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Natriuretic action of angiotensin(1-7)

AnnMarie DelliPizzi, Sean D. Hilchey & 'Caroline P. Bell-Quilley

Department of Pharmacology, New York Medical College, Valhalla, New York 10595

Evidence that angiotensin(1-7) (Ang(1-7)) is biologically active and can be synthesized by the kidney
prompted us to examine its actions in the rat, isolated kidney. Ang(l-7) had three major effects
producing, (1) a substantial natriuresis and diuresis, (2) an increase in urinary sodium concentration
associated with a fall in potassium concentration and (3) an increase in glomerular filtration rate without
affecting renal vascular resistance. Thus, Ang(1-7) may participate in the renal effects of the renin-

angiotensin system.
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Introduction Angiotensin(1-7), (Ang(1-7)) has generally been
regarded as an inactive fragment of angiotensin I (Ang I) or
angiotensin II (Ang II) degradation (Erdos & Skidgel, 1990).
However, recent studies have demonstrated that Ang(1-7) has
biological activity, distinguishable from that of Ang II (Fer-
rario et al., 1991).

Enzymes necessary for Ang(1-7) formation are abundant in
the kidney and have also been found in urine (Erddés &
Skidgel, 1990). Moreover, Ang(1-7) is the major product of
Ang I metabolism by proximal tubule membranes (Stephen-
son & Kenny, 1987). We therefore examined the renal actions
of Ang(1-7) using the isolated kidney of the rat in which
tubular function is preserved due to perfusion with oncotic
agents. The use of this preparation excludes systemic
influences, such as alterations in release of vasopressin and
sympathetic nervous system activity provoked by Ang(1-7).
Additional influences such as changes in extracellular fluid
volume or the activity of the renin-angiotensin-aldosterone
system are also obviated. At a dose as low as 0.1 pmol ml~',
Ang(1-7) provoked a diuretic-natriuretic response without
altering renal vascular resistance (RVR).

Methods Right kidneys from male Sprague Dawley rats
(325-400 g, Charles River, Wilmington, MA, U.S.A.) were
perfused in situ as described previously (Quilley & McGiff,
1990) with the following changes; 10 mM NaCl was replaced
with 10 mM NaCH,COOH and bovine serum albumin was
obtained from a different source (Bovimar, Purchase, N.Y.,
U.S.A)). Flow rate was adjusted throughout to give a mean
renal perfusion pressure of 90 mmHg. Thus, changes in
glomerular filtration rate (GFR) and electrolyte excretion
were independent of changes in perfusion pressure.

Following equilibration for 15 min and a control 10 min,
pretreatment clearance period, kidneys were infused with
either Ang(1-7), kindly provided by Dr Mahesh C. Khosla,
(Cleveland Clinic Foundation, Cleveland, OH, U.S.A.) or
Ang II (Sigma Chemical Co., St. Louis, MO, U.S.A)) for 5
consecutive experimental clearance periods. Infusion rates
were adjusted in accordance with perfusate flow rate changes
so that peptide concentrations remained constant.

In pilot studies the dose-range over which Ang(1-7) pro-
duced an effect was compared to that of Ang II (n=3 per
group) by infusing the peptides incrementally to achieve rates
of 0.1-10.0 pmol ml~!. Having established the effective dose-
range, the effect of continuous exposure to Ang(l-7) at a
single dose of 3 pmolml~' (n=7) was compared to that of
control kidneys infused with an equivalent volume of the
0.9% w/v saline vehicle throughout (n= 7). Perfusate and
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urine flow rates, GFR, electrolyte excretion and statistical
analyses were determined as described previously (Quilley &
McGiff, 1990).

Results At the lowest dose tested (0.1 pmol mi~!) Ang(1-7)
produced significant (P <0.05) diuretic and natriuretic res-
ponses of 58 + 2 pl min~! and 3.6 + 0.7 pEq min~! compared
to pretreatment values of 36 + 4 pl min~! and 1.6 £ 0.2 uEq
min~!, respectively. As the dose was increased, further in-
crements were observed. RVR was unchanged, irrespective of
dose. In contrast, graded-dose infusion of Ang II produced
the expected dose-dependent elevation in RVR which was
significantly increased (P<<0.05) at 0.3 pmolml~! to 3.9 %
0.5 mmHg ml~' min~! versus 2.8 + 0.1 mmHg ml~! min~! in
the control and began to level off at 3 pmolml~! and
10 pmol ml~! being 12.6+ 1.1 and -14.1 £ 1.3 mmHg ml~!
min~', respectively. In addition, GFR was reduced signi-
ficantly (P<<0.05) by Ang II at doses of 1-10 pmol ml~!
falling to 54-67% of the respective time-control values.
Water and electrolyte excretion were minimally affected by
0.1-1 pmol ml~' Ang II. However, at the two highest doses
there was an abrupt increase in excretion rates to values
similar to those evoked by Ang(1-7), i.e. Ang II increased
sodium excretion to 6.9+ 0.6 and 16.6+ 1.3 pEq min~!,
respectively compared to 11.2%+3.1 and 13.0£2.7pEq
min~!, respectively for 3 and 10 pmol ml~! Ang(1-7).

Having established the potency range, Ang(l-7) was
infused throughout at a dose of 3 pmol ml~'. RVR (Table 1)
and therefore, perfusate flow rate were not significantly
altered. However, GFR tended to be higher being
significantly different from control (P <0.05) in three of the
five experimental clearance periods (Table 1).

Ang(1-7) produced a prompt diuretic response with a
doubling of urine volume in the first experimental clearance
period. Continued infusion elicited further increases which
stabilized by the end of the third clearance period (Table 1).
Even greater increments in the excretion of sodium were
observed (Table 1) as its urine concentration also increased
(Table 1). Potassium excretion increased (Table 1) to a lesser
extent than sodium, and tended to decline with long-term
Ang(1-7) infusion as the urinary concentration of potassium
was reduced (Table 1).

The effects of Ang(1-7) on water and electrolyte excretion
could be dissociated from the increase in GFR. For example,
fractional water excretion was significantly higher (P <<0.05)
than control in all but the first experimental clearance period
reaching a maximum of 12.5 * 1.3% compared to the control
of 6.4%1.5%. Fractional sodium excretion increased
(P<0.05) in periods four and five to 6.2+ 0.9 and 6.8 *
0.7% versus control values of 2.2* 0.8 and 3.0 £0.9%,
respectively.
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Table 1 Effect of single dose infusion of angiotensin(1-7) (Ang(1-7)) at 3 pmolml~' on glomerular filtration rate, water and
electrolyte excretion rates and urinary electrolyte concentrations of the rat, isolated perfused kidney

Clearance period (10 min each)

Treatment Post treatment
group Pretreatment 1 2 3 4 5
Renal vascular resistance (mmHg ml~' min~')
Control 29+0.1 29+0.1 281+0.1 27101 2.710.1 27101
Ang(1-7) - 29+0.2 28+0.1 27101 27%0.1 2.610.1 261+0.1
Glomerular filtration rate (ml~' min~!)
Control 0.8 0.1 1.0+ 0.1 1.1x0.1 09%0.1 0910.1 0.7%0.1
Ang(1-7) 1.2x0.1 1.6 £0.1* -1.4%0.1 1.2+0.1* 1.1x0.1 1.1+£0.1*
Urine volume (ul min~")
Control 202 2714 36+8 3819 44+8 4317
Ang(1-7) 313 62+ 10* . 96 £+ 12* 112+ 15* 124 £ 14* 130 + 13*
Sodium excretion rate (WEq min~")
Control 0.8+0.2 1.1£0.3 1.8+£06 22107 26107 28+0.7
Ang(1-7) 1.1£0.3 34109* 6.0+ 1.4* 9.7+ 1.4* 99+ 1.3* 10.2 + 1.0*
) Potassium excretion rate (WEq min~')
Control 0901 1.31£0.3 1.7t04 1.5+£0.2 1.51t0.2 1.2+0.2
Ang(1-7) 1.8+03 341 04* 3.1+£0.2* 27+0.1* 2310.1* 24+0.3*
Sodium concentration (WEq ml1-")
Control 38t 11 41t 11 43+ 11 50t 10 529 5611
Ang(1-7) 32t6 48+7 63%6 75+ 3* 79 £ 2* 80 + 5*
Potassium concentration (WEq ml~")
Control 42t4 4714 48t4 4614 39+4 33+4
Ang(1-7) 55+4 56t 3 41t 6 20 + 5* 20+ 2* 19+ 2*

