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L-Arginine dilates rat pial arterioles by nitric oxide-dependent
mechanisms and increases blood flow during focal cerebral

ischaemia

Eiharu Morikawa, Sami Rosenblatt & 'Michael A. Moskowitz

Stroke Research Laboratory, Neurosurgery and Neurology Service, Massachusetts General Hospital, Harvard Medical School,

Boston, Massachusetts 02114, U.S.A.

L-Arginine (>30mgkg~!, i.v.), but not D-arginine (300 mg kg~') administered 5 min after unilateral
common carotid/middle cerebral artery occlusion increased regional cerebral blood flow (rCBF) within
the dorsolateral ischaemic cortex in spontaneously hypertensive rats. L-Arginine (300 mg kg~!) increased
rCBF from 22 + 2.7 to 33 £ 4% of baseline as measured by laser-Doppler flowmetry. This increase may
explain the ability of L-arginine to reduce infarct size following focal cerebral ischaemia, as reported
previously. The mechanism appears to be mediated by nitric oxide since topical L-NAME (1 uM), a
nitric oxide synthase inhibitor, decreased pial arteriole calibre from 115 % 2.2 to 106 £ 0.9% of baseline

following L-arginine infusion (300 mg kg™!).
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Introduction Nitric oxide (NO) is synthesized from the
amino acid L-arginine by the enzyme NO synthase (Palmer et
al., 1988). NO has been proposed as a mediator of
endothelium-dependent vasodilatation and relaxes vascular
smooth muscle through guanosine 3':5'-cyclic monophos-
phate (cyclic GMP)-dependent mechanisms (see Moncada et
al., 1991 for review).

Recently, we showed that L-arginine reduces infarct
volume in two models of focal cerebral ischaemia (Morikawa
et al., 1992). To explain this effect, we hypothesized that
L-arginine augments NO production and increases regional
cerebral blood flow (rCBF) above the ischaemic threshold. In
this paper, we examine the effects of L-arginine infusion on:
(i) rCBF within ischaemic tissue using laser-Doppler
flowmetry, and on (ii) normal pial vessels after NO synthase
inhibition.

Methods Laser-Doppler flowmetry Thirty six male spon-
taneously hypertensive rats (SHR; 280-340 g; Charles River
Labs, Wilmington, MA, U.S.A.) were subjected to common
carotid artery (CCA)/middle cerebral artery (MCA) occlusion
as described previously (Brint er al., 1988). Briefly, anaes-
thesia was induced and maintained by halothane, 3 and 0.5%
respectively, along with 70% nitrous oxide and the balance
oxygen in ventilated animals. The MCA was occluded by a
metallic clip (Zen clip, Ohwa Tsusho) just distal to the rhinal
fissure within 1 min after CCA occlusion.

rCBF was monitored continuously (BPM 403A, TSI Inc.)
as described (Koketsu et al., 1992) through a craniotomy
over the dorsolateral cortex (4—6 mm lateral, —2mm to
1 mm rostral to bregma; the transitional zone from severe to
mildly ischaemic in this model, Jacewicz et al. 1990).

Closed cranial window Twenty male Sprague Dawley (SD)
rats (280-330 g; Charles River Labs) were anaesthetized with
sodium pentobarbitone (50 mg kg~ i.p., plus 10 mg kg~", i.p.
hourly), paralyzed (pancuronium bromide 0.5-1.0 mg, i.v.)
and mechanically ventilated with O, supplemented room air;

! Author for correspondence at: Stroke Research Laboratory, Mas-
sachusetts General Hospital, 32 Fruit Street, Boston, MA02114

end-tidal Pco, was monitored continuously (Novametrix
Medical Systems, Wallingford, CT). Pial vessels were
visualized with an intravital microscope (200 X magnification;
Leitz, Germany). A window was placed over the left parietal
cortex. The space under the window was then filled with
artificial CSF (Levasseur et al., 1975) equilibrated at 37°C
with a gas containing 10% O,, 5% CO, and the balance
nitrogen. Measurements were taken (VIA-100, Boeckler
Instruments) after the image was transposed onto a video
monitor (Dage MTI Inc., CCD-72 series, Michigan City, IN,
U.S.A)).

Arterial blood pressure and blood gases were monitored
and rectal temperature was maintained at 37°C in all
experiments. -

Chemicals L- or D-Arginine hydrochloride (Sigma Chemical
Co., St. Louis, MO, U.S.A.) was dissolved in distilled water
and adjusted to pH 7.0 with sodium hydroxide. N-nitro-L-
arginine methyl ester (L-NAME; Sigma) was dissolved in
artificial CSF immediately before use.

Results There were no significant differences in MAP, pHa,
plasma glucose, Pa0,, PaCo, or rectal temperature between
treatment groups when rCBF or pial vessel diameter was
monitored (data not shown).

CCA/MCA occlusion reduced rCBF by approximately
80% of baseline (Figure 1). L-Arginine, 30 and 300 mg kg~!
increased rCBF following occlusion whereas saline,
3 mgkg~! L-arginine, or 300 mg kg~! D-arginine did not. The
findings do not appear to depend upon the choice of anaes-
thetic. When pentobarbitone (65 mgkg~') was used instead
of halothane/nitrous oxide, L-arginine (300 mg kg~') also in-
creased rCBF from 29t 6 to 44+ 8% (n=4, P<0.05 by
paired Student’s ¢ test).

L-Arginine (30 and 300 but not 3 mgkg~') increased pial
vessel diameter in SD rats (Figure 2). Topical L-NAME
(1 uM) significantly attenuated these responses. L-Arginine
(30 mg kg~!, i.v.) dilated pial arterioles when administered to
SHR (113 £ 2.6% (n =4); baseline diameter 43 % 5.9 um).

Discussion The observed changes in rCBF from below to
approximately the ischaemic threshold for infarction in SHR
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Figure 1 L-Arginine infusion (> 30 mg kg~', i.v.) but not D-arginine
increased rCBF in the middle cerebral artery (MCA) region after
combined common carotid artery (CCA)/MCA occlusion in SHR.
After 15 min of stable rCBF recordings, the CCA/MCA were occ-
luded as described and rCBF measured 2 and 5min later (open
columns). L-or D-Arginine or saline was then administered at a
constant rate of 100 ulkg~'min-' for 10 min (Harvard infusion
pump, Harvard Bioscience, South Natick, MA, U.S.A)) at the
dosages indicated. Post-infusion rCBF, determined at 15 min inter-
vals for the next 105 min, is expressed as the mean of these deter-
minations (solid columns). Data are expressed as percentage of
bascline rCBF prior to vessel occlusion (mean *s.e.mean with
number of animals in parentheses). rCBF 2 and 5 min after CCA/
MCA occlusion was 20 5.2% for the saline group, and did not
differ between treatment groups. *P<0.05 and **P<0.01 as com-
pared to pre-infusion rCBF, determined by paired Student’s ¢ test
performed on percentage values.

(Jacewicz et al., 1992), appear sufficient to explain the
previously reported decrease in infarct size following L-
arginine infusion. The fact that pial arterioles dilated in
response to L-arginine suggests that NO synthase
(presumably within the endothelium or within innervating
parasympathetic fibres, Nozaki et al., 1992) is not saturated
with substrate under resting conditions in the cerebral cir-
culation, and that L-arginine-induced rCBF increases may
not be unique to SHR. As indirect evidence, preliminary data
indicate that L-arginine infusion also decreases infarct size in
SD rats (unpublished observation).

The results described here may seem unexpected in view of
published reports showing neurotoxic effects of NO (Dawson
et al., 1991) and cytoprotective effects of NO synthase
inhibitors in stroke models (Nowicki et al., 1991; Buisson et
al., 1992). However, methodological differences between our
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Figure 2 Dilatation of pial vessels following L-arginine infusion was
significantly reduced by topical NC-nitro-L-arginine methyl ester (L-
NAME, 1 pM) in SD rats. Baseline diameters were measured after an
equilibration period of 30 min through a closed cranial window. Pial
vessel diameters (1-3 arterioles per animal) were measured 30 min
following L-arginine infusion (3, 30, or 300 mg kg™, i.v. over 10 min;
open columns). In some animals, L-NAME (1 uM) was applied
topically 20 min before L-arginine infusion (hatched columns). Data
are expressed as percentage of baseline diameter. L-NAME super-
fusion (1uMm) by itself did not change pial vessel diameter
(100 £ 1.2%, n="7). Baseline diameters (mean t s.e.mean in pm)
were 42+ 2.7 [3mgkg~', n=3), 4913.7 [30 mgkg~!, n=>5], and
40*4.1 [300mgkg=!, n=35] for L-arginine alone; 34%7.0
[30 mgkg~!, n=13] and 40+ 9.9 [300 mg kg~!, n=4] for L-arginine
with L-NAME pretreatment. Error bars denote s.e.mean. *P<0.05
and **P<0.01, as compared to L-arginine infusion alone by
unpaired Student’s ¢ test.

experiments and those of Nowicki er al. and Buisson et al.
are noteworthy inasmuch as rodents used in their
experiments were ventilating spontaneously. Hence, Paco,
values (not reported by them) were almost certainly high,
and baseline blood flows correspondingly high. Alternatively,
or in addition, the discrepant results may reflect differences
between the effects of NO at the vessel wall versus brain
parenchyma per se during cerebral ischaemia. These cont-
roversies notwithstanding, the findings described here raise
the possibility that intravenous administration of L-arginine
or other NO precursors may be useful for acutely increasing
rCBF during ischaemic strokes in man.

These studies were supported by NINCDS No. NS10828 to the
MGH Interdepartmental Stroke Program Project (MAM).
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Protein kinase C-independent sensitization of contractile
proteins to Ca?* in a-toxin-permeabilized smooth muscle cells

from the guinea-pig stomach

'Kazuhiko Oishi, *Mitsuo Mita, Teruaki Ono, *Takao Hashimoto & Masaatsu K. Uchida

Department of Molecular Pharmacology and * Department of Pharmacology, Meiji College of Pharmacy, 1-35-23 Nozawa,

Setagaya-ku, Tokyo 154, Japan

Involvement of protein kinase C in receptor-operated Ca’* sensitization of cell shortening was investi-
gated by use of a-toxin-permeabilized smooth muscle cells from the fundus of the guinea-pig. Most of
the isolated cells responded to 0.6 uM Ca?* with a maximal shortening to approximately 65% of the
resting cell length. Addition of acetylcholine (ACh) at a maximal concentration (10 puM) resulted in a
marked decrease in the concentration of Ca?* required to trigger a threshold response from 0.6 uM to
0.2 uM. The augmentation of Ca?* sensitivity by ACh was not inhibited by specific protein kinase C
inhibitors, calphostin C and K-252b at a concentration of 1puM. These findings suggest that protein
kinase C is not involved in the muscarinic receptor-operated augmentation of Ca?* sensitivity.

Keywords: Ca?* sensitivity; cell shortening; protein kinase C; smooth muscle cells; permeabilization; muscarinic receptor

Introduction We have recently shown the augmentation of
Ca?* sensitivity by stimulation of muscarinic receptors or
guanosine 5'-triphosphate (GTP)-binding proteins in a-toxin-
permeabilized single smooth muscle cells from the fundus of
the guinea-pig stomach (Ono et al., 1992), The involvement
of protein kinase C in the increase of Ca?* sensitivity has
been proposed in studies on permeabilized smooth muscle
tissues (Nishimura ez al., 1988; Itoh et al, 1988). We,
therefore, investigated the involvement of protein kinase C in
receptor-operated Ca’* sensitization of cell shortening in
a-toxin-permeabilized single smooth muscle cells by use of
specific protein kinase C inhibitors, calphostin C and
K-252b.

Methods Cell isolation, measurement of cell shortening, and
cell permeabilization were as described previously by Ono et
al. (1992). Data shown in the figures are normalized by
taking the baseline and the maximal shortening of each cell
as 0 and 100%, respectively. Data are expressed as means
+ s.e.means. Statistical significance was determined by
Student’s ¢ test (paired). Calphostin C and K-252b were pur-
chased from Kyowa Hakko Co. (Tokyo, Japan).

Results Most of the isolated cells responded to 0.6 uM Ca?*
with a maximal shortening (Figures la and 2a). Addition of
acetylcholine (ACh) at a maximal concentration (10 um)
resulted in a marked decrease in the concentration of Ca?*
required to trigger a threshold response from 0.6 uM to
0.2puM (Figures 1b and 2b). These results were consistent
with previous observations (Ono et al., 1992). When 1 uM
calphostin C was present in the perfusion solution, ACh
induced the sensitization to Ca?* without any influence on
the threshold concentration of Ca?* (Figures 1a and 1b). The
same finding was obtained with 1 uM K-252b (Figures 2a and
2b). These results suggest that protein kinase C is not
involved in the muscarinic receptor-operated augmentation of
Ca?* sensitivity.

! Author for correspondence.
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Figure 1 Effect of calphostin C on acetylcholine (ACh)-induced
Ca®* sensitization of cell shortening in a-toxin-permeabilized single
smooth muscle cells. (a) The first and second shortenings were
evoked by 10 nM to 3 uM Ca?* in the absence (O) and presence (@)
of 10 uM ACh plus 1 uM calphostin C, respectively. (b) The first and
second shortenings were evoked by 10 nM to 3 puM Ca?* plus 10 uMm
ACh in the absence (A) and presence (@) of 1pum calphostin C,
respectively. n = 3. *P <0.05; **P <0.01.
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Figure 2 Effect of K-252b on acetylcholine (ACh)-induced Ca’*
sensitization of cell shortening in a-toxin-permeabilized single
smooth muscle cells. (a) The first and second shortenings were
evoked by 10 nM to 3 pM Ca®* in the absence (O) and presence (@)
of 10um ACh plus 1 um K-252b, respectively. (b) The first and
second shortenings were evoked by 10 nM to 3 um Ca?* plus 10 uM
ACh in the absence (A) and presence (@) of 1 um K-252b, respec-
tively. n = 3. *P <0.05; **P <0.01.
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Discussion In a previous paper, we have shown that GTP-
binding proteins regulate the sensitivity of the contractile
proteins to Ca?* (Ono et al., 1992). Two major superfamilies
of GTP-binding proteins are present in mammalian tissues.
One is the superfamily of heterotrimeric GTP-binding pro-
teins which are now known to couple cell surface receptors to
target enzymes such as phospholipase C (Freissmuth et al.,
1989). It has been shown that stimulation of various cell
surface receptors including ml, m3, and m5 subtypes of
muscarinic receptor leads to an activation of phospholipase
C via a GTP-binding protein (Nathanson, 1987). We have
shown here that specific protein kinase C inhibitors had no
effect on the ACh-induced Ca?* sensitization in the isolated
single smooth muscle cell system. We previously showed that
inositol 1,4,5-trisphosphate (InsPs)-induced Ca?* release is
not involved in muscarinic receptor-operated shortening of
the permeabilized cells (Ono et al., 1992). Taken together, it
is likely that heterotrimeric GTP-binding proteins which cou-
ple muscarinic receptors to phospholipase C are not involved
in the augmentation of Ca®* sensitivity.

In addition to such heterotrimeric GTP-binding proteins,
the superfamily of monomeric GTP-binding proteins with
molecular mass in the 20—30 kDa range has been implicated
in the pathways of stimulus-response coupling. It has been
shown that rho p21 families, which are thought to control
cytoskeletal organization (Paterson et al., 1990), are one of
the most abundant small GTP-binding proteins present in
bovine aortic smooth muscle (Kawahara et al., 1990). Hirata
et al. (1992) have clearly demonstrated that rho p2l1 is
involved in the GTPyS-enhanced Ca?* sensitivity of contrac-
tion in the rabbit mesenteric arterial smooth muscle and
mentioned that rho p21 may be regulated by signal transduc-
tion pathways including protein kinase C-Ca’* systems. Such
a small GTP-binding protein could be another candidate for
regulation of Ca?* sensitivity, if located in the smooth muscle
cells of the guinea-pig stomach. However, the possibility of
regulation of rho p2l through protein kinase C system is
ruled out by our present findings. Another novel pathway
which regulates rho p21 remains to be clarified.
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The local intracoronary administration of methylene blue
prevents the pronounced antiarrhythmic effect of ischaemic

preconditioning

Agnes Vegh, Julius Gy Papp, Laszlo Szekeres & '*James Parratt
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Short periods of coronary artery occlusion (2 X 5 min) markedly reduce the severity of arrhythmias and
the changes in ST-segment elevation and in the degree of inhomogeneity of conduction during a
subsequent 25 min occlusion of the left anterior descending coronary artery in anaesthetized dogs. These
changes were completely reversed if methylene blue (5 mg min~') was infused into a side branch of the
coronary artery throughout both the preconditioning and prolonged occlusions. These results suggest
that the pronounced antiarrhythmic effects of preconditioning result from activation of guanylyl cyclase
and result in increased levels of guanosine 3':5'-cyclic monophosphate.

Keywords: Methylene blue; guanylyl cyclase; cyclic GMP; ischaemic preconditioning; ventricular arrhythmias; reperfusions;

nitric oxide

Introduction When a prolonged occlusion of a coronary
artery is preceded by either one or more shorter periods of
occlusion of that same artery, both the degree of ischaemic
damage (reviewed by Walker & Yellon, 1992) and the
severity of life-threatening ventricular arrhythmias (Vegh et
al., 1990; 1992a) resulting from the prolonged occlusion are
dramatically reduced. This phenomenon is known as precon-
ditioning of the ischaemic myocardium. The mechanisms of
this protection are unclear but one possibility is that the
preconditioning stimulus ‘primes’ the heart to release
‘endogenous myocardial protective substances’ which may
include adenosine (Liu ez al., 1991) and prostanoids (Vegh et
al., 1990). Recently, we have shown that the antiarrhythmic
effects of preconditioning are attenuated by inhibition of the
L-arginine/nitric oxide (NO) pathway (Vegh et al., 1992b),
suggesting that the generation of NO contributes to this
protection. Since NO acts by stimulating soluble guanylyl
cyclase and elevating guanosine 3':5'-cyclic monophosphate
(cyclic GMP) levels, another way of examining the possible
role of NO in this protection is to inhibit the activation of
this enzyme. We now describe experiments in which we have
infused methylene blue (Martin ez al., 1985) directly into a
small branch of the left coronary artery in anaesthetized dogs
to examine whether this modified the protective (antiarrhyth-
mic) effect of preconditioning.

Methods These have been described in detail elsewhere
(Vegh et al., 1990; 1991; 1992a,b). In brief, we used mongrel
dogs with a weight in excess of 17 kg. They were anaes-
thetized with a mixture of chloralose and urethane (60 and
200 mg kg~! respectively, given i.v.) and ventilated with room
air. Following a left thoracotomy the anterior descending
branch of the left coronary artery (LAD) was prepared for
occlusion just proximal to the first main diagonal branch. We
used a composite electrode to assess inhomogeneity of con-
duction and unipolar electrodes to measure epicardial ST-
segment changes. A small branch of the LAD coronary
artery immediately proximal to the proposed occlusion site
(Vegh et al., 1991) was catheterized for the local administra-
tion of methylene blue.

! Author for correspondence.

Forty four dogs were used in this study. Of these, 21
animals served as controls. In these, after stabilization fol-
lowing surgery, the LAD coronary artery was occluded for
25 min after which the ischaemic area was reperfused. Four-
teen dogs were preconditioned as previously described (Vegh
et al., 1990; 1992a) by two 5 min coronary artery occlusions,
with a 20 min reperfusion period between, followed 20 min
after the second preconditioning occlusion by a prolonged
(25 min) occlusion. The ischaemic area was then reperfused.
A further group of 9 dogs were subjected to preconditioning
as described above but methylene blue (MB; 10 mg ml-!),
infused at a rate of 0.5mlmin~!, was infused throughout
both preconditioning occlusions and throughout the pro-
longed occlusion. The protocol was to infuse MB for 5 or
10 min before each preconditioning occlusion, throughout the
5 min occlusion period and for 5 min after the start of reper-
fusion. MB was infused again for 5 min prior to the pro-
longed occlusion and throughout that occlusion period. The
total doses administered were therefore 100 mg (for the first
preconditioning occlusion), 75 mg (for the second precondi-
tioning occlusion) and 150 mg for the prolonged occlusion.

Epicardial electrograms, the output from the composite
electrode, systemic arterial and left ventricular (LV) pressures
(Statham P23Dp transducers), and blood flow in the circum-
flex coronary artery (Statham SP 222 electromagnetic flow
meter) were recorded on a Medicor R81 recorder. The assess-
ment of ventricular arrhythmias during ischaemia and reper-
fusion, and the statistical tests used, were as outlined by
Vegh et al. (1992a).

Results Local intracoronary administration of MB in the
doses described above had no effect on arterial blood pres-
sure (133 £ 9mmHg systolic and 93+ 5mmHg diastolic
before the infusions and 141 = 10 mmHg and 93 £ 5 mmHg
respectively at the end of the infusion period). Heart rate was
also unchanged (164 = 15 to 161 £ 11 beats min~'). There
were also no changes in LVEDP (72125 to
8.3 + 0.3 mmHg), in diastolic coronary blood flow (46 £ 7 to
43+ 7mlmin~") or in the output from the composite elect-
rode (38 £ 6 to 38 £ 6 ms) after MB administration.

The effects on ventricular arrhythmias during the occlusion
period and following reperfusion are shown in Figure 1.
Preconditioning markedly reduced the total number of vent-
ricular premature beats (VPBs), the episodes of ventricular
tachycardia (VT), the number of animals exhibiting VT and
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Figure 1 The total number of ventricular premature beats (VPB’s),
the number of episodes of ventricular tachycardia (VT), the
incidences of VT and ventricular fibrillation (VF) and the survival
from the combined-reperfusion insult in dogs subjected to a 25 min
occlusion of the left anterior descending coronary artery. Precondi-
tioning (solid columns, n = 14) markedly reduces the severity of these
arrhythmias but this marked protection is not seen if preconditioning
is carried out in the presence of methylene blue (hatched columns,
n=17). The incidence of VF is given both as total incidence through-
out the 25 min occlusion period and during the first 5 min (stippled
columns). Open columns = controls, n = 21.

ventricular fibrillation (VF) and the incidence of VF on
reperfusion; 50% of these preconditioned animals survived
the combined ischaemia-reperfusion insult. This marked pro-
tection afforded by preconditioning was completely reversed
by MB (Figure 1) and there were no survivors from the
combined ischaemia-reperfusion procedure.

The marked attenuation of ischaemia-induced changes in
epicardial ST-segment elevation and in the degree of
inhomogeneity of conduction within the ischaemic area
(Vegh et al. 1992a; 1992b) were also reversed by MB. For
example, ST-segment elevation at 1, 3, 5 and 10 min after the
start of the prolonged occlusion in the control dogs was
52106, 134109, 13.6+0.8 and 16.0 X 1.0 mV respec-
tively. In the preconditioned group the respective values at
these times were 14+04, 64%07, 82%08 and
10.0 £ 1.0 mV whereas in the preconditioned dogs given MB
they were 2.1 £0.4, 83%£1.9, 125+ 1.4 and 13.0% 1.5mV.
With inhomogeneity of conduction the changes at 1, 3 and
Smin following the start of occlusion were 20+ 3, 80+ 9
and 90 £ 10 ms in the controls, 0, 15+ 4 and 36 £ 6 ms in
the preconditioned group and 10%x7, 7210 and
77 £ 10 ms in the preconditioned dogs administered MB. The
differences for each of these values between the precondi-
tioned group and the controls were significant at each time at
a level of at least P<<0.05 but there were no significant
differences between the control dogs and those precondi-
tioned dogs given MB.
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Discussion The fact that when given throughout both the
preconditioning periods and the prolonged occlusion, MB
completely prevented the pronounced antiarrhythmic effects
of preconditioning, suggests that it is the stimulation of
soluble guanylyl cyclase that is responsible for this aspect of
the cardioprotection afforded by preconditioning. It also
indirectly supports the concept that nitric oxide is involved in
this protection (Vegh er al., 1992b). The abolition of the
antiarrhythmic effect of preconditioning by MB cannot be
explained by haemodynamic changes or by alterations in
coronary blood flow. MB, in the doses used, was devoid of
effects on blood pressure, heart rate, coronary blood flow
and myocardial contractility, at least as assessed for
measurements for LVEDP and LVdP/dt, neither of which
was changed by the compound.

We suggest that this study throws light on the mechanisms
of the pronounced antiarrhythmic effect of preconditioning.
One possibility under consideration is that the ischaemia
associated with the brief preconditioning occlusions results in
the release of some activator of guanylyl cyclase such as
nitric oxide. Certainly some NO ‘donors’ such as mol-
sidomine and nitroglycerin are active against early ischaemia-
induced ventricular arrhythmias. The ‘priming’ procedure of
preconditioning might result in increased levels of cyclic
GMP such that these were elevated before the onset of the
prolonged occlusion. There is already evidence, albeit in a
different model, for an antiarrhythmic effect of lipid soluble
analogues of cyclic GMP which are also more resistant to
breakdown by phosphodiesterase. Billman (1990) found, in
conscious dogs with a left ventricular free wall infarct sub-
jected to a combination of exercise and ischaemia (left cir-
cumflex artery occlusion), that the incidence of VF was dras-
tically reduced following the intravenous administration of
either 8-bromo cyclic GMP or dibutyryl cyclic GMP (from
17/17 in the control dogs to 1/14). The mechanisms of such a
myocardial effect of elevated cyclic GMP are unclear but
possibilities include a reduction in calcium influx and/or of
intracellular calcium release or activation of sarcolemmal
potassium channels (reviewed recently by Henderson et al.,
1992). It would be important to examine directly how
preconditioning alters cyclic GMP, and in which cells, and to
determine whether selective inhibition of the phos-
phodiesterase enzyme responsible for its breakdown is, like
preconditioning, a powerful antiarrhythmic procedure.
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Discrimination between ETa- and ETg-receptor-mediated
effects of endothelin-1 and [Ala'*!:"*]lendothelin-1 by BQ-123 in

the anaesthetized rat

'"Marc Bigaud & John T. Pelton

Marion Merrell Dow Research Institute, 16 rue d’Ankara, 67084 Strasbourg, France

1 The influence of BQ-123 (a selective ET,-receptor antagonist) on the haemodynamic response elicited
by endothelin-1 (ET-1) and [Ala*'""*]ET-1 (a selective ETg-receptor agonist) was studied in anaes-
thetized rats instrumented with ultrasonic Doppler flow probes on the carotid, coeliac, mesenteric, renal
and iliac arteries.

2 BQ-123 alone (1.6 pmolkg~!, i.v.) induced a decrease in femoral mean arterial pressure (AP),
accompanied by a systemic vasodilatation. The response was maximal after 3 min and then returned
slowly to baseline. None of these effects was observed after a 0.016 umol kg~! dose of BQ-123.

3 ET-1 (1 nmol kg™, i.v.) induced a biphasic response characterized by a transient initial decrease in
AP accompanied by regional vasodilatation (mainly in the carotid and iliac beds) and by immediate
mesenteric and renal vasoconstrictions. This was followed, within 1 min, by a marked and prolonged
increase in AP accompanied by systemic vasoconstriction. Pretreatment with BQ-123 (1.6 pmol kg~',
i.v., 8 min before ET-1) increased and prolonged the vasodilator effect of ET-1 (mainly in the carotid,
coeliac, mesenteric and iliac beds) and reduced its systemic vasoconstrictor effects with marked regional
differences (the coeliac, mesenteric and renal beds being poorly affected).

4 [Ala"*'""S]ET-1 (3 nmol kg~!, i.v.) induced an initial and marked decrease in AP accompanied by
regional vasodilatation (mainly in the carotid, coeliac and iliac beds) and by mesenteric and renal
vasoconstrictions. This was followed, within 5 min, by a small increase in AP and systemic vasoconstric-
tion. All these effects were dose-dependent. Pretreatment with BQ-123 (1.6 umol kg~!; 8 min before
ET-1) did not modify the early effect of [Ala"*'"'*JET-1, but abolished its secondary vasoconstrictor
effect except in the mesenteric bed.

5 This study demonstrates that pretreatment with BQ-123 not only reduced a large part of the
sustained vasoconstrictor activity of ET-1, suggesting the involvement of ET,-receptors, but also
enhanced the early vasodilator activity of ET-1 revealing a functional antagonism between the two
effects. The vasodilator effect of [Ala"*!"'*JET-1 was not affected by BQ-123 and ET-1 induced a similar
vasodilatation, that was potentiated by BQ-123, suggesting the involvement of ETg-receptors in this
vasodilator response. Marked regional differences were however observed which might be partly related
to different levels of functional antagonism between ETg- and ET,-mediated effects, but differences in

receptor types, or subtypes, cannot be excluded, mainly in the mesenteric and renals beds.
Keywords: Haemodynamics; endothelin-1; [Ala*!"*lendothelin-1; BQ-123; endothelin antagonist; anaesthetized rats

Introduction

Endothelin-1 (ET-1) has been shown to induce a biphasic
haemodynamic response characterized by a marked initial
and transient systemic vasodilatation followed by a potent
and sustained systemic vasoconstriction (Wright & Fozard,
1988; Yanagisawa et al., 1988; Gardiner et al., 1989; 1990; Le
Monnier De Gouville et al., 1990b). This dual activity of
ET-1 (vasodilator and vasoconstrictor) is now well estab-
lished but, despite numerous studies, the mechanisms
involved are not well understood (Masaki et al., 1991).
Two types of endothelin receptors have been identified and
cloned. One type, termed ET, (Arai et al., 1990) has a higher
affinity for ET-1 compared to the other members of the
endothelin family. The other, termed ETjy (Sakurai et al.,
1990) has a similar affinity for all members of the endothelin
family. Both receptor types are widely distributed in non-
cardiovascular and cardiovascular tissues (Masaki er al,
1991), with vascular smooth muscle cells expressing the ET,
type (Arai et al., 1990; Lin et al, 1991) and the vascular
endothelial cells expressing the ETy type (Sakurai et al., 1990;
Sakamoto et al., 1991). The functions of these two distinct
endothelin receptors remain to be elucidated. However,

! Author for correspondence.

because of their interesting localization within the vascular
wall, it has been suggested that the ET, type might be
responsible for the direct vasoconstrictor activity of ET-1 and
ET;y type for its vasodilator activity through the release of
endothelium-derived mediators (Vane, 1990; Masaki, 1991).
Such a suggestion was, until recently, difficult to verify
because of the lack of specific endothelin receptor antago-
nists.

Recently, a cyclic pentapeptide, isolated from a bacterial
fermentation broth and named BE-18257B (cyclo[D-Glu-L-
Ala-D-allo-1le-L-Leu-D-Trp]), was described as a weak but
selective antagonist of ET,-receptors (Ihara et al., 1991). A
significant inhibition of ET-1-induced pressor responses in
conscious rats was also observed with a relatively high dose
of BE-18257B (50 mg kg~!, i.p. 1 h before administration of
ET-1i.v.). A more water soluble analogue of this compound,
BQ-123 (cyclo[D-Asp-L-Pro-D-Val-L-Leu-D-Trp]), has been
described as an even more potent and selective ET,-receptor
antagonist, with an ICsy in binding experiments, of 7.3 nM
for ET-receptors, in porcine aortic smooth muscle cells, and
a 2,500 fold selectivity for ET, relative to ETg-receptors in
porcine cerebellum (Ihara er al., 1992; Nakamichi et al.,
1992). BQ-123 appears to be a competitive antagonist of
ET-1-induced contractions of isolated porcine coronary art-
ery (pA, = 7.4), although it is a non-competitive antagonist



at ET,-receptors of SK-N-MC human neuroblastoma cells
(Hiley et al., 1992). Furthermore, at a dose of 1 mg kg™, i.v.,
BQ-123 antagonized ET-1-induced hypertension in the con-
scious rat (lhara et al., 1992).

The main objective of the present work was to discriminate
between the ET,-receptor and ETg-receptor-mediated effects
of ET-1 on blood pressure and regional blood flows of
anaesthetized rats, by pretreating the animals with the ET,-
receptor antagonist, BQ-123. The effects of BQ-123 on the
haemodynamic responses induced by ET-1 were also com-
pared to the effects induced by [Ala'*'"*]ET-1, a linear ET-1
analogue, described as an ETg-selective agonist (Hiley ez al.,
1990; Pelton & Miller, 1991; Saeki et al., 1991) with an ICs,,
in binding experiments, of 0.33 nM for ETg-receptors in por-
cine cerebellum and a 6,700 fold selectivity for ETy relative
to ET,-receptors in vascular smooth muscle cells (Nakamichi
et al., 1992).

