.e.p.ps might be depressed and lost in the noise during
repetitive nerve stimulation which might have been inadver-
tently excluded. Nerve stimulation at 10 Hz increased m.e.p.p.
frequency by about 30% either in control or in cobratoxin
treated preparations, indicating that the unchanged amplitude
of m.e.p.ps during repetitive stimulation is not due to an over-
estimate (Table 2). It is unlikely that a use-dependent block of
the postsynaptic receptor occurred. When the stimulation rate
was increased to 50-100 Hz, cobratoxin still caused a run-
down of e.p.ps. Under these experimental conditions, m.e.p.ps
were difficult to measure because of the increased incidence of
superimposition of m.e.p.ps on e.p.ps. Nevertheless, measure-
ments indicated that m.e.p.p. amplitude was not reduced
during stimulation.

The above results, together with those obtained with tubo-
curarine (see next heading), indicate that high concentrations
of nicotinic antagonists not only depress e.p.p. amplitude
rapidly but also prevent run-down of trains of e.p.ps. High
concentrations of cobratoxin (0.45um) did not attenuate the
already established run-down of trains of e.p.ps that was pro-
duced either after washout of a high concentration of cobra-
toxin (Figure 3) or by prolonged incubation with low
concentrations (0.0045 um) of the toxin (not shown).

Effects of tubocurarine

From the results obtained with a-neurotoxins it appears that
a rapid blockade of the receptor provoked little tetanic fade or
e.p.p. run-down. It is of interest to see if tubocurarine, a com-
petitive antagonist with rapid association/dissociation
kinetics, produced less waning at high than at low concentra-
tions like cobratoxin. The preparation was pretreated - with

Table 1 Effects of nicotinic antagonists on the amplitude of endplate potentials (e.p.ps) evoked by repetitive nerve stimulation

Treatment The first e.p.p.* E.p.ps at plateau®

Antagonist (um) (min) (mV) (mV) E.p.p. run-down n

Control 251 +£0.7 19.8 + 0.4** 0.22 + 0.01 4
Cobratoxin® 045 30

washout 0-5 0 0 0 15

30-50 169 + 0.5* 9.9 + 0.4** 042 + 0.01* 27

60-80 21.3 +£ 0.9* 139 + 0.6** 0.35 + 0.02* 14

Tubocurarine? 0.1-0.2 60-120 19.1 £+ 0.6* 12.0 + 0.8** 0.37 + 0.02* 43

* E.p.ps were evoked by trains of pulses (10 Hz for 15s) at various times after washout of cobratoxin or addition of tubocurarine as
indicated.

® The amplitude of e.p.ps at plateau was the mean of e.p.ps generated during the last 10s of stimuli. The degree of e.p.p. run-down was
defined as the fractional depression of the plateau e.p.p.

¢ Mouse phrenic nerve-hemidiaphragm preparations were pretreated with cobratoxin 0.45 uM for 30 min, washed twice to remove cobra-
toxin and finally immobilized with u-conotoxin 1.2 uM.

¢ The nerve-muscle preparations were pre-immobilized with z-conotoxin 1.2 um for 60 min.

Control experiments followed identical ‘procedures but without addition of cobratoxin or tubocurarine. The results from these two
groups were not different and were pooled together.

n: endplates studied. * P < 0.05 vs control; * P < 0.05 vs the first e.p.p.
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Figure 2 Effects of repetitive nerve stimulation and cobratoxin on
amplitudes of endplate potentials (e.p.ps) and miniature endplate
potentials (m.e.p.ps). Mouse phrenic nerve-hemidiaphragm prep-
arations were treated with cobratoxin 0.45um for 30min, washed
twice and immobilized with g-conotoxin 1.2 uM (b, d). Control experi-
ments (a, c) followed the same procedure but in the absence of cobra-
toxin. (a) and (b) show e.p.ps evoked by a train of pulses at 10 Hz. (c
and d) show high gain amplification recordings of m.e.p.ps just prior
to and during the last 3s of a 1S5s train of pulses. The constant down-
ward and upward deflections indicate stimulus artifacts and evoked
e.p.ps (amplitude cut off), respectively. The resting membrane poten-
tials of the 4 different endplates were in the range of —78 to —86mV.
Note that cobratoxin induced significant run-down of e.p.ps but not
of m.e.p.ps. Calibrations: 2s and 10mV (a, b) or 1.25s and SmV (c, d).