Statistical significance of the difference at P <0.05 between control (n = 7) and Ang(1-7) treated (n = 7) kidneys was determined by
analysis of covariance against the pretreatment values to take account of possible differences prior to drug infusion

Discussion The observation that Ang(l-7) had a positive
effect on GFR and increased water and electrolyte excretion
in a dose-dependent fashion is the first evidence that this
heptapeptide fragment of the renin-angiotensin system can
affect function of the whole kidney. Moreover, Ang(1-7) had
a unique profile of activity producing sustained effects on
excretion which occurred at doses lower than those for Ang
II and were not accompanied by increases in RVR, in con-
trast to the dose-dependent vasoconstrictor action of Ang II,
observed in this and other studies using the isolated kidney
preparation (Bell-Quilley et al., 1993). As Ang(1-7) increased
GFR in the absence of a change of RVR it may modify
determinants of the ultrafiltration coefficient or affect discreet
segmental resistance changes in the renal vasculature. The
latter, in turn, may contribute to the increased excretion rates
as a consequence of alterations in peritubular pressures.
Given the magnitude of the natriuretic response to Ang(1-
7), coupled with the increase in urinary sodium concentration
and fall in potassium concentration, it is likely that Ang(1-7),
like Ang II, has direct effects at both proximal and distal
nephron sites. Studies on the tubular actions of Ang II, using
several different experimental approaches, have shown that in
the proximal tubule Ang II has a dose-dependent, biphasic
effect on sodium reabsorption (Harris & Navar, 1985), where
higher doses inhibit sodium transport. In addition, Ang II
inhibits sodium reabsorption distally (Harris & Navar, 1985).
Likewise in the rat, isolated kidney the response is complex
as Ang II elicits a biphasic natriuretic response as a function
of dose (personal observation) as well as having multiple
haemodynamic effects (Harris & Navar, 1985, Bell-Quilley e?
al., 1993). However, unlike Ang(1-7) the natriuretic phase of
the response to Ang II is consistantly accompanied by a
marked vasoconstriction suggesting that the renal effects of
the two peptides are due to activation of different receptor
subtypes. In this regard, it has been suggested that Ang(1-7)
stimulation of prostaglandin release in non-renal tissue is
predominantly through AT, receptor activation based on
blockade by AT, selective antagonists (Jaiswal ez al., 1992),
some of which have preferential affinity for the AT,y receptor

e.g. PD123177 (Ernsberger et al., 1992). Although many of
the actions of Ang II have been attributed to AT, receptor
activation it is also known that Ang II binds to multiple
receptor subtypes. It is possible therefore, that the increase in
RVR and the antinatriuretic effect of Ang II results from
activation of receptors not stimulated by Ang(1-7) but that
the two peptides interact with the same receptor to increase
excretion rates. Alternatively, the natriuretic effect of Ang II
could result from its conversion to Ang(1-7) prior to receptor
activation (Erdos & Skidgel, 1990).

Ang(1-7) is the earliest and also the major product of Ang
I metabolism in various tissues (Ferrario et al., 1991), includ-
ing the proximal tubule (Stephenson & Kenny 1987).
Moreover, in rat kidney, Ang(1-7) concentrations are 6 fold
higher than levels in the systemic circulation (Campbell et al.,
1991) suggesting its intrarenal formation. Ang(1-7) continues
to be formed during angiotensin converting enzyme (ACE)
inhibition and plasma levels of Ang(1-7) in the rat are
elevated 25 fold by ACE inhibition (Campbell et al., 1991).
In view of its natriuretic effect, it is therefore possible that
increased Ang(1-7) participates in the antihypertensive effect
of these drugs. Interestingly, neutral endopeptidase 24.11, a
major enzyme for Ang(l-7) formation, has the same renal
distribution as ACE being richest in the proximal brush
border (Erdos & Skidgel, 1990). Thus, the requisite enzymes
are strategically placed to generate both Ang(1-7) and Ang II
in the nephron segment with the greatest concentration of
angiotensin receptors and greatest capacity for sodium reab-
sorption.

In conclusion, the demonstration that Ang(1-7) has potent
natriuretic activity coupled with evidence for its formation in
the kidney lend support to an endogenous role. In view of
the high levels of neutral endopeptidase 24.11 and ACE in
the proximal tubule, sodium chloride reabsorption at this site
may be regulated by the relative concentration of Ang(1-7) to
Ang II. Subsequently, delivery of solute to more distal parts
of the nephron, such as the macula densa, also may be
regulated. We suggest that the expression of the renal res-
ponse to activation of the renin-angiotensin system may not



only be due to the actions of Ang II as the major effector
peptide, but may also include effects mediated by Ang(1-7).
A recent preliminary report has described similar responses
of the rat kidney to Ang(1-7) in vivo (Handa et al., 1993).
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['°T]-PD151242: a selective radioligand for human ETa

receptors

'Anthony P. Davenport, Rhoda E. Kuc, *Fiona Fitzgerald, Janet J. Maguire, TKent Berryman

& tAnnette M. Doherty
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Our aim was to synthesize a new endothelin ET, selective radioligand, ['*’I]-PD151242 and characterize
the compound in human vascular tissue. Binding of ['*I]-PD151242 to sections of human aorta was
time-dependent and reached equilibrium after 120 min at 23°C with an association rate constant of
1.26 £0.17 x 10 M~! min~! (» = 3 individuals * s.e.mean). The binding was reversible at 23°C with an
observed dissociation rate constant of 0.0025 £ 0.0006 min~' (n = 3). Saturation binding assays using
['®I]-PD151242 revealed a single population of high affinity ET receptors (n=3) in aorta
(Kp=0.76 £ 0.17 nM; B,,, = 5.98 £ 1.56 fmol mg~! protein), pulmonary (Kp = 1.75 £ 0.20 nM; B, =
12.78 £ 1.39 fmol mg~! protein) and coronary arteries (Kp=0.51 £ 0.07 nM; B, = 44.9 £ 1.67 fmol
mg~! protein). ET, selective ligands competed for ['*I]-PD151242 binding in aorta with nanomolar
affinity (BQ123, Kp = 0.41 £ 0.26 nM; FR139317, Kp = 0.55 £ 0.11 nM) whereas the ETjy selective com-
pound, BQ3020, competed with micromolar affinity (Kp = 1.36 £ 0.25 um). In isolated coronary arteries,
PD151242 was a functional antagonist and caused a significant, parallel rightward shift of the ET-1
dose-response curve with a pA, value of 5.92 (n=15) and a slope of unity. The high affinity and
selectivity of ['*I]-PD151242 for ET, receptors will facilitate the characterization of this sub-type in

human tissues.

Keywords: PD151242; endothelin; FR139317; BQ123; BQ3020; ET, receptor; human aorta; pulmonary artery; coronary artery

Introduction Two endothelin (ET) receptor sub-types, ETa
and ETjy have been isolated and cloned from human tissue.
They are classified at present by the relative potency of the
three ET isoforms. ET-1 and ET-2 have similar affinities for
the ET, receptor whereas that of ET-3 is much lower. All
three isoforms are thought to be equipotent for the ETyg
sub-type (see Miller et al., 1993). Classification of receptors
has been advanced by the development in animals of sub-
type selective agonists for the ETy receptor (Doherty, 1992).
Radiolabelled versions of these compounds, ['ZI]-
[Ala"*BIET-1 and ['*1}-BQ3020, are selective for human
ETg receptors (Molenaar et al., 1992) and the peptides have
been used to determine the distribution of this sub-type in
human tissues (Molenaar et al., 1993; Davenport et al., 1993;
Karet et al., 1993).

ET,-selective antagonists have also been developed in
animal models including BQ123 (Ihara et al, 1992) and
FR139317 (Nirei et al., 1993) but these are unsuitable for
direct iodination. We have therefore synthesized PD151242,
which contains a tyrosine residue and has structural
similarity to FR139317, and tested the ability of the
iodinated compound to bind to ET receptors in human blood
vessels. In vitro pharmacological assays were used to test for
functional antagonism in human isolated blood vessels.

Methods Cardiovascular tissue was obtained from recipient
patients (age range 43-58 years) undergoing heart trans-
plants for ischaemic heart disease. Immediately on removal
from the patient, the endothelial layer and intima were
removed from the vessels (aorta, pulmonary and epicardial
coronary arteries) and the media snap frozen in liquid nitro-
gen and stored at — 70°C until use. Sections (10 pm thick)
were cut on a cryostat microtome and mounted onto gelatin
coated microscope slides.