Part of this work was communicated to the December
1991 Meeting of the British Pharmacological Society (Bigaud,
1992).

Methods

Male, Sprague-Dawley rats (300—-400 g) were anaesthetized
with pentobarbitone (60 mgkg™!, i.p., supplemented as re-
quired) and their trachea cannulated to allow artifical ventil-
ation (10 ml kg~*, 60 strokes min~—"). Catheters were inserted
into the right femoral artery, for mean arterial blood pressure
and heart rate measurements, and the right femoral vein for
i.v. injections. Miniaturized pulsed Doppler probes (Hay-
wood et al., 1981) were placed around the right carotid,
coeliac, superior mesenteric, left renal and iliac arteries. The
incisions were then sutured and the preparation allowed to
stabilize for 1h.

Phasic and mean Doppler shift signals, regarded as a good
index of blood velocity (flow) (Haywood et al., 1981), were
measured with a VF-1 Pulsed Doppler Flowmeter from Crys-
tal Biotech (U.S.A.). Percentage changes in regional vascular
conductances were calculated from mean regional Doppler
shift signals divided by the mean systemic AP (Gardiner et
al., 1990). The haemodynamic parameters were monitored
continuously with a TA2000 Gould stripchart recorded coup-
led to a data-acquisition system (Dataflow from Crystal
Biotech, U.S.A)).

In one group of rats, ET-1 (nmol kg~!) was administered
as an i.v. bolus injection (0.01 ml 100g"", flushed with 0.5 ml
saline). This dose has been previously considered as just
submaximal (Fozard & Part, 1992) and, in preliminary
experiments for the present study, it was observed that
1 nmol kg~! was the maximal tolerated dose of ET-1 and
that 3 nmolkg~! was lethal in 50% of the animals. Two
other groups of rats were randomly pretreated, 8 min before
i.v. injection of ET-1 (1 nmol kg~!), with 1 mg kg~! (1.6 pmol
kg~! as i.v. bolus injections) of BQ-123, a dose previously
shown to antagonize the pressor effect of ET-1 (Ihara et al.,
1992), or with a 100 times lower dose (0.016 pmol kg™, as
i.v. bolus injections) which was expected to be without any
influence and used as a control. In a fourth group, 0.1, 0.3, 1,
3 or 10nmolkg™' of [Ala"*']ET-1 were randomly
administered as i.v. bolus injections (0.01 ml 100 g~!, flushed
with 0.5ml saline) in order to construct a dose-response
curve. The dose of 3 nmolkg~! of [Ala"*'"]JET-1, which
elicited maximal depressor and pressor responses, was admin-
istered to a fifth group of rats pretreated with 1 mg kg=! of
BQ-123 (1.6 umol kg~!, as i.v. bolus injections 8 min before
i.v. injection of [Ala*'"!]ET-1). For each experiment, para-
meters were recorded for 30 min following ET-1 administra-
tion. To avoid tachyphylaxis (Le Monnier de Gouville et al.,
1990a), each rat received only one dose of ET-1 or
[Ala "*M5)ET-1. In preliminary experiments, it was observed
that prior injections of saline (0.01 ml 100 g=' followed by
0.5ml) had no influence on the haemodynamic parameters
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measured, nor on the responses induced by ET-1 and
[Ala"*1LP]ET-1.

Peptides

Human/porcine ET-1 was purchased from Peptide Institute
(Osaka, Japan) and dissolved in distilled water to give 10~*M
stock solutions. The exact concentrations of these solutions
were checked by absorbance spectrophotometry at 280 nm
using an extinction coefficient of 7245 M~!cm~!. The stock
solutions were then aliquoted, lyophilized and stored at
— 20°C. The peptide was redissolved and diluted in saline on
the day of the experiment. [Ala"*'"*]JET-1 was purchased
from Neosystem Laboratory (France), and solutions were
made daily in saline. The exact concentrations of these solu-
tions were checked by absorbance spectrophotometry at
280 nm using an extinction coefficient of 6890 M~!cm™'. The
compound BQ-123 was synthesised at Marion Merrell Dow
Strasbourg by standard solid phase peptide synthesis techni-
ques (Merrifield, 1963; Atkinson & Pelton, 1992), stored at
—20°C and diluted in saline before each experiment. The
exact concentration of BQ-123 in solution was checked by
absorbance spectrophotometry at 280 nm with an extinction
coefficient of 5600 M~!cm™!.

Statistical analysis

All data are expressed as mean values  s.e.mean of » indi-
vidual determinations. Student’s ¢ test for paired comparisons
was used to evaluate the statistical significance between basal
values for the haemodynamic parameters, measured before
and after BQ-123 (Table 1). Changes (%) relative to baseline
were analysed by Friedman two-way analysis of variance
(programme SYSTAT). Student’s 7 test for unpaired com-
parisons was used to evaluate the statistical significance
between group means. P values of less than 0.05 were taken
as significant.

Results

The haemodynamic parameters measured in the different
experimental groups, one hour post-surgery, did not differ
significantly between the groups (Table 1).

Haemodynamic changes induced by BQ-123 in
anaesthetized rats

Intravenous injections of 0.016 pumol kg~! of BQ-123 induced
no significant haemodynamic changes (Figure 1, Table 1).
However, injections of 1.6 pmol kg! of BQ-123 induced a
decrease in femoral mean arterial pressure accompanied by
increases in vascular conductances in all the beds studied
(Figure 1), with no significant change in heart rate. Maximal
depressor response (— 24.9 * 4.3%) occurred 3 to 4 min after
injection and, -in all the beds studied, vascular conductance
increased to a similar extent (38.6 X 8.8% in the carotid,
30.3+ 3.1 in the coeliac, 34.5%4.1% in the mesenteric,
47.8 £ 11.1% in the renal and 61.9 * 14.9% in the iliac bed)
with, however, a possible tendency for the coeliac and
mesenteric beds to be less affected than the others. Eight min
after injection of 1.6 pumolkg™' of BQ-123, mean arterial
pressure was still significantly depressed (— 13 £ 5%; P <0.05)
and renal and iliac vascular conductances were still
significantly elevated (36 £ 11% and 38 £ 17%, respectively;
P <0.05), whereas carotid, coeliac and mesenteric vascular
conductances had returned to their initial values (Table 1).

Influence of BQ-123 on haemodynamic changes induced
by endothelin-1

In control animals, 1 nmolkg=!, i.v. of ET-1 induced the
well-described biphasic response characterized by an immed-
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Table 1 Basal values of femoral mean arterial pressure (AP), heart rate (HR), and vascular conductances measured in the carotid
(Ca), coeliac (Coe), mesenteric (M), renal (R) and iliac (I) beds of anaesthetized rats, 1 hour post-surgery

Group: 1 2
n 7 6
AP (mmHg) 98+ 4 109+ 4
1087
HR (bmin™!) 289 % 12 315+ 22
34 %15
Vascular conductances (kHz mmHg™'):
Ca 0.026 £ 0.004 0.020 % 0.003
0.024 * 0.009
Coe 0.039 % 0.005 0.056 £ 0.008
0.059 £ 0.008
0.055 £ 0.010 0.060 = 0.007
0.071 £ 0.007
R 0.047 % 0.008 0.055 £ 0.004
0.065 £ 0.011
I 0.022 £ 0.004 0.025 £ 0.002
0.029 £ 0.013

3 4 5
6 6 4
109+3 110+ 4 109£5
100 £ 3* 9717+
274t 11 2816 29414
270 £ 11 272+ 10
0.027 £ 0.009 0.034 % 0.004 0.027 £ 0.005
0.027 £ 0.005 0.030 £ 0.005
0.053 £ 0.009 0.058 £ 0.005 0.039 £ 0.007
0.058 % 0.008 0.042 £ 0.006
0.052 £ 0.007 0.050 % 0.006 0.055 £ 0.006
0.063 £ 0.009 0.060 £ 0.008
0.039 £ 0.011 0.048 + 0.005 0.037 £ 0.003
0.054 £ 0.007* 0.049 £ 0.007*
0.023 £ 0.005 0.020 * 0.004 0.028  0.005
0.034 % 0.011* 0.037 £ 0.009*

For the groups concerned, the values measured 8 min after the administration of BQ-123 are given on a second line. Group 1 received
1 nmol kg~! endothelin-1 (ET-1); group 2 received 1nmol kg-' ET-1, 8 min after 0.016 pmol kg~! BQ-123; group 3 received
1 nmol kg~! ET-1, 8 min after 1.6 umol kg~' BQ-123; group 4 received 3 nmol kg~' [Ala"*'"*]ET-1; group 5 received 3 nmol kg~!
[Ala'*!MS)ET-1 8 min after 16 umol kg~' BQ-123. Vascular conductances are expressed as Doppler shift signals divided by the mean

AP.
*P<0.05 compared to post-surgery measurement.

iate and transient decrease in mean arterial pressure which
reached a maximum within 30 s and disappeared after 1 min.
The peak depressor response was concomitant with
significant increases in regional vascular conductances, i.e.
vasodilatation, in the carotid and iliac beds, whereas the
coeliac and mesenteric beds were not significantly affected
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Figure 1 Haemodynamic changes induced by the i.v. injection of
BQ123 0.016 pmol kg=' (O; n = 6) or 1.6 pmol kg~! (@; n = 10) into
anaesthetized rats. Results are expressed as % changes from base
line values. Vertical bars are s.e.mean. *P<<0.05 compared to base
lines.

and the renal conductance was already significantly reduced
(Figure 2). After the first min of the response, the depressor
effect and the regional vasodilatation disappeared and were
replaced by an intense and prolonged hypertension, reaching
a maximum within 2 min, accompanied by a systemic
vasoconstriction as the vascular conductances dropped in all
the beds, particularly in the renal bed (Figure 2). Heart rate
was not affected during the first 2 min of the response, then
tended to decrease by a maximum of — 20 * 6% after 20 min
as the pressure remained elevated (data not illustrated).
No significant change in the cardiovascular response elic-
ited by ET-1 was observed after pretreatment with 0.016
pmol kg~ of BQ-123 (data not illustrated). After pretreat-
ment with 1.6 pmol kg~! of BQ-123, the response induced by
ET-1 (1 nmol kg~!) was markedly modified (Figure 2). The
early depressor response was prolonged (from 1 to 3 min)
and enhanced by about 2 fold (from —242*7.7 to
—43.013.4%; P<0.01). The early vasodilator response
was also prolonged (Figure 2) and the ET-1-induced increase
in vascular conductance was augmented by about 2 fold in
the carotid bed (from 98.9141.6% to 218.5%29.9%;
P<0.05) and by between 4 to 5 fold in the coeliac (from
10.1 £15.9% to 47.0 £ 12.5%; P<0.01), mesenteric (from
15.9 £ 20.7% to 79.1 £ 21.3%; P<<0.05) and iliac beds (from
56.1 £ 21.9% to 240.5 £ 25.6%; P<<0.01). In the presence of
BQ-123 (1.6 umol kg~!), the ET-1-induced secondary pressor
response was significantly diminished by about half (from
412+ 4.7% to 27.1 £ 5.9%; P<<0.05) and its duration was
shortened; indeed, it disappeared almost completely after
25 min. The systemic vasoconstriction was also reduced with,
however, striking regional differences. The carotid and iliac
ET-1-induced vasoconstrictors were the most sensitive to
BQ-123 since in both beds the decreases in vascular conduc-
tances were reduced by a little less than half (from — 71.8
34% to —42.7+£3.5% and —723158% to —414%
8.4% respectively; P<<0.05) and disappeared within 30 min.
The ET-1-induced mesenteric vasoconstriction was more re-
sistant to BQ-123 since its maximum was reduced by less
than 20% (from — 71.7 £ 4.0% to — 58.4 + 2.9%; P <0.05)
and persisted 30 min after ET-1 injection. Finally, the dura-
tion and the intensity of the coeliac and renal vasoconstric-
tions were not significantly affected by the pretreatment with
BQ-123 (from —44.41+11.9% to —58.5+5.1% and from
—90.6 £ 6.4% to —96.8 +1.7% respectively) (Figure 2).
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Figure 2 Haemodynamic changes induced by the i.v. injection of
1 nmol kg~! endothelin-1 (ET-1) into control anaesthetized rats (@)
and after pretreatment with 1.6 umol kg~' BQ123 (O). Results are
expressed as % changes from base line values. Vertical bars are
s.e.mean. *P<0.05 compared to base lines. Statistics for com-
parisons between responses obtained under the two conditions are
given in the text.
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Haemodynamic changes induced by [ Ala'*""P JET-1 in
the anaesthetized rat

A representative example of the cardiovascular response
elicited by 3 nmol kg~! of [Ala"*'"]ET-1 is shown in Figure
3. [Ala"*""JET-1 induced an immediate depressor effect
accompanied simultaneously by marked, but transient, in-
creases in carotid, coeliac and iliac blood flows and by
prominent decreases in mesenteric and renal blood flows.
This early response lasted for at least 3 min before declining
gradually and, between 15 and 20 min after [Ala!*!“5]ET-1
injection, being replaced by a small pressor response accom-
panied by reduced blood flow in all the beds studied (Figure
3). The average response induced by 3 nmolkg-! of
[Ala "*!M5)ET-1 is shown in Figure 5. The early depressor
response reached a maximum within the first min and was
concomitant with simultaneous pronounced vasodilatation in
the carotid, coeliac and iliac beds and vasoconstriction in the
mesenteric and renal beds. The secondary pressor response,
mild compared to that induced by ET-1, was maximal after
15 min and was accompanied by a small systemic vasocon-
striction, most prominent in the mesenteric and renal beds.
There was, however, no significant effect in the ilial bed.
Both phases of the response were dose-dependent (Figure 4)
and no significant change in HR was observed with any dose
of [Ala'*JET-1 (data not illustrated). A maximal depres-
sor effect was obtained with 3 nmol kg='. At this dose, the
early response observed in the iliac and renal beds was also
maximal and the early responses observed in the carotid,
coeliac and mesenteric beds were not significantly different
from those obtained with 1 nmol kg~'. Furthermore, 3 nmol
kg~! of [Ala"*'“"]ET-1 also induced a maximal secondary
pressor/vasoconstrictor response. However, whatever the
dose used [Ala*'“]ET-1 never induced a significant secon-
dary iliac vasoconstriction (Figure 4).

[Ala™3'"'5] ET-1 3 nmol kg~*
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Figm 3 Representative example of the haemodynamic changes in arterial pressure (AP) and reglonal blood flows (BF), measured
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the maximal secondary effect occurred around the 10thmin.
*P < 0.05 compared to base lines: % P<<0.05 compared to the max-
imal response.

Influence of BQ-123 on haemodynamic changes induced
by [Ala'?1P JET-1

The early depressor response elicited by [Ala'*!"!5]ET-1 was
not significantly affected in its amplitude (from —33.1%
4.1% to — 34.8 % 1.1%) by pretreatment with 1.6 pmol kg~!
of BQ-123, neither were the early vasodilatations in the
carotid (from 1159%11.3% to 111.9*26.7%), coeliac
(from 90.4 £ 10.6% to 83.0 £ 9.4%) and iliac (from 150.6
26.7% to 130.3 £ 22.9%) beds, nor the early vasoconstric-
tions in the mesenteric (from —43.0%59% to —42.6%
6.1%) and renal (from — 72.0 £ 18.2% to — 86.2 % 4.8%)
beds. However, the duration of the carotid and iliac vasodil-
atation tended to be prolonged to almost 5 min, whereas the
duration of the renal vasoconstriction tended to be dimin-
ished (Figure 5). The secondary pressor activity of
[Ala "*M5]ET-1 was abolished (from 15.7+4.2% to 3.6 %
7.1%; P<<0.05) and the secondary vasoconstrictor activity
was markedly altered with marked regional differences: the
carotid, coeliac and renal vasoconstrictions were abolished
(from — 15.6 £ 1.0% to 0.2+ 3.8%, from —24.9* 5.6% to
—10.6£6.2% and from —23.516.1% to 4.6 X 7.4%, re-
spectively; P<<0.05), whereas the mesenteric vasoconstriction
was not significantly affected (from -32.6%*53% to
- 429+ 6.1%) (Figure 5).

Discussion

The cyclic pentapeptide BQ-123 has been described as a
highly selective antagonist of ET,-receptors compared to
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Figure 5 Haemodynamic changes induced by the i.v. injection of
3 nmol kg~! [Ala'*!'“5]ET-1 in control anaesthetized rats (@) and
after pretreatment with 1.6 umol kg~' BQ123 (O). Results are ex-
pressed as % changes from base line values. Vertical bars are
s.e.mean. *P<<(0.05 compared to base lines. Statistics for com-

parisons between responses obtained under the two conditions are
given in the text.

ETg-receptors (Ihara et al., 1992; Nakamichi et al., 1992),
inhibiting the ET-1-mediated pressor effect in the conscious
rat without altering the ET-1-induced depressor effect. The
present study confirms that pretreatment of anaesthetized
rats with 1.6 umolkg~' (1 mgkg™') of BQ-123 effectively
reduces the sustained pressor and systemic vasoconstrictor
effects of ET-1, thus supporting the concept that ET,-
receptors are responsible for the direct sustained vasocon-
strictor activity of ET-1 (Masaki, 1991; Vane, 1991). There
are, however, well-documented regional differences in the
vasoconstrictor effects of ET-1, the renal and mesenteric beds
being particularly sensitive to the peptide (Wright & Fozard,
1988; Gardiner et al., 1989; Han et al., 1989; Le Monnier de
Gouville et al., 1990b). The present study describes similar
regional differences which are emphasized after pretreatment
with BQ-123. ET-1-induced vasoconstriction in the renal,
mesenteric and coeliac beds were little affected by 1.6 pmol
kg~! of BQ-123 compared to the carotid and iliac beds and
such differences may reflect different densities of ET,-recep-
tors in the different regions. The splenic artery (fed by the
coeliac artery) and the renal artery have been shown to be
particularly rich in ET,-receptors (Hemsén et al., 1991). It is
thus possible that, in these particular beds, the submaximal
pressor dose of ET-1 used (1 nmol kg~') might in fact be
supramaximal and the apparent resistance to blockade by
BQ-123 might simply be a reflection of the use of a sub-
optimal blocking dose. The use of higher doses of BQ-123,
which was technically impossible in this study, will certainly
clarify this point. Nevertheless, we cannot exclude a possible
coexistence in the coeliac, renal or mesenteric vascular beds
of another endothelin-receptor, or subtype of ET,-receptor,



not antagonized by BQ-123 and also involved in the ET-1-
mediated vasoconstriction.

One of the major findings of the present study is that the
pretreatment of the animals with BQ-123 not only reduces
the pressor effect of ET-1 but also markedly accentuates its
primary depressor activity. This observation is not in agree-
ment with early reports concerning the infuence of this ET,-
receptor antagonist on ET-1-mediated depressor effects in
conscious rats (Ihara et al., 1991; 1992). The fact that the
depressor activity of ET-1 was more marked in the conscious
state than after anaesthesia may explain such a divergence.
The increase of ET-1 mediated depressor effects in the
presence of BQ-123 was concomitant with a large increase in
ET-1-mediated vasodilatation in all beds, except in the renal
bed where ET-1 had no vasodilator activity. This enhance-
ment of vasodilatation seems likely to reflect the fact that the
haemodynamic effect of ET-1 is the result of a functional
antagonism between its two opposite activities. It is clear that
the ET,-receptor-mediated component provides the majority
of the haemodynamic response elicited by a relatively high
dose (1 nmol kg~?) of ET-1, in the anaesthetized rat, and that
its influence masks the real amplitude of the vasodilator
component, which can however be seen in the presence of
BQ-123. On the other hand, this enhanced vasodilator com-
ponent may well interfere with the development of the ET,-
mediated vasoconstriction already antagonized by BQ-123.
The mechanism underlying the vasodilator activity of ET-1
remains a matter of debate (for review see Masaki et al.,
1991; Vane, 1991; Fozard & Part, 1992), but could be due to
the stimulation of ETg-receptors, perhaps accompanied by
the release of vasodilator mediators such as endothelium-
derived relaxing factor (EDRF) and prostacyclin. Thus, the
existence of regional differences in ET,- and ETjp-receptor
densities would generate different regional equilibria between
these two functionally antagonist activities and contribute to
the regional differences previously described.

A linear analogue of ET-1, [Ala!*!"]JET-1, which has
been described as a highly selective ETp-receptor agonist
(Saeki et al., 1991), elicited a prominent, dose-dependent,
early depressor response, followed by a mild secondary pres-
sor effect in the anaesthetized rat (Douglas & Hiley, 1991;
present study) accompanied by a weak regional vasoconstric-
tion which was markedly reduced by pretreatment with
BQ-123. This observation demonstrates that [Ala!*!"'*|ET-1
can induce a relatively weak ET,-mediated secondary
vasoconstriction in vivo, although with some regional
differences since, as observed with ET-1, the sustained mesen-
teric vasoconstriction elicited by [Ala'*'"]JET-1 was not
reduced by BQ-123 at the dose of 1.6 umol kg~!. Higher
doses of BQ-123 would be necessary to interpret fully such
regional differences. However, they seem unlikely to be the
result of a differential displacement of the equilibrium
between the regional vasoconstrictor and vasodilator com-
ponents since BQ-123 did not modify significantly the
vasodilator component induced by [Ala"*"5]ET-1. The
existence, within the mesenteric bed, of another type of
vasoconstrictor receptor, or perhaps an ET,-receptor subtype
with a lower affinity for BQ-123 cannot be excluded.
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Histamine Hj receptors modulate the release of [*H]-
acetylcholine from slices of rat entorhinal cortex: evidence for
the possible existence of H; receptor subtypes

1J. Clapham & G.J. Kilpatrick

Department of Neuropharmacology, Glaxo Group Research, Park Road, Ware, Herts, SG12 ODP

1 The effect of agents which interact with the histamine H; receptor on potassium-stimulated tritium
release from slices of rat entorhinal cortex preloaded with [PH]-choline is described. We have examined
the effects of the selective H; receptor agonist, (R)-a-methylhistamine (RAMH), and a number of H,
receptor antagonists, including the selective compound thioperamide, on the potassium-stimulated
release of tritium.

2 In the presence of mepyramine and ranitidine, RAMH (0.01-10 uM) inhibited potassium-stimulated
tritium release in a concentration-dependent manner, ECs = 0.11 uM. The maximum inhibition was
approximately 50%.

3 Thioperamide displaced the RAMH concentration-response curve to the right yielding a pKj value
of 8.4. There was no change in the maximum response to RAMH.

4 Other H; receptor antagonists, including impromidine and burimamide, also caused rightwards
displacement of the linear portion of the RAMH concentration-response curve. However, phenyl-
butanoylhistamine and betahistine, which are reported to be relatively potent H; receptor antagonists,
showed very low affinity.

5 Thioperamide (0.001-1pM) alone enhanced the potassium-stimulated release of tritium in a
concentration-dependent manner. Maximum effects were observed at 0.1—1 pM thioperamide, enhancing
release by approximately 20%.

6 Results are discussed in terms of the regulatory role of H; receptors on acetylcholine release and the

possible existence of Hj receptor subtypes.

Keywords: Acetylcholine release; entorhinal cortex; histamine H; receptors

Introduction

The existence of a third histamine receptor pharmacologically
distinct from both the H, and H, receptor was suggested by
Arrang and colleagues in 1983. This histamine receptor,
termed H,, was originally characterized as a presynaptic
autoreceptor modulating histamine synthesis and release in
slices of rat cerebral cortex. With the more recent discovery
of a selective agonist, (R)-a-methylhistamine (RAMH), and a
selective antagonist, thioperamide, for this receptor (Arrang
et al., 1987), other workers have reported that H; receptors
also function as presynaptic inhibitory heteroreceptors con-
trolling the release of noradrenaline (Schlicker et al., 1989)
and 5-hydroxytryptamine (Schlicker et al., 1988) in the cen-
tral nervous system. These receptors also appear to modulate
the release of non-adrenergic non-cholinergic transmitters
(Ichinose & Barnes, 1989; Taylor & Kilpatrick, 1992) and
cholinergic transmission (Trzeciakowski, 1987; Ichinose et al.,
1989) in the periphery. Indeed, it has recently been demon-
strated that activation of the Hj receptor inhibits the release
of trititum, presumably [*H]-acetylcholine, from the guinea-
pig isolated longitudinal muscle myenteric plexus preincubat-
ed with [’H)-choline (Poli et al., 1991).

We now describe the development and preliminary charac-
terization of an in vitro model to investigate H; receptor-
mediated modulation of acetylcholine release in the central
nervous system. Parts of this study have been presented, in
abstract form, to the British Pharmacological Society (Clap-
ham & Kilpatrick, 1992).

! Author for correspondence.

Methods

Preparation of slices of rat entorhinal cortex

Male Lister Hooded rats (250—300 g, Glaxo bred) were stun-
ned and decapitated. The brains were removed and cooled on
ice. The entorhinal cortex was dissected from each brain (10
rats per experiment, each providing two entorhinal cortices)
and placed on dry filter paper. The tissue was chopped
transversely through the cortical layers with a Mcllwain
chopper to produce 0.3 mm slices. The pooled cut tissue was
placed in a 25 ml sterilin tube containing oxygenated (95%
0,/5% CO,) Krebs solution. The slices were then separated
by shaking and washed (3 X 20 ml) in Krebs solution. The
Krebs solution was replaced by Krebs solution containing
39.75 mM KCIl (NaCl was decreased to 83 mM to maintain
tonicity) at 37°C for 20 min. This depolarization procedure
was included to deplete endogenous neurotransmitters and
enhance the subsequent uptake of [*H]-choline.

After washing thoroughly with fresh Krebs solution
(4 x 20 ml) the slices were incubated at 37°C for 40 min in
Sml Krebs containing [PH]-choline chloride (0.1 uM; 87 Ci
mmol-!, New England Nuclear). The slices were then washed
with fresh Krebs solution (4 X 20 ml) in order to remove
excess radioactivity. Approximately 100 pul of settled slices
were placed in each of 20 superfusion chambers which were
then superfused with Krebs solution at 37°C (flow rate 0.5 ml
min~') containing 1 uM hemicholinium for 60 min.

Experimental design

After a 60 min equilibration period, samples of superfusate
were collected every 4 min. Two stimulation methods were
examined. Samples were either depolarized at 12 min (S,) and
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48 min (S,) and 20 samples per chamber collected; or slices
were depolarized once only at 12min (S;) and 10 samples
were collected. Depolarization was achieved by changing the
superfusing solution to Krebs buffer containing 20 mM KCl
for 4 min (tonicity was maintained by reducing the NaCl
concentration to 103 mMm).

When the double stimulation method was used, drugs were
included in the perfusate 20 min before the S, stimulation to
the end of the experiment. Under these conditions the
potassium-evoked tritium release was calcium-dependent
(results not shown).

With the single stimulation method, antagonists were pre-
sent in the perfusate from the start of the 60 min equilibra-
tion period onwards and agonists were incluced 20 min
before the S, stimulation to the end of the experiment.
Antagonist effects were quantified on their ability either to
displace the full RAMH concentration-response curve (CRC)
to the right or to shift a 2-point RAMH CRC (0.1 and 1 pM)
in a similar fashion.

Quantification of tritium released

Acetylcholine release was estimated from the outflow of tri-
tium from the tissue. This was measured by liquid scintilla-

tion spectrometry (5min count time/sample), 10ml of

Emulsifier Safe scintillation fluid (Packard) being added to
each 4 min sample of superfusate. At the end of the experi-
ment the tissue slices from each chamber were solubilized in
1 ml of Soluene-100 (Packard) and the tritium was deter-
mined. The disintegrations per min for each 4 min collection
period were converted to fractional release by dividing by the
total amount of radioactivity present in the tissue at the start
of that 4 min collection period. The stimulated release was
calculated as the difference between potassium-evoked and
basal release.

Data analysis

The results are expressed as either the mean S,/S, ratio or the
mean fraction released by S, * standard error of the mean of
n determinations. These data are then expressed as a percen-
tage inhibition or stimulation of the Krebs control response.
Concentration-response curve data were analysed by the pro-
gramme ‘ALLFIT’ to yield pD, values. Antagonist pKj
values were estimated from the equation:

pKg = log (concentration ratio — 1) — log(concentration of antagonist)

Statistical analyses were performed by use of the unpaired ¢
test.

Drugs and solutions

The composition of Krebs-Henseleit medium used (mMm):
NaCl 118, NaHCO; 25, KCl 4.75, KH,PO, 1.2, CaCl, 1.25,
MgSO,.7H,O 1.2 and glucose 11.

Drugs were dissolved in water and diluted in Krebs-Hense-
leit medium.

Gifts of burimamide and impromidine trihydrochloride
(SmithKline Beecham) and mepyramine maleate (Rhone
Poulenc) are gratefully acknowledged. Betahistine dihydro-
chloride was purchased from Aldrich Chemical Company
Ltd. (UK. and hemicholinium-3 from Sigma Chemical
Company Ltd. (U.K.). Thioperamide, (R)-«-methylhistamine
hydrochloride, ranitidine hydrochloride and phenylbutanoyl-
histamine were synthesized by the Chemistry Research
Department, Glaxo Group Research.

Results
Potassium-evoked release of tritium from slices of rat
entorhinal cortex preloaded with [*H |-choline

The inclusion of potassium chloride (K*; 20 mM) in the
perfusate (S;) for 4 min resulted in a release of tritium
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Figure 1 Data from a typical experiment using slices of rat entor-
hinal cortex showing the fractional release of tritium induced by
potassium (20 mM) applied at S, for 4 min.

(Figure 1). The fraction released by S, stimulation was
routinely between 0.05 and 0.07. A second exposure to potas-
sium (S,) resulted in a similar release of tritium. Using this
‘double stimulation method’ control S,/S; ratios were
routinely between 0.8 and 1.2 (Figure 2).

Effect of (R)-o-methylhistamine (RAMH) assessed
using two different stimulation methods

Addition of RAMH (0.3, 1 and 3 pM) to the perfusate 20 min
before S, resulted in a concentration-dependent inhibition of
tritium release from the rat entorhinal cortex on the second
stimulation (Table 1). The highest concentration of RAMH
tested (3 uM) induced an inhibition of approximately 30%.

0.05— 1

0.031+

0.024+ S,/S, =0.94

Fractional release

0.014—

2 4 6 8 10 12 14 16 18 20
Sample number

Figure 2 Data from a typical experiment using slices of rat entor-
hinal cortex showing the fractional release of tritium induced by
potassium (20 mM) applied at S; and S, for 4 min.



Table 1 Effect of (R)-a-methylhistamine (RAMH) on
tritium release from slices of rat entorhinal cortex by the
double potassium stimulation method

Treatment Evoked tritium release % Inhibition
(™M) S,/S; ratio (n) of control
K* control 0.92 +0.02 (11)

RAMH (0.3) 0.79 £ 0.03* (6) 14.1
RAMH (1.0) 0.70 £ 0.03* (15) 239
RAMH (3.0) 0.62 £ 0.01* (5) 32.6

Values shown are the mean * s.e.mean of data taken from 4
experiments (n=number of superfusion chambers per
treatment) *P <<0.005 vs control

In a single experiment, addition of RAMH (3 pM) to the
perfusate 20 min before S, resulted in an inhibition of appro-
ximately 40% (results not shown) i.e. greater than was
obtained with the S,/S, system. When the two stimulation
methods were compared directly in the same experiment,
RAMH (3 uM) inhibited K*-evoked tritium release from the
entorhinal cortex by approximately 22% by the S,/S; method
and by 44% by the S, only method (Figure 3). In subsequent
experiments, therefore, the single stimulation method was
employed.