1.2 um p-conotoxin for 60 min and then with 20 uM tubocu-
rarine, a concentration that rapidly depressed e.p.p. amplitude
at a rate one thousand fold faster than cobratoxin. The degree
of e.p.p. run-down on tetanic stimulation was far less promi-
nent compared to that after washout or after treatment with a
100 fold lower concentration of tubocurarine (Figure 4 and
Table 1). The results are compatible with in vivo experiments
in which tubocurarine caused virtually no tetanic fade when
administered by close-arterial bolus injection (Bowman et al.,
1986). In order to record e.p.ps as well as m.e.p.ps at steady
states and to avoid blocking the ACh ion channel (cf. Colqu-
houn, 1986) lower concentrations of tubocurarine were used in
the following experiments. After 60 min of equilibration with

o

Figure 3 Effects of a high concentration of cobratoxin on run-down
of endplate potentials (e.p.ps). The mouse phrenic nerve-
hemidiaphragm preparation was immobilized with u-conotoxin
1.2 um. E.p.ps were evoked by a train of pulses at 100 Hz. (a) Control;
(b) about Smin after incubation with a high concentration of cobra-
toxin 0.45 uM; (c) 80 min after washout of cobratoxin (the preparation
had been incubated with cobratoxin 0.45 uM for 30 min); (d) the same
endplate as (c) about Smin after a further addition of a high concen-
tration of cobratoxin 0.45uM. Note that cobratoxin depressed e.p.p.
without attenuating run-down of e.p.ps (b). The resting membrane
potentials at the time of recordings were —78, —84, —84 and
—82mV, respectively. Calibrations: 100ms and 10mV (a, ¢) or 2.5mV
(b, d).

0.1-0.2 um tubocurarine, the amplitudes of sampled e.p.ps and
m.e.p.ps were 76 + 1 and 46 + 1% (n = 43), respectively, of
those measured before tubocurarine. Repetitive stimulation at
10 Hz induced a significant run-down of e.p.ps (0.37 + 0.02)
(Table 1). Again, the amplitude of m.e.p.ps was not suppressed
by nerve stimulation (Table 2). These results were similar to
those obtained with cobratoxin.

Quantal release before and during stimulation

The effect of nicotinic antagonists on evoked transmitter
release was estimated (Table 3). Repetitive stimulation in the
presence of antagonists caused a progressive decline in the

Table 2 Effects of repetitive nerve stimulation on the amplitude and frequency of miniature endplate potentials (m.e.p.ps).

. Treatment® Amplitude (mV)® Frequency (s™!)
Antagonist (uM) (min) before stimulation during stimulation before stimulation during stimulation n
Control 1.41 + 0.05 1.34 + 0.05 1.39 + 0.06 1.76 + 0.06 44
Cobratoxin 045 30

washout 30-80 0.63 + 0.02* 0.58 + 0.02* 1.09 + 0.03 1.42 + 0.06 41
Tubocurarine 0.1-0.2 60-120 0.65 + 0.01* 0.61 + 0.02* 1.02 + 0.06 1.37 + 0.06 43

* Mouse phrenic nerve-hemidiaphragm preparations were treated with g-conotoxin, cobratoxin or tubocurarine as described in Table 1.
b M.e.p.ps were taken 10s before or during the last 10s of trains of pulses (10 Hz for 155).

* P < 0.05 vs control.
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Figure 4 Effects of a high concentration of tubocurarine on run-
down of endplate potentials (e.p.ps). The mouse phrenic nerve-
hemidiaphragm preparation was immobilized with g-conotoxin
1.2 uM. E.p.ps were evoked by a train of pulses at 100 Hz. (a) Control;
(b) 10s after a bolus addition of 20 uM tubocurarine (the organ bath
contained 8 ml Tyrode solution). (c) 200s after washout of tubocu-
rarine (the preparation had been incubated with tubocurarine for
25s). (a), (b) and (c) were from the same endplate. The resting mem-
brane potentials at the time of recordings were —86, —86 and
—78mV, respectively. Note that tubocurarine depressed e.p.p. rapidly
without causing significant run-down of ep.ps (b). Calibrations:
300ms and 10mV (a, ¢) or 5mV (b).

amplitude of trains of e.p.ps but had no effect on m.e.p.ps. It is
evident that the quantal content of plateau e.p.ps declined.
Cobratoxin and tubocurarine, on the other hand, appeared to
increase the quantal content of the first e.p.p. by about 50%
since both antagonists depressed the amplitude of m.e.p.ps
more than e.p.ps.

Discussion

We have shown that the synthetic u-conotoxin affected neuro-
muscular transmission qualitatively and quantitatively in a
manner similar to natural geographutoxin II. This toxin has
proven to be a useful tool for studies of neuromuscular trans-
mission in that it does not depolarize the muscle, change the
cellular ion composition or block ACh receptors (Hong &
Chang, 1989).
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The present results demonstrate that, in contrast to the
enhanced run-down of trains by e.p.ps by nicotinic antago-
nists, the quantal response (m.e.p.p.) of the postsynaptic ACh
receptor was not depressed further after repetitive bombard-
ment of ‘junctional’ receptors with nerve-released ACh. If
nicotinic antagonists do, in cooperation with nerve-released
agonists, cause a use-dependent failure of the postsynaptic
receptor ion channel (desensitization) as suggested by Bradley
et al. (1990), the amplitude of the m.e.p.p. should be depressed
more or less in parallel to the run-down of e.p.ps. From the
present experiments, it seems evident that junctional receptors
did not functionally change during the period of repetitive
stimulation. The finding that further applications of high con-
centrations of cobratoxin did not attenuate the e.p.p. run-
down once it was produced, seems to disfavour the idea that
e.p.p. run-down results from selective binding of nicotinic
antagonists to high affinity sites on ACh receptors with slow
dissociation kinetics (Marchot et al., 1988) as proposed by
Bradley et al. (1990). Voltage clamp data also indicate that the
concentration of tubocurarine used is too low to produce a
significant open-channel block of the ACh receptor (Magleby
et al., 1981; Gibb & Marshall, 1984; Colquhoun, 1986). The
unchanged function of the postsynaptic site throughout repeti-
tive stimulation supports the hypothesis that e.p.p. run-down
originates in the presynaptic site (Hubbard et al., 1973; Gla-
vinovic, 1979; Bowman, 1980; Magleby et al., 1981; Wilson,
1982; Gibb & Marshall, 1984; Bowman et al., 1986; Chang et
al., 1988; Ferry & Kelly, 1988). The relatively slow induction
and dissipation of e.p.p. run-down and tetanic fade vs the
rapid depression and restoration of e.p.p. amplitude and
twitch tension suggest that the presynaptic receptor has a
higher affinity but slower association/dissociation kinetics
than the postsynaptic one.