For saturation experiments, tissue sections were pre-
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incubated for 15min in HEPES buffer as previously des-
cribed (Davenport et al., 1989). Sections were then incubated
with increasing concentrations (8 pM—8nM) of ['¥I]-
PD151242 in incubation buffer for 2 h at 23°C. Non-specific
binding was defined by use of 1puM unlabelled PD151242.
Sections were rinsed in Tris-HCI buffer (0.05M, pH 7.4) at
4°C (3 X 5min) and the amount of radioactivity measured in
a gamma counter. Under these washing conditions (4°C),
used to separate tissue bound ['*I]-PD151242 from free, less
than 7% of the label had dissociated after 15 min. Associa-
tion experiments were carried out using aorta as described
above, except that sections were incubated for increasing
time periods (0—240 min) with ['**I]-PD151242. For dissocia-
tion experiments, sections were incubated with ['*I}-
PD151242 for 2h at 23°C before incubating sections in an
excess of buffer at 23°C for increasing time periods
(0-240 min). In competition assays, sections were incubated
with 100 pM [*I]-PD151242 or ['*I]-ET-1 and increasing
concentrations of unlabelled peptides (20 pM—100 uM). Non-
specific binding was defined by use of 1puM unlabelled
PD151242 or ET-1 respectively.

The results of binding experiments were analysed using
EBDA and LIGAND programmes as previously described
(Molenaar et al., 1992; 1993; Davenport et al., 1993). The
presence of 1 or 2 sites was tested by the F-ratio test in
LIGAND. The model adopted was that which provided the
best fit (P <<0.05).

To test for functional antagonism of PD151242, endo-
thelium-denuded rings (2 mm) of epicardial coronary arteries
were mounted in 25ml organ baths in continuously
oxygenated Krebs solution at 37°C as previously described
(Davenport et al., 1993). Dose-response curves were deter-
mined for ET-1 (100 pM—1 puM) in the absence (control) and
presence of PD151242 (1-30puM) added to the medium
30 min prior to addition of ET-1. The responses to ET-1
were expressed as a percentage of the maximum contraction
to 50mM KCIl used to terminate the experiment and pA,
values calculated by Schild analysis.

PD151242, (N-[(hexahydro-1-azepinyl)carbonyl])L-Leu(1-
Me) D-Trp-D-Tyr; FR139317 (N-[(hexahydro-1-azepinyl)



carbonyl)L-Leu(1-Me)D-Trp-3(2-pyridyl)-D-Ala; BQ123, cyclo
[D-Asp-L-Pro-D-Val-L-Leu-D-Trp-] and BQ3020, [Ala'"'"*]Ac-
ET-1(s-,), were synthesized by solid phase t-Boc chemistry.
Peptide concentration was determined by u.v. spectrophoto-
metry. ['®I}-PD151242 (2000 Ci mmol~') was synthesized
(Amersham International plc, Amersham, Bucks) from the
unlabelled material by mild oxidation using an enzymatic
method and purified to be carrier-free. ['*I]-ET-1
(2000 Cimmol~') was obtained from Amersham and
unlabelled ET-1 from Novabiochem, Nottingham.

Results Binding of ['*I]-PD151242 to sections of human
aorta was time-dependent and reached equilibrium after
120 min at 23°C with an association rate constant of
1.26 £ 0.17 X 10* M~! min~! (n =3 % s.e.mean). The binding
was reversible at 23°C with an observed dissociation rate
constant of 0.0025 % 0.0006 min~' (n=3). ['*I]-PD151242
binding to sections of aorta, pulmonary and coronary
arteries was concentration-dependent and saturable (Table 1)
with affinities ranging from 0.5-1.8 nM. The Hill coefficients
were close to unity, and in each case a one site was preferred
to a two site model.

Unlabelled PD151242 competed for the binding of 0.1 nM
['"®I-ET-1 to aorta in a biphasic manner: Kp ET, =
3272 0.93nM and KpETg =4.85% 1.65puM with a ratio of
ETA:ETg of 84:16%. ET, and ETg-selective compounds were
tested further in human aorta for their ability to compete for
the binding of ['*I]-PD151242. The ET,-selective ligands,
FR139317 and BQI123, competed with ['*I]-PD151242 bin-
ding to aorta with high affinity in the sub-nanomolar range
(Table 1). The ETp-selective ligand, BQ3020 competed only
at high concentrations. In all cases, a one site fit was prefer-
red to a two site model. Vasoactive non-endothelin peptides
(including calcitonin gene-related peptide, angiotensin II,
bradykinin and atrial natriuretic peptide) did not compete for
binding of ['*I]-PD151242 when tested at a concentration of
1 uM (data not shown). Binding of ['*I}-PD151242 (up to
0.1 nM) could not be detected to cultures of human umbilical
vein endothelial cells that have previously been shown by
reverse-transcriptase polymerase chain reaction assays to exp-
ress only ETy mRNA (Molenaar et al., 1993).

In human isolated epicardial coronary arteries, PD151242
(1-30 uM) produced significant, parallel rightward shifts of
the ET-1 dose-response curve. A pA, value of 592 (n=35
individuals) was derived by Schild analysis and the slope of
the regression was not significantly different (P> 0.05) from
unity.

Discussion ['*I]-PD151242 has a high affinity and selectivity
for human ET, receptors in aorta, pulmonary and coronary
arteries. Hill slopes were close to unity suggesting that the
ligand binds to a single population of receptors or to mul-
tiple binding sites with similar affinities. In each vessel,
affinities were comparable to those previously obtained for
['®I]-ET-1 in saturation binding assays: aorta (Kp = 0.51 nm),
pulmonary (Kp=0.85nM) and coronary arteries
(Kp = 0.14 nM) (Davenport et al., 1993). We have previously
shown that the media of all three vessels express mRNA
encoding both ET, and ETg sub-types by reverse-
transcriptase polymerase chain reaction and in situ hybridiza-
tion assays. Competition binding assays have confirmed that
human vascular tissue contains predominantly the ET, sub-
type with a smaller population of ETjg receptors. For exam-
ple, BQ123 competes with ['*I]-ET-1 binding to human cor-
onary artery in a biphasic manner with KpET, = 0.85 nM,
KpETg = 7.6 uM, ratio 87%:13% (Davenport ez al., 1993). In
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Table 1 A Saturation binding experiments: dissociation
constants (Kp), maximal density of receptors (Bp,,) and Hill
coefficients (nH) for ['*I}-PD151242 binding to the media
from human arteries

Kp B, (fmol mg-!
n (aM) protein) nH
Aorta 3 0.76 £ 0.17 598 + 1.56 1.00 £ 0.01
Pulmonary 3 1.75+0.20 1278+ 139  1.00£0.03
Coronary 3 0.51 £0.07 449+ 1.67 0.84%0.09

B Competition binding experiments: comparison of ET,

and ETy ligands competing for the binding of
['®1]-PD151242 to the media of human aorta
n K D

ET,
PDI151242 3 1.20 + 0.88 nm
BQI23 3 0.41 £ 0.26 nm
FR139317 3 0.55+0.11 nm
ETs
BQ3020 3 1.36 £ 0.25 um

Values are the mean * s.e.mean of three individuals in both
A and B.

support of these results, the density of ET, receptors
estimated by ['*I}-PD151242 (Table 1) was lower than those
obtained with the non-selective ligand ['*I]-ET-1 where By,
values of 9, 15 and 71 fmol mg~! protein were found in
aorta, pulmonary and coronary arteries respectively (Daven-
port et al., 1993). Bax et al. (1993) have observed that in
post-mortem coronary artery, both BQ123 and [Ala"*'"]ET-
1 compete monophasically for ['*I]-ET-1 binding suggesting
an atypical ET receptor but our results thus far are consis-
tent with the presence of the two known receptor sub-types.

PD151242 antagonized ET-1 constrictor responses in
human isolated coronary arteries and the regression slope of
unity indicated the compound acts in a competitive manner.
These data support results obtained with other ET,
antagonists, suggesting that vasoconstriction in the human
vasculature is predominantly mediated via the ET, sub-type
(Maguire & Davenport, 1993). The difference between the
affinity of ['*I)-PD151242 measured by ligand binding and
the potency of the unlabelled compound observed in vitro is
intriguing but consistent with results from other studies using
established ET,-selective antagonists. For example, the Kp
for BQ123 competing for ['*I}-ET-1 binding in the media of
human coronary artery was 0.85 nM (Davenport et al., 1993)
but has a pA, value of 7.0 in the same tissue in vitro
(Maguire & Davenport, 1993). Similar pA, values of BQ123
have been reported for example, in pig coronary artery
(Ihara er al., 1992) and rat thoracic artery (Summer et al.,
1992).