Effect of mepyramine and ranitidine on RAM H-induced
inhibition of tritium release

Inclusion of mepyramine (3 uM) and ranitidine (10 pM) in the
perfusing Krebs solution had no significant effect on either
basal tritium release or K*-evoked tritium release. In the
absence of mepyramine and ranitidine the mean control (K*)
fraction released was 0.067 £ 0.005 (n=4 experiments).
When the H, and H, antagonists were included the fraction
released was 0.071 £ 0.004 (n = 5 experiments). The apparent
pD, value of RAMH in the absence of mepyramine and
ranitidine was 5.9 (Hill slope = 0.64); this was increased to
7.1 (Hill slope = 0.88) when mepyramine and ranitidine were
included (Figure 4). There did not appear to be any change
in the maximum inhibitory response to RAMH. The effect of
the inclusion of either mepyramine (3 pM), ranitidine (10 um)
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Figure 3 The effect of (R)-w-methylhistamine (RAMH) on
potassium-evoked tritium release using two different stimulation
methods. Values shown are the mean * s.e.mean (vertical bars) of
data taken from 3-4 superfusion chambers per treatment.
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4 The effects of the H, receptor antagonist, mepyramine and
the H, receptor antagonist, ranitidine on (R)-u-methylhistamine
(RAMH)-induced inhibition of tritium release. RAMH (@)
pD, =59, RAMH in the presence of mepyramine (3 uM) and
ranitidine (10pM) (O), pD,=7.1. Values shown are the
mean * s.e.mean (vertical bars) of data taken from 4 experiments,
3-4 superfusion chambers per treatment.

or a combination of the two antagonists was examined. At
0.3uM RAMH alone induced an inhibition of 10.8%. This
effect was increased to 17.6% in the presence of mepyramine
and to 21.6% in the presence of ranitidine. However, when
both antagonists were present, the greatest inhibitory effect
of RAMH (0.3 uM) was observed, 29.7%. Both antagonists
were therefore included in subsequent experiments.

Effect of thioperamide on RAM H-induced inhibition of
tritium release

Thioperamide (0.03 um) displaced the RAMH concentration-
response curve (CRC) to the right in a parallel fashion with
no decrease in the maximum inhibition. A pKp value of 8.4
was calculated (Figure 5; RAMH Hill slope = 0.43, RAMH
in the presence of thioperamide Hill slope = 0.35). Thioper-
amide (0.03 uM) alone appeared to enhance tritium release in
3 out of the 5 experiments; control fraction released
=0.05210.003 (n=10 chambers), thioperamide fraction
released = 0.062 £ 0.009 (n =8 chambers). However this
effect did not reach the level of statistical significance.

Effect of thioperamide on potassium-evoked tritium
release

Inclusion of thioperamide (1 uM) in the perfusate 60 min
before S;, induced an increase in K*-evoked tritium release
of 23.0 £6.7% (n =3 experiments). When a concentration-
response curve was constructed for thioperamide (0.001-1
uM) in a separate series of experiments, maximum stimu-
latory effects of approximately 20% were observed between
0.1 and 1 puM (Figure 6). The half maximal effect of thio-
peramide was achieved at 6.0 £ 2.9 nM (pD,=8.2).

Determination of the effects of H, receptor antagonists
using a 2-point RAMH CRC

Five H; receptor antagonists were tested at a single concen-
tration expected to displace a linear portion of the RAMH
CRC approximately 10 fold. Apparent parallel rightwards
displacements of the RAMH CRC were obtained with thioper-
amide, burimamide, impromidine and betahistine (compounds
listed in order of potency); however phenybutanoylhistamine
had no effect. Concentrations tested together with calculated
pKp values are presented in Table 2.
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Figure 5 The effect of the H; receptor antagonist, thioperamide on
(R)-«-methylhistamine (RAMH)-induced inhibition of tritium
release. RAMH (@), RAMH in the presence of thioperamide
0.03um) (O), thioperamide pKg=8.4. Values shown are the
mean t s.e.mean (vertical bars) of data taken from 5 experiments,
3-4 superfusion chambers per treatment.
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Figure 6 The effect of the H; receptor antagonist, thioperamide on

potassium (20 mm)-evoked tritium release. Values shown are the
mean * s.e.mean (vertical bars) of data taken from 3—-6 experiments.

Table 2 Apparent affinity values of Hj receptor antagonists
for antagonism of (R)-a-methylhistamine (RAMH)-induced
inhibition of tritium release

Concentration Approximate Number of

Antagonist tested (UM) pKp value experiments

Thioperamide 0.03 9.0%0.1 3

Impromidine 3 6.310.2 3

Burimamide 3 71204 3

Phenylbutanoyl- 10 <5 2
histamine

Betahistine 100 45103 3

Values shown are the mean * s.e.mean

Discussion

In this paper we describe a preliminary characterization of
the effects of the selective H; receptor agonist, RAMH, and a
number of Hj; receptor antagonists including the selective
compound, thioperamide, on the calcium-dependent, potass-
ium-stimulated release of tritium from slices of rat entorhinal
cortex preloaded with [*H]-choline. Barnes et al. (1989) have
previously demonstrated that, using a similar methodology
but including an acetylcholinesterase inhibitor in the perfus-
ing Krebs medium, the basal tritium release is predominantly

[*H]}-choline, but the release stimulated by potassium is [*H]-
acetylcholine and the levels of [*H}-choline are too small to
be defined.

Initial observations revealed that, when using the double
potassium stimulation method and calculating an S,/S, ratio,
RAMH (3 M) inhibited tritium release by some 30%. How-
ever, the largest effects of RAMH, inhibiting release by
approximately 50% at 3—10 pM, were observed when a single
potassium stimulation was applied to the tissue slices. We
have no good explanation for this at present. The slope of
the RAMH inhibition curve appeared to be shallow. This
may have been due to experimental variability. Alternative
explanations include the involvement of more than one
receptor and further studies are clearly required.

The maximal inhibitory effect of RAMH is similar to that
observed in the histamine release assay (Arrang et al., 1987)
in which RAMH is reported to inhibit potassium-evoked
[H}-histamine release from slices of rat cerebral cortex pre-
loaded with [PH}-histidine by up to 60%. However, in the
noradrenaline (Schlicker et al., 1989) and 5-hydroxytrypt-
amine (Schlicker et al., 1988) release assays, the inhibitory
effects of RAMH are considerably less, maximum inhibition
being approximately 25%.

RAMH is a selective H; receptor agonist, but it is likely
that H, and H, receptors are involved in its regulation of
[PH]-acetylcholine release. Thus, when experiments were per-
formed in the presence of mepyramine and ranitidine, the
potency of RAMH increased approximately 10 fold. The
control potassium stimulated release of tritium, however, was
unaffected by the inclusion of these antagonists. Preliminary
studies in which ranitidine and mepyramine were studied
separately (results not shown) indicate that both H, and H,
receptors were involved in the response to RAMH and the
effects of H, and H, receptor blockade were additive. The
precise mechanisms involved are unknown, but one can pos-
tulate that H, and H, receptor stimulation may enhance
acetylcholine release. In histamine release assays (Arrang et
al., 1983) the inhibitory action of exogenous histamine is
unaffected by the presence of mepyramine and cimetidine. In
addition, the pD, value for RAMH is 8.4 (Arrang et al.,
1987), over 10 fold greater than that observed in the acetyl-
choline release assay. The difference may be explained by a
lower receptor reserve or less efficient coupling in the [*H]-
acetylcholine release assay.

Confirmation that the inhibitory effects of RAMH on
acetylcholine release are mediated through the Hj; receptor
come from antagonist studies. Thioperamide antagonized the
effect of RAMH yielding a pKy value of 8.4, or 9.0 as
calculated with a 2 point curve. These values are in agree-
ment with its antagonist potency in other in vitro prepara-
tions of the Hj receptor (e.g. pK; = 9.0, Arrang et al., 1987,
PKy =9.0, Hew er al., 1990; pK; = 8.1, Taylor & Kilpatrick,
1992). Similarly, burimamide (pKg=7.1) and impromidine
(pK3 = 6.3) antagonized the effects of RAMH with potency
values close to those reported in other in vitro assays of the
H; receptor (pK;=7.2 and 7.2 respectively, Arrang et al.,
1983; pKp =6.8 and 6.6 respectively, Taylor & Kilpatrick,
1992). However, phenylbutanoylhistamine (PBH; 10~3M)

Table 3 Apparent affinity values of phenylbutanoyl-
histamine (PBH) and betahistine in four in vitro models of
the H; receptor

[*H]-ACh [’H]-HA [’H]-RAMH  GPI

release  release binding  (NANC)
H; antagonist pKp PK; PK; PKp
PBH <5 7.1° 6.8° 5.64
Betahistine 45 5.2 6.2 <4

RAMH = R-a-methylhistamine; PBH = phenylbutanoylhist-
amine. References: (a) Timmerman (1990); (b) Arrang et al.
(1985); (¢) Kilpatrick & Michel (1991); (d) Taylor & Kilpat-
rick (1992)



was without antagonist effect and betahistine was very weak,
pKg = 4.5. This is of interest to the developing discussion on
the existence of H; receptor subtypes. PBH and betahistine
are relatively potent inhibitors of the H; receptor controlling
PH]-histamine release and inhibiting [*H]-RAMH binding
(see Table 3), yet are weak in other H; receptor-containing
preparations such as non-adrenergic non-cholinergic
(NANC)-mediated contractions of the guinea-pig isolated
ileum. Clearly, the [*H}-acetylcholine release assay fits in with
these latter preparations.

Besides inhibiting the effects of RAMH, thioperamide
alone enhanced potassium-evoked tritium release indicating
that there may be some endogenous histamine tone. This
effect was concentration-dependent and the maximum
enhancement was approximately 20%. We may be underes-
timating this effect since the tissue prestimulation before
loading with [*H}-choline would deplete endogenous his-
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Noradrenaline modulates smooth muscle activity of the isolated
intravesical ureter of the pig through different types of

adrenoceptors

IM. Hernandez, D. Prieto, U. Simonsen, L. Rivera, M.V. Barahona & A. Garcia-Sacristan

Departamento de Fisiologia, Facultad de Veterinaria, Universidad Complutense, 28040-Madrid, Spain

1 We have studied the effects of a- and B-adrenoceptor agonists and antagonists on both phasic
peristaltic activity and basal tone of the isolated intravesical ureter of the pig by means of isometric
techniques in vitro.

2 Spontaneous phasic activity was exhibited by 21% of pig intravesical ureter preparations manifested
as rhythmic contractions with average frequency and amplitude of 2.54 + 0.18 min™ and 148+ 0.16 g
(n = 31), respectively.

3 Adrenaline, noradrenaline and phenylephrine induced concentration-dependent increases in both
phasic activity and basal tone of ureteral preparations, all three agonists being more potent in modifying
ureteral phasic activity than baseline tone. B-HT 920, B-HT 933 and clonidine had no significant effect.
4 Phentolamine (10~°- 10-7M) and prazosin (3 X 10~!'— 3 x 10~%M) significantly inhibited increases
in both frequency of phasic activity and baseline tone induced by a submaximal dose of noradrenaline.
Rauwolscine (10-°~ 107 M) affected only the tone evoked by noradrenaline and higher concentrations
of this antagonist were needed to block phasic activity.

5 Pretreatment of ureteral strips with the B-adrenoceptor antagonist, propranolol (10-° M), significantly
increased the maximum contraction evoked by noradrenaline. After incubation with phentolamine
(10~°Mm), noradrenaline (10~ "—10-°M) decreased phasic activity induced by prostaglandin F,, (10~°M).
Isoprenaline and salbutamol also abolished PGF-induced phasic activity. Pafenolol (10-°M) and
butoxamine (10-6M) blocked the inhibitory effect of noradrenaline, isoprenaline, and salbutamol on
PGF,,-induced phasic activity.

6 These results suggest that noradrenaline may modulate both phasic peristaltic activity and basal tone

of pig intravesical ureter through both «- and B-adrenoceptors.
Keywords: Porcine intravesical ureter; a-adrenoceptors; B-adrenoceptors; phasic activity; tone

Introduction

Transport of urine from pelvis to bladder is due to spon-
taneous peristaltic contractions of the ureter initiated by
pacemaker activity at the renal pelvis and sustained, in part,
by the local release of prostaglandins (Notley, 1970; Al-
Ugaily et al., 1986; Thulesius et al., 1986). Peristalsis, which
represents the phasic contraction of the ureteral smooth mus-
cle is most likely myogenic, the autonomic nervous system
playing a modulating role (Schulman, 198S5).

Blok et al. (1985) observed that the ureterovesical junction
develops a peristalic activity which promotes active urine
bolus transport from ureter to bladder and also reduces
outflow resistance of this functional unit during the peristal-
tic contraction. Moreover, Morita et al. (1987) suggested that
autonomic nerves may affect the rate of urine transport
through the canine ureter by modulating not only peristaltic
frequency but also urine bolus volume.

Morphological studies have demonstrated that the density
of the nerve supply increases progressively from the top end
of the ureter towards the bladder, the pelvic segment being
more richly innervated than the lumbar, suggesting a higher
nervous control of the intravesical ureter (Hannappel &
Golenhofen, 1974). In addition, several studies have shown
by means of histochemical techniques, that there is a rich
network of adrenergic nerve fibres at the distal ureter and
ureterovesical junction (El-Badawi & Schenk, 1971; Schul-
man et al., 1973; Schulman, 1985; Prieto et al., 1989; 1990)
and numerous ganglion cells that constitute the ureterovesical
ganglion complex which could play an important role in the
coordination of the ureter and bladder activity at the
ureterovesical junction (Schulman, 1985).

! Author for correspondence.

Since in vitro studies at the distal ureter (Labadia ez al.,
1987) and ureterovesical junction (Benedito er al., 1990;
Rivera et al., 1992a,b) are scarce, the aim of the present
study was to characterize the postjunctional adrenoceptors
involved in the responses of the porcine intravesical ureter to
sympathetic neurotransmitters by use of selective a- and B-
adrenoceptor agonists and antagonists.

Methods

Adult pigs of either sex with no lesions in their urinary tract
were selected from the local slaughterhouse. Urinary bladders
with attached ureters were removed immediately after the
animals were killed and kept in chilled physiological saline
solution (PSS) at 4°C. The adjacent connective and fatty
tissues were removed with care and longitudinal preparations
(4—-6 mm long and 2-3 mm wide) of the intravesical ureter
were isolated from the bladder by dissection. The strips were
suspended vertically in 30 ml organ baths containing PSS
maintained at 37°C and gassed with 95% oxygen and 5%
carbon dioxide, pH = 7.4. The distal end of the preparations
was attached to a metal hook and the other end connected to
isometric transducers (Grass FT 03) with the signal con-
tinuously recorded on a polygraph (Grass 79E). Passive ten-
sion of 2 g was applied to the preparations and they were
allowed to equilibrate for 60 min.

Experimental procedure

The contractile capacity of the preparations was challenged
by exposing the preparations to 120 mM potassium-rich
physiological saline solution (K*PSS). Induced phasic



ADRENOCEPTORS OF PORCINE INTRAVESICAL URETER 925

activity described by frequency (number of contractions
min~!) and amplitude (g) of rhythmic contractions, and in-
creases in basal tone (g) were examined by addition of
isolated increasing concentrations of noradrenaline,
adrenaline, the a;-selective agonist, phenylephrine and the
ay-selective agonists, B-HT 920, B-HT 933 and clonidine.
Noradrenaline concentration-response curves were generated
in the presence of cocaine (10~°M), corticosterone (10~°M)
to block neuronal and extraneuronal uptake, respectively,
and propranolol (10~®M) to block the B-adrenoceptors.

Due to the development of a strong tachyphylaxis of the
tissue to the agonists, two consecutive concentration-response
curves could not be constructed in the same preparation.
Since the response to single submaximal concentrations of
noradrenaline (10~°M) was reproducible after repetitive
exposures, it was used to determine the effect of the non-
selective a-adrenoceptor antagonist, phentolamine, the a,-
adrenoceptor antagonist, prazosin and the aj-adrenoceptor
antagonist, rauwolscine. The preparations were incubated
with the antagonist for 20 min before noradrenaline was
added. Control preparations without antagonist incubation
were run parallel to correct for tissue fatigue and time-
induced changes. When studying relaxation, the preparations
were exposed to a single dose (10~°M) of prostaglandin F,
and after obtaining rhythmic phasic activity, the relaxing
action of the non-selective f-adrenoceptor agonist,
isoprenaline, or the B,-adrenoceptor agonist, salbutamol, was
determined. Finally, experiments were performed with
preparations incubated either with the non-selective B-
adrenoceptor antagonist, propranolol, the p;-adrenoceptor
antagonist, pafenolol, or the f,-adrenoceptor antagonist,
butoxamine, and the protocol for the study of relaxation
responses as described above was repeated.

Drugs and solutions

The composition of physiological saline solution (PSS) was
(mM): NaCl 119, KCl 4.6, CaCl, 1.5, MgCl, 1.2, NaHCO;
24.9, glucose 11, KH,PO, 1.2, EDTA (ethylene diamine tetra-
acetic acid) 0.027. The K*PSS was PSS with KCI exchanged
for NaCl on equimolar basis. Stock solutions were prepared
daily in distilled water.

The following drugs were used: (— )-adrenaline HCI, (% )-
noradrenaline HCl (Serva, Germany), B-HT 920 (S-allyl-2-
amino-5,6,7,8-tetrahydro-4H-thiazol-(4, 5-d)-azepin-dihydro-
chloride), B-HT 933 (2-amino-6-ethyl-4,5,7,8-tetrahydro-6H-
oxazol-(4,5-d)-azepin-dihydrochloride), isoprenaline HCI
(Boehringer Ingelheim, Germany), butoxamine HCl (Bur-
roughs Wellcome, U.K.), clonidine HCI, cocaine HCI, cor-
ticosterone, pafenolol HCIl, phentolamine HCI, phenylephrine
HC! and propranolol HCl (Sigma, U.S.A.), prazosin HCl
(Pfizer, U.K.), prostaglandin F,, (Upjohn, U.S.A.), rauwols-
cine (Roth, Germany) and salbutamol (Glaxo, U.S.A)).

Adrenaline was prepared in 0.25N HCI and further diluted
in twice distilled water. Prazosin was dissolved in warm water
(50°C) at pH 4-5 with constant agitation. Prostaglandin Fy,
was dissolved in benzylic alcohol. The other drugs were
dissolved in twice distilled water containing ascorbic acid
(10~3M). Previous experiments showed that the solvents had
no effect on the preparations.

Calculations

For each concentration-response curve, the concentration
required to give half-maximal response (ECsy) was deter-
mined by computerized iteration, fitting the responses and
logarithmic concentrations to the Hill equation (Graph Pad
software 3.0, San Diego, Calif., U.S.A.). Sensitivities to drugs
are expressed in terms of pD, values, where pD,= — log
ECs,, the ECs, being the agonist concentration needed to
produce 50% of the maximal response. pICs, values for
antagonists were calculated as the negative logarithm of the
antagonist concentration required to inhibit 50% of the res-

ponse induced by a single dose (10-5M) of the agonist
(Skdrby & Larsson, 1987).

Statistics

The results are expressed as mean t s.e.mean. Statistical
differences were calculated by Student’s ¢ test and one-way
analysis of variance (ANOVA) with an a posteriori Bonfer-
roni test (Wallestein et al., 1980). Differences were considered
significant with a probability level of P<<0.05.

Results

Spontaneous activity

Of 148 isolated intravesical ureteral preparations of the pig,
31 (21%) showed spontaneous phasic contractions with a
frequency of 2.54 £ 0.18 min~! (n=31) and amplitude of
1.48£0.16 g (n = 31) (Figure 1). The spontaneous contrac-
tions persisted on average for 5h after mounting the
preparations.

Responses to a-adrenoceptor agonists and antagonists

Adrenaline (Ad), noradrenaline (NA), and phenylephrine
(Phe) induced concentration-dependent increases in both fre-
quency of phasic activity and basal tone of porcine intra-
vesical ureter preparations (Figures 2 and 3). However, B-
HT 920, B-HT 933 and clonidine had only sporadic or no
effect even after precontraction with either 40—80 mM potas-
sium, 10->M PGF,, or 10->M phenylephrine.
Concentration-response curves constructed by adding indi-
vidual doses of noradrenaline could not be repeated for the
same preparations due to the development of strong
tachyphylaxis to the agonists. Thus, in the first
concentration-response curve, the pD, and E.,, values were
5.221+0.04 and 1.33 +0.08 (n = 8) respectively, while in a
second curve the pD, and E,,, values were 5.08 £ 0.03 and
0.97 £ 0.06 (P<<0.05 and P<<0.01, respectively, paired ¢ test).
However, both contractions and increases in frequency
induced by a single submaximal dose (10-°M) of
noradrenaline were reproducible after repetitive exposures.
The frequency and tone developed by a single dose (10~°M)
of noradrenaline in a first exposure were 21.25t 1.72 con-

120 mm

1g|

4 [
w K+

12 mm
4min
Figure 1 Typical isometric recordings of isolated intravesical ureter

of the pig without (a) and with (b) spontaneous phasic activity, but
both responding to K*-PSS.
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Figure 2 Traces showing the response of intravesical ureteral preparations of the pig to 120mm K*-PSS and increasing
concentrations of noradrenaline (NA, 10-7-10-*M) added in single doses with washout (W) between each response. Numbers

indicate molar concentration in the bath.

tractions min~! and 0.92 £ 0.07 g respectively, compared to
20.56 + 1.64 contractions min~! and 0.94 £ 0.08 g, respec-
tively, in a fifth exposure (n = 16).

Table 1 shows pD, and E., values for the different
adrenoceptor agonists, for both phasic activity and tone. The
agonists were equipotent in inducing tone and phasic activity
since there was no significant difference amongst the pD,
values: Ad = NA = Phe. However, the maximal response

a
30-1
e /g\ﬂ
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Figure 3 Concentration-response curves of porcine intravesical
ureteral preparations to increasing single doses of noradrenaline (O),
adrenaline (O) and phenylephrine (A). (a) Phasic activity, and (b)
tone of the preparations. Each point represents mean (% s.e.mean,
vertical bar) of 8 preparations. Results are expressed as absolute
values.

(Emax) in ureteral basal tone evoked by adrenaline was
significantly larger than Eg,, to noradrenaline or phenyle-
phrine: Ad> NA = Phe. The maximum effect, E,,, in phasic
activity to adrenaline was larger than that to phenylephrine,
while E,,, induced by noradrenaline was not significantly
different from those induced by adrenaline or phenylephrine
(Table 1). All three agonists were more effective in inducing
phasic activity than in increasing basal tone of porcine intra-
vesical ureter preparations (Table 1, Figure 3).

Pretreatment of ureteral strips with the non-selective p-
adrenoceptor antagonist, propranolol (10~%M), significantly
enhanced the maximum increase in basal tone induced by
noradrenaline (P<<0.05) without affecting sensitivity.
Moreover, cocaine (10~°M) significantly (P<<0.01) increased
the pD, value for phasic activity of the noradrenaline
concentration-response curve, but did not affect the E,,
(Table 2, Figure 4). Incubation with corticosterone (10~ M),
which blocks noradrenaline extraneuronal uptake, did not
alter the response to 10~°M noradrenaline; the tone was
1.03£0.34 g and the phasic activity 13.25 £ 1.57 contrac-
tions min~! before, and tone 1.23 £ 0.37 g and phasic activity
12.88 + 1.63 contractions min~! after incubation with cor-
ticosterone (n = 6).

Phentolamine (10-°-10-"M) significantly inhibited both
tone (P<0.001) and phasic activity (P<<0.001) induced by a
submaximal dose of noradrenaline (Table 3, Figure 5). The
ao,-adrenoceptor antagonist, prazosin (3 X 10~''-3 x 10-% M),
caused a significant inhibition (P<<0.001) of increases in tone
induced by noradrenaline, whereas higher concentrations of
antagonist were needed to block the noradrenaline-induced
phasic activity (Table 3, Figure 6). Likewise, prazosin
significantly (P<<0.001) affected both tone (pICs,=9.72 %
0.09) and phasic activity (pICs,=9.87 £ 0.06) evoked by
phenylephrine (10-°M) (Figure 7).

The a,-selective adrenoceptor antagonist, rauwolscine,
inhibited increments in basal tone evoked by noradrenaline
at concentrations as small as 3 x 10~° M (P<0.01), but had
no effect on phasic activity (Table 3, Figure 8). Tonic con-
tractions to noradrenaline of the porcine intravesical ureter
were invariably blocked by a-adrenoceptor antagonists,
whereas higher concentrations of antagonists were needed to
block the noradrenaline-induced phasic activity (Table 3).

Responses to B-adrenoceptor agonists and antagonists

Figure 9 shows the effects of B-adrenoceptor agonists and
antagonists on intravesical ureteral preparations of the pig:
10-°M PGF,, induced phasic activity with a frequency of
3.12+£0.31 contractions min~' and an amplitude of
1.69 £ 0.24 g (n = 12). Cumulative additions of isoprenaline
did not affect the phasic activity induced by PGF,, until
reaching concentrations of 10~®M, which totally abolished
the phasic activity. The effect of isoprenaline was reversed by
106 M propranolol. Both pafenolol (10~¢M) and butoxamine
(10-¢M) reversed the inhibitory effect of 10-®M isoprenaline
on the PGFy-induced phasic activity, although higher con-
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Table 1 Effect of a-adrenoceptor agonists on porcine intravesical ureter
Tone Phasic activity
Agonist n pD, Emax pD, Enax
Noradrenaline 8 5.22+0.04 1.33£0.08 5.82 £ 0.06* 23.6+0.17
Adrenaline 8 5.05%0.05 191+ 0.17* 5.81 £ 0.05* 26.0t 0.6
Phenylephrine 8 5.20 £ 0.05 1.13 £ 0.06 5.7710.07* 19.5+0.7°
n, number of ureters. pD, = — log ECsy; ECy, is the effective concentration which induces 50% of the maximal response. Eg,, is the
maximum effect in case of ureteral tonus (g) or phasic activity (number contractions min~'). Results are expressed in absolute values as
means t s.e.mean. ®Significantly different parameter compared to noradrenaline (P<<0.05, a posteriori, Bonferroni). ®Significantly
different parameter compared to adrenaline (P<<0.05, a posteriori, Bonferroni). *Significantly different comparing pD, of phasic
activity to tone of the agonist response in the same preparation (P <<0.05, paired ¢ test).
Table 2 Effects of cocaine and propranolol on the noradrenaline-induced responses in the porcine intravesical ureter
Tone Phasic activity
Antagonist n pD, Emax pD, Emnax
Control 8 5.3110.03 1.40 £ 0.08 5.91%0.06 233+1.8
Cocaine 6 5.50 £ 0.09 1.50 £ 0.15 6.52+0.15° 23.81+2.0
Propranolol 6 5.18+0.10 2.40 £ 0.25%° 5.93 £ 0.06° 306+ 1.6
Cocaine + 6 5.37%0.10 2.06 £ 0.08 5.95+0.02° 270+13
propranolol
n, number of ureters. pD; = — log ECs; ECs, being effective concentration to produce 50% of the maximal response. E,, is the
maximal effect of noradrenaline on basal ureteral tonus (g) or phasic activity (number contractions min~'). Results are expressed in
absolute values as means * s.e.mean. *Significantly different parameter compared to control (P<<0.05, a posteriori, Bonferroni).
bSignificantly different parameter compared to cocaine (P<0.05, a posteriori, Bonferroni).
a
Table 3 Effects of a-adrenoceptor antagonists on tone and
phasic activity induced by noradrenaline (10~3M) in porcine
I intravesical ureter
& 304 I — \x
'c Tone Phasic activity
£ — \ Antagonist n pICs pICs
2
2 7 \: Phentolamine 6 8.43+£0.08 7.6510.57
S 204 Prazosin 6 9.57 £ 0.08 8.17 £ 0.06
£ Rauwolscine 6 8.22+0.20 -
<]
= n, number of ureters. pICs, defined as the negative
g logarithm of the antagonist concentration that causes a 50%
5 inhibition of the contraction induced by noradrenaline
& 109 O (10~3M). Results are expressed in absolute values as means
2 + s.e.mean.
2
[ *
0'_"_; = 5 e ] centrations of isoprenaline were needed to inhibit the phasic
log Noradrenaline [m] activity induced by PGF,, when incubating with pafenolol
than when incubating with butoxamine. Moreover, the selec-
3 tive B,.adrenoceptor agonist, salbutamol (10-7M) abolished
] the phasic activity induced by PGF,, and this effect was
reversed by prior incubation with butoxamine (10~%M).
1]
2 ;\ Discussion
é The present in vitro study indicates low spontaneous activity
S in the intravesical ureter and suggests that adrenergic neuro-
° / transmitters play an important role in the regulation of
§ ; / a ureteral smooth muscle activity. These findings are supported
Figure 4 Concentration-response curves of intravesical ureter of the
04 .A pig to noradrenaline alone (O) and in the presence of cocaine (W),
propranolol (A), and cocaine and propranolol (@). (a) Phasic
= v v v ) activity, and (b) tone of the preparations. Results are means
-7 -6 -5 -4 -3 (£ s.e.mean, vertical bar) of 6-8 preparations and expressed as

log Noradrenaline, [M]. absolute values.
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Figure 5§ Effects of phentolamine on phasic activity (open columns)
and tone (solid columns) induced by noradrenaline (10~°M). Each
column represents mean (= s.e.mean, vertical bars) of 6 strips.
Results show the relative response to noradrenaline after incubation
with increasing concentrations of phentolamine.

*P<0.05; **P<0.01; ***P<0.001 (indicate the response is
significant compared to control in absolute values, paired ¢ test).
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Figure 6 Effects of prazosin on phasic activity (open columns) and
tone (solid columns) induced by noradrenaline (10-°M). Each col-
umn represents mean ( X s.e.mean, vertical bars) of 6 tissues. Results
show the relative response to noradrenaline after incubation with
increasing concentrations of prazosin.

*P<0.05; **P<0.01; ***P<(0.001 (indicate the response is
significant compared to control in absolute values, paired ¢ test).

by the presence of several subpopulations of adrenoceptors
probably with different functions. a;-Adrenoceptors increase
both phasic activity and basal tone of the intravesical ureter,
while the a,-adrenoceptors mainly affect the tonus of the
ureteral wall. Furthermore, our results show that induced
phasic contractile activity is abolished by B-adrenoceptor
agonists acting through both subtypes of B-adrenoceptors.

The ureterovesical junction (UVJ) plays an important role
in both the active transport of urine bolus from ureter to
bladder and the prevention of vesicoureteral reflux during
bladder filling (El-Badawi & Schenk, 1971; Blok et al., 1985).
Two types of pressure waves in the transport of urine
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Figure 7 Effect of prazosin on phasic activity (open columns) and
tone (solid columns) induced by phenylephrine (10-°M). Each col-
umn represents mean ( * s.e.mean, vertical bars) of 8 tissues. Results
show the relative response to phenylephrine after incubation with
increasing concentrations of prazosin.

*P<0.05; **P<0.01; ***P<0.001 (indicate the response is
significant compared to control in absolute values, paired ¢ test).
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Figure 8 Effects of rauwolscine on phasic activity (open columns)
and tone (solid columns) induced by noradrenaline (10~°M). Each
column represents mean ( * s.e.mean, vertical bars) of 6 experiments.
Results show the relative response to noradrenaline after incubation
with increasing concentrations of rauwolscine.

*P<0.05; **P<0.01; ***P<0.001 (indicate the response is
significant compared to control in absolute values, paired ¢ test).

through the ureterovesical junction have been described by
use of urodynamic techniques. Firstly, fast pressure waves,
which represent ureter peristaltic activity and discharge urine
bolus into the bladder and secondly, slow pressure waves due
to detrusor activity upon urine transport through the UVJ
(Blok et al., 1985). The activity of UVJ as a whole prepara-
tion in vitro has been characterized (Benedito et al., 1991;
Rivera et al., 1992a,b), but to our knowledge this is the first
in vitro study describing the activity and influence of
autonomic drugs on the isolated ureteral component of the
UVIJ. :

Ureteral peristalsis is responsible for transport of the urine



ADRENOCEPTORS OF PORCINE INTRAVESICAL URETER 929

a b
PHT
106
DRIy
4 ) [} i
10°° w 10°% 10-6
NA PGF,,, NA
1 min 4En
c d
Prop
105 10-8 10°° 10°8
PGF,, Isop PGF,, Isop
19 e f
PAF B
10-° 0
' v
LR U
LCCCMCORN bm
[y i % [}
10°° 10-© W 10°° 10°7
PGF3, Isop PGF3, Isop
9 h But
10' &
10 5 10 7 10 ° 10 7
PGF,, Salb PGF,, Salb

4 min

Figure 9 Effect of noradrenaline (NA, 10-%M) in absence (a) and
presence (b) of phentolamine (10-°M) (PHT) on phasic activity
induced by prostaglandin Fy, (PGFa, 10~5M). The inhibitory effect
of isoprenaline (Isop) on phasic activity induced by prostaglandin
F1,(10~° M) (c). Effects of propranolol (Prop) (d), pafenolol (Paf) (e)
and butoxamine (But) (f) on relaxant response of isoprenaline in
porcine intravesical ureter. Action of salbutamol (Salb) in absence
(g) and presence (h) of butoxamine on pig isolated intravesical
ureteral preparations.

bolus from kidney to bladder. This peristalsis is controlled by
a pacemaker located in the intrarenal extension of the ureter,
calix (Thulesius er al., 1987). In our study, 21% of the
intravesical ureteral preparations shows spontaneous phasic
contractions with an intermittent motility pattern. Phasic
activity might be the consequence of the electrical spikes
generated by the renal pacemaker (Mostwing, 1986;
Thulesius et al., 1986). Thus, Thulesius et al. (1986) found
spontaneous contractions in all preparations from intrarenal
extension of the ureter, while the spontaneous activity in
segments of the dog middle ureter was 49% (Yano et al.,
1984). Therefore, the rare spontaneous activity found in our
preparations might be ascribed to the distance from the
intravesical ureteral segments to the renal pacemaker. Fur-
thermore, there is a higher autonomic innervation with a
marked influence at the distal parts of the ureter (Schulman,
1985; Prieto et al., 1989; 1990).