The present findings seem to give further support to the
positive feedback hypothesis that an appropriate activation of
the nerve terminal nicotinic receptor enhances the transmitter
release under physiological conditions, while a negative feed-
back modulation predominates when the concentration of
ACh in the synaptic cleft piles up in the presence of anti-
cholinesterase agents (Bowman et al., 1986; Chang et al.,
1988). The apparent increase of the quantal content, estimated
by the direct method, of either single e.p.ps or the first e.p.p. in
the train by nicotinic antagonists (Wilson, 1982; Ferry &
Kelly, 1988; present experiment) seems to contradict the
above hypothesis. The lesser inhibition of single e.p.ps than of
m.e.p.ps by nicotinic antagonists can be accounted for par-
tially by the non-linear summation of ACh responses
(McLachlan & Martin, 1981). This view is supported by the
finding that tubocurarine suppressed the amplitudes of single
e.p.ps and m.e.p.ps proportionately if the amplitude of e.p.ps
was first reduced to less than 4mV by lowering the Ca2* con-
centration in Tyrode to 0.2mM (unpublished). Moreover, in
voltage clamp experiments (Harbone et al., 1988) tubocurarine
did not increase the quantal content of the first endplate
current but reduced those of subsequent endplate currents.
The view concerning the negative-feedback role of presynaptic
nicotinic receptor during a low rate of nerve stimulation in the
presence of intact acetylcholinesterase implies that a majority
of the nicotinic receptor is tonically stimulated by the non-

Table 3 Effects of nicotinic antagonists on the estimated quantal content of trains of endplate potentials (e.p.ps)

Treatment®
Antagonist (um) (min)
Control
Cobratoxin 045 30
washout 30-80
Tubocurarine 0.1-0.2 60-120

The first e.p.p.

Quantal contents®
E.p.ps at plateau n

213+ 09 16.9 + 0.7** 4
33.7 £ 0.9* 21.2 £ 0.6** 41
344 +0.7* 219 £ 0.6** 43

* Mouse phrenic nerve-hemidiaphragm preparations were treated with u-conotoxin, cobratoxin or tubocurarine as described in Table 1.
® Quantal contents of e.p.ps were estimated from data in Tables 1 and 2 by dividing e.p.p. with m.e.p.p. The amplitudes of e.p.ps were
normalized to a standard resting membrane potential of —82mV with the correcting factor set at 0.56 (see Methods).

* P < 0.05 vs control; ** P < 0.05 vs the first e.p.p.
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evoked leakage of ACh from the nerve terminal which is
unlikely. It is also incompatible with the observations that
anticholinesterase agents, which can cause a remarkable build
up of ACh in the synaptic cleft (Zemkova et al., 1990), did not
reduce transmitter release to the first stimulus in a train
(Wilson, 1982; Ferry & Kelly, 1988). Taken together, the infer-
ence that blockades of presynaptic nicotinic receptors may
enhance evoked transmitter release (Wilson, 1982; Ferry &
Kelly, 1988) should be reserved.

Paradoxical to the overwhelming electrophysiological find-
ings that trains of e.p.ps or endplate currents run down within
20 pulses in the presence of nicotinic antagonists (Hubbard &
Wilson, 1973; Glavinovic, 1979; Magleby et al., 1981; Gibb &
Marshall, 1984), the neurochemical data indicate that tubocu-
rarine causes essentially no effect on [3H]-ACh release pooled
from 100 pulses but 50% depression if 200 pulses were studied
(Wessler et al., 1987). If this result were correct, it would mean
that the release of ACh up to the 100th pulse was unchanged
whereas that from the 101st pulse on was suddenly and com-
pletely abolished. This is unlikely and is not substantiated by
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Haemodynamic responses to N®-monomethyl-L-arginine in
spontaneously hypertensive and normotensive Wistar-Kyoto rats
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1 Nitric oxide (NO) is a major component of endothelium-derived relaxing factor (EDRF) the synthesis
of which from L-arginine can be inhibited by N®-monomethyl-L-arginine (L-NMMA). To assess whether
basal NO tone is different in experimental hypertension, the haemodynamic effects of L-NMMA have
been compared in anaesthetized spontaneously hypertensive (SH) and normotensive Wistar-Kyoto
(WKY) rats in which autonomic reflexes were blocked by ganglion blockade.