The results show the new iodinated ligand, PD151242, has
high affinity and selectivity for ET, receptors and the
availability of this radioligand will facilitate the further char-
acterization of this sub-type in human tissues.

This work was supported by grants from the British Heart Found-
ation, SERC, Isaac Newton Trust and the Royal Society. We thank
the consultant and theatre staff of Papworth Hospital, Cambridge,
for their permission to obtain cardiovascular tissue.
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Effect of PF 10040 on PAF-induced airway responses in

neonatally immunized rabbits

!Caroline M. Herd, *Donna Donigi-Gale, *T. Scott Shoupe, Stephen A. Kilfeather, Sade A.

Okiji & Clive P. Page

Department of Pharmacology, Kings College London, Manresa Road, London SW3 6LX and *International Molecular
Discovery, The Purdue Frederick Company, Norwalk, Connecticut, U.S.A.

1 PF 10040 displaced [*H]-PAF from binding sites on rabbit platelets with an ICsy=1.07 X 10~° M,
which was approximately three orders of magnitude below that of a standard PAF antagonist WEB
2086 (ICs, =4.23 X 107° M).

2 PF 10040 at doses of 5 and 10 mg (direct intratracheal administration) had no effect on the acute
bronchoconstriction induced by PAF in neonatally immunized rabbits (airway resistance R; or dynamic
compliance Cy,). However, the PAF-induced increase in airway responsiveness to inhaled histamine was
significantly inhibited (R, and Cg,) by both doses of PF 10040.

3 PF 10040 (5 and 10 mg) significantly inhibited the total pulmonary cell infiltration and neutrophil
influx induced by PAF as assessed by bronchoalveolar lavage. PAF-induced eosinophil infiltration into
the airways was significantly inhibited in rabbits that received only 10 mg PF 10040.

4 We suggest from the results of the present study that PF 10040 does not exert an inhibitory effect on
PAF-induced airway responses solely via antagonism of the PAF receptor located on platelets, as PF
10040 significantly inhibited PAF-induced airway hyperresponsiveness in the absence of an effect on the
acute bronchospasm induced by PAF.

5 We provide further evidence that pulmonary eosinophil infiltration and the development of airway

hyperresponsiveness are not causally related events as the lower dose of PF 10040 (5 mg) significantly
inhibited PAF-induced airway hyperresponsiveness yet was without effect on the eosinophil influx.

Keywords: PAF; airways; inflammation; airway hyperresponsiveness; neonatally immunized rabbit

Introduction

Bronchoconstriction, airway hyperresponsiveness and the
recruitment of leucocytes, in particular eosinophils, into the
airways are well known characteristics of bronchial asthma.
Platelet activating factor (PAF) has been suggested as a
mediator of this disease as it can induce many of these
features, both in experimental animals and in man (reviewed
in Page, 1988).

The mechanism by which PAF produces bronchoconstric-
tion and airway hyperresponsiveness has yet to be deter-
mined. A role for the lipoxygenase products of arachidonic
acid, particularly leukotrienes formed by the S-lipoxygenase
pathway, has been suggested to account for a number of
PAF-induced effects in rabbits, including bronchoconstriction
and the increase in airway responsiveness to histamine fol-
lowing PAF exposure (Herd et al., 1992).

In the present study, the ability of PF 10040 (1-3,4-di-
methoxyphenylethyl)-6-methyl-3,4-dihydroisoquinoline hydro-
chloride), a substance recently reported to inhibit PAF-
induced oedema in rabbit skin (Rossi e al., 1992), has been
investigated for its ability to act as a PAF antagonist on
rabbit platelets in comparison with the triazolodiazepine,
WEB 2086 (Casals-Stenzel et al., 1987). Furthermore, we
have investigated the ability of PF 10040 to influence bron-
choconstriction, pulmonary cell infiltration and airway hyper-
responsiveness induced by PAF in spontaneously breathing
rabbits. Immunized rabbits have been used as we have
previously shown that while aerosolized PAF will induce
airway hyperresponsiveness to inhaled histamine in only a
proportion of normal rabbits, it is effective in all rabbits that
have been neonatally immunized with antigen (Herd et al.,
1992).

! Author for correspondence.

Methods

Animals

New Zealand White (NZW) rabbits (Froxfield Farms,
Petersfield, Hampshire) of either sex were used throughout
the study. The immunization procedure of neonatal rabbits
was as previously described (Minshall er al., 1993). Rabbits
were injected intraperitoneally (0.5 ml) within 24 h of birth
with Alternaria tenuis extract in aluminium hydroxide
(Al(OH);) moist gel and saline in the ratio of 2:1:1. The i.p.
administration of antigen and adjuvant was repeated weekly
for the first month and then biweekly for the following 2
months. At 3 months of age, the adult animals were transfer-
red from the breeding unit to our laboratory. The
methodology described in this study was subject to Home
Office approval and performed under the Animals (Scientific
Procedures) Act 1986.

*H-labelled platlet activating factor receptor binding
studies

Blood (100 ml) was obtained via cardiac puncture of
pentobarbitone-overdosed rabbits and collected into 16 ml
anticoagulant (g 50 ml~!: sodium citrate 11.75, citric acid
6.85, dextrose 2.0). The citrated blood was immediately
diluted 1:1 in buffer A (composition mM: NaCl 140, KClI 2.6,
NaH,PO, 0.42, MgCl, 1, HEPES 17, EDTA 5, pH 7.4, 4°C)
and centrifuged at 200 g for 15 min at 2°C. The platelet-rich
plasma was removed and replaced with buffer A. Centrifuga-
tion of the rediluted plasma-depleted blood was repeated and
the platelet-rich supernatant fractions were combined and
pelleted by centrifugation at 2,800 g for 10 min at 2°C. The
final cell pellet was resuspended in buffer B (composition
mM: NaCl 140, KCl 2.7, NaH,PO, 0.4, MgCl, 2.0, dextrose
6.2, HEPES 17, EDTA 0.2 and BSA 0.1%). Displacement of
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1-O-PH] alkyl platelet activating factor (H])-PAF) was
examined in rabbit platelets as previously described (Ukena
et al., 1988). Cells (1 x 10%) were incubated in buffer B in a
final volume of 0.9 ml with [*H}-PAF (30 pM) in the presence
or absence of PF 10040 (3-500 uM) or WEB 2086 (0.01-
10 uM). Reactions were conducted for 90 min at 22°C and
terminated by filtration through Whatman GF/C filters.
Filters were washed three times with 3 ml buffer C (composi-
tion mM: NaCl 140, MgCl, 10, EDTA 2 and Tris 10) and
counted in a beta-counter.

Pulmonary function measurements

Rabbits (1.95-3.6 kg) were pre-medicated with diazepam
(2.5mgkg-!, i.p.) and subsequently anaesthetized with
Hypnorm (0.4 mlkg~!, intramuscularly), a regime which
produces neuroleptanalgesia and is recommended for
recovery anaesthesia in laboratory rabbits (Flecknall,
1987). Neuroleptanalgesia was maintained throughout the
course of the experiment by administration of Hypnorm
i.m. approximately every 30 min (Flecknall, 1987). Animals
were placed in a supine position and intubated with a
cuffed endotracheal tube (3.0 mm internal diameter; Mallin-
ckrodt Laboratories, Athlone, Ireland) attached to a
heated (37°C) Fleisch pneumotachograph (size 00). Flow
was measured with a Validyne differential pressure trans-
ducer (model MP 45-14-871; Validyne Engineering Corp.,
Northridge, CA, U.S.A.). Pleural pressure was estimated
by placing an oesophageal balloon in the lower third of the
oesophagus to obtain the maximum expiratory pressure.
Transpulmonary pressure, the difference between thoracic
and pleural presure, was measured with a second Validyne
differential pressure transducer (model MP 45-24-871)
connected between the oesophageal balloon and atmos-
pheric air. The flow was integrated to obtain a continuous
recording of tidal volume. Measurements of total lung resis-
tance (Ry) and dynamic compliance (Cyy,) were calculated
by an online respiratory analyser (PMS Version 5.1,
Mumed Ltd., London) as previously described (Minshall et
al., 1993).