Cocaine caused a significant leftwards shift of the fre-
quency concentration-response curve for noradrenaline in the
pig intravesical ureter, inducing earlier appearance of phasic
activity, results which agree with those found in the
mesenteric artery, where cocaine increased the sensitivity to
noradrenaline without affecting the maximum contractile res-
ponse (Hogestédtt & Andersson, 1984). According to Langer

(1981), our observations therefore suggest that, after cocaine
incubation, a higher fraction of the agonist becomes available
for the activation of a-adrenoceptors. Since the main role of
cocaine is to inhibit the neuronal uptake of noradrenaline,
these results reinforce the role of sympathetic nerves in the
modulation of ureteral smooth muscle activity.

Several pressure studies in the canine ureter have shown
that autonomic nerves affect the rate of urine transport
through the ureter by modulating not only ureteral peristaltic
frequency but also urine bolus volume. Noradrenaline causes
an increase in ureteral peristalsis, an elevation in intraureteral
baseline and contractile pressure, and a decrease in a bolus
volume, with a resulting decrease in the rate of fluid trans-
port. Moreover, noradrenaline produced a marked increase
in ureteral resistance at both low and high flow rates (Morita
et al., 1986; 1987).

In our study, adrenaline and noradrenaline evoked dose-
dependent contractions of pig intravesical ureter, which
suggests that a- predominate over B-adrenoceptor. This is
consistent with previous investigations in horse ureter
(Labadia et al., 1987) and sheep ureterovesical junction
(Rivera et al., 1992a). However, Yano et al. (1984) found
that noradrenaline and adrenaline produced biphasic changes
in the spontaneous contractions of dog isolated middle
ureters. At low concentrations, they induced increments in
frequency and tone, while at high concentrations, they
attenuated both parameters. Thus, they considered that at
lower concentrations both noradrenaline and adrenaline
would stimulate contractile properties of ureteral smooth
muscle through activation of a-adrenoceptors and at higher
concentrations they would attenuate them through activation
of B-adrenoceptors. These discrepancies between the latter
and our results could be due to interspecies differences and,
in particular, to regional heterogeneity in the reactivity of
ureteral segments to adrenergic stimuli.

In our work, the fact that propranolol increased the max-
imum effect on tone induced by noradrenaline but not the
frequency of phasic activity, could indicate a possible
modulatory role of the B-adrenoceptors in the regulation of
the ureteral wall tonus.

Due to the development of strong tachyphylaxis to the
adrenoceptor agonists and the impossibility of constructing
two consecutive concentration-response curves with single
doses in the same preparation of porcine ureteral tissue, the
a-adrenoceptor characterization in the present study has been
based on a comparison of the potency and maximum effects
of both agonists and antagonists, following the theoretical
model proposed by Skdrby & Larsson (1987) for single con-
centrations of agonists.

Phenylephrine was equipotent with noradrenaline, whereas
the selective ay-agonist, B-HT 920 failed to elicit contractile
activity, which suggests a predominance of a,-subtype
adrenoceptors, results similar to those obtained by Garcia-
Pascual et al. (1991) in the lamb preprostatic urethra.

Phentolamine inhibited the contractile effects on both fre-
quency and tone induced by noradrenaline, which is consis-
tent with functional studies in the dog ureter (Morita e? al.,
1987) where phentolamine produced a 67% prolongation of
the ureteral discharge interval, an 84% increase in bolus
volume and an 18% increase in the rate of fluid transport.
Moreover, Yano et al. (1984) showed that phentolamine
reversed the increased responses induced by noradrenaline to
the inhibitory ones in dog isolated middle ureters.

The selective block of a;-adrenoceptors with prazosin pro-
duced inhibition of the stimulatory effects of noradrenaline
and phenylephrine. The pICs, value (8.2) for prazosin on the
noradrenaline-induced phasic activity could be compared to
the pA, values for the antagonist found in other tissues of
the lower urinary tract, such as rabbit trigone, urethral and
prostate smooth muscle (Honda e al., 1985), and lamb
urethra (Garcia-Pascual et al., 1991). On the other hand, we
had earlier reported a lower pA, value for prazosin in the
sheep ureterovesical junction (Rivera et al., 1992a), which
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could be ascribed either to the presence of detrusor muscle in
this preparation or to species differences.

Rauwolscine showed less potent inhibitory action than
prazosin. In fact, this a,-selective antagonist only blocked the
tone without affecting the phasic activity induced by a sub-
maximal dose of noradrenaline. However, B-HT 920, B-
HT 933 and clonidine failed to elicit contractions, despite the
initial depolarization induced by low concentrations of potas-
sium, prostaglandin F,, and phenylephrine, which have been
found to induce or enhance B-HT 920 contractions in human
saphenous vein (Harker et al., 1990) and in cow oviductal
artery (Costa et al., 1992). Since the range of concentrations
of rauwolscine used in our study is supposed to be selective
for a,-adrenoceptors (Andersson et al., 1984), we cannot
discard the presence of ay-adrenoceptors in porcine ureteral
tissue which could be possibly involved in the maintenance of
ureteral wall tonus as proposed by Ford et al. (1989) in
vascular smooth muscle.

On the other hand, noradrenaline had an inhibitory effect
on the phasic activity induced by prostaglandin F,, after
previous blockade of a-adrenoceptors with phentolamine,
which suggests the presence of a population of B-
adrenoceptors, which had already been manifested by the
increased noradrenaline contractile response after blockade
with propranolol. Moreover, isoprenaline caused a total
inhibition of phasic rhythmic activity induced by prostaglan-
din F,, and by prior administration of propranolol, the
relaxant response of isoprenaline was abolished. This is con-
sistent with functional in vivo studies in the canine ureter,
where isoprenaline caused a decrease in ureteral peristalsis
frequency and a fall in ureteral wall tonus and contractile
pressure or it completely abolished peristalsis and bolus for-
mation. Moreover isoprenaline significantly decreased
ureteral resistance at both low and high flow rates. These
changes were accompanied by an increase in the rate of fluid
transport (Kondo et al., 1985; Morita et al., 1987). Further-
more, Yano et al. (1984) confirmed this relaxant response of
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Modulation of barrier function of bovine aortic and pulmonary
artery endothelial cells: dissociation from cytosolic calcium

content

'Kevin W. Buchan & *William Martin
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1 Barrier function and cytosolic free calcium content [Ca?*];, was measured in monolayers of bovine
pulmonary artery endothelial cells (BPAEC) and bovine aortic endothelial cells (BAEC).

2 Thrombin (1 uml-!) increased albumin transfer across monolayers of BPAEC but not BAEC, yet
induced biphasic increases in [Ca?*]; in both endothelial cell types, consisting of a rapid, initial phasic
component which decayed to a lower, more sustained plateau phase.

3 4B-Phorbol 12-myristate 13-acetate (PMA; 0.3-3000 nM) increased albumin transfer across
monolayers of BPAEC and BAEC, but had no effect on basal levels of [Ca?*]; in either endothelial cell
type.

4 Treatment of BPAEC and BAEC with forskolin (30 uM), an activator of adenylate cyclase, had no
effect on resting transfer of albumin, but inhibited that stimulated by PMA (600 nM). It also inhibited
the thrombin (1 uml~')-induced increase in albumin transfer across monolayers of BPAEC, but
enhanced the plateau phase of the associated increase in [Ca?*].

5 Treatment of BPAEC and BAEC with either atriopeptin II (100 nM), an activator of particulate
guanylate cyclase, or 8 bromo cyclic GMP (30 uM) had no effect on resting or PMA (600 nM)-stimulated
transfer of albumin. Both agents did, however, inhibit the thrombin (1 uml~')-induced increase in
albumin transfer across monolayers of BPAEC, but had no effect on the associated increase in [Ca?*];.

6 These data suggest a dissociation between the ability of agents that increase or decrease albumin
transfer and their effects on [Ca?*}. Consequently, activation of protein kinase C may be the major
stimulus for trans-endothelial transfer of macromolecular solutes. Endothelial barrier function is
enhanced by elevation of either cyclic AMP or cyclic GMP content. Cyclic AMP appears to act by
inhibiting the actions of protein kinase C, while cyclic GMP may act to inhibit a key step proximal to

activation of this enzyme.
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Introduction

The vascular endothelium is the interface between the blood
and the interstitium and fulfils the essential function of
regulating the exchange of fluid, solutes and cells between
these two compartments. This barrier function is subject to
dynamic regulation, and is modulated by many factors in
vivo. For example, increased transfer is stimulated by trans-
endothelial endocytosis (Palade, 1960), or, following stimula-
tion by inflammatory mediators such as histamine and
bradykinin at post-capillary venules, by endothelial cell con-
traction and consequent formation of inter-endothelial gaps
(Majno & Palade, 1961; Svensjo et al., 1979). Conversely,
barrier function can be enhanced by B-adrenoceptor agonists,
a property utilised to limit vascular leakage induced by
inflammatory mediators (Marciniak et al., 1978; Svensjé et
al., 1979).

Important new insights into the mechanisms regulating
inflammatory oedema have been gained by the development
of endothelial cell culture systems. For example, histamine
and thrombin have been shown to increase macromolecular
transfer across endothelial monolayers obtained from human
umbilical vein (Rotrosen & Gallin, 1986; Killackey et al.,
1986) and bovine pulmonary artery (Minnear et al., 1989;
Lum et al., 1989).

The precise nature of the effector pathways linking recep-
tor occupation to increases in macromolecular transfer are

! Present address: Glaxo Group Research, Park Road, Ware, Herts,
SG12 ODP.
2 Author for correspondence.

not, however, fully elucidated. It has been proposed that
elevation of cytosolic calcium is the primary trigger on the
basis that histamine-induced increases in macromolecular
transfer and calcium mobilisation occur over a similar
concentration-range (Rotrosen & Gallin, 1986). Furthermore,
the calcium ionophore, A23187, induces macromolecular
transfer across endothelial monolayers (Shasby er al., 1985;
Gudgeon & Martin, 1989) and thrombin-induced transfer is
inhibited following inhibition of calcium influx by lan-
thanum, or buffering of intracellular calcium with quin-2
(Lum et al.,, 1989). Calcium may not be the only trigger,
however, since phorbol esters are known to induce
endothelial contraction (Antonov et al., 1986; Grigorian &
Ryan, 1987) and macromolecular transfer (Gudgeon & Mar-
tin, 1989; Lynch ez al., 1990). These actions of phorbol esters
are probably mediated by stimulation of protein kinase C
since they are mimicked by synthetic diacylglycerols but not
by inactive phorbol esters and are blocked by H7, an
inhibitor of protein kinase C.

The ability of B-adrenoceptor agonists to enhance barrier
function in vivo has also been demonstrated in endothelial
monolayers cultured from human umbilical vein, bovine pul-
monary artery and bovine and porcine aorta (Gudgeon &
Martin, 1989; Minnear et al., 1989; Martin & Luck, 1991;
Langeler & Van Hinsbergh, 1991). Enhancement of barrier
function probably results from elevation of endothelial cyclic
AMP content since it is mimicked by other stimulants of
adenylate cyclase (Stelzner et al., 1989; Yamada et al., 1990;
Langeler & Van Hinsbergh, 1991), namely, forskolin, cholera
toxin and iloprost, a stable analogue of prostacyclin. It is



also enhanced by membrane permeant analogues of adeno-
sine 3':5'-cyclic monophosphate (cyclic AMP), and by
theophylline and isobutylmethylxanthine, which inhibit phos-
phodiesterase (Casnocha et al., 1989; Gudgeon & Martin,
1989; Stelzner et al., 1989; Yamada et al., 1990). Enhance-
ment of barrier function has also been reported following
treatment with membrane permeant analogues of guanosine
3':5'cyclic monophosphate (cyclic GMP) or elevation of
endothelial cyclic GMP content by atrial natriuretic factors
and sodium nitroprusside, which stimulate particulate and
soluble guanylate cyclase, respectively (Yamada et al., 1990;
Lofton et al., 1991).

The aim of this study was to determine if elevation of
cyclic AMP or cyclic GMP content inhibits agonist-
stimulated macromolecular transfer across monolayers of
endothelial cells cultured from bovine pulmonary artery and
aorta by blocking either calcium mobilisation or the stimula-
tion of protein kinase C. A preliminary account of these
findings has already been published (Buchan & Martin,
1991a).

Methods

Isolation of bovine aortic and pulmonary artery
endothelial cells

Bovine aortic endothelial cells (BAEC) were isolated as des-
cribed previously (Buchan & Martin, 1991b). Briefly, bovine
thoracic aortae were removed shortly after death and flushed
with sterile saline containing benzyl penicillin (100 units
ml-!) and streptomycin (100 ug ml~!). Following ligation of
the proximal end and cannulation of the distal end with an
adaptor connected to a syringe, 60 ml of the same saline
solution was infused into the lumen, and the aorta was
transported back to the laboratory, where all subsequent
procedures were carried out in a laminar flow hood. Follow-
ing ligation of the intercostal arteries, 20ml of a sterile
collagenase solution (0.1%; Type II; Sigma: in Dulbecco’s
modification of Eagle’s Medium (DMEM)) was infused into
the lumen and the vessel incubated for 25 min at 37°C in an
atmosphere of 5% CO, in air. The vessel was then gently
massaged and the endothelial cells harvested by centrifuga-
tion (200 g; 4 min; 10°C) and resuspended in complete culture
medium (DMEM containing 10% foetal calf serum, 10%
newborn calf serum, 4 mM glutamine, 200 units ml~! benzyl
penicillin and 200 pg ml-! streptomycin). Following a second
centrifugation, the cell pellet was resuspended in 50 ml of
complete culture medium and seeded into 3 separate 80 cm?
culture flasks (Gibco). The cells were grown in an atmos-
phere of 5% CO, in air, and typically reached confluence
within 4-6 days.

Bovine pulmonary artery endothelial cells (BPAEC) were
isolated by a similar method to that outlined above for
BAEC. The pulmonary artery was removed, flushed with
sterile saline and the proximal end and one of the two distal
branches were ligated. The other distal branch was can-
nulated with an adaptor connected to a syringe and 20 ml of
the sterile saline solution was infused into the vessel. At the
laboratory, 10 ml of sterile collagenase solution (0.1% in
DMEM) was infused into the lumen and the vessel incubated
and the cells harvested as indicated above for BAEC. The
cells were grown in culture similarly to BAEC except that
thymidine (10 pM) was added to enhance growth (Laskey ez
al., 1990).

Tissue culture materials were obtained from Gibco
(Paisley, U.K.) unless otherwise indicated.

Measurement of endothelial barrier function

Upon reaching confluence, each flask of BAEC or BPAEC
was washed with 2 X 20 ml of sterile saline and incubated
with 10 ml of a solution of trypsin (0.05%)/ethylene diamine
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tetraacetic acid (EDTA; 0.02%) (Flow Laboratories) until
the cells had detached, usually 2—4 min. The cell suspension
was then added to 2 ml of newborn calf serum to inactivate
the trypsin, and twice spun (200 g; 4 min; 10°C) followed by
resuspension in 5ml of complete medium for BAEC and
complete medium containing thymidine (10 uMm) for BPAEC;
100 pl of the cell suspensions was then added to each of 48
Transwell membrane assemblies (Costar; 6.5 mm diameter;
3um pore size). These were then placed in 24 well plates,
with each well containing 1ml of complete medium for
BAEC or complete medium containing thymidine (10 pM) for
BPAEC, and incubated for a further 2—4 days.

For experimentation, membrane assemblies with cells
attached were washed twice by immersion in Krebs solution
containing (mM): NaCl 118, KCl 4.8, CaCl, 1.8, MgSO, 1.2,
KH,PO, 1.2, NaHCO; 24, HEPES (N-2-hydroxyethyl-
piperazine-N’-2 ethanesulphonic acid) 5 at 37°C at pH 7.4,
and transferred to 24 well plates. Thereafter, 600 pl of the
same Krebs solution was placed in each of the wells which
formed the lower chamber and 100 ul of Krebs containing
trypan blue-labelled albumin (4%) was placed above the
endothelial monolayer. These volumes were chosen so as to
avoid creation of a hydrostatic gradient across the
monolayer. Drugs were then added to the top and bottom
chambers and the plates placed on an orbital shaker and
incubated under an atmosphere of air at 37°C. Any
monolayers demonstrating visible leakage within the first
Smin were discarded and those remaining (97%) were
incubated for 90 min. At the end of this time, a 100 ul
aliquot was removed from each of the lower chambers and
transfer of trypan blue-labelled albumin across the mono-
layers quantified by measuring optical density at 590 nm. In
the Results, the transfer of albumin is expressed as a percen-
tage of that which would have been achieved at equilibrium.

The trypan blue-labelled albumin complex was prepared by
adding trypan blue (180 mg) and bovine serum albumin (4 g;

action V; Sigma) to 100 ml of Krebs solution. Precipitation
with trichloroacetic acid (6%) showed that the trypan blue
was >>99.8% albumin bound.

Measurement of intracellular free calcium ([Ca’*],)

[Ca?*]; was measured as previously described (Buchan &
Martin, 1991b). Briefly, monolayers of first passage BAEC
and BPAEC grown on glass coverslips were incubated for
45 min at 37°C with the penta-acetoxymethyl ester form of
fura-2 (2puM) in HEPES (20 mM)-buffered DMEM (Nor-
thumbria Biologicals) containing 1% bovine serum albumin
(fraction V; Sigma). A coverslip containing fura-2 loaded
cells was then transferred to HEPES (10 mM)-buffered Krebs
solution, identical to that used for permeability studies except
that KH,PO, was omitted, for 20 min at room temperature
to maximize conversion to the calcium-sensitive acid form of
fura-2. The coverslip was then suspended across the diagonal
of a quartz cuvette containing HEPES (10 mM)-buffered
Krebs solution in a Perkin Elmer LS3B fluorimeter and
maintained at 37°C with continuous stirring. The beam
irradiated the cells without passing through the coverslip.
The excitation monochromator was computer-driven between
340 and 380 nm every 3.8 s and fluorescence emission was
collected at 509 nm. Background auto-fluorescence was deter-
mined at the end of each experiment by permeabilizing the
cells to divalent cations with ionomycin (1 uM) and adding
Mn?* (2mM) to quench intracellular fura-2 fluorescence.
Following subtraction of auto-fluorescence, the corrected
fluorescence values obtained following excitation at 340 nm
were divided by those obtained at 380 nm, giving a corrected
ratio (R). [Ca®*]; was then calculated by the computer by the
equation of Grynkiewicz et al. (1985):

21 ko (R=Ruip) Sp
[Ca™)=Ke X (Ro-R) Sy
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The maximal (Ry,,) and minimal (R;,) fluorescence ratios
were determined to be 16.3 and 0.8, respectively. S; and S,
are the fluorescence values obtained following excitation at
380nm in the absence of calcium and the presence of
saturating levels of calcium, respectively, and the ratio of
these two values was calculated to be 7.3. The K, for the
fura-2-calcium complex was assumed to be 225 nM at 37°C.

Drugs

Atriopeptin II, 8 bromo cyclic 3':5' guanosine monophos-
phate (8 bromo cyclic GMP), 4a-phorbol 12,13-didecanoate
(40-PDD), 4B-phorbol 12-myristate 13-acetate (PMA) and
thrombin (bovine) were obtained from Sigma, Poole, Dorset.
Forskolin, fura-2 penta-acetoxymethyl ester and ionomycin
were obtained from Novabiochem, Cambridge, U.K. Solu-
tions of drugs were made in distilled water except for for-
skolin, fura-2-acetoxymethyl ester and ionomycin which were
dissolved in dimethylsulphoxide and PMA and 4a-PDD
which were dissolved in 100% ethanol.

Statistical analysis

Results are expressed as the mean * s.e.mean and com-
parisons were made by Student’s 7 test or the Mann-Whitney
test when there was unequal variance in samples. A pro-
bability of 0.05 or less was considered significant.
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Figure 1 The transfer of trypan blue-labelled albumin across
monolayers of (a) bovine aortic endothelial cells (BAEC) and (b)
bovine pulmonary artery endothelial cells (BPAEC) during a 90 min
incubation period in the absence of drugs (C) and following stimula-
tion with thrombin (Thr; 1 uml-') or 4B-phorbol 12-myristate 13-
acetate (PMA; 600 nm). Values given are means and vertical bars
indicate the s.e.mean of 6 observations. **P< 0.0l indicates a
significant difference from control (C).

Results

Effects of thrombin and a phorbol ester on endothelial
barrier function

Resting transfer of trypan blue-labelled albumin across
monolayers of BPAEC and BAEC in the 90 min incubation
period was typically 2—-10% (Figures 1-5). Treatment with
thrombin (1 uml~!) during the 90 min period increased
albumin transfer across monolayers of BPAEC, but not
BAEC, whereas 4B-phorbol 12-myristate 13-acetate (PMA;
600 nM) increased albumin transfer across monolayers of
both endothelial cell types (Figure 1). The ability of PMA to
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Figure 2 The effects of forskolin (For; 30 uM) on resting transfer of
trypan blue-labelled albumin and on transfer stimulated by 4p-
phorbol 12-myristate 13-acetate (PMA; 600 nM) across monolayers
of (a) bovine aortic endothelial cells (BAEC) and (b and c) bovine
pulmonary artery endothelial cells (BPAEC) during a 90 min incuba-
tion. The effect of forskolin on albumin transfer stimulated by
thrombin (Thr; 1 uml-') across monolayers of bovine pulmonary
artery endothelial cells is also shown. Values given are means and
vertical bars indicate the s.e.mean of 6—12 observations. **P <0.01;
***P<0.001 indicates a significant difference from control (C) or
between groups joined by a bracket.



increase albumin transfer was not shared with the inactive
phorbol ester, 4a-phorbol 12,13-didecanoate (600 nM; data
not shown).

Effects of cyclic nucleotides on endothelial barrier
function

Forskolin (30 uM), which activates the catalytic subunit of
adenylate cyclase (Seaman & Daly, 1981), had no effect on
resting transfer of albumin across monolayers of BPAEC or
BAEQC, inhibited the increase in albumin transfer stimulated
by thrombin (1 uml~') and PMA (600 nM) across BPAEC,
and inhibited the increase stimulated by PMA (600 nM)
across BAEC (Figure 2).
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Figure 3 The effects of atriopeptin II (APII; 100 nM) on resting
transfer of trypan blue-labelled albumin and on transfer stimulated
by 4B-phorbol 12-myristate 13-acetate (PMA; 600 nM) across
monolayers of (a) bovine aortic endothelial cells (BAEC) and (b and
c) bovine pulmonary artery endothelial cells (BPAEC) during a
90 min incubation. The effect of atriopeptin II on albumin transfer
stimulated by thrombin (Thr; 1 uml-') across monolayers of bovine
pulmonary artery endothelial cells is also shown. Values given are
means and vertical bars indicate the s.e.mean of 6 observations.
**p < 0.01; ***P <0.001 indicates a significant difference from con-
trol (C) or between groups joined by a bracket.

N

ENDOTHELIAL BARRIER FUNCTION 935

Neither atriopeptin II (100 nM), an activator of particulate
guanylate cyclase, nor 8 bromo cyclic GMP (30 uM), a mem-
brane permeant analogue of cyclic GMP, had any effect on
resting or PMA (600 nM)-stimulated transfer of albumin
across monolayers of BAEC (Figure 3) or BPAEC (Figure
4), but both inhibited that stimulated by thrombin (1 uml~')
across monolayers of BPAEC (Figures 3 and 4).

Calcium mobilization in endothelial cells

In monolayers of BPAEC and BAEC the basal level of
[Ca?*); was 106X 4nM (n=101) and 98 £ 4nM (n = 127),
respectively. Thrombin (1 uml~!) induced a biphasic eleva-
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Figure 4 Effects of 8 bromo cyclic GMP (8BrcGMP; 30 uM) on
resting transfer of trypan blue-labelled albumin and on transfer
stimulated by 4p-phorbol 12-myristate 13-acetate (PMA; 600 nM)
across monolayers of (a) bovine aortic endothelial cells (BAEC) and
(b and c) bovine pulmonary artery endothelial cells (BPAEC) during
a 90 min incubation period. The effect of 8 bromo cyclic GMP on
albumin transfer stimulated by thrombin (Thr; 1uml-!) across
monolayers of bovine pulmonary artery endothelial cells is also
shown. Values given are means and vertical bars indicate the
s.e.mean of 6 observations. *P<<0.05; **P<0.01 indicates a
significant difference from control (C) or between groups joined by a
bracket.
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tion of [Ca?*), in both cell types consisting of a large initial
peak at around 30s which then fell to a more sustained
plateau within 5 min (Figure 5); the peak and plateau levels
were 350 £ 51 nM and 239 £ 21 nM (n=9), respectively, for
BPAEC, and 291 £ 30 nM and 180 % 13 nM (n = 20), respec-
tively, for BAEC. In contrast, PMA (1-1000 nM) had no
effect on the basal level of [Ca?*]; in BPAEC or BAEC.

Effects of cyclic nucleotides on thrombin-induced calcium
mobilisation in BPAEC

Pretreatment of BPAEC with forskolin (30 uM; 5 min) had
no effect on basal levels of [Ca2*]; or on the magnitude of the
initial transient elevation of [Ca?*]; induced by thrombin
(1uml-') (data not shown). Addition of forskolin (30 uM)
during the plateau phase of the increase in [Ca?*]; induced by
thrombin (1 uml-') did, however, lead to a further rapid
increase in [Ca?*]; of 67X 7nM (n=6), which remained
stable for at least 5Smin (Figure 5).
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Figure 5 Individual traces illustrating the effects of thrombin (Thr;
1uml~') on [Ca?*}; in bovine aortic endothelial cells (BAEC) and
bovine pulmonary artery endothelial cells (BPAEC). The effects of
adding forskolin (For; 30 um), atriopeptin II (APIL; 100 nM) or 8
bromo cyclic GMP (8BrcGMP; 30 puM) during the plateau phase of
the increase in [Ca?*]; induced by thrombin (Thr; 1 uml-') in bovine
pulmonary artery endothelial cells are also shown. Each trace is
representative of at least 5 separate observations.

Pretreatment of BPAEC for 5 min with either atriopeptin
II (100 nM) or 8 bromo cyclic GMP (30 uM) had no effect on
basal levels of [Ca%*]; or on the magnitude of the initial
transient elevation of [Ca?*]; induced by thrombin (1 uml-')
(data not shown). Atriopeptin II (100 nM) and 8 bromo
cyclic GMP (30 uM) were both also without effect when
added during the plateau phase of the increase in [Ca?*];
induced by thrombin (1 uml-') (Figure 5).

Discussion

The major new finding in this study is that changes in
endothelial barrier function can be dissociated from changes
in levels of cytosolic calcium ([Ca2*]). Evidence for this
comes from the observation that thrombin stimulates calcium
mobilization in both BPAEC and BAEC, yet increases
albumin transfer across monolayers of only BPAEC. Fur-
thermore, the phorbol ester, PMA, had no effect on basal
levels of [Ca?*}; in BPAEC or BAEC, yet stimulated albumin
transfer across monolayers of both endothelial cell types. It is
likely that the ability of phorbol esters to stimulate trans-
endothelial transfer of macromolecular solutes results from
activation of protein kinase C, since this action is not shared
with phorbol esters which do not activate this enzyme, but is
mimicked by synthetic diacylglycerdls, and blocked by H7
(Gudgeon & Martin, 1989; Lynch et al., 1990). It is possible,
therefore, that activation of protein kinase C represents the
major pathway by which inflammatory mediators induce
plasma leakage.

At present, it is not clear how activation of protein kinase
C inhibits endothelial barrier function, but it is likely to
result from endothelial contraction (Antonov et al., 1986;
Grigorian & Ryan, 1987) and formation of inter-endothelial
gaps. In vascular smooth muscle, activation of protein kinase
C induces contraction by increasing the sensitivity of the
contractile proteins to calcium (Itoh er al.,, 1988), and it is
possible that a similar mechanism operates in the endo-
thelium. Alternatively, activation of protein kinase C may be
responsible for the loss of peripheral bands of F-actin and
the resultant disruption of cell-cell contacts (Garcia et al.,
1986; Minnear et al., 1989) in a manner similar to that
described for a kidney epithelial cell line (Schliva er al.,
1984).

Our finding that forskolin, which directly activates the
catalytic subunit of adenylate cyclase (Seaman & Daly, 1981),
inhibits increases in albumin transfer stimulated by PMA
across monolayers of BPAEC and BAEC as well as that
stimulated by thrombin across BPAEC is consistent with
previous reports of elevated levels of cyclic AMP enhancing
endothelial barrier function in vivo and in vitro (Marciniak et
al., 1978; Svensjé et al., 1979; Killackey et al., 1986; Minnear
et al., 1989; Gudgeon & Martin, 1989; Carson et al., 1989;
Langeler & Van Hinsbergh, 1991). Furthermore, our obser-
vation that atriopeptin II, a stimulant of endothelial par-
ticulate guanylate cyclase (Schini es al., 1988; Martin et al.,
1988), and 8 bromo cyclic GMP inhibit thrombin-stimulated
transfer of albumin across monolayers of BPAEC is also
consistent with the ability of cyclic GMP to enhance barrier
function (Yamada et al,, 1990; Lofton et al., 1991).

The mechanisms by which elevations of cyclic AMP or
cyclic GMP enhance endothelial barrier function are not
clear, but are unlikely to result from inhibition of calcium
mobilization, since atriopeptin II and 8 bromo cyclic GMP
had no effect on thrombin-induced calcium mobilization and
forskolin actually augmented this. This proposal is supported
by the observation that elevation of cyclic AMP content
inhibits histamine-induced transfer of albumin across mono-
layers of human umbilical vein endothelial cells but does not
block the associated increase in [Ca?*]; (Carson et al., 1989).
It is possible, however, that inhibition of barrier function is
exerted through blockade of protein kinase C, since elevation
of cyclic AMP content inhibits albumin transfer stimulated



by both thrombin and PMA. In contrast, elevation of cyclic
GMP content inhibits albumin transfer stimulated by throm-
bin, but not PMA, suggesting a different mechanism of
action from cyclic AMP. One possible explanation for this is
that cyclic GMP may block the ability of thrombin to
stimulate protein kinase C, and consistent with this is the
ability of cyclic GMP to inhibit production of inositol (1,4,5)
trisphosphate in porcine aortic endothelium (Lang & Lewis,
1991). We do not favour this explanation, however, since 8
bromo cyclic GMP and atriopeptin II had no effect on
thrombin-induced mobilization of calcium in BPAEC, which
presumably involves hydrolysis of phosphatidylinositol-4,5-
bisphosphate (Jaffe et al., 1987). It is possible, however, that
albumin transfer is stimulated by activation of protein kinase
C resulting from hydrolysis of phosphatidylcholine and not
phosphatidylinositol-4,5-bisphosphate. This is suggested since
diacylglycerol production from the former source is better
sustained (Billah & Anthes, 1990) and would be more consis-
tent with the relatively long time course (90 min) required to
observe albumin transfer. If elevations of [Ca’*}; and sus-
tained production of diacylglycerol are subject to differential
regulation in the endothelial cell, as in the neutrophil (Cron-
stein et al., 1988; Cronstein & Haines, 1992), then it might be
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aldose reductase inhibitor, ponalrestat, on peripheral nerve in
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Keywords:

1 The aim of the study was to examine the effects in rats of two different doses of the aldose reductase
inhibitor, ponalrestat, on functional measures of nerve conduction and sciatic nerve biochemistry.