2 Bolus intravenous injections of L-NMMA, 1-30mgkg~!, but not b-NMMA, 1-30mgkg~?, induced
dose-related increases in mean arterial pressure and decreases in conductances in the renal, carotid, hind-
quarters and mesenteric vascular beds in both SH and WKY rats. Although the different vascular beds
varied in their maximum responses to L-NMMA, there were neither qualitative nor quantitative differ-
ences between the two rat strains in this respect.

3 The effects of L-NMMA, 30mgkg~?, i.v. on all parameters were rapidly and completely reversed by
L-arginine, 30mgkg !, i.v., in both SH and WKY rats.

4 The results indicate that NO derived from L-arginine exerts a powerful vasodilator tone in both anaes-
thetized, ganglion-blocked SH and WKY rats. Although NO appears to contribute differentially to tone
in the different vascular beds, there were no major differences between the two rat strains in this respect.
Hence a reduced NO tone to the vasculature is unlikely to be a major factor contributing to the elevated

blood pressure in the adult SH rat.

Keywords: NS-monomethyl-L-arginine; spontaneously hypertensive rats; Wistar-Kyoto normotensive rats; endothelium-derived

relaxing factor; nitric oxide; peripheral vascular tone

Introduction

The role of the endothelial cell as an important source of
mediators which influence vascular reactivity is established
(Angus & Cocks, 1989; Vane et al., 1990). An important com-
ponent of endothelium-derived relaxing factor (EDRF) is
nitric oxide (NO) which is formed from the N¢ (guanidino)
group of L-arginine (Palmer et al., 1988) by a cytosolic enzyme
which can be inhibited by certain closely related derivatives of
L-arginine such as N®-monomethyl-L-arginine (L-NMMA) or
NC-nitro-L-arginine (see Moncada et al., 1989; Ishii et al,
1990).

The administration of L-NMMA to guinea-pigs (Aisaki et
al., 1989), rabbits (Rees et al., 1989), dogs (Chu et al., 1990)
and rats (Whittle et al., 1989; Hecker et al., 1990; Tolins et al.,
1990) results in substantial increases in blood pressure due
largely, if not entirely to an increase in peripheral resistance
(Gardiner et al, 1990). The effects of L-NMMA can be
reversed stereoselectively by L-arginine (Whittle et al., 1989;
Chu et al., 1990; Tolins et al., 1990) suggesting a remarkable
degree of NO ‘tone’ to the peripheral vasculature in such
animals. The implications for the maintenance of peripheral
resistance in man under normal circumstances (Vallance et al.,
1989) and in certain cardiovascular pathophysiologies such as
hypertension (see Liischer, 1990) is obvious.

A decreased responsiveness to endothelium-dependent
vasodilator substances is characteristically seen in vessels
taken from various models of experimental hypertension
(Winquist et al., 1984; Liischer & Vanhoutte, 1986; Tesfa-
mariam & Halpern, 1988). However, the question of whether
this represents a decreased release of EDRF remains open
(Van de Voorde & Leusen, 1986; Liischer et al., 1987). Indeed,
bioassay of EDRF indicates no difference between vessels
from SH or WKY rats with respect to their capacity to release
EDREF (Liischer et al., 1987; Hoeffner & Vanhoutte, 1989).

Until now there has been no report of the effects of NO
biosynthesis inhibitors in spontaneously hypertensive (SH)

! Author for correspondence.

rats. In the present work, we have attempted to define the
basal NO ‘tone’ of the cardiovascular system of SH rats by
monitoring the haemodynamic response to L-NMMA. Com-
parisons have been made with age-matched, normotensive,
Wistar-Kyoto (WKY) control animals as a first step towards
the identification of a putative differential NO contribution to
the experimental hypertensive state.

A preliminary account of these experiments was presented
at the XIth IUPHAR meeting in Amsterdam (Fozard & Part,
1990).

Methods

In vivo preparations

Male SH rats weighing 322-354g and age-matched WKY
control animals weighing 317-329 g, supplied by Biological
Research Laboratories, Fiillinsdorf, Switzerland, were used in
this study. Rats were anaesthetized with Inaktin, 120mgkg™?!
i.p. A tracheotomy was performed and catheters inserted into
the right carotid artery for blood pressure and heart rate (HR)
and into the jugular vein for drug administration. Pulsed
Doppler flowprobes (Haywood et al, 1981) were placed
around the left carotid artery and, through a midline abdomi-
nal incision, around the left renal artery, the superior mesen-
teric artery and the lower abdominal aorta just above the iliac
bifurcation (equated to hindquarters blood flow). The inci-
sions were closed and parameters allowed to stabilise for 1h.
Following the stabilisation period, the rats were ganglion-
blocked with mecamylamine (0.25mgkg™!, infused intra-
venously over 15 min).