Measurement of airway responsiveness to histamine

After measurement of baseline lung function, rabbits were
exposed to an aerosol of saline for 2 min and lung function
parameters recorded. Airway responsiveness was determined
by exposing animals to cumulative concentrations of aero-
solized histamine (1.25-80 mg ml~!; 2 min per concentration)
administered directly to the lungs via the endotracheal tube.
Pulmonary function was recorded following each 2 min
exposure. Aerosols were generated by an ultrasonic nebuliser
(Ultra-Neb 99, DeVilbiss Health Care Ltd., Heston, Middle-
sex) which has previously been demonstrated to generate
particles of which the majority are in the 0.5-5 pm diameter
range (DeVilbiss data). The provocation concentration (PC)
of histamine which produced a 50% increase in R; (PCs)
and 35% decrease in Cuy, (PC;s) was determined for each
animal by linear interpolation and used as indices of airway
responsiveness.

PAF challenge and drug administration

On day 2, animals were re-anaesthetized and challenged with
either PAF or 0.25% bovine serum albumin (BSA) (the
carrier vehicle for PAF). After exposure to an aerosol of
BSA for 2 min, rabbits were exposed to PAF (80 pg ml~') or
BSA over a 1h period, after which time respiratory
parameters were recorded. On day 3, increasing concentra-
tions of histamine were administered to the anaesthetized
rabbits as on day 1 and the PCy (Ry) and the PC;s (Cyyn)
values determined.

Drug studies

A solution of PF 10040 (5mg or 10mg in a volume of
0.5 ml) or saline vehicle was instilled directly into the lung via
a cannula passed into the airways to the point of the bifurca-
tion, via the endotracheal tube, 30 min prior to the com-
mencement of the PAF aerosol. Similarly, a solution of PF
10040 (5 mg or 10 mg) was instilled into the airways 30 min
before a corresponding aerosol of 0.25% BSA. In these latter
experiments respiratory parameters were recorded prior to,
and 1, 15 and 30 min following the drug administration, then
as previously described for the BSA challenge.

Bronchoalveolar lavage (BAL)

Bronchoalveolar lavages were performed immediately follow-
ing completion of the histamine aerosol challenge. The air-
ways were lavaged by use of a polyethylene catheter inserted
into the lung via the endotracheal tube. Five ml saline was
injected into the lungs, then immediately aspirated into a
collection trap, with approximately 50% recovery of fluid.
Total cell counts were determined under light microscopy
using an improved Neubauer haemocytometer. For differ-
ential cell counts, 75 pul aliquots were used for centrifuga-
tion (Shandon Cytospin 2; Shandon Southern Instruments,
Sewickley, PA, U.S.A.) and the cells were stained with Lend-
rum’s stain (active constitutuents haematoxylin and chromo-
trope 2R) to facilitate the discrimination of eosinophils as
previously described (Lendrum, 1944). A total of 200 cells
were counted differentially and classified as either neutro-
phils, eosinophils or mononuclear cells based on standard
morphological criteria.

Analysis of results

Results of the lung function studies are expressed as
mean * s.c.mean. In vivo histamine potency values were
derived from measurements of airway resistance (Ry) (PCs)
and dynamic compliance (Cq4y,) (PC;s) and are expressed as
the geometric means together with upper and lower values
for s.e.mean. For statistical purposes PCs, and PC;s values
were log), transformed. One-way analyses of variance were
used to analyse the acute bronchoconstriction data (R, and
Cqyn) (expressed as maximal percentage change) and airways
responsiveness to histamine in the three groups pre drug
treatment. Paired ¢ tests were employed to analyse the his-
tamine potency data prior to and 24h following PAF
administration. within treatment groups. The total cell, neut-
rophil, eosinophil and mononuclear cell counts obtained
from BAL before and 24 h after PAF challenge were sub-
jected to Kruskall-Wallis analysis of variance by ranks as the
variances were found to be non-homogeneous. Distribution-
free multiple comparisons were used to determine differences
in means when multiple comparisons were made. Results
were considered significant if P<<0.05.

Drugs

The drugs and chemicals used were: Alternaria tenuis extract
(Batch No. M1-147-10P20; 40,000 PNUml~!, 1 mgml-};
Greer Laboratories Inc. Lenoir, NC, U.S.A.); aluminium
hydroxide (Al(OH);) moist gel (FSA Laboratory Supplies,
Loughborough, Leicestershire); histamine diphosphate, bo-
vine serum albumin (low endotoxin) and chromotrope 2R
(Sigma Chemical Co., Poole, Dorset); haematoxylin (BDH
Chemicals, Poole, Dorset); platelet activating factor (PAF
C.6,1-0-hexadecyl-2-0-acetyl-sn-glycero- 3-phosphocholine;
Novabiochem, Nottingham, Nottinghamshire); diazepam
(Valium 5 mgml~!; Roche Products Ltd., Welwyn Garden
City, Hertfordshire); Hypnorm (a mixture of fentanyl citrate
0.315mgml-! and fluanisone 10 mgmi~!; Janssen Phar-
maceutical Ltd., Grove, Oxfordshire); PF 10040 (1-3,4-



dimethoxyphenylethyl)-6-methyl-3,4-dihydroisoquinoline hyd-
rochloride) (a gift from The Purdue Frederick Company,
Norwalk, CT, U.S.A.); WEB 2086 (3-[4-(2-chlorophenyl)-9-
methyl-6H-thieno[3,2-f][1,2,4]triazolo-[1,4]-diazepin-2-yl}-1-(4-
morpholinyl)-1-propanon) (a gift from Boehringer Ingelheim,
Ingelheim-am-Rhein, Germany); 1-O-[*H] alkyl platelet act-
ivating factor (Amersham International, Amersham, Buck-
inghamshire); sterile pyrogen-free 0.9% sodium chloride
solution (saline; Baxter Healthcare Ltd., Thetford, Norfolk).
All reagents were of analytical grade. For in vivo studies all
solutions were prepared in saline.

Results

Displacement of [PH]-PAF

Specific binding, defined by inclusion of a saturating concen-
tration of WEB 2086 (10 uM), was approximately 50% of
total binding. WEB 2086 and PF 10040 displaced [*H]-PAF
in a dose-dependent fashion (Figure 1). WEB 2086 exhibited
an apparent affinity approximately two orders of magnitude
above that of PF 10040 (ICsp; WEB 2086, 4.23 X 10~° M 95%
confidence interval: 1.09-16.50 x 10~° M; PF 10040, 1.07 X
10~ M (95% confidence interval: 0.57-2.03 X 1075 M)).

Baseline lung function

Single doses of saline vehicle or PF 10040 10 mg instilled
directly into the lungs of immunized rabbits had no
significant effect on baseline lung function (Rp or Cgy)
measured 1, 15 and 30 min following administration (data
not shown; n = 3).

Airway responses

Airway responsiveness to inhaled histamine (both Ry PCjs,
and Cg,, PC;;) prior to PAF challenge was not significantly
different in rabbits that were to receive either vehicle, PF
10040 Smg or 10mg (Ry: F=0.127, d.f =18; Cgyp:
F=1.189, d.f. =18; Table la and b). The combined mean
values were R;: 22.96 + 1.30 mg ml~' (n = 21); Cyyn: 11.54 £
1.25mgml~!' (n=21).

PAF-induced bronchoconstriction

Acute bronchoconstriction induced by PAF was not sig-
nificantly different in groups of immunized rabbits pretreated
with saline vehicle or with PF 10040 at doses of 5mg or
10 mg directly administered into the airway (Ry: F=1.117,
d.f.=18; Cq4y: F=3.809, d.f.=18; Table 2, Figure 2).
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Figure 1 Displacement of [PH]-PAF binding in rabbit platelets by
PF 10040 (M) and WEB 2086 (@). Each point represents the
mean * s.e.mean of 4 experiments.
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Table 1 Effect of PF 10040 (vehicle, 5 mg and 10 mg) on
airway responsiveness to inhaled histamine prior to and 24 h
following exposure to PAF aerosol (80 pug ml~') in immun-
ized rabbits

(a) Histamine PC;, (mgml~')
Pre Post
Vehicle n=9
mean + s.emean 19.77%x1.51 7.89+1.37* 0.0036
Smg n==6
mean £ s.eemean 27351t 1.76 23.50%* 1.62 NS
10mg n=6
mean t s.emean 24.10+1.84 19.50 £ 1.66 NS
(b) Histamine PC;; (mgml-')
Pre Post P
Vehicle n=9
meant s.e.mean 16831148 4.86* 1.45* 0.0001
Smg n=6
mean t s.e.mean 7.59+1.61 14131184 NS

10mg n=6

mean 1 s.e.mean 991+143 9.161 147 NS

(a) PCy, is the concentration of histamine (aerosol)
(mgml-') required to cause a 50% increase in airway
resistance (Ry); (b) PC;s is the concentration of histamine
(aerosol) (mg ml~') required to cause a 35% fall in dynamic
compliance (Cyy). *P<0.05 compared with Pre value
(paired ¢ test).