2 After 1 month, streptozotocin-induced diabetes produced 22%, 23% and 15% deficits in conduction
velocity of sciatic nerves supplying gastrocnemius and tibialis anterior muscles and saphenous sensory
nerve respectively compared to controls. These deficits were maintained over 2 months diabetes.

3 Slower-conducting motor fibres supplying the interosseus muscles of the foot did not show a diabetic
deficit compared to onset controls, however, there was a 13% reduction in conduction velocity after 2
months diabetes relative to age-matched controls, indicating a maturation deficit.

4 Resistance to hypoxic conduction failure was investigated for sciatic nerve trunks in vitro. There was
an increase in the duration of hypoxia necessary for an 80% reduction in compound action potential
amplitude with diabetes. This was progressive; after 1 month, hypoxia time was increased by 22% and
after 2 months by 57%.

5 The effect of 1-month treatment with the aldose reductase inhibitor, ponalrestat, on the abnor-
malities caused by an initial month of untreated diabetes was examined. Two doses of ponalrestat were
employed, 8 mg kg~! day~! (which is equivalent to, or greater than, the blockade employed in clinical
trials), and 100 mg kg~! day~".

6 Sciatic nerve sorbitol content was increased 7 fold by diabetes. Both doses were effective in reducing
this; 70% for 8 mgkg~'day~', and to within the control range for 100

mg kg~! day~'. However, 8 mg kg~!day~' produced only a modest lowering (44%) of the 8 fold
increase in fructose content, indicating that flux through the polyol pathway remained substantially
elevated. For 100 mg kg~! day~! ponalrestat, fructose content was within the normal range, indicating a
profound inhibition of flux through the pathway.

7 Conduction velocity abnormalities in sciatic motor branches supplying gastrocnemius and tibialis
anterior muscles, and sensory saphenous nerve were completely restored by treatment with ponalrestat
at 100 mg kg~'day~', whereas 8 mg kg~! day~! was completely ineffective. The maturation deficit for
interosseus motor nerve was unaffected by treatment.

8 Neither 8 or 100 mg kg~! day~! ponalrestat reversed the increased resistance to hypoxic conduction
failure resulting from the initial month of untreated diabetes. However, both doses prevented further
increases in hypoxic resistance over the treatment period.

9 Three main conclusions were reached. First, substantial blockade of polyol pathway flux is necessary
to reverse conduction velocity deficits and this degree of aldose reductase inhibition has not been
achieved in clinical trials. Second, nerve content of fructose is a better biochemical indicator of likely
functional benefit than that of sorbitol. Third, conduction velocity and hypoxic resistance were
differentially affected by the two doses of ponalrestat, a finding that suggests differences in their
aetiology.

Neuropathy; nerve conduction; ischaemia; aldose reductase; polyol pathway; sorbitol; streptozotocin-induced

diabetes; ponalrestat

Introduction

Defects in nerve function in diabetes have been linked to a
hyperglycaemia-related increase in polyol pathway activity.
Glucose is converted to the sugar alcohol, sorbitol, by the
first pathway enzyme, aldose reductase, and sorbitol is subse-
quently metabolized to fructose by sorbitol dehydrogenase
(Dvornik, 1987). It has been suggested that polyol pathway
activation is responsible for a decrease in nerve myo-inositol
concentration, leading to reduced Na-K ATPase pump activ-
ity (Green et al., 1985) but substantial doubt has been cast
over the obligatory involvement of a Na-K ATPase deficit in
diabetic neuropathy (Bianchi ez al., 1987). Although several
studies in animal models have demonstrated that aldose
reductase inhibitors (ARIs) can prevent the slowing of nerve
conduction characteristic of early diabetes (Mayer & Tomlin-

! Author for correspondence.

son, 1983; Cameron et al., 1986a,b), their efficacy in either
preventing deficits in the longer term (Willars et al., 1988) or
correcting established abnormalities has been questioned
(Cameron et al., 1989). Furthermore, clinical trials of ARIs
have demonstrated only very modest benefits with respect to
objective measures such as nerve conduction velocity (NCV),
although the regeneration of damaged nerve fibres may be
improved (Sima et al., 1988). There are a number of potential
explanations for the discrepancy between animal studies and
clinical trials. Animal models may be unsuitable; the duration
of diabetes is generally much shorter than in patients, there is
less overt fibre damage in rat nerves than in biopsy samples
from neuropathic patients, and, since they are much longer
than those in rats, human nerves may, therefore, be more
vulnerable to peripheral vascular disease. However, one fac-
tor that clearly differs between rat and human studies is the
dose of ARIs employed, generally an order of magnitude
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greater in the former. Thus, the main aims of this investiga-
tion were to ascertain whether a dose of an ARI similar to
the upper limit used in the clinical trials was effective in
diabetic rats, and to gauge what level of polyol pathway
blockade might be needed to correct established conduction
deficits.

In addition to reduced NCV, nerves in diabetic patients
and animal models show an increased resistance to ischaemic
conduction failure (RICF). This may be partially prevented
by ARI treatment (Price et al., 1988), although involvement
of the polyol pathway in the aetiology of this abnormality
has been disputed (Jaramillo et al., 1984; Carrington et al.,
1991). An additional aim was to investigate this phenomenon.

Methods

Male Sprague-Dawley rats (Aberdeen University breeding
colony), 19 weeks old at the start of the study were used.
One group of non-diabetic animals acted as onset controls.
Another was studied 2 months later, acting as age-matched
controls. Others were given streptozotocin (45mgkg™' in
20 mmol 1-! sodium citrate buffer, pH 4.5, i.p.). Diabetes was
verified 24 h later by estimating hyperglycaemia and glycos-
uria (Visidex II and Diastix; Ames, Slough). Animals were
tested weekly, and weighed daily. They were rejected if blood
glucose concentration was <20 mmol 17! or if they showed a
consistent increase in body weight over 3 days. Samples for
plasma glucose measurement were also taken the day of final
experiments.

Diabetic animals were divided into 4 groups. Two were
untreated, acting as diabetic controls, and were studied after
1 or 2 months. Two further groups were left untreated for 1
month and were then given ponalrestat (Stribling ez al., 1985)
ecither 8 or 100 mg kg~! day~' orally for a further month.
The lower dose was chosen to be similar to the highest dose
of ponalrestat (600 mg day~') given to patients in clinical
trials (Florkowski et al., 1991).

In final experiments (1-1.5gkg™! urethane anaesthesia
i.p.), NCV was measured in vivo between the sciatic notch
and knee for motor branches supplying tibialis anterior
(peroneal division) and gastrocnemius (proximal tibial divi-
sion) muscles and the interosseous muscle of the foot (distal
tibial division). NCV in sensory nerves was measured in the
saphenous nerve between groin and ankle. Methods have
previously been described in detail (Cameron et al., 1989).

RICF was measured in vitro (Cameron et al., 1991b) after
the NCV measurements. The contralateral sciatic trunk was
removed and mounted on bipolar stimulating (proximal end)
and recording (distal end) electrodes in a chamber filled with
Krebs solution (composition, mM: Na* 144.0, K* 5.0, Ca?*
2.5, Mg2* 1.1, HCO,~ 25.0, PO2- 1.1, SO 1.1) at 35°C
containing 5.5 mmol 17! glucose for nerves from non-diabetic
rats and 40 mmoll~! glucose for the diabetic groups.
Previous experiments (Cameron, Cotter & D. Cox, unpu-
blished observations) have shown that varying glucose con-
centration between 5.5 and 40 mmoll-! does not have a
significant effect on nerve hypoxic resistance under these
conditions. Bathing fluid was gassed with 95% 0,:5% CO,
(pH 7.35). Nerves were equilibrated for 30 min, then the
chamber was refilled with mineral oil pregassed with 100%
N, for 1 h, and N, gassing continued. Nerves were stimulated
with just supramaximal pulses (1 Hz, 0.05 ms width, 10 mA)
and compound action potential amplitude was monitored at
2 min intervals until it fell below 10% of its initial value.
Sciatic nerves used for NCV measurements were rapidly
dissected out before rats were killed. They were frozen in
liquid nitrogen and then stored at —80°C. Nerve sugars and
polyol concentrations were subsequently determined by gas
chromatography of trimethyl-silyl derivatives prepared from
aqueous deproteinized extracts (Stribling ez al., 1985).

Data are expressed as means * s.e.mean. One-way analysis
of variance was performed, followed by the Bonferroni cor-

rected ¢ test to assign differences to individual between-group
comparisons when overall significance (P <0.05) was attain-
ed, using commercial software (Instat, Graphpad, San Diego,
CA, USA)).

Drugs

Streptozotocin and urethane were obtained from Sigma and
ponalrestat was a gift from I.C.I. Pharmaceuticals.

Results

Body weights and final plasma glucose levels for control and
diabetic rats are given in Table 1. Diabetes resulted in pro-
gressive weight loss, which after 2 months, was about 25%:
controls showed a 16% weight gain over this period. Plasma
glucose concentration was elevated approximately 5 fold by
diabetes. Ponalrestat treatment at 8 and 100 mg kg~' day~!
had no significant effect on these parameters.

Motor NCYV results for tibialis anterior and gastrocnemius
muscles are shown in Figure la and b respectively. There
were no significant differences between onset and age-match-
ed non-diabetic control groups. There was a decline in NCV
for both nerve branches of around 22% over the first month
of untreated diabetes, reaching 25% at 2 months (P <0.001
at both time points, for both nerves). When ponalrestat
treatment was given to reverse the initial deficit, there was no
significant effect with a dose of 8 mg kg~! day~', but reversal
was complete with 100 mg kg~!day~! (P<0.001 for both
nerves). ’

Unlike the more proximal motor branches, the inteross-
eous nerve was slower conducting, but increased during the
experimental period such that age-matched NCV was greater
by 13% than onset controls (P<<0.05) (Figure 1c). This
increase was halted by 2 months’ diabetes (P<<0.01) but
there was no significant deficit compared to the onset control
level. NCV was not restored to age-matched control values
by ponalrestat at either dose level (P<<0.01) and remained
not significantly different from the onset control value. This
contrasts with NCV changes in sensory saphenous nerves
(Figure 1d) which showed a pattern similar to fast conduc-
ting motor nerves; with no significant difference between
control groups, a 12% deficit with two months diabetes
(P<0.001 compared to onset controls) and complete restora-
tion by 100 (P<<0.001) but not 8 mg kg~! day~! ponalrestat.

Figure 2 illustrates the data from RICF measurements.
Initial compound action potential amplitudes are shown in
the inset graph and did not differ significantly between
groups. When hypoxic, the nerves of onset and age-matched
control groups showed a rapid depression of compound
action potential amplitude, after a short period of hyper-
excitability (Seneviratne & Peiris, 1969). This decline was
relatively prolonged in preparations from 1-month diabetic
controls and more so after 2 months. Curves for the ponalre-

Table 1 Body weights and plasma glucose concentrations
in control and diabetic rats

Weight (g) Glucose

Group n Start Finish (mmol 1-')
Controls

Onset 20 484%12 - 64103

Age-matched 12 507x19 589+20 8.0%0.5
Diabetic

1 month 10 4616 413+1233.0%3.1

2 month 20 51411 37711 406+24
Ponalrestat-treated

8 mg kg~! day~! 11 4739 357+8 359+22

100 mg kg~ ! day~! 11 48110 346+ 14 383127

Data are means * s.e.mean.
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Figure 1 Conduction velocity in motor and sensory nerves for
control diabetic and ponalrestat-treated diabetic rats: (a) tibialis
anterior; (b) gastrocnemius; (c) interosseus muscles; (d) sensory
saphenous nerve. Columns show means ( X s.c.means, vertical bars).
Controls (open columns): OC, onset controls (n=20); AC, age-
matched controls (n=12); diabetic (closed columns), 1 month
(n=10), 2 month (n = 20); ARI, ponalrestat-treated diabetic (cross-
hatched columns), 8 mgkg=!day~' (n=11), 100 mgkg~'day'
(n=11). For tibialis anterior, gastrocnemius and saphenous nerves,
values were significantly reduced by 1 and 2 months’ untreated
diabetes compared to onset or age-matched controls (P<<0.001, all
comparisons). In ponalrestat-treated diabetic groups,
8 mgkg~'day~! had no significant effect on conduction velocity
whereas 100 mgkg~'day-' completely restored conduction
(P<0.001, compared to 2-month diabetic controls). For
interosseous nerve, conduction velocity in 2 month diabetic controls
was reduced compared to age-matched (P <<0.01) but not to onset
controls. Ponalrestat treatment did not have a significant effect.

stat-treated rats lay close to that for the 1 month diabetic
controls. This is reflected by the times taken for an 80%
reduction in compound action potential amplitude, plotted as
a histogram in Figure 3. It shows the progressive nature of
the phenomenon with diabetes duration (P <<0.01 comparing
1 month diabetes with onset controls, P<0.001 comparing
1- and 2-month diabetic groups). There was a good agree-
ment between the 1-month diabetic controls and the treated
groups, both of which were significantly different from the 2
months group (P<0.01 for 8 mgkg~'day~!, P<0.001 for
100 mg kg~ day~"). Thus, both levels of treatment prevented
a further increase in hypoxic resistance, but neither reversed
the initial deficit (P <0.001 and P<<0.01 compared to onset
controls for 8 mgkg~'day~! and 100 mg kg~' day~' respec-
tively).

Sciatic nerve polyol concentrations are shown in Table 2.
There were no significant differences between control groups
so they have been pooled. Similarly, there were no differences
between diabetes of 1 or 2 months’ duration. With diabetes,
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Figure 2 Percentage change in sciatic nerve compound action poten-
tial amplitude with duration of hypoxia in vitro. Symbols and error
bars show group means * s.e.means. Non-diabetic control, onset and
age-matched controls pooled for clarity (O); diabetic control 1-
month (A), 2-month (V); ponalrestat-treated diabetic groups,
8mgkg~'day~! (©), 100 mgkg~'day-' (O). The inset histogram
shows initial sciatic nerve compound action potential amplitudes
before the period of hypoxia for non-diabetic controls (C, open
column bar), 1-month and 2-month diabetic controls (solid columns);
and 8mgkg 'day~' and 100mgkg~'day~' ponalrestat-treated
diabetic (cross-hatched columns) groups. There were no significant
between-group differences in initial amplitude.
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Figure 3 Durations of hypoxia necessary for an 80% reduction in
sciatic nerve compound action potential amplutide (Tg). Columns
show means (% s.e.means, vertical bars). Controls (open columns);
OC, onset controls (n=20); AC, age-matched controls (n=12);
diabetic (solid columns), 1 m, l-month (n=10); 2m, 2-month
(n=20); ARI, ponalrestat-treated diabetic (cross-hatched columns),
8mgkg~'day~' (n=11), 100mgkg-'day-' (n=11). Untreated
diabetes caused a progressive increase in Tgy (P<0.01 for 1-month
group; P<<0.001 for 2-month group compared to onset controls).
Treatment with 8 and 100 mg kg~! day~' ponalrestat prevented fur-
ther increases in Tg, between 1 and 2 months (P<<0.001 and
P<0.001 respectively compared to the 2-month diabetic group).
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Table 2 Sciatic nerve polyol pathway metabolite and myo-inositol concentrations in control and diabetic rats

Group n Sorbitol Fructose myo-Inositol
Control 29 0.282+0.022 0.898+0.069 3.874 % 0.342
Diabetic 27 1.979 £0.129®  7.595% 0.509* 2.067 £ 0.086°
Ponalrestat-treated
8 mg kg~ ' day~! 11 0.7251£0.101¢  4.634 £0.637°¢ 2.710 £ 0.210°
100 mg kg~' day~! 11 0.104 £ 0.008%¢ 0.428 £ 0.0374/ 3.160 % 0.230°

Data are means * s.e.means, expressed as nmol mg~! nerve wet weight.

2P <0.05; ®P<0.001: versus control group.

¢P<0.05; ¢P<<0.001: effect of ponalrestat treatment versus diabetic group.
¢P<0.05; fP<0.001: effect of level of ponalrestat treatment, 100 mg kg~' day~' versus 8 mgkg~'day~".

sorbitol concentration was increased 7 fold, and fructose
showed a corresponding 8 fold elevation; 8 mgkg~'day™!
ponalrestat reduced the excess sorbitol levels by 70%, but
had a lesser effect (44%) on fructose concentration. By con-
trast, the 100 mg kg~! day~' dose reduced both sorbitol and
fructose to within or below the control concentration range.
Nerve myo-inositol concentration was decreased by 47% in
diabetic animals; although the deficit was ameliorated to the
extent of 60% with 100 mgkg~'day~! it was not signifi-
cantly affected by treatment at 8 mgkg~'day~'.

Discussion

The data demonstrate two main points. First, a minor degree
of polyol pathway inhibition (8 mgkg~'day~! ponalrestat),
which largely blocked sorbitol accumulation but did not
substantially reduce fructose concentration, also did not re-
store changes in motor or sensory NCV in diabetic rats.
When the nerve fructose concentration was normalized by
treatment with the high dose (100 mgkg='day~!) of
ponalrestat, indicating a substantial inhibition of polyol path-
way flux, NCV was restored. In previous studies, we used an
intermediate dose of ponalrestat (25 mgkg~'day~!) and
found sorbitol concentrations were normal, fructose was
somewhat elevated, and NCV changes only partially reversed
(Cameron et al., 1989). Taken together, this suggests that a
high degree of pathway blockade is necessary for optimal
effects on NCV, and that fructose concentration provides a
better biochemical indicator than sorbitol concentration for
potential functional improvements. Second, different meay
sures of nerve function show differential sensitivity to polyol
pathway inhibition since the low dose ARI had no effect on
NCV whilst largely preventing a further increase in RICF.

In clinical trials, regardless of the ARI employed, polyol
pathway inhibition was no better than found in rats with
8 mg kg~! day~! ponalrestat. For example, reductions of ery-
throcyte or nerve biopsy sorbitol concentration of about 50%
have been reported (reviewed in Dvornik, 1987). This sug-
gests a fairly low degree of blockade of the pathway, prob-
ably insufficient to test adequately the hypothesis that
enhanced polyol pathway flux makes a major contribution to
the aetiology of diabetic neuropathy. Thus, it is likely that
the failure to find significant improvements in clinical trials
of ponalrestat (Florkowski et al., 1991) reflects the use of a
drug dose that did not produce adequate inhibition of aldose
reductase.

The lack of effect of ponalrestat (8 or 100 mg kg~' day~")
on interosseous NCV agrees with a previous finding with
25mgkg~!day~! (Cameron et al., 1989). The NCV deficit
arises from comparison with age-matched rather than onset
controls and can largely be explained by lack of nerve growth
resulting in small diameter fibres that have a normal NCV
for their size (Cameron et al., 1986b). Thus, ponalrestat
treatment cannot restore normal nerve growth in our experi-
mental model. Other workers have found increases in inter-
osseous NCV with ARI treatment, but usually in younger
rats in a more rapid growth phase (Gillon et al., 1983; Mayer

& Tomlinson, 1983). In addition, methodological considera-
tions may explain these conflicting results. Concentric bipolar
recording electrodes were used in this investigation to ensure
focal recording. In the other studies unipolar needle elec-
trodes were used, thus, contamination by potentials from
nearby muscles whose nerves respond more like gastro-
cnemius or tibialis anterior to treatment cannot be excluded.

The cause of increased RICF in diabetic nerves is disputed,
there being two main schools of thought. According to the
metabolic hypothesis, nerves are more resistant to ischaemia
because a major requirement for ATP is to supply the Na-K
ATPase pump. Na-K ATPase activity is reduced by around
50% in homogenates from diabetic nerves compared to con-
trols (Das et al., 1976; Lambourne et al., 1988; Cameron et
al., 1991c). Diabetic nerves could, therefore, utilize energy
stores more slowly and maintain function longer when oxida-
tive metabolism is prevented. ARIs would be expected to
prevent increased RICF as treatment improves Na-K ATPase
activity (Greene et al., 1985), although this has been disputed
(Lambourne et al., 1988), the contradictory results being
explained by differences in dietary composition and measure-
ment procedure (Sredy et al., 1991). A suggested mechanism
is that a diabetic deficit in nerve myo-inositol, as noted in this
study, leads to reduced membrane phosphoinositide turnover,
and less diacylglycerol-mediated activation of protein kinase
C, which in turn increases Na-K ATPase activity (Greene et
al., 1985). ARI-treatment tends to restore myo-inositol levels,
as noted for the 100 mgkg~!day~! dose in this study;
therefore, it may be expected to restore Na-K ATPase
activity.

The same polyol-pathway-dependent Na-K ATPase deficit
has also been suggested to explain reduced NCV (Greene et
al., 1985). Thus, NCV and RICF changes should occur in
parallel, whereas they were dissociated between the two ARI
doses in this study. The time-course for NCV changes and
RICF development also differ. NCV deficits develop over the
first 2 weeks of diabetes, and have virtually reached asymp-
tote by 1 month, with little further change to 4 months
(Cameron et al., 1989). In contrast, RICF shows a fairly
linear increase with time, as noted in the present study for 1
and 2 months. In addition, other findings are at variance
with this metabolic hypothesis. RICF was improved by 8 mg
kg~'day~! ponalrestat, whereas myo-inositol levels were not
significantly affected. In normal rats fed a galactose-enriched
diet, the polyol pathway is stimulated (Dvornik, 1987); how-
ever, rather than reducing sciatic nerve Na-K ATPase activ-
ity, it is doubled (Lambourne et al., 1988). This is accom-
panied by NCV and RICF abnormalities very similar to
those noted for experimental diabetes (Low & Schmelzer,
1983; Cameron et al., 1992), whereas the prediction is that
these parameters would be normal or even supranormal.

An alternative vascular hypothesis better explains the data.
Sciatic blood flow is reduced soon after the induction of
diabetes in rats (Cameron et al., 1991b), producing endo-
neurial hypoxia (Low er al., 1987). In galactosaemic rats,
nerve perfusion is also impaired (Myers & Powell, 1984;
McManis et al., 1986). Increased RICF under such condi-
tions may be viewed as an adaptive response to improve ATP



supply by increased use of anaerobic metabolism (Low ez al.,
1987). ARI treatment increases nerve blood flow (Yasuda et
al., 1989), which could be sufficient to restore ATP produc-
tion and NCV. In addition, when polyol pathway flux is
high, glucose is diverted through the pentose phosphate
shunt to supply NADPH, a cofactor for aldose reductase
(Dvornik, 1987); a process which requires ATP (Davidson &
Murphy, 1985). Thus, polyol pathway activity may have both
vascular and metabolic effects which contribute to RICF.
When, however, these are corrected by ARIs there is no
obvious adaptive stimulus to switch back to near total reli-
ance on oxidative metabolism, given the glucose availability
in diabetes. Thus, ARIs can restore NCV but, in a reversal
experiment, simply halt the progressive increase in RICF.
The present results on RICF are in agreement with a
previous study of partial prevention of the deficit by 25 mg
kg~! day~! ponalrestat in vivo (Price et al., 1988). In a recent
report, however, Carrington et al. (1991) suggested that imi-
restat, a spiroimide-derived ARI, did not prevent the
development of RICF, measured in vitro. We have replicated
the present effect of ponalrestat (Cameron, Cotter & S.
Hunter, unpublished observations), an acetic acid derivative,
using a structurally unrelated sulphonylnitromethane com-
pound (Mirrlees et al., 1991). Spiroimide-derived ARIs
stimulate Na-K ATPase independent of their effects on the
polyol pathway (Garner & Spector, 1987), whereas ponalres-
tat does not. It is likely that such a chronic effect in vivo
would cause increased ATP utilization, further encouraging
the use of anaerobic metabolism, which would tend to inc-
rease RICF and cancel any beneficial effects of polyol path-
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In conclusion, the data demonstrate polyol pathway
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diabetes. They also show that very high levels of polyol
pathway blockade are necessary to normalize NCV. It is
likely that ARI treatment of patients has been suboptimal
and has not adequately tested the hypothesis that polyol
pathway activity has an important role in the aetiology of
diabetic neuropathy.
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Potassium channel modulation in rat portal vein by ATP
depletion: a comparison with the effects of levcromakalim

(BRL 38227)
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1 The effects of levcromakalim and of adenosine 5'-triphosphate (ATP) depletion on membrane
potential and ionic currents were studied in freshly-dispersed smooth muscle cells of rat portal vein by
use of combined voltage- and current-clamp techniques.

2 Levcromakalim (1 uM) induced a glibenclamide-sensitive, non-inactivating K-current (Ixco) and
simultaneously inhibited the slow, transient outward, delayed rectifier K-current (/yo). Levcromakalim
also hyperpolarized the portal vein cells by approximately 20 mV.

3 Reduction of intracellular ATP by removal of glucose and carboxylic acids from the recording
pipette and of glucose from the bath fluid, induced a slowly-developing, non-inactivating and
glibenclamide-sensitive K-current (/,.,) within 60—300 s after breaking the membrane patch. I, reached
peak amplitude after 300—900 s, remained at a plateau for 200—800 s and then slowly ran down. At the
peak of I, the cells were hyperpolarized by approximately 20 mV and their input conductance was
increased by 42%.

4 At the time of maximum development of I, the delayed rectifier current, fro, was reduced by 48%.

5 In the absence of glucose and carboxylic acids, addition of 1 uM free ATP to the recording pipette
almost doubled the magnitude of I At a holding potential of — 10 mV, I, was increased from
124+ 11 pA to 228 * 54 pA whereas the time-course of development and run-down of I, was
unaffected.

6 During the development and after the run-down of I, levcromakalim (1-10 uM) failed to induce
IKCO'

7 Stationary fluctuation analysis of the current noise associated with I, revealed a unitary conduc-
tance of between 10-20 pS in a physiological potassium gradient. A second contaminating current with
an underlying unitary conductance of approximately 150 pS remained after I, had run down.

8 It is concluded that Ixco induced by levcromakalim and I, are carried by the same population of
relatively small conductance, glibenclamide-sensitive K-channels. The open state of these is increased by
procedures designed to lower intracellular ATP concentrations.

9 The simultaneous inhibition of the delayed rectifier current (I1o) by both levcromakalim and during
the development of I, is highly significant. It suggests that levcromakalim could modify the interaction
of ATP with sites linked to more than one type of K-channel. This results in the opening of those
channels which underlie Ixco (and which are normally inhibited by ATP binding) together with the

© Macmillan Press Ltd, 1992

modulation of phosphorylation-dependent channels such as those which underlie Irq.

Keywords:
unitary conductance; fluctuation analysis

Levcromakalim; glucose; potassium channels; ATP; rat portal vein; delayed rectifier; metabolism; K-channel opener;

Introduction

Levcromakalim (formerly BRL 38227) can be regarded as
one of the prototypes of the group of agents known as the
potassium (K) channel openers (Edwards & Weston, 1990).
In a variety of smooth muscles, the effects of these substances
can be inhibited by glibenclamide, a sulphonylurea derivative
which acts as an inhibitor of ATP-sensitive K-channels
(Katp) in the heart and pancreatic B-cell (Fosset et al., 1988;
Ziinkler et al., 1988). This inhibition has led to the view that
a Karp is also the site of action of these agents in smooth
muscle (see Quast & Cook, 1989).

Evidence in favour of this was apparently obtained by
Standen et al. (1989) who reported that cromakalim opened a
K.arp With a unitary conductance of 135 pS in rat mesenteric
artery. However, other workers have described the involve-
ment of a K,rp with a much lower conductance (10 pS:
Kajioka et al., 1991) while data from other groups has
suggested that levcromakalim and related agents open the
large conductance calcium-activated K-channel (Silberberg &

! Author for correspondence.

van Breemen, 1990; Stockbridge et al, 1991; Kléckner &
Isenberg, 1992).

The conflicting results were largely obtained from elec-
trophysiological studies which utilised isolated membrane
patches from a variety of smooth muscles. In contrast, few
investigators have characterized the currents generated by the
K-channel openers, a factor which prompted us to study the
effects of levcromakalim using the whole-cell patch clamp
configuration (Noack ez al., 1992a,b). We found that in rat
portal vein under voltage-clamp conditions, levcromakalim
induced a voltage-independent, non-inactivating and gliben-
clamide-sensitive K-current with an underlying conductance
in the range 10-20 pS. Furthermore, the hyperpolarization
produced by levcromakalim in whole-cell current-clamp ex-
periments (Noack et al., 1992a) was similar to that measured
with sharp microelectrodes following exposure of whole por-
tal veins to cromakalim (Hamilton et al., 1986).

The objective of the present experiments was to determine
the conditions necessary for the generation of Ixco in single
cells of rat portal vein by modifying the composition of the
recording pipette solution. Using this approach we hoped to
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obtain some information about the possible ATP-sensitivity
of this current. In addition, we also wished to characterize
further the levcromakalim-induced inhibition of the delayed
rectifier current (J1o) which was one of the surprising findings
of our previous study (Noack et al., 1992a).

Methods

All experiments were performed on single smooth muscle
cells isolated from portal veins which were removed from
male Sprague-Dawley rats, previously killed by stunning and
bleeding.

Production of isolated cells

Each portal vein (about 20 mm length) was carefully cleaned
of fat and connective tissue with fine scissors in conjunction
with a dissecting microscope. The vein was cut into small
pieces and then incubated in a nominally Ca’*-free physio-
logical salt solution (PSS) for 30 min. The cell dispersion
technique consisted of treatment of the tissue with purified
collagenase and papain (for details see Noack et al., 1992a).
The cells were used for experiments within 12h after
separation, during which time they were stored at 6°C in
Kraftbriihe (KB-medium; Klockner & Isenberg, 1985). All
experiments were performed at 26°C.

Single-cell electrophysiology

The whole-cell configuration of the patch-clamp technique
(Hamill et al, 1981) was used in all experiments. All
measurements were made with an amplifier which permitted
fast switching between voltage- and current-clamp modes (see
Noack et al., 1992a). The settling time of the system was less
than 500 ps. Patch pipettes were pulled from Pyrex glass (H
15/10, Jencons, U.K.) and had resistances of 3—4 MQ when
filled with the internal (intracellular) solution. Voltage com-
mands and data acquisition were performed as described by
Noack et al. (1992a). For cell stimulation and for recording
and analyzing data the pPCLAMP 5.5 programme was used
(Axon Instruments, U.S.A.). Data acquisition and storage
were as described by Noack et al. (1992a). The leak resis-
tance ranged from 3 to 5 GQ and these experimental values
were used to estimate errors of potential measurement under
whole-cell current-clamp.

The effects of levcromakalim and glibenclamide were inves-
tigated by adding the appropriate amount(s) of these agents
to the main reservoir containing the external solution to
ensure that responses were obtained under steady-state condi-
tions. The bath (volume: 1ml) was continuously perfused
(1 ml min~!) with fresh external solution using a pump (Mic-
roperpex, Pharmacia LKB, Freiburg, Germany); a second
identical pump was used to remove excess solution from the
recording chamber.

Drugs and solutions

The nominally Ca?*-free PSS used for the cell separation
comprised (mM): NaCl 137, KC12.7, MgCl, 1.0, glucose 5.6,
HEPES 4.2, buffered with NaOH to pH 7.3. The PSS in the
bath had the following composition (mM): NaCl 125, KCI
4.8, MgCl, 3.7, KH,PO, 1.2, glucose 11, HEPES 10, EGTA
(ethylene glycol-bis B-aminoethyl ether tetra-acetic acid; Sig-
ma) 1.0, buffered with NaOH to pH 7.3; aerated with O,.
The basic pipette (internal) solution (A) contained (mM):
NaCl5, KC1120, MgCl, 1.2, K,HPO,1.2, glucose 11,
HEPES 10, EGTA 1.2, oxalacetic acid S, sodium pyruvate 2,
sodium succinate 5. Pipette solution B had a composition
similar to solution A but with the omission of glucose,
oxalacetic acid, sodium pyruvate and sodium succinate. In
addition NaCl was increased to 12 mM and KCl to 131 mM.
Pipette solution C had the same composition as solution B

but with the addition of 18.7 uM MgATP (Sigma) (calculated
to give a free ATP concentration of 1puM; Fabiato, 1988).
After the addition of MgATP, solution C was buffered with
KOH and used immediately. Assuming a contaminant con-
centration of 10 uM calcium in the external and in the pipette
solutions, the addition of 1 mM and 1.2 mM EGTA to the
bath and pipette solutions, respectively, should have pro-
duced an average free calcium concentration in these solu-
tions of less than 1 nM (Fabiato, 1988).