Experimental design

Thirty minutes following the end of the infusion of mecamyla-
mine, a sequence of i.v. doses of L-NMMA (1, 3, 10 and
30mgkg~!) was started; the doses were given cumulatively at
1.5min intervals; 40.5min following the final dose of
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L-NMMA an identical sequence of doses of D-NMMA was
started. Then 22.5min after the final dose of D-NMMA a
second sequence of doses of L-NMMA identical to the first
was initiated. L-Arginine was injected i.v. 1.5 min after the final
(30mgkg™?) dose in this series. This protocol was followed in
both SH and WKY rats which were used on alternate days.

Drugs

NS-monomethyl-L-arginine citrate (L-NMMA) and N©-
monomethyl-D-arginine citrate (0-NMMA) were supplied by
Ultrafine Chemicals, Salford, UK. Mecamylamine hydro-
chloride was the kind gift of Merck, Sharpe and Dohme.
Phenylephrine hydrochloride was obtained from Serva and L-
arginine from Sigma. All drugs were freshly prepared each day
and diluted in 0.9% w/v NaCl solution prior to use.

Statistical analysis

All data are expressed as mean values + s.e.mean of n individ-
ual determinations. Student’s ¢ test was used to evaluate the
significance of a difference between group means.

Results

Resting circulatory variables

The mean arterial pressure (MAP) of anaesthetized SH rats
after surgery but before injection of mecamylamine was
127 + SmmHg and that of WKY was 100 + SmmHg
(P <0.05; n=4 in each case). The resting circulatory vari-
ables after ganglion blockade and just prior to starting the
first L-NMMA injection sequence in anaesthetized SH and
WKY rats are shown in Table 1. The mean value of MAP in
SH rats was some 20% higher than that of WKY controls.
Vascular flows and conductances were consistently less in
SHR than in WKY, these differences being particularly
marked in the carotid and hindquarters vascular beds (Table

1).

Effects of N®-monomethyl-L-arginine,
NS-monomethyl-p-arginine and L-arginine

Blood pressure and heart rate Cumulative bolus injections of
L-NMMA, 1-30mgkg™"', induced immediate, dose-related
and similar increases in MAP in both SH and WKY rats
(Figure 1). The mean change in MAP 1.5min following the
30mgkg ! dose was 41 + 7mmHg and 43 + 7mmHg for SH
and WKY rats, respectively. The MAP response declined
rapidly immediately after the 30mgkg~! dose but remained

Table 1 Baseline haemodynamic parameters prior to inject-
ing N¢-monomethyl-L-arginine (L-NMMA)

WKY (n=4) SHR (n = 4)
MAP (mmHg) 78 +4 93 + 3*
HR (bmin~!) 341 + 14 343+ 9
Flows!
Renal 3.11 + 091 2.52 +0.52
Mesenteric 3.40 + 0.61 3.07 + 0.52
Carotid 232 +0.78 1.32+0.34
Hindquarters 2.89 + 0.40 1.31 + 0.20*
Conductances?
Renal 404 +1.29 2.70 £+ 0.52
Mesenteric 4.39 + 0.87 3.39 + 0.62
Carotid 298 + 1.04 1.40 + 0.32
Hindquarters 3.65 + 0.32 140 + 0.17*

! In kHz Doppler Shift.

2 In conductance units derived from flow divided by MAP
(i.e. 100 [kHzmmHg™']).

* Significantly different from corresponding WKY value
(P < 0.05).
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Figure 1 Effects of increasing bolus doses (mgkg™!) of N©-
monomethyl-L-arginine (L-NMMA), b-NMMA and a second series of
doses of L-NMMA followed by a single, 30mgkg™!, dose of L-
arginine (L-Arg) on mean arterial pressure (MAP) and heart rate (HR)
in anaesthetized, ganglion-blocked SH (@) or WKY (M) rats. The
abscissa scale represents the time scale of the experiment with time 0
the point at which the first dose of L-NMMA was given. Points rep-
resent mean values (with s.e.mean) of 34 individual observations.

at a level 15-20mmHg higher than the baseline value during
the succeeding 40—45 min. Predictably, since the animals were
treated with a ganglion blocking agent, changes in HR were
minimal (Figure 1).

In contrast to the effects seen with L-NMMA, a series of
bolus injections of D-NMMA, 1-30mgkg~?, started 40.5 min
after the final dose of L-NMMA had little effect on MAP;
however, small, dose-related increases in heart rate were seen
in both SH and WKY rats following the two highest doses
(Figure 1).

A second sequence of doses of L-NMMA started 22.5min
after the final dose of D-NMMA again gave dose-related
increases in MAP in both SH and WKY rats. In this series,
the absolute changes in MAP were less than those seen in the
first series, probably reflecting the higher baseline values at the
start of the second injection sequence (Figure 1). A clear ten-
dency for HR to increase was seen in both rat strains follow-
ing the highest dose of L-NMMA. A dose of L-arginine given
1.5min after the 30mgkg~! dose of L-NMMA induced in
both SH and WKY rats an immediate fall in MAP to a level
slightly below the values prior to the start of the injection
sequence (Figure 1).