Table 2 Percentage change in airway resistance (R.) and
dynamic compliance (C,,) following PAF aerosol (80 ug
ml~') in immunized rabbits pretreated with PF 10040
vehicle, 5mg and 10 mg

RL Cdyn
Vehicle Saline mean 59.34 —43.90
n=9 s.e.mean 5.39 4.36
PF 10040 Smg mean 43.40 —42.89
(n=06) s.e.mean 11.61 4.20
PF 10040 10 mg mean 51.61 - 28.76
(n=26) s.e.mean 6.59 3.22

Airway hyperresponsiveness

Airway responsiveness to inhaled histamine (both R; PCs,
and C,, PC;;) was not significantly different in animals
treated with PF 10040 (10 mg) prior to and 24 h following
BSA challenge (data not shown). However, single doses of
5mg and 10 mg PF 10040 directly instilled into the lungs of
immunized rabbits were sufficient to significantly inhibit
PAF-induced airway hyperresponsiveness at 24 h following
PAF challenge for both Ry and C,, compared with the
vehicle-treated control group (P<<0.05) (Tables la and b,
Figures 3a and b).

Bronchoalveolar lavage

In rabbits that received vehicle alone, PAF induced a
significant increase in the total number of inflammatory cells
recovered in BAL fluid 24 h following challenge. This in-
crease in total cell counts was reflected as an increase in total
neutrophil and eosinophil counts (Table 3). PF 10040, 5 mg
and 10 mg, significantly inhibited the increase in the total cell
number and number of neutrophils (P <0.05). Only in rab-
bits pretreated with PF 10040 10mg was eosinophil
infiltration significantly inhibited (Table 3).
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Figure 2 Percentage change in airway resistance (R, ) and dynamic
compliance (Cy,,) following PAF aerosol (80 pg ml~') in immunized
rabbits pretreated with PF 10040 vehicle (solid columns), 5 mg (hat-
ched columns) and 10 mg (cross-hatched columns).

Discussion

The local administration of PF 10040 into rabbit skin has
recently been shown to inhibit oedema formation induced by
PAF (Rossi et al., 1992) and it has therefore been suggested
that PF 10040 is a novel PAF antagonist. No further
evidence of the ability of PF 10040 to inhibit the binding of
PAF however was provided in this study. The present
experiments show that PF 10040 can act as a competitive
antagonist of PAF binding to rabbit platelets, with apparent
affinity approximately 3 orders of magnitude less than the
triazolodiazepine, WEB 2086 (Casals-Stenzel et al., 1987).
The ICs, value obtained for WEB 2086 in the present study is
in close agreement with that obtained by other investigators
using similar methodology (Ukena et al., 1988). However,
despite PF 10040 acting as a PAF antagonist in vitro, acute
bronchoconstriction induced by aerosolized PAF was un-
affected by the prior treatment of rabbits with PF 10040 at
doses of 5mg or 10 mg, administered directly into the air-
ways. All PAF antagonists so far described that inhibit PAF
binding to platelets in vitro have been shown also to inhibit
PAF-induced bronchoconstriction in vivo (Hosford et al.,
1989) as this biological response induced by PAF is known to
be a platelet dependent phenomenon (Coyle et al., 1990). It is
plausible that we failed to inhibit PAF-induced bronchocon-
striction with PF 10040 because we did not achieve high
enough local concentrations of the drug in the airways. How-
ever, this explanation seems unlikely as we were clearly able
to inhibit PAF-induced pulmonary cell infiltration and air-
way hyperresponsiveness with PF 10040. Both of these
responses have also been shown previously to be platelet-
dependent in the rabbit (Coyle et al., 1990), making our
present results somewhat surprising.

In the present study, PAF aerosol induced airway hyper-
responsiveness to inhaled histamine 24 h after challenge. Fol-
lowing single doses of 5 and 10 mg PF 10040, PAF was
unable to alter significantly the responsiveness of the airways
to histamine (either airway resistance (R;) or dynamic com-
pliance (Cyy,)). The effect of PF 10040 on the R, component,
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Figure 3 Effect of PF 10040 vehicle (®) (n=9), 5mg (M) (n = 6)
gnd 10mg (A) (n=6) on PAF-induced airway hyperresponsiveness
in immunized rabbits (a) histamine PC,, is the concentration of
histamine required to cause a 50% increase in airway resistance (Ry);
(b) histamine PC;; is the concentration of histamine required to
cause a 35% decrease in dynamic compliance (Cyyn)- *P<0.05 com-
pared with pre-PAF control.

considered to be a measure of larger, upper airway function,
was similar for both doses of the drug. However, the effect of
PF 10040 on the C,, component, a measure of smaller
airway function, is not as clear, as the PC;s value pre PAF is
unexpectedly small in comparison with that of the vehicle
and PF 10040 10 mg-treated groups. The large range of PCss
values obtained in this study implies that measurement of
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Table 3 Total and differential cell numbers recovered from bronchoalveolar lavage (BAL) fluid before (Pre) and 24 h (Post) following
exposure to PAF aerosol (80 pug ml~') in immunized rabbits pretreated with PF 10040 vehicle (n =9), Smg (n = 6) and 10 mg (n =5)

Total

0mg (vehicle) Pre 2.15 (0.40-5.25)

Post 6.92 (1.30-21.5)*

5mg Pre 3.02 (0.35-6.65)
Post 2.95 (0.12-5.55)t

10 mg Pre 1.84 (0.30-2.95)
Post 2.51 (0.65-10.95)t

Values represent mean with range in parentheses.
*P<0.05 compared with Pre control.
+P<<0.05 compared with Post vehicle control.

Cyyn are more variable and less reproducible than those of

L.

As PF 10040 had no effect on the airway responsiveness to
histamine following BSA challenge, the inhibitory action of
PF 10040 on PAF-induced airway hyperresponsiveness is not
attributable to histamine H, antagonism or via some non-
specific effect on airway hyperresponsiveness. PF 10040 has
recently been shown to protect against experimental NSAID-
gastritis (Wallace er al., 1993) and it remains to be deter-
mined whether a common mechanism of action may account
for the ability of PF 10040 to inhibit PAF-induced airway
hyperresponsiveness in the present study.

In agreement with previous studies PAF was found to
induce an influx of inflammatory cells into the airways
(predominantly neutrophils and eosinophils) as assessed by
bronchoalveolar lavage (BAL) (Herd et al, 1992). The
accumulation and activation of inflammatory cells within the
airways has been suggested to lead to epithelial damage
causing the exposure of nerve endings in the bronchial
lumen, which are thought to initiate an increase in airway
responsiveness (Barnes, 1986). Whilst PF 10040 (5 mg and
10 mg) inhibited both the PAF-induced total cell infiltration
and the development of airway hyperresponsiveness, only in
rabbits pretreated with the higher dose of PF 10040 (10 mg)
was eosinophil recruitment significantly inhibited. In rabbits
that received the lower dose of PF 10040 (5 mg), eosinophil
infiltration persisted despite airway hyperresponsiveness
being inhibited. This observation supports previous findings
in this model suggesting that eosinophil infiltration and air-
way hyperresponsiveness may be unrelated events. The S-
lipoxygenase activating protein (FLAP) inhibitor, PF 5901,
did not inhibit PAF-induced cell infiltration despite inhibiting
the associated airway hyperresponsiveness (Herd er al., 1992)
and pretreatment of rabbits with capsaicin has been shown to
inhibit airway hyperresponsiveness but not the pulmonary
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eosinophil infiltration induced by PAF (Spina et al., 1991).
Furthermore, in guinea-pigs, capsaicin will inhibit allergen-
induced airway hyperresponsiveness without modifying pul-
monary eosinophil influx (Ladenius & Biggs, 1989; Matsuse
et al., 1991) and certain cytokines have been shown to cause
pulmonary eosinophilia without eliciting airway hyperrespon-
siveness (Kings et al., 1990). Exposure of allergic guinea-pigs
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eosinophil accumulation in BAL in the absence of any altera-
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the associated airway hyperresponsiveness was not inhibited
by ketotifen, the phosphodiesterase inhibitors AH 21132 and
aminophylline, or dexamethasone despite the finding that
these drugs inhibited the pulmonary eosinophilia ¢Sanjar et
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a prerequisite for the development of airway hyperrespon-
siveness. It is relevant that in asthmatic subjects airway
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state of the inflammatory cells in the present study, the
participation of eosinophils in the pathogenesis of airway
hyperresponsiveness cannot be completely excluded.