Levcromakalim (SmithKline Beecham) and glibenclamide
(Sigma) were first dissolved in dimethyl sulphoxide (DMSO,
Sigma) to produce a concentrated stock solution (20 mm)
from which dilutions were prepared with distilled water
immediately before they were required.

Data presentation

Numerical values are given as mean * s.e.mean with the
number of observations in parentheses. The significance of
differences between mean values was determined by an
unpaired Student’s ¢ test: values of P<<0.05 were taken to
indicate a significant difference.

Results

Whole-cell currents in glucose-containing PSS and with
Dpipettes containing carboxylic acids plus glucose

Whole-cell currents were elicited in single cells from the rat
portal vein under conditions in which succinate, pyruvate,
oxalacetate and glucose were included in the pipette solution
(solution A; see Methods) and in which glucose was present
in the extracellular calcium-free bathing fluid. On disruption
of the membrane patch at the pipette tip, an outward current
of magnitude between + 20 pA and + 50 pA was observed at
a holding potential of — 10 mV. This current reached a
steady state within about 300 s. A series of voltage protocols
was then performed in which the cell was clamped at a
holding potential of either — 10 mV or — 90 mV and then
stepped to a range of test potentials from — 80 to + 50 mV
in 10 mV increments. Under control conditions (i.e. with no
drugs added to the extracellular bathing fluid) the currents
observed at the holding potentials of — 10 mV or — 90 mV
and those elicited at each test potential were reproducible for
more than 1h.

By use of the above voltage-step protocols at the two
holding potentials, three major current components could be
distinguished (Figure 1) : (i) a transient potassium current
(15, similar to an A-current) with voltage-dependency (inac-
tivated at — 10 mV) and with fast activation and inactivation
kinetics, (ii) a transient, voltage-dependent potassium current
(I1o, inactivated at — 10 mV) with activation and inactivation
time-courses slower than those of the transient A-like cur-
rent. Iro also exhibited a more positive voltage threshold for
activation (at approximately — 30 mV) than that of I,. These
properties are characteristic of those of a delayed rectifier
K-current and (iii) a complex of non-inactivating, voltage-
independent background currents (activated in the potential
range — 90 to + 50 mV) which determined the zero-current
potential of the cell. These currents will be collectively termed
INl'

Addition of levcromakalim to the extracellular bathing
fluid induced an additional non-inactivating outward current
(Ixco) which was blocked by the addition of glibenclamide
(ECs, 3 uM) to the extracellular bathing fluid. The charac-
teristics of Ixco were identical to those previously described
by us (Noack et al., 1992a). On switching from voltage-clamp
to current-clamp at 0 pA, the membrane potential of the cells
in the presence of levcromakalim (1 pM) was — 40 + 3.8 mV,
n=4. This value was approximately 20 mV more hyper-
polarized than immediately prior to exposure to levcroma-
kalim (- 17.8 2.6 mV, n=4).
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Figure 1 Typical whole-cell current traces obtained from a rat
portal vein smooth muscle cell bathed in a calcium-free physiological
salt solution (PSS; containing glucose and EGTA). The electrode
PSS contained glucose and tricarboxylic acids. (a) On stepping the
membrane potential from — 10 mV to + 10 mV, a non-inactivating
current (ly;) was observed (deviation from zero-current indicated by
a dashed line). (b) When levcromakalim (1 uM) was present in the
bathing fluid an additional non-inactivating outward current (Ixco)
was generated at the same test potential. Note also the additional
current required to maintain the membrane potential at — 10 mV in
the presence of levcromakalim. (c) When the holding potential was
— 90 mV and levcromakalim (1 pM) was present in the bath PSS, a
step depolarization to + 10mV elicited a rapidly-inactivating K-
current (I,) and a slowly-inactivating K-current (/1o) in addition to
Ixco and Iy Note that the amplitude of Fro in the absence of
levcromakalim is larger than that shown in this Figure (see Noack et
al., 1992a).

Whole cell currents in glucose-free PSS and with
pipettes containing no carboxylic acids or glucose

In this series of experiments, whole-cell currents were moni-
tored by use of a pipette solution devoid of succinate,
pyruvate, oxalacetate and glucose (solution B; see Methods)
and with the omission of glucose from the extracellular
calcium-free bathing fluid. After breaking the membrane
patch under these conditions and with a holding potential of
— 10 mV, the cells developed an outward current initially
similar to that observed with glucose-containing PSS and
with carboxylic acids plus glucose in the recording pipette
(Figure 2). However, after a time delay ranging from 60 s to
300s, the outward current at the holding potential of
— 10 mV markedly increased, reaching a maximum ampli-
tude within 300 s to 900 s. This additional current component
which was associated with the lack of metabolic substrates in
both the pipette and bathing solutions was designated I.,.
After reaching its peak, I, remained at a nearly constant
level for 200 s to 800 s. This current then declined slowly and
within 600 s to 900 s (800 s + 100 s, mean * s.e.mean, n = 3),
it reached a level which was not significantly different from
that observed on initial breaking of the membrane patch.
This slow decline of I, will be termed ‘run-down’ and
experiments designed to investigate the nature of this phen-
omenon are detailed later in this paper.

The magnitude of I varied with the holding potential.
The large, slowly-developing outward current which charac-
terized I, at a holding potential of — 10 mV was reduced
when the holding potential was — 50 mV. I, was absent
when the potential was — 80 mV, close to the calculated
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potassium equilibrium potential of — 83 mV in the present
experiments (Figure 2). Such results indicate that the chan-
nels conducting I, were selective for potassium ions. The
four, large, peak-like deflections on stepping from — 80 mV
to — 10 mV represent the activation and inactivation of Iro
(Figure 2).

The characteristics of I, during its development phase
were further studied by generating the voltage-step protocols
already described from a holding potential of either — 10 mV
(to evaluate changes in non-inactivating currents) or from
— 90 mV (from which Iy, together with I;o and I, could be
elicited). The marked increase of holding current associated
with the induction of I, was clearly evident from those
currents generated on stepping from a holding potential of
— 10 mV (compare Figures 3a(ii) and 3b(ii)). Surprisingly,
however, this increase in non-inactivating currents was not

200+ HP = —10 mV
g 100
- L v —50mV L
/’ \\’\\Mv>- =
0 —-- ../ --------- ——
-80 mV
& - mm @-— -~ - m @ —m — i m——mm e *
r T T T T 1
0 10 20
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Figure 2 Typical whole-cell current recordings from rat portal vein
showing the development of I and the effect of membrane poten-
tial on the magnitude of this current. The membrane potential was
held at — 10 mV, — 50 mV or — 80 mV. With glucose and tricarbox-
ylic acids absent from the pipette PSS (solution B), an outward
current (I), evident at — 50 mV or — 10 mV, slowly developed and
after a plateau phase it gradually declined. The zero on the time axis
indicates the time when the membrane patch under the tip of the
pipette was disrupted. The spike-like current deflections were ob-
tained on stepping the membrane potential from — 80mV to — 10
mV and indicate activation and inactivation of I, and Iyo. The
dotted lines on the various traces show the probable time-course of
I, at the indicated membrane potentials when the cell was held at a
different potential.
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Figure 3 Effect of lack of glucose and tricarboxylic acids (pipette
solution B) on whole-cell currents in smooth muscle cells from rat
portal vein. (a) The cells were held at either — 90 mV (i) or — 10 mV
(ii) and stepped for 500ms to the different test potentials as
indicated. The currents were recorded at a mean time of 175+ 20s
after disrupting the patch under the pipette tip. (b) Conditions as in
(a) but after a mean time of 540 * 150 s after recording the traces in
(a). Current traces in (a) and (b) are the computer-derived average
from four individual cells.
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evident in the evoked total currents generated by stepping to
the same test potentials from a holding potential of — 90 mV
(compare Figures 3a(i) and 3b(i)). This is a clear indication
that an inactivating current component was reduced during
the same time period.

To clarify this apparent anomaly, current-voltage relation-
ships (I-V curves) were constructed using the voltage-step
protocols already described. These were applied to the cells
from holding potentials of either — 10 mV or — 90 mV and
at times which corresponded to no apparent I, (after break-
ing the membrane patch at the start of the experiment) or to
the maximum I, (Figure 4). Preliminary experiments show-
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Figure 4 Current-voltage (I-V) relationships in rat portal vein and
the effect of lack of glucose and tricarboxylic acids. (a) I-V relation-
ship for the total current (measured at the peak of Iro) initially
(175 £ 20 s after membrane disruption, l) and at the plateau phase
of Iy (540 £150s after membrane disruption, O). The holding
potential was —90mV to reverse any inactivation of Ito. The
marked point of inflection of current at — 30 mV is due to activation
of Ito. (b) I-V relationship for the non-inactivating currents initially
(M) and at the plateau phase of Iy, (O). The holding potential was
— 10 mV to ensure complete inactivation at the time-dependent cur-
rent components. In all cells (n=4), I, had a reversal potential
close to the potassium equilibrium potential (= 83mV). (¢) I-V
relationships of the net current evoked by lack of metabolites
(difference between curves shown in (a) and (b)) for the two holding
potentials (A, — 90 mV; @, — 10 mV). Note the marked inhibition
of Ito associated with the plateau phase of I.. Each point is the
mean derived from observations on 4 cells. Curves were fitted by eye.

ed that the major effects of the lack of metabolic substrates
were exerted on the currents Iro and Iy;. Therefore, for the
construction of the I-V curves shown in Figure 4, the peak
outward currents generated by each voltage step from the
holding potentials of — 10 mV or — 90 mV were measured
after inactivation of I,, i.e. between 100 ms to 300 ms after
the start of each depolarizing pulse.

From a holding potential of — 90 mV, these peak currents
elicited at the start of an experiment represented the sum of
the components I, and Iy;. They were taken as the control
currents which could be elicited in the presumed absence of
any modification of cell metabolism (Figure 4a). After induc-
tion of the maximum I, resulting from the lack of glucose
and carboxylic acids, the corresponding peak currents gen-
erated by identical voltage-step protocols from a holding
potential of — 90 mV reflected the sum of I, and Iy;, which
may have been modified, plus any new current component
(Ine) Which was not present at the start of the experiment
(Figure 4a). It can be seen that the I-V curve elicited at the
time of maximum I, lies above the control curve in the
voltage range between — 80 mV and — 30 mV but below it at
potentials positive to — 30 mV. It crosses the control curve at
approximately — 80 mV (the calculated Ex in these experi-
ments was — 83 mV, thus indicating that I, is a potassium
current), and again at approximately — 30 mV, the threshold
potential for Iro.

The control I-V relationship for Iy; alone (Figure 4b) was
constructed at the start of the experiment from a holding
potential of — 10 mV and using the voltage-step protocols
already described for Ito + Iy;. After induction of the max-
imum I, the generated currents reflected the magnitude of
Iy (possibly modified by the lack of metabolites) together
with that of any new current (/) not present under control
conditions. The I-V curve elicited from a holding potential of
— 10 mV at the time of maximum I, ran above the control
curve, crossed it near — 80mV and showed outward
rectification (Figure 4b).

The differences between control and test I-V curves which
represent the net effects of metabolite removal on I, and Iy,
are shown in Figure 4c. Comparison of the difference curves
obtained at the two holding potentials clearly demonstrates
that the lack of metabolites enhances a component of Iy; but
markedly inhibits Iro. Very similar effects (induction of a
non-activating current, Ixco, together with inhibition of Iro)
were also produced by levcromakalim in single rat portal
vein cells (present study, data not shown; see also Noack et
al., 1992a).

Effect of lack of metabolic substrates on I,

Using the voltage protocols already described, it was impos-
sible to elicit It, without contamination with Iy. Thus Ipo
was separated from Iy; by subtracting the current which was
generated on stepping to test potentials from a holding
potential of — 10 mV from that current obtained by stepping
to the same test potentials but from a holding potential of
— 90 mV. Using this procedure for 4 cells, the peak value of
Iyo was derived at the time corresponding to maximum I,
and compared with the peak value of Io before I, had
become apparent. In these 4 cells, I, reached a maximum
after 14.8 * 2min, at which time I, was reduced by
48 + 9%.

Effect of lack of metabolic substrates on membrane
potential

To determine the extent to which I, changed membrane
properties, the effects of removal of metabolic substrates on
both membrane current and membrane potential were inves-
tigated. This was performed with an amplifier which pro-
vided fast switching between voltage-clamp and current-
clamp modes. The upper traces of Figure Sa show the mean
ionic currents generated by 4 cells on stepping to 0 mV from
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Figure 5 Effect of metabolic substrates on membrane currents and
membrane potential in rat portal vein using the voltage-clamp/
current-clamp protocol. (a) The superimposed current traces (upper
part) show the effect of glucose and tricarboxylic acids (pipette
solution B, see Methods) on membrane currents when the potential
was stepped from a holding potential of —50mV to OmV (M,
initially; O, plateau phase of I). Under current-clamp the mem-
brane current was held at 0pA apart from a current pulse of
+ 10 pA injected to give an indication of membrane input resistance.
The voltage protocol and membrane potential (lower part) corres-
ponds to the current traces above. (b) Same experimental protocol as
in (a) with the exception that the pipette solution lacked glucose and
tricarboxylic acids but contained 1 uM free ATP (pipette solution C,
see Methods). Currents evoked at the start of the experiment (H). At
the plateau phase of I, () the evoked current was increased in
comparison to that shown in (a). The records in (a) and (b) are each
computer-derived means from two sets of 4 different single cells.

a holding potential of — 50 mV under control conditions (at
time 3.0 min * 0.3 min after breaking the patch under the
pipette tip) and at the time of maximum I, development
(12.7 min * 2.6 min after breaking the patch under the pip-
ette tip).

The data in Figure 5a were derived from 4 cells, each
subjected to 10 identical voltage-current-clamp protocols.
After 600 ms, the system was switched to current-clamp at
0 pA and the corresponding lower traces show the measured
membrane potentials. At its time of maximum development,
I increased the membrane potential to — 65.3+3.5mV
from a mean zero current potential of —43.5* 53 mV in 4
individual cells. The upward deflection in the voltage traces
during current-clamp represents the electrotonic potential in
response to a 10 pA current injection. Comparison of the
electrotonic responses showed that the input conductance of
the 4 cells depicted in Figure 5a was increased by a mean
value of 42% in the presence of I, compared with controls.

Run-down of 1,,,.: effect of addition of ATP to the
recording pipette

In an attempt to prevent run-down of I, a series of voltage-
clamp/current-clamp experiments was conducted in which
glucose was removed from the PSS and in which 18.7 um
MgATP replaced the glucose and carboxylic acids in the
pipette solution (pipette solution C). This concentration of
ATP was calculated to give a free ATP concentration of 1 uM
(Fabiato, 1988). .

Under these conditions, the mean initial outward current
at the holding potential of — 50 mV was — 13.6 pA £ 10.3
PA and the corresponding membrane potential under current
clamp at 0 pA was — 34.7mV 4.8 mV (n = 4). This mean
holding current was thus more inward and the associated
mean membrane potential was 9 mV more depolarized with
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1uM ATP in the pipette than when glucose and carboxylic
acids were absent (+ 1.0pA +39pA and —43.5mV 53
mV, respectively, n=4). With ATP in the pipette and at a
holding potential of — 10 mV, the times to onset and the
time-course of induction of I, were as previously described
for the glucose- and carboxylic acid-free experiments. In
contrast, the maximum I, with 1 uM ATP in the pipette
(228 £ 54 pA, n = 5) was almost double that recorded in the
absence of glucose and carboxylic acids (124 £ 11 pA, n=4).
Similarly, the outward currents evoked on stepping from
—50mV to 0 mV at the time of maximum I, were greater
in the ATP-pipette group (Figure 5). The time-course of the
‘run-down’ of I, was not modified by the presence of ATP
in the pipette.

The effect of levcromakalim on membrane currents in the
absence of glucose and carboxylic acids

The results so far described indicate a marked similarity
between the effects on membrane currents induced by the
lack of carboxylic acids and glucose (i.e. I,.) and those
induced by levcromakalim (i.e. Ixco, see Noack et al., 1992a).
To determine the extent to which these two currents could be
induced independently, 4 cells were exposed to levcroma-
kalim at different phases of the development of I, with
solution A in the patch pipette.

When levcromakalim (1 pM) was added to the bathing
fluid during the development of I, there was neither a
sudden change in the rate of development of I, nor a
difference in the maximum observed I In addition, the
run-down of I, had the same time-course as if levcro-
makalim had not been present in the bathing fluid. After
run-down, levcromakalim (1-10 uM) failed to induce Ixco. In
2 out of 7 cells, I,, was not observed when ATP (1 uM frec)
was present in the pipette. In one of these cells, levcro-
makalim (1 uM) induced an Ixco of ‘normal’ magnitude, an
effect which was partially blocked by the addition of gliben-
clamide (1 uM). In the second of these cells, levcromakalim
failed to induce Ixco. Thus there was no evidence that levcro-
makalim could induce Ixco in the presence of I.. Further-
more, levcromakalim had no effect after I, had run down.

Comparison between 1,,., and I,

Ikco is characterized by (i) its antagonism by glibenclamide
(ECs, = 3 uM) and (ii) its relatively low single channel con-
ductance (17pS): see Noack et al. (1992a). To determine any
similarities between I, and Ixco, the ability of glibenclamide
to modify I, was evaluated and the single channel conduc-
tance underlying I, was determined by stationary fluctua-
tion analysis.

Effect of glibenclamide The ability of glibenclamide to mod-
ify I, was tested in 4 cells at different stages of the develop-
ment of this current. The resulting time-course of I, was
compared with that of I in time-matched experiments in
which no glibenclamide was added. When glibenclamide
(100 nM) was added to the bathing fluid during the develop-
ment of I, no inhibition of the further increase of I, to its
maximum or modification of the subsequent run-down could
be detected. In the presence of 300 nM glibenclamide, I,
seemed to run down slightly faster than under control condi-
tions. However, when 1 pM glibenclamide was used, a mark-
ed step-like reduction in the time-course of I, was detected
(Figure 6).

Single channel conductance underlying 1,,, As can be seen
qualitatively from Figure 2, the magnitude of current noise
increased during the time-course of development of I, This
increase was greater at a holding potential of ~ 10 mV than
at — 50 mV because of the greater driving force on potas-
sium ions at the more positive holding potential. In a
previous paper, we used stationary noise fluctuation analysis
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Figure 6 Effect of glibenclamide on I, in rat portal vein. (a)
Development of I (holding potential = — 10 mV) to its plateau
phase using a pipette containing no glucose or carboxylic acids
(pipette solution B). The addition of glibenclamide 30 nM had no
effect. A higher concentration of glibenclamide (1 pM) suppressed I,
completely. During the different stages of the experiment, the clamp
system was switched (¥) from voltage-clamp (VC) to current-clamp
(CC), and (4) vice-versa. The resulting membrane potential recor-
dings under current clamp are shown in (b). (b) The hyperpolariza-
tion induced by I, was 22.3mV (VC-CC switch 1); this was
unaffected by glibenclamide 30 nM (VC-CC switches 2 and 3), but
completely reversed by glibenclamide 1 puM (VC-CC switches 4 and
5). The control membrane potential record is indicated as C near
trace S.

to estimate the single channel conductance of the current
Ixco induced by levcromakalim (see Noack et al., 1992a for
details) and this technique was again employed to determine
the single channel conductance underlying I.

In the earlier analysis of Ixco (Noack et al., 1992a), we
selected 2 s segments of the current trace. These were long
enough to give a representative Gaussian distribution but
short enough to prevent distortion during the development of
Ixco. In the present study, an identical procedure was suc-
cessfully adopted for Ixco. However, this was not possible for
I because this current jumped during such 2s time inter-
vals from one level to another, a phenomenon which yielded
Gaussian distributions with two or more peaks. These mark-
ed differences between I, and Ixco are clearly shown in the
current traces in Figure 7. Although the high frequency
fluctuations in both signals were essentially identical, a higher
amplitude, but lower frequency component was also present
with I... This lower frequency component shifted the Gaus-
sian distributions in steps of about 5 pA or multiples of this
value (Figure 8), whereas the distributions themselves were
similar to those obtained for Ixco.

The fact that both I, and an additional current carried by
a relatively large conductance potassium channel (using the
Goldman-Hodgkin-Katz equation, a current of 6 pA at a
holding potential of — 10 mV indicates a channel of unitary
conductance of approximately 150 pS at 0 mV under quasi-
physiological conditions) were induced by lack of glucose
and carboxylic acids makes an accurate evaluation of the
unitary conductance which underlies I, rather difficult.
However, assuming such a contaminating large conductance
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Figure 7 Comparison of typical current noise signals in the presence
of levcromakalim (a,b: pipette solution A) with those obtained in the
absence of glucose and tricarboxylic acids (c,d; pipette solution B).
The holding potential was — 10 mV and the currents were filtered at
the different low-pass frequencies as indicated. (a) Control noise
prior to exposure to levcromakalim. (b) Levcromakalim, 1 uM in-
duced a current with an increased high frequency noise component.
(c) On breakthrough into the cell, the noise was similar to that seen
in (a). However, when I, became established (d), low frequency
oscillations to different current levels were observed. Horizontal
arrows show zero current position.

channel, fluctuation analysis yielded a value in the range of
10-20 pS (n = 6) which was in the same range as that of Ixco
obtained in the present and earlier investigations (see Noack
et al., 1992a; mean, 16.6 * 1.6 pA, n=6).

The current associated with the larger conductance compo-
nent remained even when I had run down. Under these
conditions, the magnitude of the former current at — 10 mV
was approximately 20 pA; furthermore, such large current
fluctuations were not observed at more negative holding
potentials. These two factors suggest that the current asso-
ciated with the larger conductance channel plays a secondary
and minor role compared with that of I, in the hyper-
polarization which accompanies the lack of metabolic sub-
strates.

Discussion

In both the present study and in two recent investigations
(Noack et al., 1992a,b), levcromakalim produced a marked
increase in a non-inactivating K-current (Ixco) in cells iso-
lated from the rat portal vein. In these experiments the
pipette solution contained substrates for glycolysis and the
tricarboxylic acid (TCA) cycle to maintain the intracellular
ATP concentration, [ATP}. Use of this procedure to prevent
possible K-channel run-down was originally described in the
Ca-channel studies of Klockner & Isenberg (1985) in guinea-
pig bladder. In previous smooth muscle patch clamp studies
involving the K-channel openers, ATP (1-5mM) (Beech &
Bolton, 1989a; Standen et al., 1989; Kajioka et al., 1990;
Okabe et al., 1990), GTP (0.2-0.5 mM) (Beech & Bolton,
1989a; Clapp & Gurney, 1992) or glucose (Hu ez al., 1990;
Kajioka et al., 1991) was included in the solution bathing the
intracellular side of the cell membrane. In addition, investiga-
tions using the RINmSF insulin-secreting cell line had also
demonstrated that intracellular ATP was a prerequisite for
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Figure 8 Analysis of the single channel current associated with I, at a holding potential of — 10 mV. Signals were filtered at
10 kHz. (a) (i-iv) Segments, each 700 ms duration, of a continuous current trace obtained during the plateau phase of I . (b)
Amplitude histograms of the current and the accompanying current noise derived from the traces shown in (a). (b i) Histogram of
the current trace (ai); (bii) Histogram of current traces (ai) and (aii); (biii) Histogram of current traces (a i), (aii), and (a iii)
showing a pronounced second Gaussian distribution; (b iv) Histogram of all current traces, (a i—iv), demonstrating an increase in
the second Gaussian distribution; (bv) Histogram of the same current traces as in (b iv) but with filtering of the current signal at
40 Hz. Note the three peaks in the Gaussian distributions with differences between the means of 6.4 pA and 5.9 pA indicating the
presence of a high unitary conductance current in addition to I, The numbers show the mean (u) and variance (a?) of the current
associated with each peak. The values for p and o® immediately on breaking the membrane patch were 45 pA and 1.5 (pA),

respectively. Vertical bars in (b) indicate 100 events.

K-channel opening by diazoxide or cromakalim (Dunne et
al., 1987; 1990). Thus, to obtain more information about the
conditions necessary to generate Ixco in rat portal vein, we
examined the action of levcromakalim in the absence of
substrates capable of generating intracellular ATP. To ensure
that the results were comparable with those of our earlier
studies (Noack et al., 1992a,b), Ca-free conditions together
with EGTA buffering were used. Such conditions also mini-
mize the possibility of Ca-overloading due to loss of mito-
chondrial calcium and failure of Ca-pumping which can
occur in the absence of intracellular ATP (Fuhrmann et al.,
1985; Klockner & Isenberg, 1992).

Ixco, Lne: and [ATP],

With a pipette solution devoid of glucose and of substrates
for the TCA cycle, whole-cell voltage- and current-clamp
recordings showed that the cells initially exhibited a normal
input conductance and complement of potassium currents
shortly after breaking the membrane within the pipette.
However, within a few minutes of breakthrough, a slowly-
developing outward current (I.) was observed, the charac-

teristics of which could best be studied when the cell was
clamped at membrane potentials positive to the potassium
equilibrium potential. After maintaining a plateau level for
several minutes, I slowly declined, a process which we
considered to be due to ‘run-down’ similar to that displayed
in other tissues by the ATP-sensitive K-channel (K1p) in the
absence of MgATP (see Ashcroft, 1988). I, was prominent
at a holding potential of — 10 mV, smaller at — 50 mV and
was essentially absent at — 80 mV, properties which sug-
gested that the underlying ion channel was selective for
potassium.

The development of I, was associated with an increase in
current noise density. Stationary fluctuation analysis of this
noise indicated that the channel underlying 7., had a rela-
tively small unitary conductance, estimated to lie in the range
10-20 pS when measured under conditions of a physiological
K* gradient. This conductance was thus in the same range as
that associated with the levcromakalim-induced Ixco (17 pS)
in both the present and a previous series of experiments
(Noack et al., 1992a), when using a pipette solution contain-
ing substrates for the TCA cycle and glucose. It was not
possible to be more precise in the estimate of the unitary
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conductance associated with I, since the current level
exhibited amplitude jumps, indicating the presence of an
additional, larger conductance component (see later).

Further similarities between I, and Ixco were observed in
experiments using glibenclamide or current-clamp conditions.
In the former, I, was markedly inhibited in the presence of
glibenclamide, a feature also characteristic of Ixco (see Noack
et al., 1992a). In current-clamp mode, the membrane hyper-
polarized and the membrane resistance diminished during the
development of ., phenomena also seen in the presence of
levcromakalim (present study; Noack er al., 1992a). These
data are the first to demonstrate clearly that the absence of
metabolic substrates for ATP production induces a K-current
and membrane hyperpolarization in smooth muscle. Further-
more, Ixco could not be induced after run-down of I, and
exposure to levcromakalim did not modify the time-course of
development of I,.,. Collectively, these data strongly suggest
that both Ixco and I are carried by a single population of
relatively small-conductance K-channels.

ATP- and metabolism-modulated K-currents: previous
studies

Data which seemed consistent with an ATP-modulated K-
current in smooth muscle have recently been presented by
Clapp & Gurney (1992). In this study, whole-cell currents in
pulmonary arterial cells were apparently inhibited by Na,ATP
in the pipette solution or when ATP was released into this
solution from a caged compound. However, Na,ATP or the
liberated ATP could have chelated any free intracellular cal-
cium, thus inhibiting calcium-dependent K-channels (see
Klockner & Isenberg, 1992). Indeed, Clapp & Gurney (1992)
detected a time-dependent K-current (carried by the large
conductance calcium-activated K-channel, BK.,) which was
markedly reduced by Na,ATP. From this work it is therefore
difficult to differentiate between the possible inhibitory effects
of ATP on a presumed ATP-sensitive K-channel and those
produced by inhibition of calcium-sensitive K-channels via a
simultaneous reduction in intracellular calcium due to chela-
tion. A similar possible misinterpretation appears to be res-
ponsible for the claimed ATP-dependency of BK(, described
by Silberberg & van Breemen (1990) (see Klockner &
Isenberg, 1992).

In a recent, preliminary report, Silberberg & van Breemen
(1992) have also demonstrated the induction of a current
(1), apparently similar to /., following ‘metabolic inhibi-
tion’ (i.e. in the presence of 1 mM iodo-acetate and 50 uM
dinitrophenol) in rabbit mesenteric artery cells. Based on the
inhibition by glibenclamide of both I; and of the current
induced by levcromakalim, Silberberg & van Breemen (1992)
suggested that both currents could have been produced by
the opening of K ,p in this tissue. However, they were unable
to exclude the possibility that a calcium-dependent K-channel
carried the observed currents, and no data were presented to
demonstrate the K* selectivity of the channel. Clapp &
Gurney (1992) have also recently claimed that ‘K,qp’ is the
target for the actions of K-channel openers in rat pulmonary
artery. This view appears to be based solely on the fact that
the hyperpolarization stimulated by levcromakalim was re-
duced in the absence of [ATP];. However, under these condi-
tions, the membrane potential of the cell lies closer to Ex
(Clapp & Gurney, 1992), the limit to which levcromakalim
could hyperpolarize the cell, and a reduced effect would thus
be predicted.

Inhibition of 1, and generation of Ixc, and 1,,,: a
working hypothesis

In the present study, removal of the carboxylic acids and
glucose from the pipette also produced a marked inhibition
of the delayed rectifier current, Iro. This is the first report of
such inhibition and the parallel between this and the similar
inhibition of Iy, induced by levcromakalim (Noack et al.,

1992a; present study) is very striking.

Current flow through delayed rectifier K-channels (in squid
axon) is markedly reduced in the absence of ATP-dependent
phosphorylation (Perozo & Bezanilla, 1991). Thus, in the
absence of glucose and TCA substrates in the present study,
the channel underlying I7o could have become dephos-
phorylated, resulting in the observed reduction of Iro. A
simple working hypothesis for the mechanism underlying the
inhibitory action of either levcromakalim or reduction of
[ATP]; on Ito would thus be that each reduces the proportion
of delayed rectifier channels in a phosphorylated state. In the
case of substrate removal, the dephosphorylation would
result from a simple reduction in [ATP). The effects of
levcromakalim on Iyo could be explained in terms of an
inhibition of ATP binding or of ATP production. Although
there is some evidence that cromakalim can produce a reduc-
tion in [ATP]; (which is inhibited by glibenclamide), the slow
time-course of this event, and the limited range of concentra-
tions over which cromakalim was effective (Longman, 1989),
suggests this may not be the mechanism of action of the
K-channel openers. However, since the K-channels associated
with both Ixco and I, seem identical, a net reduction of
ATP binding could also explain the induction of I, follow-
ing substrate removal and the generation of Ixco by lev-
cromakalim, provided that these K-channels are normally
inhibited by [ATP].

The existence of such an ATP-sensitive K-channel, K.rp,
both in the pancreatic B-cell and in cardiac and skeletal
muscle has already been widely described (Noma, 1983;
Cook & Hales, 1984; Rorsman & Trube, 1985; Spruce et al.,
1985). Moreover, in these tissues this channel is also opened
by the K-channel openers (Escande et al., 1988; Arena &
Kass, 1989; Findlay et al., 1989; Dunne et al., 1990; Sauviat
et al., 1991). Thus, the inescapable conclusion from the pres-
ent study must be that a K,pp-type channel is most likely to
be the channel which conducts /., and which is also respon-
sible for the hyperpolarizing action of the K-channel openers
in the rat portal vein.

Phosphorylation of K ,7p

The ATP-sensitive K-channel described in other tissues is
dually-modulated by ATP which is thought to act at two
different sites each associated with the channel (see Ashcroft,
1988). Thus, phosphorylation of ‘Site 1’ by ATP is an
absolute requirement for channel opening, with run-down
possibly associated with dephosphorylation (see Ashcroft &
Ashcroft, 1991). The second ATP-binding site (Site 2) is
inhibitory. Since both hydrolysable and non-hydrolysable
forms of ATP inhibit channel opening it seems likely that
simple binding of ATP at, rather than phosphorylation of,
this second site causes the reduced opening of the channel
(Spruce et al., 1987, Ashcroft & Kakei, 1989; Lederer &
Nichols, 1989). In both the present study and in a previous
investigation (Noack et al., 1992a), levcromakalim increased
Ixco. If the opening of a K,rp does underly the generation of
Ixco by levcromakalim, this agent could act directly or
indirectly at Site 2 to reduce the binding of ATP to Karp.
Furthermore, since levcromakalim may modulate the delayed
rectifier by dephosphorylation (see above), it could also inhibit
the interaction of ATP with the phosphorylation site (Site 1)
of KATP'

If levcromakalim indeed modulates the interaction of ATP
with its target K-channel at two different sites, two distinct
effects of K,orp would be predicted. One of these, dephos-
phorylation of Site 1, should induce channel run-down and
effectively inhibit opening of K,rp (consistent with the
findings of Kozlowski et al., 1989). The other, prevention of
the binding of ATP to Site 2, would stimulate channel open-
ing. In an earlier study, a maximally-effective concentration
of levcromakalim (10 uM) produced a channel open pro-
bability of less than 0.4 (Noack et al., 1992a). Such an
observation is consistent with a modulating effect of K-



channel openers at both putative sites of action of ATP on
Kare but further studies are required to confirm this pos-
sibility.