Changes in regional vascular conductance These data are pre-
sented as absolute changes induced by the first sequence of
L-NMMA doses in Figure 2 and as percentage changes (for
L-NMMA and D-NMMA) in Figures 3 and 4. L-NMMA, 1-
30mgkg~! i.v., induced dose-related decreases in conductance
in each vascular bed (Figures 2—4). Analysis of the normalized
data indicates no significant difference between SH and WKY
rats in this respect (Figures 3 and 4). However, in each rat
strain, the maximum decreases in conductance were greater in
the renal and carotid than in the mesenteric and hindquarters
vascular beds. Consistent with the observations on MAP,
p-NMMA had minimal effects on peripheral vascular conduc-
tance in either SH or WKY rats (Figures 3 and 4).

The responses to the second series of L-NMMA injections
were somewhat attenuated compared to the initial series due
probably to the lower baseline values at the start of this injec-
tion series (data not illustrated). Injection of L-arginine,
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Figure 2 Changes in vascular conductance (C; units = 100
[kHzmmHg™']) in renal (Ren), mesenteric (Mes), carotid (Car) and
hindquarters (HQ) beds of anaesthetized, ganglion-blocked, SH (@)
and WKY (M) rats in response to increasing bolus doses of NC-
monomethyl-L-arginine (L-NMMA). Points represent mean values of
34 individual observations; s.c.mean shown by vertical bars.

30mgkg™!, 1.5min after the 30mgkg™' dose of L-NMMA
resulted in immediate and complete reversal of the conduc-
tance decrease in each of the vascular beds under study and in
each rat strain (Figures 3 and 4).

Discussion

The present experiments were carried out in animals treated
with a ganglion blocking agent. The dose of mecamylamine
used can be considered adequate since neither in the present
experiments (with L-NMMA) nor in previous studies with
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Figure 3 Changes in vascular conductance (C, %) in renal (Ren) and
mesenteric (Mes) beds of anaesthetized, ganglion-blocked, SH (@) or
WKY (M) rats in response to N®-monomethyl-L-arginine (L-NMMA),
D-NMMA and a second series of doses of L-NMMA followed by a
single dose (30mgkg~"') of L-arginine (L-Arg). For further details, see
legend to Figure 1.
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Figure 4 Changes in vascular conductance (C, %) in carotid (Car)
and hindquarters (HQ) beds of anaesthetized, ganglion-blocked, SH
(@) or WKY (M) rats in response to N®-monomethyl-L-arginine (L-
NMMA), b-NMMA and a second series of doses of L-NMMA fol-
lowed by a single dose (30mgkg™!) of L-arginine (L-Arg). For further
details, see legend to Figure 1.

other vasoconstrictor or vasodilator stimuli in the same prep-
aration (Wright & Fozard, 1988; 1990) did reflex changes in
heart rate accompany the blood pressure changes. The data
can thus be interpreted without complications arising from
baroreceptor reflex activation which is known to be attenu-
ated in experimental hypertension (Korner, 1989). Under these
conditions, the evidence is consistent with a major contribu-
tion of NO to peripheral vascular tone in both SH and WKY
rats. Thus, increase in blood pressure was associated with a
decrease in conductance in each of the vascular beds under
study following administration of L-NMMA. That the effect
was rapidly and completely reversed by L-arginine and stereo-
selective (D-NMMA was ineffective) implicates inhibition of
NO synthesis as the basis of the constrictor response. These
data confirm and extend previous findings in guinea-pigs
(Aisaki et al., 1989), rabbits (Rees et al., 1989), dogs (Chu et al.,
1990) and both anaesthetized (Whittle et al., 1989; Hecker et
al., 1990; Tolins et al., 1990) and conscious (Gardiner et al.,
1990) normotensive rats.

Although the constrictor effects of L-NMMA in the different
vascular beds were manifested over the same dose range, the
maximum changes achieved were different. For instance, the
maximum decrease in hindquarters conductance following
30mgkg~! L-NMMA was only half that seen in the carotid
vascular bed. The result does not reflect a difference in speed
of onset of the response in the different vascular beds since
conductance changes had reached a plateau before subsequent
doses were given (data not illustrated). The data suggest that
under the conditions of our experiments, NO contributes dif-
ferentially to tone in the different vascular beds. It bears
emphasis that in the only other detailed haemodynamic study
with L-NMMA reported to date (Gardiner et al., 1990) carried
out in conscious Long-Evans rats, the maximum conductance
changes induced by L-NMMA in renal, mesenteric, hindquar-
ters and internal carotid vascular beds were similar. Differen-
tial compensation by the baroreceptor reflexes of the local
vasoconstrictor effects of L-NMMA would be expected to
regulate the maximum effects achieved and could be the basis
for the differences between animals with intact and attenuated
reflexes.

The major finding of the present study is that the haemo-
dynamic responses of age-matched WKY and SH rats to
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L-NMMA are qualitatively and quantitatively similar. Pre-
dictably, (see Korner et al., 1989) due to the vascular hypertro-
phy present in SH rats (Folkow, 1982; and indicated in the
present study by the higher blood pressure and lower periph-
eral vascular conductances following ganglion blockade,
Table 1), a given dose of L-NMMA produced a greater
decrease in the individual conductance values in WKY than in
SH rats (Figure 2). However, the normalized dose-response
curves (Figures 3 and 4) were superimposable in the two rat
strains demonstrating that it is the influence of the hypertro-
phic vasculature rather than a difference in sensitivity to the
vasoconstrictor stimulus which accounts for the difference in
absolute response changes. Thus, under the conditions of our
experiments, the basal activity of NO appears to be similar in
SH and WKY rats.