In conclusion, PAF-induced airway hyperresponsiveness in
neonatally immunized rabbits can be inhibited by PF 10040,
an effect which cannot be explained solely by the ability of
this drug to act as a modest antagonist at the PAF receptor
located on platelets. In addition, these experiments provide
further evidence that pulmonary infiltration of eosinophils is
not a prerequisite for the exacerbation of airway hyperres-
ponsiveness.
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1 The purpose of this study was to characterize the effects of NC-nitro-L-arginine methyl ester
(L-NAME) on the perfusion rate/pressure relations, and on the pressor responses induced to cirazoline
and KCl in isolated, perfused mesenteric arterial beds from normotensive and spontaneously hyperten-
sive rats.

2 The basal perfusion pressure of arterial beds perfused with either physiological salt solution (PSS) or
PSS containing 1% polyvinylpyrrolidone increased as the perfusion rate increased. L-NAME, in concen-
trations up to 100 pM, failed to alter the basal pressure regardless of the perfusion rate and viscosity;
however, at 5puM, it potentiated cirazoline-induced vasoconstriction at each of the perfusion rates.
3 L-NAME but not D-NAME caused a leftward shift of cirazoline concentration-response curves with
a marked increase in the maximal response. The potentiating action of L-NAME was abolished in
arterial beds perfused with a Ca’*-free physiological salt solution and also in beds denuded of
endothelium by an infusion of distilled water for 5 min.

4 In endothelium-intact and -denuded preparations, L-NAME potentiated KCl pressor responses; the
endothelium-independent potentiation of KCIl pressor activity was stereospecific, time-independent and
was not prevented by the presence of dexamethasone (0.5uM) in the perfusion medium. However,
L-NAME failed to potentiate vasoconstriction obtained to KCl in arterial beds denervated by cold
storage (4-5°C) for 2 days.

5 The absence of K* in the perfusate did not inhibit the ability of L-NAME to potentiate o-
adrenoceptor-mediated pressor responses, and nor did L-NAME inhibit KCl-induced vasodilatation in
preconstricted arteries. It was thus concluded that L-NAME does not affect Na*/K*-ATPase activity.

6 No differences in the potentiating ability of L-NAME on either cirazoline- or KCl-mediated pressor
responses were apparent between normotensive Sprague Dawley (SD), Wistar Kyoto (WKY) and
spontaneously hypertensive (SHR) rats.

7 Our data thus provide evidence that: the presence of a vasoconstrictor is required for basal nitric
oxide (NO) release in the mesenteric arterial bed from either normotensive or spontaneously hyperten-
sive rats; L-NAME causes potentiation of cirazoline- and KCl-induced vasoconstriction respectively by
inhibiting endothelial and neuronal NO synthase(s). Furthermore, our data indicate that NO synthase

activity is not impaired in the mesenteric arterial bed of spontaneously hypertensive rats.
Keywords: NS-nitro-L-arginine methyl ester; nitric oxide; nitric oxide synthase; perfused mesenteric arterial bed; hypertension;

a-adrenoceptors; potassium chloride

Introduction

The ability of endothelial cells to modulate vascular smooth
muscle tone via the synthesis and release of one or more
endothelium-derived relaxing factors (EDRFs) is now well
recognized (Furchgott & Zawadzki, 1980; Moncada et al.,
1991). Nitric oxide (NO), or a labile nitroso compound,
produced from L-arginine has been demonstrated 1o be an
important EDRF in several vascular tissues (Palmer et al.,
1988; Ignarro, 1989). Several L-arginine analogues have been
developed as nitric oxide synthase inhibitors, for example,
NC¢-monomethyl-L-arginine (L-NMMA), N-iminoethyl-L-orn-
ithine (L-NIO), and NC-nitro-L-arginine, or its methyl ester
(L-NAME), (Dubbin et al., 1990; Moore et al., 1990; Mon-
cada et al., 1991); all these have been shown to inhibit NO
biosynthesis and also endothelium-dependent responses in
vitro and in vivo. In addition to inhibiting endothelium-
dependent relaxations, L-arginine analogues can also cause
endothelium-dependent contractions of isolated vascular
rings (Gold et al., 1990), increases in coronary perfusion
pressure in isolated perfused hearts of rabbit (Amezcua et al.,

' Author for correspondence and present address: Department of
Physiology & Biophysics, University of Louisville, Health Science
Center, A-1115, Louisville, Kentucky KY 40292, U.S.A.

1989) and guinea-pig (Levi et al., 1990) and marked hyper-
tension and regional vasoconstriction when administered to
conscious rats (Gardiner et al., 1990; Moncada et al., 1991).
These actions of L-NAME, and the other L-arginine deriva-
tives, have been ascribed to prevention or inhibition of basal
or stimulated EDRF (NO)-elicited activation of cytosolic
guanylate cyclase.

In the perfused mesenteric arterial bed isolated from either
the normotensive (Criscione et al., 1984) or spontaneously
hypertensive (Dohi et al., 1990) rats, endothelial denudation
augmented a;-adrenoceptor mediated vasoconstriction; how-
ever, neither L-NMMA, methylene blue (Ebeigbe et al., 1990)
nor L-NAME (Adeagbo & Triggle, 1992; 1993) caused vaso-
constriction as would be expected if basal nitric oxide release,
and subsequent elevation of guanosine 3:5'-cyclic monophos-
phate (cyclic GMP), maintains resting tone. In our latter
studies, we demonstrated that a putative endothelium-derived
hyperpolarizing factor (EDHF), causing vascular smooth
muscle hyperpolarization and vasodilatation via the activa-
tion of apamin-sensitive K* channels plays a dominant role
in the maintenance of vascular tone in this arterial bed
(Adeagbo & Triggle, 1992; 1993). However, the possible
influence of shear stress induced by the perfusion rate on the
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release of nitric oxide deserves to be addressed. Thus, assum-
ing the failure of L-NAME to induce vasoconstriction of this
vascular bed under in vitro basal conditions was due to an
inadequate shear stress generated in our perfusion system,
then, increasing the flow rate and/or viscosity of our per-
fusion salt solution should result in the activation of the
endothelial nitric oxide synthase, and, its subsequent inhibi-
tion by L-NAME. Accordingly, the first objective of the
present study was to assess the effects of L-, and D-isomers of
NC-nitro-arginine methyl ester on the basal perfusion pres-
sure at different flow rates during perfusion with physio-
logical salt solution (PSS) or PSS plus the plasma protein
substitute polyvinylpyrrolidone (PVP), at 1%.

Second, we have also examined the interactions of L-
NAME with a-adrenoceptor agonists- and KCl-induced re-
sponses with a view to: (a) determining the source (endothelial,
neuronal or smooth muscle) of nitric oxide that modulates
vasoconstriction to these agonists in this vascular bed; and,
(b) comparing the nitric oxide-mediated modulation of vaso-
constriction in normotensive Sprague-Dawley (SD) and Wis-
tar-Kyoto (WKY) rats with spontaneously hypertensive rats
(SHR). There are conflicting reports about the status of
endothelial function in resistance vasculature during hyper-
tension. Dohi et al. (1990) noted that the release of EDRF(s)
in the mesenteric vascular bed is impaired in hypertension,
while Randall et al. (1991), using an in situ blood-perfused
mesenteric bed, did not observe an impairment of endothelial
function. Thus, if the production of nitric oxide is deficient in
the mesenteric bed of hypertensive rats, then the ability of
L-NAME to potentiate vasoconstriction should be greater in
SD and WKY versus SHR.

Methods

Age-matched (16—20 weeks old) male SD, WKY and SHR
rats were anaesthetized by intraperitoneal (i.p.) injections of
sodium pentobarbitone (65 mg kg~!) and their systolic blood
pressure measured via a cannular (PE 50) inserted into the
femoral artery. The cannula, filled with heparinized saline
(25i.u. ml™'), was connected to a Statham pressure trans-
ducer and the recordings monitored on a Gould physiopoly-
graph (model RS 3400). Immediately after blood pressure
measurement, the abdominal cavity of individual rats was
opened, the mesenteric artery was cannulated through an
incision at its confluence with the dorsal aorta and then
isolated as previously described by McGregor (1965). The
mesenteric bed was flushed with heparinized PSS and subse-
quently transferred to a warmed chamber and perfused with
PSS (maintained at 37°C and gassed with 95% 0,:5% CO,)
at a constant flow rate of 5mlmin~! using a Microperplex
peristaltic pump (LKB Bromma, model 2132). Changes in
perfusion pressure were recorded via a Statham pressure
transducer coupled to a Grass polygraph recorder (model
7E).