Run-down of 1,,,

To determine whether run-down of I, was associated with
channel dephosphorylation, we attempted to reverse the pro-
cess by the addition of MgATP to the recording pipette. Use
of this salt avoids intracellular calcium chelation and the
accompanying problems of data interpretation evident in the
studies of Clapp & Gurney (1992) and of Silberberg & van
Breemen (1990). A low concentration of free ATP (1 pM) was
chosen to minimize channel closure by an action of ATP at
the postulated ‘Site 2’ (discussed above). Such a procedure
increased the magnitude of I, and the associated membrane
hyperpolarization but had no effect on the time over which
I, could be measured. These results suggest that run-down
due to dephosphorylation was occurring even during the
development phase of I, and that this was modified by the
presence of the low concentration of free ATP. However, the
inability of ATP to modify the overall time-course of I
suggests that loss of other factors such as GTP or enzyme
subunits also contributed to the run-down process (see
Ribalet et al., 1989).

High conductance contaminating current

Recordings of I, were contaminated with another current
associated with a large unitary conductance channel. This
current manifested itself as a series of discrete jumps in the
relatively smooth I, trace. It was barely evident during the
early stages of development of I, but became more promi-
nent during the run-down and after disappearance of I
The conductance of the channel associated with the current
steps was estimated to be approximately 150 pS at 0 mV
under the quasi-physiological conditions employed and in the
present study we did not examine the characteristics of this
current further. However, it is tempting to speculate that the
underlying channel could be the large conductance calcium-
sensitive K-channel, BK¢,. The opening of this channel is
stimulated by dephosphorylation (Reinhart ez al., 1991) and
in smooth muscle BK, has a single channel conductance in
the range 100—150 pS when measured under a physiological
K* gradient (Bolton & Beech, 1992). Several workers have
reported that the K-channel openers can open BK, under
patch-clamp conditions (Hermsmeyer, 1988; Hu et al., 1990;
Gelband et al., 1990; Silberberg & van Breemen, 1990; Col-
lier et al., 1992; Klockner & Isenberg, 1992). It is unlikely
that the opening of such a channel could contribute to the
observed effects of the K-channel openers in whole tissues or
organisms since unlike the opening of BK¢, (Beech & Bolton,
1989b), whole tissue effects are not inhibited by charyb-
dotoxin (Winquist et al., 1989; Wickenden et al., 1991). If
reduction of channel phosphorylation can account for the
mechanism of action of the K-channel openers, then these
agents could potentially influence the gating of BKc, by
effectively reducing its degree of phosphorylation. A similar
mechanism (i.e. stimulation of BK¢, through protein dephos-
phorylation) has indeed been demonstrated for the Kaip
channel opener, somatostatin (White et al., 1991). Thus the
anomaly that the K-channel openers can open BK(, under
patch clamp conditons (Hermsmeyer, 1988; Hu et al., 1990;
Gelband et al., 1990; Silberberg & van Breemen, 1990; Col-
lier et al., 1992; Klockner & Isenberg, 1992), yet have no
demonstrable effect on this channel in whole tissues (Win-
quist er al., 1989; Wickenden et al., 1991) may simply be
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Effects of PAF on excitatory neuro-effector transmission in dog

airways

Kazuhiro Tashiro, Zhuoqiu Xie & 'Yushi Ito

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

1 Effects of PAF on excitatory neuro-effector transmission in smooth muscle cells of mucosa-free
trachea and epithelium-intact bronchiole of the dog were investigated, by isometric tension recording,
microelectrode and double sucrose-gap methods.

2 PAF (10-"'-10-" M) dose-dependently enhanced the amplitude of contraction evoked by repetitive
field stimulations (10 stimuli at 20 Hz) in both tracheal and bronchiolar tissues. At higher concentrations
PAF (> 10-% M) increased the amplitude of contraction to a greater extent in the bronchiole than in the
trachea.

3 In both muscle tissues, in parallel to the amplitude of contraction, PAF markedly enhanced the
amplitude of excitatory junction potentials (e.j.ps) evoked by a single field stimulation in a dose-
dependent manner, with no change in the resting membrane potential or input membrane resistance of
the smooth muscle cells. PAF (5 X 10-7 M) enhanced the amplitude of e.j.p. to a greater extent in the
bronchiole than in the trachealis. In contrast, lyso-PAF (107°-10-7 M) showed no effect on e.j.p.
amplitude in bronchiolar tissues. At a high concentration (10~7 M) lyso-PAF slightly enhanced the e.j.p.
amplitude in tracheal tissue, however the lyso-PAF induced stimulation of e.j.p. amplitude in the trachea
was small compared to that of PAF.

4 PAF (10-7M) had no effect on the membrane depolarization induced by acetylcholine (ACh,
10-°-10=>M ) and carbachol (10-°-10-°M) in tracheal smooth muscle cells.

5 The PAF-antagonists CV3988 (5 x 10-7M) or WEB2086 (5 x 10-7 M) significantly enhanced the
e.j.p. amplitude themselves, PAF (5 X 10~% M) further enhanced the e.j.p. amplitude in the presence of
WEB2086 (5 x 1077 M) but not CV3988 (5 X 10-7M). In contrast, the new PAF-antagonist, E 6123
(5 x 1078 M), did not affect the e.j.p. amplitude itself, and completely inhibited the increase in e.j.p.
amplitude caused by 5x 10-*M PAF. On the other hand, in the presence of the H,-antagonist,
mepyramine, PAF (5 x 10~® M) further enhanced the e.j.p. amplitude.

6 The leukotriene synthesis inhibitor AA-861 (10~°M) or leukotriene antagonist ONO1078 (10~7 M)
inhibited the increase in ej.p. amplitude caused by 5 x 10-8 M PAF, respectively.

7 In the presence of AA-861 (10~° M), leukotriene B, (LTB,, 10~ M) or LTD, (10~% M) slightly, and
LTC, (10~% M) markedly enhanced the e.j.p. amplitude. In contrast, LTE, (10~% M) significantly sup-
pressed the e.j.p. amplitude.

8 PAF (5 x 10~% M) attenuated the depression phenomena of e.j.ps observed during double stimulus
experiments at different time intervals (5—10s), but had no effect on the summation of e.j.ps during
repetitive field stimulation at a high frequency (20 Hz) in the trachealis.

9 These results indicate that PAF potentiates excitatory neuro-effector transmission mainly through
stimulating the release of lipoxygenase products, mainly LTC, in the dog airway smooth muscle tissues.

Keywords: PAF; trachea, canine; bronchiole; excitatory neuro-effector transmission

Introduction

Platelet activating factor (PAF) is a phospholipid that was
first derived from rabbit basophils upon IgE-mediated
immunological challenge (Benveniste et al., 1972). Later, it
was shown that PAF can be synthesized and released by
several immune and non-immune stimuli from a variety of
cell types, including macrophages, platelets, monocytes and
endothelial cells (Vargaftig et al., 1981a,b; O’Flaherty &
Wrykle, 1983; Braquet ez al., 1987).

In the lung, PAF has potent effects on various tissues and
cells. For example it increases pulmonary vascular pressure,
induces pulmonary oedema (Hamasaki er al., 1984) and
causes a long lasting, non-specific increase in bronchial res-
ponsiveness in experimental animals (Mazzoni et al., 1985;
Barnes et al., 1987; Robertson & Page, 1987; Robertson et
al., 1988). Recently, it was shown that PAF increases the
responsiveness of dog airway smooth muscle to parasym-
pathetic stimuli in vivo (Leef et al., 1987; Bethel et al., 1989).
The authors concluded that airway hyperresponsiveness
elicited by PAF results from regional stimulation and/or
release of mediators that augment contractility of airway

! Author for correspondence.

smooth muscle. To investigate further the mechanisms
involved in increased responsiveness of airway smooth mus-
cle, we performed comparative studies on the effect of PAF
and lyso-PAF on the contraction and excitatory junction
potential (e.j.p.) recorded from epithelium-intact bronchial
and mucosa-free tracheal tissues, in response to electrical
field stimulation (EFS) with isometric tension recording, dou-
ble sucrose gap and microelectrode methods.

Methods

Adult mongrel dogs of either sex, weighing 10—13 kg were
anaesthetized by i.v. administration of pentobarbitone
(30 mg kg~"). Segments of the cervical trachea were excised
and whole pulmonary lobes were quickly resected from the
main bronchus. A dorsal strip of transversely running
tracheal smooth muscles was separated from the cartilage,
and the mucosa and adventitial areolar tissue were carefully
removed, leaving just smooth muscle tissue. The tracheal
smooth muscle was cut to a width of 2.0-2.5mm and a
length of about 15 mm for use with the double sucrose gap



method. Small airways (about 1 mm in diameter) were
carefully excised from the lung tissue under microscopic
observation, and lung parenchyma and pulmonary vessels
running along a bronchiolar branch were removed. His-
tological investigations revealed that the tissues used for the
present experiments had a diameter of 0.8—1.1 mm, and were
composed of smooth muscle layers and mucous membrane
but lacked cartilage, thereby indicating that the tissue com-
prised bronchioles (Cumming, 1972; Inoue & Ito, 1986; Ito &
Inoue, 1989). A piece of bronchiole (1 mm in diameter,
4-5mm in length), and ring preparations (0.8—1mm in
diameter, 1-2 mm wide) were used for the microelectrode
and tension recording experiments, respectively. The prepara-
tion was bathed in a modified Krebs solution of the follow-
ing ionic concentration (mM), Na* 137.4, K* 5.9, Mg?* 1.2,
Ca’* 2.5, CI- 134.0, H,PO,~ 1.2, HCO;~ 15.5 and glucose
11.5. The solution was aerated with 97% O, and 3% CO,
and the pH was 7.3-7.4. The double sucrose gap method
was used to record simultaneously the membrane potential
and tension development from the tracheal smooth muscles.
The chamber used has been described elsewhere (Ito &
Tajima, 1981). To produce neurogenic responses, EFS was
applied between ring electrodes placed in the centre pool of
the apparatus, using an electronic stimulator (Nihon Kohden
SEN-7103). Single and repetitive stimulation was applied
with current pulse of 50 us in duration and 10-20V in
strength. The voltage of the current pulse was adjusted so
that an e.j.p. of a defined amplitude was evoked by a single
pulse. Drugs were dissolved in Krebs solution and applied to
the tissue through the centre pool of the double sucrose gap
apparatus, using a multi-way tap (dead-time approximately
30s).

For intracellular recording of the membrane potential from
a single cell, thin strips of tracheal tissue 10~15 mm in length
4-5mm in width and 0.3-0.4 mm thick or a piece of intact
bronchiole (1 mm in diameter, 4—5 mm in length) were used.
The dog tracheal preparations used in these experiments were
dissected entirely free from the overlying mucosal layer and
its cartilagenous attachments. In the case of bronchioles, the
airway tissues were dissected out from the lung tissue under
microscopic observation, and smooth muscle cells were
impaled with the microelectrode from the outer surface of the
tissue so that the epithelial layer inside the lumen was intact.

A conventional microelectrode filled with 3M KCI
(30-50 MQ) was used throughout the experiments. Field
stimulation was applied to the nerves through a pair of
Ag-AgCl wires 3—5 mm apart and placed so that a current
pulse would pass transversely across the tissue. Single and
repetitive stimuli at 20 Hz were applied, with a pulse of
30-100 ps duration and 30-50V from an electronic
stimulator (Nihon Kohden SEN-7103). The chamber in
which the strips were mounted had a volume of 2 ml, and
was superfused at a rate of 3 mlmin~' at a temperature of
35-36°C. To avoid recording artifacts due to twitch-like
contraction of the muscle tissue, the preparation was pinned
on a rubber plate in the chamber with insect pins 0.1 mm in
diameter.

To measure the mechanical responses of the bronchiole,
the ring preparations (0.8—1.0 mm in diameter, and 1 mm in
length) were hooked over a pair of right-angled fine needles
which were reduced in diameter by electrolysis to about
0.05 mm under microscopic observation. One of the needles
was fixed at the bottom of the chamber and the other was
connected to a manipulator. The other end of the needle was
connected to an isometric tension transducer. The fixed
needle was also used for electrical stimulation of the ring
preparations.

Materials

The following drugs were used; indomethacin, acetylcholine
hydrochloride, carbachol, physostigmine, leukotrienes B,, C,,
D,, E,, PAF (Sigma, St. Louis, Mo, U.S.A.), guanethidine
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(Tokyo Kasei, Tokyo), tetrodotoxin (Sankyo, Tokyo), lyso-
PAF (Bachem, California, U.S.A.), leukotriene synthesis
inhibitor AA-861 (2,3,5-trimethyl-6-(12-hydroxy-5,1 O-dodeca-
diynyl)-1,4-benzoquinone; Takeda, Tokyo), leukotriene anta-
gonist ONO 1078 (4-oxo-8-[p-(4-phenylbutyloxy)benzoylamino}-
2-(tetrazol-5-yl)-4H-1-benzopyran hemihydrate; ONO, Osaka),
PAF antagonists WEB2086 (3-(4-(2-chlorophenyl)-9-methyl-
6H-thieno-(3,2,f)(1,2,4)-triazolo) 4, 3-a) (1,4)-diazepine-2-yl)-
1-(4-morpholinyl)- 1 -propanone) (Boehringer Ingelheim),
CV3988 ((RS)-2-methoxy-3-(octadecylcarbamoyloxy)propyl2-
(3-thiazolio)ethyl phosphate; Takeda, Tokyo), and E 6123 ((S)-
(+)-6-(2-chlorophenyl)-3-cyclopropanecarbonyl-8, 11-dimethyl-
2,3,4,5-tetrahydro-8H-pyrido-[4',3' : 4,5] thieno[3,2f] [1,2,4]
triazolo[4,3,-a][1,4]diazepine; Eisai, Ibaraki), mepyramine and
atropine sulphate (Daiichi, Tokyo), FPL 55712 (7-[3-(4-ace-
tyl-3-hydroxy-2-propylphenoxy)-2-hydroxypropoxyl] -4-oxo-
8-propyl-4H-1-benzopyran-2-carboxylic acid; Fisons, Ltd.,
Loughborough, U.K.).

Statistical evaluation

Results (membrane potential, amplitude of contractions,
relaxations or e.j.ps) are expressed as mean * s.d. and were
analyzed by Student’s ¢ test for paired (amplitude of contrac-
tions, relaxations or e..ps) or unpaired data (membrane
potential) to estimate the significance of differences between
means (P<0.05 was judged to be significant). For the
measurement of resting membrane potential, 10-30 cells
were impaled before and after drug application from the
same preparations, and the experiments were repeated using
4-5 preparations, and the mean values were calculated from
the collected data (unpaired data). Microelectrode or double-
sucrose gap recordings of e.j.ps were obtained from the same
cell or the same tissue throughout the experiments before and
after the drug application, and data obtained from 5-8 cells
or 4-8 preparations were used for the statistical analysis
(paired data).

Results

Effects of PAF on contraction of dog trachea and
bronchioles evoked by electrical field stimulation

The effects of PAF on the contractions evoked by electrical
field stimulation (EFS) of cholinergic nerve fibres were
studied in dog epithelium-free tracheal and epithelium-intact
bronchiolar tissues, in the presence of indomethacin (105 M)
and guanethidine (10~° M) (see Methods).

Figure 1 shows the effects of PAF (10~''-=10-7 M) on the
amplitude of contractions evoked by repetitive field stimula-
tion (10 stimuli at 20 Hz) in the tracheal and bronchiolar
tissues. PAF (10-"-10-"M) had no effect on the resting
tension but enhanced the amplitude of contractions in the
tracheal tissue dose-dependently to 1.3—1.9 times the control
value. In the bronchioles, PAF (10~!'-10-7 M) also enhanced
the amplitude of contractions in a dose-dependent manner to
1.3-2.7 times the control and in some preparations it
induced a phasic increase in muscle tone. As the PAF-
induced phasic contraction did not occur consistently, no
quantitative analysis was performed. However, the PAF-
induced phasic contraction was partially suppressed by
atropine (10-°M) or FPL 55712 (106 Mm).

Effects of PAF and lyso-PAF on the amplitude of the
excitatory junction potential of trachea and bronchioles

To assess the mechanisms involved in the enhancing effects of
PAF on twitch contractions, we observed its effects on e.j.p.
amplitude with microelectrode and double sucrose gap
methods.

In the trachea, low concentrations of PAF (10~"' or
5% 107! M) significantly enhanced the e.j.p. amplitude to
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Figure 1 Effects of PAF (10-''-10-7 M) on the contractions of dog
trachea (O) and bronchiole (@) evoked by repetitive field stimula-
tion (10 stimuli at 20 Hz). The amplitude of contractions evoked by
10 stimuli at 20 Hz in normal Krebs solution was taken as a relative
amplitude of 1.0. Each point is the mean value of 8—12 experiments
carried out with 7—-10 preparations from 5 dogs and vertical bars
indicate 2 X s.d.

1.12£0.08 (n=4, P<0.05), and 1.20%£0.02 (n=4, P<
0.01) times the control value with no change in the resting
membrane potential. In the bronchiole, on the other hand,
relatively higher concentrations of PAF (5 x 107°M) were
required to enhance the e.j.p. amplitude significantly to
1.21 £ 0.01 (n =4, P<0.01). The double sucrose gap method
was also used to record e.j.ps and the following contractions,
and confirmed that PAF (10-7M) similarly enhanced the
e.j.p. amplitude to 1.30+£0.20 (n=3, P<0.001) in the
trachea with no change in the resting membrane potential
and the input membrane resistance (data not shown).

Figure 2 summarizes the effects of PAF on the relative
amplitude of the e.j.p. and the resting membrane potential of
the smooth muscle cells in dog tracheal and bronchiolar
tissues.

We also observed the effects of lyso-PAF on the amplitude
of e.j.p. and resting membrane potential of the smooth mus-
cle cells in both muscle tissues under the same condition. As
shown in Figure 3, lyso-PAF (10-'°-10-7M) showed no
effect on e.j.p. amplitude and resting membrane potential in
dog bronchiolar tissue. Similarly in the trachea, lyso-PAF
(10-'°-10-% M) did not affect the e.j.p. amplitude. However,
at a higher concentration (10~7 M), it significantly enhanced
the ej.p. amplitude to 1.13%0.06 (n=4, P<0.05) in the
trachea, although the lyso-PAF-induced stimulation of e.j.p.
amplitude was small compared to that of PAF.

Effects of PAF on acetylcholine or carbachol-induced
depolarization

As relatively low concentrations of PAF (<5 x 10~°M)
enhanced the e.j.p. amplitude and contractions evoked by
EFS with no change in the membrane potential or input
membrane resistance, it was of interest to observe the effects
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Figure 2 Effects of PAF (10''-10-7 M) on the amplitude of e.j.p.
and resting membrane potential (RP) of smooth muscle cells of dog
trachea (O) and bronchiole (@). The amplitude of e.j.p. evoked by a
single field stimulation in normal Krebs solution was taken as a
relative value 1.0. Each point is the mean value derived from 4-20
experiments using 4-8 preparations, and vertical bars indicate
2 x s.d. The e.j.p. and resting membrane potential were recorded by
microelectrodes.
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Figure 3 Effects of lyso-PAF (10-'°-10-7 M) on the amplitude of
e.j.p. and resting membrane potential (RP) of smooth muscle cells of
dog trachea (O) and bronchiole (@®). The amplitude of e.j.p. evoked
by a single field stimulation in normal Krebs solution was taken as a
relative value 1.0. Each point is the mean value derived from 5-15
experiments using 5-8 preparations, and vertical bars indicate
2 x s.d. The e.j.p. and resting membrane potential were recorded by
microelectrode.



of PAF on the sensitivity of smooth muscle cells to ACh. For
this purpose, the effect of PAF (10-" M) on the membrane
depolarization induced by various concentrations of car-
bachol or ACh in the presence or absence of physostigmine
(10~% M) was examined in dog trachea. The membrane poten-
tial of the tracheal smooth smooth ranged between — 57 mV
and —61mV, with a mean value of —59.2*14mV
(n=20). ACh (>10-°M) depolarized the membrane dose-
dependently, and the depolarization was enhanced in the
presence of physostigmine (10-°M), which produced a shift
in the relationship between the dose of ACh and membrane
potential to depolarized level (Figure 4). However, applica-
tion of PAF did not affect the relationship between the
membrane depolarization and dose of ACh in the presence or
absence of physostigmine (data not shown). Similarly, car-
bachol (>10-°M) dose-dependently depolarized the mem-
brane of the tracheal smooth muscle cells, and PAF showed
no effect on the carbachol-induced membrane depolarization
(Figure 4).

Effects of PAF antagonists and mepyramine on the
amplitude of the e j.p.

To study further the mechanisms involved in the enhancing
effects of PAF on ej.p. amplitude, we used the PAF
antagonists, WEB 2086, CV3988 and E6128. At a concentra-
tion of 5 x 10~ M, WEB 2086 did not affect the e.j.p. amp-
litude and resting membrane potential of the dog trachea,
but at an increased concentration (5 X 10~7 M) this agent
significantly enhanced the e.j.p. amplitude to 1.20+0.10
(n=4, P<0.01) times the control with no change in the
membrane potential. In the presence of WEB 2086 (5 X
10-7 M), PAF (5 x 10~% M) further enhanced the e.j.p. amp-
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4 Effects of PAF (10~7 M) on the membrane depolarization
induced by ACh (a) and carbachol (b) in the dog tracheal smooth
muscle cells. In (a): (A) ACh + physostigmine (10~ M) + PAF
(107 Mm); (@) ACh + physostigmine (10-¢Mm); (O) control. In (b):
(@) carbachol + PAF (10-7 M); (O) control. Each point is the mean
value of 15-30 experiments from 4—6 preparations. Bars indicate
2 xs.d.
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litude to 1.51 £0.06 (» =4, P<<0.01), indicating that WEB
2086 did not antagonize the action of PAF. PAF-antagonist
CV3988 (>5 X% 10~% M) also enhanced the e.j.p. amplitude
dose-dependently. After the pretreatment of the tissue with
CV3988 (5 x 1078 M), PAF (5 X 10~% M) showed additional
potentiating effects on e.j.p. amplitude. However, in the
presence of an increased concentration of CV3988
(5 x 10-"M), PAF (5 x 10-®M) did not enhance the e.j.p.
amplitude (Figure 5). However, it may be that the failure of
PAF to enhance the e.j.p. amplitude in the presence of
5% 10-7M CV3988 is due to the drug having elicited the
maximum possible stimulation of the e.j.p. itself. Therefore
we used a new PAF antagonist, E6123, a member of the
benzodiazepine class of PAF antagonists (Tsunoda et al.,
1990). E6123 (5 x 10~8 M) did not affect the e.j.p. amplitude
and resting membrane potential of dog trachea, but com-
pletely suppressed the PAF (5 x 10~% M)-induced stimulation
of e.j.p. amplitude (Figure 5).

Similar experiments were repeated with mepyramine, since
it is known that PAF stimulates the release of histamine from
mast cells in the airway (see for example, Townley et al.,
1989) and it is known that released histamine stimulates the
ACh release from the vagus nerve terminal through H;-
receptors (Inoue & Ito, 1986). However, in the presence of
the H,-receptor antagonist, mepyramine, PAF significantly
enhanced the e.j.p. amplitude (Figure 5).

Effects of lipoxygenase inhibitor AA-861, leukotriene
antagonist ONO1078 and leukotrienes on the amplitude
of e.j.p. of the dog trachea

It is also known that PAF stimulates the lipoxygenase path-
way to produce leukotrienes in the perfused lung (Jancar et
al., 1989). Therefore we also observed the effects of lipoxy-
genase inhibitor AA-861 and leukotriene antagonist ONO-
1078 (Yamai et al., 1989) on the action of PAF on e.j.p.
amplitude. AA-861 (10-°¢M) or ONO1078 (10-7 M) did not
affect the e.j.p. amplitude and resting membrane potential of
dog trachea themselves, but completely inhibited the PAF-
induced stimulation of e.j.p. amplitude (Figure 5).

It was of interest to observe the effects of exogenously
applied leukotrienes on the amplitude of e.j.p. of the dog
trachea, since AA-861 and ONO1078 suppressed the enhanc-
ing effects of PAF on e.j.p. amplitude.

In the presence of AA-861 (10~°*m), LTB, (10~ M) or
LTD, (10-®M) slightly, and LTC, (10~®M) markedly
enhanced the e.j.p. amplitude. In contrast, LTE, (10~%Mm)
significantly suppressed the e.j.p. amplitude. Figure 6 sum-
marizes the effects of leukotrienes on the e.j.p. amplitude of
dog trachea in the presence of AA-861 (10-¢m).

Effects of PAF on the depression phenomenon of e.j.p.

When conditioning and test EFS were applied in tandem at
intervals of 5-60s, the amplitude of the test ej.p. was
always smaller than the conditioning e.j.p., showing a
marked depression phenomenon of e.j.ps (Ito & Tajima,
1981). Figure 7 shows the mean amplitude of the second
e.j.p. relative to the first e.j.p. PAF (5 X 10~% M) reduced the
depression phenomenon within the time intervals of 5-10s.

Effects of PAF on the e.j.p. evoked by repetitive field
stimulation

When repetitive field stimulation at high frequency (20 Hz)
was applied, e.j.ps showed summation in dog trachea (Ito &
Tajima, 1981; Ito & Yoshitomi, 1988; Hakoda & Ito, 1990).

Figure 8 shows the effects of PAF on the relationship
between the relative amplitude of e.j.p. and number of
stimuli. PAF had no effect on the relationship.
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Figure 5 Effects of PAF (5 x 10-% M), PAF-antagonists (WEB 2086, CV 3988 and E 6123), mepyramine, leukotriene synthesis
inhibitor AA-861 (10~¢ M) and leukotriene antagonist ONO 1078 (107 M) on the e.j.p. amplitude of dog trachea. The amplitude of
e.j.p. evoked by a single field stimulation before application of drugs is defined as a relative amplitude of 1.0. Each value indicates
mean of 4-8 experiments with 4—6 preparations and bars are s.d. All concentrations are molar.
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Figure 6 Effects of AA-861 (10-°Mm) and various leukotrienes (LTB, C4, D4 and E,, 10~ M each) on the amplitude of e.j.p.

recorded with microelectrodes in the dog trachea. Each column is the mean value of 47 experiments with 4-5 preparations and
horizontal bars indicate 2 X s.d. All concentrations are molar.



1.2

SRR E

Q
@
S ed €92
[}
©
¢
S 0.6
€
©
2 04
-
s
[
[«
0.2
T T 7 T T T
0 0 20 30 4 50 60

Time lag between 2 stimuli (s)

Figure 7 The effects of PAF (5 X 10~* M) on relative changes in the
amplitude of the test e.j.p. (the second e.j.p.) following the condition-
ing e.j.p. (the first e.j.p.) measured at various time intervals (5-60 s):
(®) PAF 5x 10-%M; (O) control. Each point is the mean value
obtained from 5-7 experiments with 5-7 preparations and vertical
bars indicate s.d. or 2 X s.d.

24 -

N
o
|

-
o
|

Relative amplitude of e.j.p.
® ]
1 |

—oe—

o

1 1 1 ! 1
0 2 4 6 8 10

Number of stimuli at 20 Hz
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e.j.p. amplitude and the number of stimuli at 20 Hz: (O) control.
(@) PAF (5x 10~%M). Each point is the mean value of 4-6
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Discussion

The present study clearly shows an enhancing effect of PAF
on the excitatory neuro-effector transmission in the dog
trachea and bronchioles in vitro, presumably by increasing
ACh release from the vagus nerve, since low concentrations
of PAF (10-!'-10-° M) significantly increased the amplitude
of ej.p. and contractions evoked by nerve stimulation with
no change in resting membrane potential, input membrane
resistance or ACh-sensitivity of the smooth muscle cells. The
enhancing action of PAF on neuro-effector transmission in
the airway seems due to specific action of PAF, since lyso-
PAF showed practically no effect on e.j.p. amplitude in both
tissues and PAF antagonist E6123 completely suppressed the
PAF-induced stimulation of e.j.p. amplitude. Furthermore, it
seems that effects of PAF on release of ACh from the vagus
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nerve terminal are not due to a direct action of PAF itself
but through stimulation of lipoxygenase to produce leuko-
trienes in the tracheal and bronchiolar tissues. This view is
mainly dependent on the observation that in the presence of
the lipoxygenase inhibitor AA-861 or the leukotriene
antagonist, ONO1078, PAF showed no effect on the e.j.p.
amplitude.

Intravenous injections of PAF into the systemic circulation
of living animals induces effects similar to an ‘anaphylactic
reaction’ such as strong bronchoconstriction, acute
inflammation and oedema, platelet aggregation and de-
granulation, and chemotaxis of neutrophils and eosinophils
(Vargaftig et al., 1981a,b; Page et al., 1984). PAF-induced
bronchoconstriction observed in vivo does not seem to be
induced by a direct action of PAF on the bronchus, since the
effects of PAF were less potent when the isolated lungs were
perfused with cell-free solutions, or when isolated airway
smooth muscle tissues were used in the experiments (Townley
et al., 1989). Thus the effects of PAF in lungs appear to
depend on the method of application, which may reflect
activation of different cell types.

Initially it was thought that platelets are essential for PAF
to induce bronchoconstriction in various animal species, and
in the dog it is largely dependent on secretion of 5-
hydroxytryptamine released from platelets (Popovich et al.,
1988). However, it was also shown that in guinea-pig isolated
lungs perfused with cell-free solutions, the injection of PAF
induced a bronchoconstriction which was platelet-inde-
pendent and blocked by cyclo-oxygenase inhibitors (Lefort et
al., 1984). Confirming this observation, there is a report
indicating that the airway hyperresponsiveness induced by
PAF may be dependent on thromboxane generation, since
OKY-046, a thromboxane synthase inhibitor, suppressed
PAF-induced bronchoconstriction and hyperresponsiveness
in the dog (Chung et al., 1986). PAF actually induces release
of thromboxane A; (TXA,) which preceded the increase in
airway and pulmonary pressures (Lefort et al., 1984), and
inhalation of PAF increased the amount of a major urinary
TXA, metabolite, 2,3-dinor-TXB, (Taylor et al., 1991).

On the other hand, recent investigations indicate that when
PAF was injected into isolated, perfused lungs, it stimulated
the release of substance(s) causing contraction of bronchus,
trachea and parenchymal strips which is unrelated to cyclo-
oxygenase products (Jancar et al., 1987; 1989). The authors
concluded that a lipoxygenase product, possibly LTB, may
be responsible for spasmogenic activity released by lungs
following PAF stimulation, and that cyclo-oxygenase pro-
ducts subsequently released appear to result from the initial
generation of LTB,.

PAF causes vasoconstriction and oedema in non-sensitized
rat lungs, possibly through the production of LTC, and D,
(Voelkel et al., 1982). As the present experiments were per-
formed in the presence of indomethacin, it is possible to
exclude the role of cyclo-oxygenase products on the enhanc-
ing actions of PAF on the excitatory neuro-effector transmis-
sion. Thus it is reasonable to assume that PAF stimulates
5-lipoxygenase to produce leukotrienes in the airway smooth
muscle tissues, and in turn these leukotrienes enhance the
excitatory neuro-effector transmission.

PAF and arachidonic acid may be released from a com-
mon precursor, l-alkyl-2-acyl-glycero-3-phosphocholine, in
various cells (Snyder, 1985). Thus it seems probable that
PAF might act as a potential regulator of arachidonic acid
metabolism and vice versa. Although the PAF-antagonist CV
3988 possesses weak agonistic activity at high concentrations,
it is likely to stimulate the endogenous generation of leukot-
rienes (Chung et al., 1986; Braquet et al., 1987; Taylor et al.,
1991). These findings could be explained by effects of CV
3988 on the e.j.p. amplitude in the absence and presence of
PAF. In addition, in the case of PAF, inhibition of leukot-
riene synthesis by AA-861 produced similar results on the
e.j.p. amplitude as with the PAF-antagonist, CV 3988, in our
experiments, i.e. suppressing the PAF actions on the e.j.p.
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amplitude. Furthermore, in the presence of leukotriene
antagonist, ONO1078, which is a specific LTC, and LTD,
antagonist (Yamai et al., 1989) PAF did not show any effect
on e.j.p. amplitude. These data further reinforce the explana-
tion for the role of leukotrienes in the actions of PAF on
excitatory neuro-effector transmission.