The physiological stimuli responsible for the basal release of
NO are unknown. However, since the haemodynamic changes
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Enhanced contractility of the rat stomach during suppression of
angiotensin converting enzyme by captopril in vitro

IR. Rani & 2K.S. Rao

Department of Physiology, Institute of Medical Sciences, Banaras Hindu University, Varanasi 221 005, India

1 Intragastric pressure (IGP) was used as an index, of the effect of serosal application of captopril (SQ
14,225; p-3-mercapto-2-methylpropanoyl-L-proline) on the contractility of rat stomach in vitro.

2 Captopril, at concentrations >0.3uM, enhanced the spontaneous gastric motility (GM) in a
concentration-dependent manner whereas concentrations <0.3 uM selectively potentiated 4 nm bradykinin
(BK)-evoked gastric contractions without significantly affecting the spontaneous GM.

3 The kallikrein inhibitor, aprotinin (100uml™!), markedly antagonized the enhanced GM to 1.4 um
captopril and BK (4 nM)-evoked contractions, without affecting the contractions evoked by angiotensin 1
(10nM) and acetylcholine (0.4 um). The angiotensin II antagonist, saralasin (50 M) failed to mimic aprotin-
in.

4 The enhanced GM to captopril was markedly inhibited by tetrodotoxin (1 um), and partially inhibited
by atropine (1 um).

5 These results indicate that in vitro, captopril (> 0.3 um) enhances gastric contractility through kininase/
ACE inhibitory action, presumably by increasing the concentration of undegraded tissue kinins and sub-
stance P. This motor response seems to be predominantly due to activation of the cholinergic neurones

but non-cholinergic excitatory neurones are also involved.
Keywords: Gastrointestinal motility; captopril; aprotinin; saralasin; kininase-II or ACE inhibitor, kinins

Introduction

Captopril (SQ 14,225; D-3-mercapto-2-methylpropanoyl-L-
proline) is a potent inhibitor of angiotensin converting enzyme
(ACE) or kininase II (Ondetti et al., 1977; Cushman et al.,
1982), that catalyses the cleavage of bradykinins (Ferreira &
Bakhle, 1977) and substance P (Cascieri et al., 1983), besides
converting angiotensin I (A-I) to angiotensin II (A-II) (Erdos,
1976; Rubin et al., 1978).

Captopril has been shown to potentiate selectively brady-
kinin (BK)-evoked contractions in the guinea-pig ileum
(Rubin et al., 1978) and ferret tracheal smooth muscle (Dusser
et al., 1988) in vitro. The demonstration of kinin-generating
and degrading enzymes viz., kallikreins (Kobayashi et al.,
1979; Frankish & Zeitlin, 1980; Kobayashi & Ohata, 1981)
and kininase II (Roth et al., 1969; Zeitlin & Smith, 1973) in
the gut, led to the proposal that the BK-potentiating effect of
captopril must be associated with the accumulation of unde-
graded endogenous kinins. However, this BK-potentiating
effect could be due to either the increased tissue concentration
of endogenous kinins or substance P (Cascieri et al., 1983), or
to decreased A-II activity (Carretero et al., 1981). It seemed
important, therefore, to identify the peptide(s) involved.

The aim of this work, therefore, has been to discern the
endogenous peptides mediating captopril-induced contractility
of the rat stomach in vitro, by use of specific inhibitors for
kinins and angiotensin. Further, an attempt has been made to
investigate the nature and mechanism of action of captopril
on gastric contractility.

Methods

Animals and preparation

Stomach preparations, isolated from rats (Charles-Foster) of
either sex weighing 150-200 g, were used. Animals were fasted
overnight before they were killed by cervical dislocation and

! Present address: Molecular Biophysics Unit, Department of Bio-
chemistry, Indian Institute of Sciences, Bangalore 560 012, India.
2 Author for correspondence.

exsanguination. Th stomach was cannulated with a balloon-
tipped catheter according to the procedure detailed elsewhere
(Rani & Rao, 1988). In brief, the procedure involves: flushing
the gastric lumen with warm saline through a nick made in
the wall of the cardiac end of the fundus, and introducing a
balloon (1 ml)-tipped polyvinyl catheter (2mm o.d.) into the
gastric lumen, such that the tip of the deflated balloon lay
1cm proximal to the gastroduodenal junction. After securing
the catheter in place, the gastro-oesophageal and gastro-
duodenal junctions were tied. The whole stomach along with
the catheter was excised and mounted horizontally in an
organ-bath (25ml). The serosal surface of the stomach was
superfused with Tyrode solution having the following com-
position (mm): NaCl 137, KCl 3.7, MgCl, 0.05, CaCl, 1.02,
NaH,PO, 0.32, NaHCO; 11.9 and glucose 5.0. In the bath,
the fluid was continuously gassed with a mixture of 95% O,
and 5% CO, and maintained at 36 + 1°C. The bath fluid was
changed every 15 min, unless specified otherwise.