WEB 2086 did not antagonize the stimulating action of
PAF on excitatory neuro-effector transmission, whereas CV
3988 in relatively high concentrations only partially sup-
pressed the action of PAF. However, PAF-induced stimula-
tion of e.j.p. amplitude was completely inhibited by E 6123, a
new member of the benzodiazepine class of PAF antagonists
(Tsunoda et al., 1990). Recently, it was reported that among
various PAF antagonists E 6123 potently suppresses PAF
inhalation-induced bronchoconstriction in guinea-pigs with
an EDy, value of 1.3 ugkg~! which was lower than that of
other PAF-antagonists such as WEB 2347 (EDs, =26
pgkg ') and Y-24180 (EDs, = 12 pugkg™') (Sakuma et al.,
1991). Thus, the stimulating action of PAF on excitatory
neuro-effector transmission is due to a specific action of PAF
through PAF-receptors.

In the present experiments, there was a tendency for the
enhancing effects of PAF on the amplitude of e.j.p. and
contractions evoked by EFS to be more pronounced in the
bronchioles. As far as tracheal muscle was concerned, the
mucosa was removed entirely to leave just smooth muscle
tissue. In contrast, bronchioles were carefully excised from
the lung tissue under microscopic observation and smooth
muscle cells were impaled with a microelectrode from the
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Enhanced responsiveness of ovalbumin-sensitized guinea-pig
alveolar macrophages to tachykinins
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1 We have evaluated the ability of substance P (SP), neurokinin A (NKA) and the selective NK,
receptor agonist [B-Ala®-NKA(4-10) to induce superoxide anion (O,”) production and prostanoid
(prostaglandin E,, thromboxane B,) release from alveolar macrophages (AMs) isolated from control or
actively sensitized guinea-pigs.

2 The dose-response curves for NKA and SP were shifted to the left (three orders and one order of
magnitude, respectively) in AMs isolated from sensitized animals, with no variation in maximal effects.
3 By evaluating the effects of [B-Ala®]-NKA(4—10), we observed that not only was the concentration-
response curve shifted to the left in both the functional parameters examined, but also maximal effects
were significantly enhanced in AMs isolated from sensitized guinea-pigs.

4 This varied responsiveness seems to be specific for tachykinins, as it was not reproduced by another
AM stimulant, the bacterial peptide N-formylmethionyl-leucyl-phenylalanine (fMLP).

5 Only small amounts of B-glucuronidase were released following tachykinin or ovalbumin stimulation
both in control and sensitized AMs.

6 These results indicate that AMs isolated from sensitized guinea-pigs show an increased respon-
siveness to NK, receptor stimulation and further stress the role played by AMs in allergic lung diseases.

Keywords: Tachykinin receptors; alveolar macrophages, ovalbumin sensitization

Introduction

Alveolar macrophages (AMs), which play a key role in the
local inflammatory process associated with bronchial asthma
(Rankin, 1989), can be activated by different agonists in vitro.
Upon stimulation, AMs undergo a respiratory burst, secrete
regulatory cytokines (especially, interleukin-1 (IL-1) and
tumour necrosis factor & (TNF-a)) and lysosomal enzymes,
release biologically active lipids, e.g., PAF (platelet activating
factor), cyclo-oxygenase and lipoxygenase metabolites (Sibille
& Reynolds, 1990).

We have previously shown that mammalian tachykinins
dose-dependently evoke superoxide anion (O,”) generation
from guinea-pig AMs: a comparative evaluation of the effects
of natural tachykinins and selective synthetic peptide ana-
logues indicated that macrophage activation is mainly media-
ted by NK, receptors (Brunelleschi et al., 1990).

Neurogenic inflammation, which involves the release of
neuropeptides, including the tachykinins, substance P (SP)
and neurokinin A (NKA), from capsaicin-sensitive primary
neurones is known to contribute to airway disease, namely
asthma (Barnes et al., 1991; Frossard & Advenier, 1991).
Saria et al. (1983) and Matsuse et al. (1991) reported that
capsaicin pretreatment provides significant protection against
antigen-induced bronchoconstriction and airway hyperres-
ponsiveness in sensitized guinea-pigs. Dusser et al. (1989)
demonstrated that the bronchoconstrictor responses to SP
and capsaicin, but not to acetylcholine, are potentiated dur-
ing viral respiratory infections in the guinea-pig, thus sugges-
ting that airway smooth muscle responsiveness to sensory
neuropeptides could be impaired in pathophysiological condi-
tions.

Binding sites for IgG and IgE have been demonstrated on
both rabbit and human AMs (Arendt & Mannick, 1973;
Spiegelberg e al., 1983; Rossman et al., 1986; Kindt et al.,
1991) as well as an impaired responsiveness to p-adren-
oceptor stimulation in AMs obtained from sensitized guinea-
pigs (Bachelet et al., 1989; Beusenberg et al., 1989; 1991).

! Author for correspondence.

Furthermore, IgE-stimulated canine AMs enhance the neur-
ally-mediated contraction of bronchial smooth muscle in
vitro: this effect appears to be associated with release of
mediators (namely thromboxane B, (TXB,)) from immuno-
logically stimulated AMs (Tamaoki et al., 1991).

The present study was undertaken to assess the effects of
natural (SP and NKA) and synthetic ([p-Ala’]-NKA(4-10); a
selective NK, receptor agonist) tachykinins in AMs obtained
from control or ovalbumin-sensitized guinea-pigs and to
compare these effects with those elicited, in the same pre-
parations, by the bacterial peptide N-formylmethionyl-leucyl-
phenylalanine (FMLP).

Methods

Sensitization procedure

Male guinea-pigs (380—500 g) were actively sensitized by two
s.c. injections at a 2-week interval of 0.5 ml of saline contain-
ing 10 pg ovalbumin dispersed in 1 mg A1(OH); according to
Pretolani et al. (1989). Animals were used for the experiments
7-10 days after the second injection. Control animals were
injected with the same volume of saline and A1(OH),.
Sensitization of the animals was verified by measuring
ovalbumin-induced contractile responses in guinea-pig tra-
cheal spirals obtained from the same guinea-pigs, by use of
techniques described by Brunelleschi et al. (1987).

Harvesting and purification of guinea-pig alveolar
macrophages

AMs were harvested from control or ovalbumin-sensitized
guinea-pigs as previously described (Brunelleschi et al., 1990).
Briefly, guinea-pigs were anaesthetized with pentobarbitone
sodium (50 mgkg~!, i.p.) and the trachea was cannulated.
Twelve successive bronchoalveolar lavages were performed
with 5ml aliquots of phosphate buffered saline (pH 7.4,
37°C) injected with a plastic syringe through a polyethylene
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cannula inserted into the trachea. Fluid of the two first
lavages was discarded, as it was found to contain a large
quantity of cells other than macrophages (especially, epi-
thelial cells and eosinophils). After centrifugation and lysis of
erythrocytes by hypotonic shock, the bronchoalveolar lavage
pellet was resuspended in MEM (Minimum Essential Med-
ium with Earle’s salts) supplemented with 5% foetal calf
serum, 20 mM HEPES, 2mM glutamine, 50 pgml~' strep-
tomycin and 5uml~! penicillin and microscopically evalua-
ted (May-Grunwald/Giemsa). Cell viability, as assessed by
trypan blue exclusion, was >95%.

Aliquots of cell suspension (0.8—1 x 10° cells) were plated
in 6-well tissue culture plates (35 mm diameter, Costar, Cam-
bridge) and allowed to adhere for 2 h at 37°C in a humidified
atmosphere containing 5% CO,. Non-adherent cells were
removed by washing monolayers three times with MEM.

Activation of guinea-pig alveolar macrophages

Adherent AMs, obtained from both control or sensitized
animals, were incubated with fMLP, ovalbumin, SP, NKA or
the synthetic NK, receptor agonist, [f-Ala®}-NKA(4-10) at
37°C in a CO, incubator for different times, according to the
functional parameter evaluated (see below). Challenge with
the different stimuli used was terminated by placing the
culture plates on ice.

Determination of superoxide anion (O, ) production
from guinea-pig alveolar macrophages

In these experiments, adherent AMs were incubated (final
volume 2ml) with the stimuli for 30 min at 37°C in a
humidified atmosphere containing 5% CO, in the presence of
cytochrome C (1 mgml~'), as previously described (Brunell-
eschi et al., 1990).

Production of O, was measured by the superoxide dismu-
tase-inhibitable cytochrome C reduction, the absorbance
changes being recorded at 550 nm in a Perkin Elmer 552S
spectrophotometer. Release of O,~ was expressed as nmol
cytochrome C reduced per 10° AMs per 30 min, using an
extinction coefficient of 2.1 X 10~* M min~!.

To avoid interference with spectrophotometric recordings
of O, production, monolayers were incubated in MEM
(supplemented by HEPES, glutamine and antibiotics; see
above) without phenol red.

Determinations of prostaglandin E, (PGE,) and
thromboxane B, (TXB,) production in guinea-pig
alveolar macrophages

The concentrations of TXB, and PGE, in the cell super-
natant were determined by specific enzyme-immunoassay
(EIA) after suitable dilutions (1:2 to 1:100) in EIA buffer
without prior extraction or purification, according to the
manufacturer’s instructions. The threshold sensitivities of
these assays were: 9 pgml~! for PGE, and 20 pgml~! for
TXB,.

In these experiments adherent AMs were challenged with
the stimuli in a CO, incubator at 37°C, in the presence of
MEM without phenol red, supplemented by HEPES, gluta-
mine and antibiotics. The incubation time was 18 h, accor-
ding to Hartung & Tokya (1983), and was confirmed by
preliminary time-course studies (see Results). Supernatants
were collected, immediately frozen and lyophilized before
being evaluated for their prostanoid content. Results are
expressed as ng TXB, per 10° AMs or pg PGE, per 10° AMs.

Determination of B-glucuronidase release from
guinea-pig alveolar macrophages

Adherent AMs (1-1.2 x 10%) were incubated for 10 min with
cytochalasin B (5pgml-') at 37°C in a CO, incubator and
then challenged for 30 min with the stimuli, according to

Hartung et al. (1986). The reaction was stopped by placing
monolayers on ice and the supernatants were collected.
Pellets were treated with 0.1% Triton X-100 to lyse the cells.
B-Glucuronidase (EC 3.2.1.31) activity was chosen as a
marker of lysosomal enzymes according to Arnoux et al.
(1987) and was measured spectrophotometrically after 16 h
incubation at 37°C, with phenolphthalein glucuronide used as
a substrate (Fishman, 1974). Total macrophage enzyme
activity was calculated by summation of the activity in the
supernatant with that in the pellet; enzyme release was ex-
pressed as the percentage of the total enzyme activity.

Data analysis

Experiments were performed in duplicate or triplicate and
basal values (e.g., values obtained in the absence of any
treatment) were subtracted from all determinations. All re-
sults are expressed as mean * s.e.mean,; statistical significance
was evaluated by Student’s ¢ test.

Chemicals

The compounds used and their sources were: SP and NKA
(Peninsula: St. Helens, Merseyside); fMLP and Triton X-100
(Serva: Heidelberg, Germany); HEPES (2-4-(2-hydroxyethyl)-
1-piperazino-ethan-sulfonic acid) and cytochalasin B (Aldrich
Chemical Co: Milwaukee, WI, U.S.A.); superoxide dismu-
tase, cytochrome C type III, phenolphthalein glucuronide
and ovalbumin (Sigma: St. Louis, MO, U.S.A.); MEM with
or without phenol red, glutamine, heat-inactivated foetal calf
serum, penicillin and streptomycin (Gibco: Paisley). [p-Ala®]-
NKA(4-10) was synthesized at Menarini Laboratories, Fir-
enze (Italy); [Pro’]SP sulphone was kindly supplied by Prof.
D. Regoli, University of Sherbrooke (Canada). EIA kits for
PGE, and TXB, measurements were purchased from Cay-
man Chemical Company (Ann Arbor, MI, U.S.A).

Results

Effect of ovalbumin sensitization in the bronchoalveolar
population

No significant differences in body weight or the number of
cells in bronchoalveolar lavages were observed between con-
trol or sensitized animals. Control and sensitized animals
provided a mean of 27.6 £ 2.2 X 10° and 29.8 * 4 x 10° cells
per guinea-pig, respectively (n = 6). The different cell popula-
tions present in lavage fluid from control and sensitized
animals are listed in Table 1: a significant increase in the
number of eosinophils and lymphocytes was induced by the
sensitization procedure. In contrast, the percentage of AMs
present in bronchoalveolar lavage from sensitized guinea-pigs
was lower (P<<0.05) than in control animals, but the abso-
lute number of macrophages did not differ significantly
(24.8 £ 3 x 10° in controls, 23 £ 3.5 X 10° in sensitized ani-
mals).

Table 1 Cell populations in the bronchoalveolar lavage
from control or ovalbumin-sensitized guinea-pigs

% Composition

Control Sensitized
Macrophages 88.7+0.1 78 £ 2*
Lymphocytes 10.210.5 17.2%2*
Eosinophils 0705 5.3+ 1%
Neutrophils 06104 07%0.5

Data are mean * s.e.mean for 6 animals.
*P<0.05 vs control animals; **P <0.01 vs control animals
(Student’s unpaired ¢ test).
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Superoxide anion generation in alveolar macrophages
obtained from control or sensitized guinea-pigs

Basal O, production (e.g., O,~ production in the absence of
any treatment) was not different in AMs obtained from
either experimental group (1.2 £ 0.2 vs 1.35 £ 0.3 nmol cyto-
chrome C reduced per 10° AMs; n = 8) and was subtracted
from all values.

The challenge of AMs isolated from sensitized guinea-pigs
with ovalbumin (100 pgml~!) resulted in O, generation
(3£ 0.5 nmol cytochrome C reduced per 10° AMs; n = 8);
the antigen was devoid of activity in AMs obtained from
control animals (data not shown).

We previously found that NKA and SP dose-dependently
evoked O, production from guinea-pig AMs (Brunelleschi
et al., 1990): these effects were not significantly varied in the
presence of 10puM thiorphan or a cocktail of inhibitors
(thiorphan, captopril, bestatin, each 1 uM, data not shown).
When AMs isolated from sensitized animals were challenged
with SP, a leftward displacement of the dose-response curve
by approximately one order was observed, EDs, values being
0.56 nM in control and 0.04 nM in sensitized cells (Figure 1a).
The amount of maximal activation was similar in both exper-
imental groups (2.33 £ 0.3 vs 2.37 £ 0.7 nmol cytochrome C
reduced per 10° AMs; n=6) and was achieved at 10 nM in
sensitized and 100 nM in control cells (Figure la). When
AMs were challenged with NKA, the leftward shift in the
concentration-response curve observed with cells from sen-
sitized animals was more than two orders of magnitude and
EDs, values were 0.14pM and 0.09 nM in sensitized and
control cells respectively (Figure 1b). Maximal O, produc-
tion, which did not differ significantly between the two
groups, was observed at 0.1 nM NKA in sensitized and
0.1 uMm NKA in control animals (Figure 1b). The synthetic
peptide analogue, [B-Ala®}-NKA(4-10), which is a selective
NK, receptor agonist (Rovero et al., 1989), dose-dependently
(0.01 nM—0.1 uM) evoked O, production in AMs from con-
trol guinea-pigs. The dose-response curve for this NK, recep-
tor agonist was shifted to the left in experiments performed
on AMs from sensitized animals: EDs, values were 3 pM and
0.9 nM in sensitized and control cells respectively (Figure 1c).
Unlike results with natural tachykinins, the extent of O,”
production induced by [B-Ala®}-NKA(4-10) was higher in
AMs isolated from sensitized animals and maximal activation
(4.08 £ 0.8 nmol cytochrome C reduced per 10° AMs; n=15)
was achieved at 1 nM (Figure 1c). In contrast, no significant
variation in the dose-response curves for [Pro’}-SP sulphone,
a selective NK, agonist, was observed between control and
sensitized AMs (data not shown). As previously reported
(Brunelleschi et al., 1990), [Pro°]-SP sulphone acted at high
concentrations (0.1 uM—1 puM) only.

The bacterial peptide fMLP, which interacts with specific
receptors in AMs (Daniele et al., 1982), evoked O, produc-
tion in both control and ovalbumin-sensitized guinea-pig
AMs. Neither maximal effects (18.4 £2.1 vs 18 * 1.7 nmol
cytochrome C reduced per 10° AMs; n = 5) nor EDs, values
(10.9 vs 11.6 nM) were significantly different in control and
sensitized cells (Figure 2).

Prostanoid release in alveolar macrophages obtained
Jfrom control or sensitized guinea-pigs

Prostanoid release from AMs of both experimental groups
was evaluated after 18 h incubation with the stimuli. Pre-
liminary time-course studies revealed that basal prostanoid
release (which was subtracted from all determinations) in-
creased with time (data not shown). PGE, release evoked by
a fixed concentration of 0.1 uyMm NKA amounted to 60, 90,
125, 220 and 230 pg per 10° AMs, after 1, 6, 12, 18 and 24 h,
respectively (means of two determinations in triplicate). The
release of PGE, by 0.1 um fMLP was 380—400 pg per 10°
AMs, reached a plateau after 6 h of incubation and remained
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Figure 1 Tachykinin-evoked superoxide anion generation in alveo-
lar macrophages isolated from control (O) or ovalbumin-sensitized
(@) guinea-pigs. (a) Dose-response curve to substance P (SP) (n = 6).
(b) Dose-response curve to neurokinin A (NKA) (n = 8). (c) Dose-
response curve to [B-Ala®]-NKA(4-10) (n = 5). Cells were challenged
for 30 min with tachykinins. Data show mean values (& s.c.mean,
vertical bars). *Denotes P<<0.01 (Student’s ¢ test for paired sam-
ples).

stable until 18 h. Therefore, the 18 h incubation period was
selected in these experiments.

Basal TXB, release differed significantly (P <0.01) between
the two groups: 1391+ 19 and 27.2+ 5ng per 10° AMs
(n=3), in control and sensitized AMs, respectively. These
values were subtracted from all determinations with stimuli.
Ovalbumin 100 pg ml~! released 14.43 £ 8.7 ng per 10° AMs
(n = 3) from sensitized AMs, with no effect on control cells.
Moreover, TXB, release evoked by 0.1 uMm fMLP was not
modified in either group: 28.5 + 4 and 21 * 5 ng per 10° AMs
(n=3), in sensitized and control cells, respectively.

By measuring tachykinin-evoked TXB, release, we
confirmed the pattern of results seen when O, generation
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Figure 2 Superoxide anion generation evoked by N-formylmeth-
ionyl-leucyl-phenylalanine (fMLP) in alveolar macrophages (AMs)
isolated from control (O) or ovalbumin-sensitized (@) guinea-pigs.
Data are mean (% s.e.mean, vertical bars) of 5 experiments.

was measured. As depicted in Figure 3a, SP dose-
dependently evoked TXB, release from control or sensitized
AMs, a greater than one order of magnitude leftward shift in
its dose-response curve being observed in sensitized animals.
EDs, values were 70 pM in control and 1pM in sensitized
AMs. Maximal release, which was similar in both experi-
mental groups, was obtained at 10 nM SP (Figure 3a). When
AMs were stimulated by NKA, the leftward shift in the
dose-response curve observed with cells harvested from sen-
sitized animals was about three orders of magnitude and
EDs, values were 0.2 pM and 0.4 nM in sensitized and control
AMs, respectively (Figure 3b). Maximal TXB, release, which
was similar in both experimental groups (8.2% 0.4 and
6.2+ 2.5ng per 10° AMs; n=3), was measured at 0.1 nM
NKA in sensitized and 0.1 um NKA in control AMs (Figure
3b). Moreover, the results obtained by evaluating, in both
groups, the effect of the NK, receptor agonist [f-Ala’]-
NKA(4-10) matched those observed by measuring O, pro-
duction (see above): EDs, values were 1nM in control and
10 pM in sensitized AMs and the evoked TXB, release was
significantly higher in AMs from sensitized animals (Figure
3c).

Also, by evaluating tachykinin-evoked PGE, release from
AMs of both groups, we observed that dose-response curves
in sensitized cells were shifted leftwards (data not shown).
Maximal PGE, release induced by both SP and NKA was
similar and did not differ significantly between the two exper-
imental groups (SP = 207 £ 41 and 264 + 30 pg per 10° AMs
in control or sensitized cells; NKA =216 + 37 and 293 * 63
pg per 10° AMs in control or sensitized cells; n=4). EDy,
values were as follows: SP = 0.48 nM in control and 8 pM in
sensitized AMs; NKA = 0.2 nM in control and 1 pM in sen-
sitized AMs. Basal PGE, release, which was subtracted from
all determinations, was 630 £ 76 pg per 10° AMs in control
and 472 * 72 pg per 10° AMs in sensitized cells (n=4). A
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Figure 3 Tachykinin-evoked thromboxane B, release in alveolar
macrophages (AMs) isolated from control (O) or ovalbumin-
sensitized guinea-pigs (®). (a) Dose-response curve to substance P
(SP). (b) Dose-response curve to neurokinin A (NKA). (c) Dose-
response curve to [B-Ala’]-NKA(4-10). Data show mean
(% s.e.mean, vertical bars) of three experiments in duplicate.
*Denotes P<0.01.

" total of 369 * 68 pg PGE, per 10° AMs in sensitized animals

and 311 % 93 pg PGE, per 10° AMs in control animals was
released by 0.1 um fMLP (n = 4). Ovalbumin-evoked PGE,
release was detected only in sensitized AMs and amounted to
138 £ 48 pg per 10° AMs (n=4).

B-Glucuronidase release in alveolar macrophages
obtained from control or sensitized guinea-pigs

Basal enzyme release did not differ significantly between the
two experimental groups (6.4 + 0.8% and 7.2+ 1% in con-
trol and sensitized AMs, respectively; n = 6). Basal values
were subtracted from all determinations.

SP, NKA and the NK, receptor agonist [B-Ala®}-NKA
(4-10) caused a net enzyme release at micromolar concentra-
tions only: the extent of B-glucuronidase release was very
small in both experimental groups (SP 100 uM = 5.3 £ 1.3%
vs 6+ 1.5%; SP 10uM =2%02% vs 2.5+0.5%; NKA
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10uM =3.5+£0.4% vs 3.1 £0.5%; NKA 1uMm=2.5%0.5%
vs 2.8+0.6%; [B-Ala’}-NKA(4-10) 10pm=28%03 vs
3.5£0.6% in control and sensitized AMs, respectively;
n=26).

Ovalbumin (100 pg ml-!) released 3.5+ 0.7% of total B-
glucuronidase content in sensitized cells, but had no effect on
control cells.

The peptide fMLP (0.1 uM), which is more potent than
tachykinins in evoking O, production, released 6.4 £ 0.7%
and 7.5%0.4% of the total B-glucuronidase activity in con-
trol and sensitized cells, respectively (n = 6) and the calcium
ionophore A23187 1 uM released 20+ 1.7% and 23 * 1.8%
in control and sensitized AMs, respectively (n = 6).

Discussion

Our study indicates that AMs isolated from ovalbumin-
sensitized guinea-pigs exhibit an increased responsiveness to
tachykinins. By assessing O,” production and prostanoid
release, concentration-response curves for NKA and SP are
shifted leftwards, with no variation in maximal response: the
left shift is far more pronounced for NKA (about three
orders of magnitude) than for SP (only one order of mag-
nitude). The involvement of NK, receptors in this event is
further confirmed by the results obtained with a selective
NK, receptor agonist: the concentration-effect curve for [-
Ala®]-NKA(4-10) is not only shifted leftwards, but also max-
imal activation is strongly enhanced in AMs isolated from
sensitized animals. In contrast, no variation is observed
between AMs obtained from control or sensitized guinea-pigs
by evaluating the effects of the selective NK, agonist [Pro’}-
SP sulphone or those of the bacterial peptide fMLP.
However, when we evaluated the ability of mammalian tachy-
kinins to induce lysosomal enzyme release from AMs, only
minimal amounts of B-glucuronidase could be detected and
tachykinins acted at concentrations higher than those needed
to induce O, generation or prostanoid release. This fact
warrants some explanations. Firstly, lysosomal enzyme re-
lease is not a very sensitive parameter of AM activation
compared to O, generation. According to Brieland et al.
(1987), rat AMs secrete lysozyme and N-acetyl-B-D-glucosam-
inidase either spontaneously or following zymosan stimula-
tion. However, when data are expressed as net enzyme
release, only 1.5% of the total lysozyme activity is observed
after challenge with opsonized zymosan (5 pg ml~'; Brieland
et al., 1987). Moreover, Joseph et al. (1983) observed that the
release of the lysosomal acid hydrolase, B-glucuronidase,
from passively sensitized human AMs or AMs obtained from
asthmatic patients is not significantly different and amounts
to 4-8% after a 30 min contact time with the specific
antigen, in vitro. Similar results were also reported by Ar-
noux et al. (1987).

The fact that micromolar concentrations of tachykinins are
needed to induce lysosomal enzyme secretion from guinea-pig
AMs whereas nanomolar concentrations evoke O, genera-
tion and prostanoid release suggests that different pattern(s)
of cell activation exhibit a varied coupling to second mes-
sengers for the release of the selected mediator. In many cell
types, the interaction of agonists with specific membrane
receptors stimulates phospholipase C, yielding inositol 1,4,5-
trisphosphate (IP;, which in turn mobilizes intracellular cal-
cium) and 1,2-diacylglycerol (which directly activates protein
kinase C, PKC) (Nishizuka, 1984; Berridge & Irvine, 1984).
Enzyme exocytosis is primarily a calcium-dependent re-
sponse, while the respiratory burst may also occur in the
absence of added calcium in the medium.

Sakata et al. (1987) suggested that in guinea-pig peritoneal
macrophages, arachidonic acid release plays an essential role
in the activation of the O, generating system, with PKC
having a significant but not an obligatory role, in the res-
piratory burst. In guinea-pig AMs, the stimulation of arach-
idonic acid release by fMLP involves several mechanisms and

is regulated by both protein kinase C and A, the latter
exerting a negative modulation (Kadiri ez al., 1990).

Most of the physiological effects of tachykinins depend on
their terminal sequence, involving NK,, NK, and NK; recep-
tors. Activation of NK, receptors is coupled to a guanine
nucleotide-binding protein (G-protein) and stimulates phos-
phatidylinositol hydrolysis in different tissues (Frossard &
Advenier, 1991). However, little information is available con-
cerning the signal transduction mechanisms afforded by
tachykinins in inflammatory cells, and only SP-induced
effects have been investigated. In human neutrophils, activa-
tion of the respiratory burst by SP is insensitive to 1-(5-
isoquinolinylsulphonyl)-2-methylpiperazine (H-7, a PKC in-
hibitor), indicating that PKC is not obligatory for the activa-
tion of NADPH-oxidase, and is only partially inhibited by
pertussis toxin (Serra et al., 1988). SP also induces a cyto-
chalasin B-dependent secretion of lysosomal enzymes from
human neutrophils (Serra et al., 1988).

In this study, the varied responsiveness of AMs to tachy-
kinins in vitro follows a sensitization procedure which, ac-
cording to Garcez Do Carmo et al. (1986), Pretolani et al.
(1989) and Desquand et al. (1991), causes serum levels of
both IgG and IgE to be significantly enhanced. AMs ob-
tained from actively sensitized guinea-pigs have been shown
to possess an impaired adenylate cyclase activity, conflicting
results being reported (Bachelet er al., 1989; Beusenberg et
al., 1989; 1991). While Bachelet et al. (1989) noted that PGE,
and B-adrenoceptor agonists are less effective in increasing
the intracellular adenosine 3':5’-cyclic monophosphate (cyclic
AMP) content of AMs from ovalbumin-sensitized compared
to control guinea-pigs, Beusenberg et al. (1989, 1991) demon-
strated that both agonists stimulate adenylate cyclase activity
more effectively in AMs obtained from sensitized animals.
These authors also reported that sensitization and antigen
challenge do not affect B-adrenoceptor binding and suggested
that the enhanced adenylate cyclase responsiveness results
from alterations in the as-subunit of a G-protein (Beusenberg
et al., 1991).

In our experiments, AMs isolated from sensitized guinea-
pigs demonstrate an enhanced responsiveness to tachykinins
(and, especially to NKA and NK, receptor stimulation), but
not to the bacterial peptide fMLP, thus showing selectivity.
We can, therefore, suggest a role for NK; receptor stimula-
tion in immunomodulation, since O, generation and prosta-
noid release evoked by the peptide analogue [B-Ala’}-NKA
(4-10) are significantly enhanced in AMs obtained from
sensitized guinea-pigs. The involvement of NK, receptors in
the modulation of primary antibody response has been
recently discussed by Eglezos et al. (1991). In their experi-
ments, rats treated neonatally with capsaicin to destroy
primary afferent nerves presented a diminished antibody re-
sponse: NKA was twelve times more potent than SP in
restoring the immune response (Eglezos et al., 1991). Fur-
thermore, in keeping with the observations by Nohr & Weihe
(1991), who demonstrated the presence of tachykinin- and
calcitonin gene-related peptide-fibres in alveolar walls of
different species, including the guinea-pig, and suggested that
tachykinins released from alveolar fibres might influence
epithelial and inflammatory cells, we think it possible to
hypothesize that the binding of immunoglobulins to guinea-
pig AM membrane may be the trigger for increased respon-
siveness to tachykinins.

In conclusion, these results indicate that AMs isolated
from actively sensitized guinea-pigs show enhanced respon-
siveness to tachykinins and point to AMs as important cells
for the development of allergic lung disease.
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Ramipril prevents left ventricular hypertrophy with myocardial
fibrosis without blood pressure reduction: a one year study in

rats

'Wolfgang Linz, *Jutta Schaper, Gabriele Wiemer, Udo Albus & Bernward A. Scholkens

Department of Pharmacology, Hoechst AG, D-6230 Frankfurt/Main 80, Germany and *Max-Planck-Institute-Experimental

Cardiology, D-6350 Bad Nauheim, Germany

1 Angiotensin converting enzyme (ACE)-inhibitors have been demonstrated to be effective in the
treatment of cardiac hypertrophy when used in antihypertensive doses. The aim of our one year study
with an ACE-inhibitor in rats was to separate local cardiac effects produced by a non-antihypertensive
dose from those on systemic blood pressure when an antihypertensive dose was used.

2 Rats made hypertensive by aortic banding were subjected to chronic oral treatment for one year with
an antihypertensive dose of the ACE inhibitor, ramipril 1 mg kg™! daily, (RA 1 mg) or received a low
dose of 10 pugkg™! daily (RA 10 pg) which did not affect high blood pressure.

3 Chronic treatment with the ACE-inhibitor prevented left ventricular hypertrophy in the anti-
hypertensive rats as did the low dose which had no effects on blood pressure. Similar effects were
observed on myocardial fibrosis. Plasma ACE activity was inhibited in the RA 1 mg but not in the RA
10 pg group although conversion of angiotensin (Ang) I to Ang II in isolated aortic strips was
suppressed in both treated groups. Plasma catecholamines were increased in the untreated control group,
but treatment with either dose of ramipril normalized the values. The myocardial phosphocreatine to
ATP ratio (an indicator of the energy state in the heart) was reduced in the vehicle control group
whereas the hearts from treated animals showed a normal ratio comparable to hearts from sham-
operated animals.

4 After one year, five animals were separated from each group, treatment withdrawn, and housed for
additional six months. In the RA 1 mg group, blood pressure did not reach the value of the control
vehicle group and surprisingly, left ventricular hypertrophy and myocardial fibrosis did not recur in
animals during withdrawal of treatment.

5 These data show that long term ACE inhibitor treatment with ramipril in antihypertensive and
non-antihypertensive doses prevented cardiac hypertrophy and myocardial fibrosis. This protective effect

was still present after 6 months treatment withdrawal.
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Introduction

Left ventricular hypertrophy (LVH) is regarded as an inde-
pendent risk factor in hypertensive patients. It is associated<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>