Recording of intragastric pressure (IGP)

The pressure in the intragastric balloon was initially made
atmospheric and then 1 ml of Tyrode solution was introduced
into the balloon, which enabled us to record phasic contrac-
tions of moderate vigour (Statham P23-AC pressure trans-
ducer; curvilinear pen recorder). The transducer output was
calibrated against a water manometer. Preparations were
allowed to stabilize 3045 min in the bath before the control
IGP was recorded. In earlier studies a good agreement was
found between the IGP recorded with balloon-tip catheter
and open-tip catheter (Rao, 1980; Rani & Rao, 1988).

Pretreatments

The effect of various pharmacological blockers on the
enhanced gastric motility (GM) elicited by a test dose of cap-
topril (1.4 uM) was examined in four different groups of prep-
arations, pretreated with one of the following antagonists:
aprotinin (100uml™!; contact time 45min), saralasin (50-
100 uM; 45 min) tetrodotoxin (TTX 1 uM; 15 min) and atropine
(1 um; 15 min).

For transmural stimulation (TMS), trains of pulses, from a
Grass (S-88) stimulator, were delivered once every 4min



828 R. RANI & K.S. RAO

through a pair of Ag-AgCl, wire electrodes; one placed in the
gastric lumen and another in the bathing medium. A single
strain (10s) of 0.2 ms pulses at 10 Hz was used to evoke nerve-
mediated gastric contractions.

Drugs and solutions

Acetylcholine chloride (ACh), bradykinin triacetate (BK),
angiotensin-1 (A-I), saralasin (1-sar-8-Ala-angiotensin II) and
tetrodotoxin (TTX) were from Sigma Chemicals, St. Louis,
Missouri, U.S.A. Captopril (SQ 14,225) and aprotinin were
from Squibb Institute for Medical Research, New Jersey,
U.S.A. Atropine sulphate was from Merck. Other reagents
were of analytical grade. All solutions were made in glass-
distilled water and prepared fresh except for the stock solution
of BK which was stored at —16°C for up to two weeks.

Data analysis

Intragastric pressure, reflecting the algebraic sum of tonic and
phasic contractions of whole-stomach, was used as an index of
gastric motor activity. The area (cm2) under the IGP curve
measured (with reference to atmospheric pressure) over a
period of 12min was regarded as gastric motility (GM) and
was used for quantitating the effect of captopril. The EC;,
was determined using probit values of % responses, with the
maximal IGP response observed at 6 uM captopril regarded as
the 100% response.

The evoked contractile responses to BK, A-I and ACh were
presented as the area (cm? under the IGP curve measured
(with reference to the pre-existing IGP) over a period of 2 min
from the onset of the response. The effect of captopril and
other drugs on these evoked contractions was expressed as a
percentage of control responses evoked before the addition of
captopril.

Data are presented as mean + s.d. Significant differences
between the means were assessed by use of Student’s ¢ test for
paired or unpaired data. A P value of <0.05 was considered
statistically significant.

Results
Potentiation of gastric motor activity by captopril

The time course of IGP changes in the whole stomach prep-
aration caused by serosal application of a single dose (1.4 uM;
contact time 15min) of captopril is shown in Figure la. The
basal IGP (8.4cmH,0) and the amplitude of superimposed
phasic contractions (0.9—-1.8 cmH,0) increased to a maximum
of 13.8 and 23.4cmH, 0, respectively, within 8-12 min follow-
ing application of captopril and recovered after 15 min wash.
As shown in Figure 1b, the area under the IGP curve
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Figure 1 Representative intragastric pressure (IGP) tracing (a) illus-
trates the time-course of contractions in the rat excised whole
stomach, in response to a single dose of captopril (contact
time = 15min). The solid triangles (left to right) indicate zero min,
Smin and 8min after serosal application of captopril (1.4 uM). The
horizontal interrupted line denotes the control basal pressure
(8.4cmH,0). Vertical calibration 7.2cmH,0, horizontal calibration
Imin. In (b), cumulative concentration-response relationship for
enhanced gastric motility (GM) by captopril (O) is shown and also
GM before captopril (@). The GM (ordinate scale) represents the area
(cm?) under IGP curve recorded over a period of 12min at each con-
centration of captopril, which was applied (every 15min) in an
ascending order. Data are mean obtained from five preparations with
s.d. shown by vertical bars.

(12 min) representing the gastric motility increased in a dose-
dependent manner to cumulative concentrations of captopril
between 0.3um and 3.0uM. The maximum cumulative
response at 6 uM captopril was 55.7 + 6.91 cm? (n = 5) and the
EC,, was 0.77 + 0.27 uM captopril.

A single exposure to a submaximally-effective concentration
(1.4 uM) of captopril enhanced the GM by 155 + 14.9% (Table
1). This submaximally-effective concentration was used in all
subsequent experiments.

To test if the drug had any desensitizing effect, four prep-
arations were re-exposed to the same concentration (1.4 uM) of
captopril, after 30min wash following the first. The IGP
response (GM) to the second exposure was found to be
58.5 + 14.9c