The PSS used had the following composition (mM): NaCl
118, KC14.7, CaCl, 2.5, KH,PO, 1.2, MgSO, 1.2, NaHCO,
12.5, glucose 11.1 and where applicable, 1% polyvinylpyr-

rolidone (PVP). The PSS routinely contained indomethacin
(1 um) and where KCl was used as the pressor agent, also
contained 0.1 uM prazosin; the pH of the solution, after
saturation with 95% 0,:5%CO, gas mixture, was 7.4. Tissues
were allowed to equilibrate for 1h before the start of the
experiments. In studies where endothelial denudation was
required, this was achieved by an infusion of distilled water
for 5min followed by equilibration in normal PSS for 1h
before challenging with drugs. Endothelial integrity was
ascertained functionally with bolus injection of acetylcholine
after raising the vascular tone with an infusion of 0.5-1 uM
cirazoline.

Experimental protocol

Series 1 and 2 involved studies, as outlined below on SD rats.
Series 3 involved a comparison between SHR and WKY with
a protocol identical to that outlined for cirazoline and KClI at
the perfusion rate of 5.0 mlmin~', in series 1 and 2.

Series 1: The first series of experiments, using mesenteric
vascular beds isolated from SD rats, was performed to deter-
mine the effects of changes in perfusion rate and infusion of
L-NAME on: (a) the basal perfusion pressure, and (b) the
vasoconstrictor responses to cirazoline in vascular beds per-
fused with PSS at 2.5, 5.0 and 10.0 ml min~'. Arterial beds
were usually set-up and equilibrated with PSS at the flow rate
of 2.5 ml min~!, this was followed by a bolus injection of the
EDs, (determined from preliminary experiments) of cira-
zoline; subsequently, the flow rate was increased to 5.0 and
10.0 ml min~" respectively, and, during perfusion at each flow
rate, the test dose of cirazoline was injected and the changes
in perfusion pressure measured. This procedure was per-
formed in the absence of, and during infusion of L-NAME
using either PSS or PSS + 1% PVP to adjust viscosity and
maintain osmotic pressure. A separate study of the actions of
L- and D-NAME on the dose-response curves of the a-
adrenoceptor agonists was then conducted, using PSS and a
constant perfusion rate of 5.0 mlmin~'.

Series 2: Experiments in this series, also conducted at the
perfusion rate of 5.0 ml min~!, were aimed at determining the
mode of interactions of L- and D-NAME with KCl vasocon-
strictor responses in freshly isolated, and in 48 h cold-stored
(4-5°C), vascular beds which were either intact or denuded
of endothelium. The protocol, as for cirazoline, involved the
establishment of dose-response curves to the agonist in the
absence of, and during infusion of a particular concentration
of L-, or D-NAME. Loss of vasoconstrictor and vasodilator
responses to bolus injections of veratridine and infusion of
capsaicin respectively were used to assess the viability or
otherwise of periarterial nerves to the mesenteric beds after
cold-storage. Additional experiments were performed to as-
sess the: (a) influence of dexamethasone on L-NAME-KCI
interaction; and, (b) contributions of Na*/K*-ATPase to the
action of L-NAME. In (a), the effect of L-NAME on KCI
vasoconstriction was determined in PSS containing 0.5 pM
dexamethasone and then compared over a 6 h period with

Table 1 Effects of perfusion rate and inclusion of 1% polyvinylpyrrolidone (PVP) on the basal perfusion pressure (BPP) and the
potentiating action of 5 uM NC-nitro-L-arginine methyl ester (L-NAME) (measured as potentiating factors, PFs) on cirazoline-induced
pressor responses in mesenteric arterial beds of normotensive Sprague-Dawley (SD) rats

Experimental conditions
L PSS
2.5 ml min PSS + 1% PVP
- PSS
5.0 ml min PSS + 1% PVP
10.0 ml min~"' pss

PSS + 1% PVP

BPP (mmHg) PF (EDjsicontrol: EDgL-NAME)
88+ 0.7 (5) 2.6%+0.3 (6)
*13.2+2 04 (5) *1.820.4 (5
185+ 1.4 (24) 25%0.3 (6)
*23.6+ 1.2 (6) *1.720.3 (5)
3021 1.7 (5) 24+0.2 (6)
*379+ 2.1 (5) *1410.2 (5

Data represent the means * s.e.mean, n values in parentheses. Statistically significant difference (P <0.05) from the corresponding
values obtained during perfusion with plain physiological salt solution (PSS).



corresponding responses obtained during perfusion with PSS
without dexamethasone, and the time control. Experiments
ascertaining the role of Na*/K*-ATPase were carried out in
mesenteric arterial beds perfused with K*-free PSS and
involved testing the action of L-NAME against the vasocon-
strictor effects of cirazoline, and, in the case of KCl, vaso-
dilator effects after elevating the arterial tone with an
infusion of cirazoline (0.5 pM).

Series 3: This essentially comprised experiments as outlined
for the interaction of L-NAME with the a-adrenoceptor
agonists or KCl in series 1 and 2 above but with SHR and
WKY. All experiments in this series were performed in vas-
cular beds perfused at a rate of 5.0 ml min—'.

Drugs

The following were used: acetylcholine bromide, dexametha-
sone, indomethacin, N®-nitro-L-arginine methyl ester, ouabain,
capsaicin (8-methyl-N-vanillyl 6-nonenamide), tetrodotoxin,
veratridine and polyvinylpyrrolidone (PVP) purchased from
Sigma Chemical Co., MO, U.S.A.: NC-nitro-D-arginine me-
thyl ester was from Bachem Inc. (Torrance, CA, U.S.A)).
Cirazoline and prazosin, as hydrochloride salts, were gener-
ous gifts from Synthélabo Laboratories, Paris, France, and
Pfizer Inc., Arnprior, Ontario, Canada.

Statistical analysis

Data were analysed by analysis of variance and, for multiple
comparison of results, Duncan’s Multiple Range test was
used to compare group means. In all cases, a probability of
error of less than 0.05 was selected as the criterion for
statistical significance. Potentiation factors (PF), defined as
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Figure 1 Differential effects of NC-nitro-L-arginine methyl ester (L-
NAME) on the basal perfusion pressure and cirazoline-induced
vasoconstriction in isolated mesenteric arterial beds from SD rats
perfused with either physiological salt solution (PSS, a and c) or
PSS + 1% polyvinylpyrrolidone (PVP, b). Arterial beds were per-
fused at the rates indicated and in all panels the open and hatched
columns represent the measured parameters in the absence, and in
the presence of 100 uM (a and b) and 5 pM (c), L-NAME respectively.
Data plotted are the means * s.e.mean (n =6-8 experiments).
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Figure 2 Potentiation by 5 pM NC-nitro-L-arginine methyl ester (L-
NAME, a) or endothelium denudation (b) of cirazoline-induced
vasoconstrictor responses in mesenteric arterial beds isolated from
Sprague Dawley rats. In (a), (O), (@) and (M) represent the res-
ponses obtained to cirazoline in the absence, and, in the presence of
5pum L- and D-NAME respectively; while panel (b) compares
cirazoline responses in endothelium-intact (O) and endothelium-
denuded (A) arterial beds. Each point on the graphs represents the
mean * s.e.mean, n = 5-8 experiments.

the ratios of EDs, in the absence, to that in the presence of
L-NAME; EDs, denotes the doses of cirazoline or KCl that
produced 50% of the maximal vasoconstrictor effect and
were obtained from individual dose-response curves under
each of the experimental conditions.

Results

Mesenteric basal perfusion pressure: influence of
perfusion rate, PVP and L-NAME

The basal perfusion pressure of mesenteric arterial beds per-
fused with PSS increased significantly with increasing per-
fusion rates (Table 1) and the same trend was observed in
arterial beds perfused with PSS + 1% PVP. However, the
basal perfusion pressure values of tissues perfused with
PSS + 1% PVP were signifcantly (P <<0.05) greater than the
corresponding values in PSS (Table 1). Infusion of L-NAME
in concentrations up to 100 uM did not alter the basal per-
fusion pressure at any of the perfusion rates, regardless of
whether PVP was present (Figure 1). Conversely, the cira-
zoline-induced vasoconstrictor response at each of the per-
fusion rates was significantly potentiated by 5uM L-NAME
(see Figure 1). As can be seen in Table 1, the potentiation
factors (defined in Methods section) were not significantly
different at each of the perfusion rates, but were significantly
(P<0.05) greater in PSS versus PSS + 1% PVP; for this
reason, subsequent experiments were performed in PSS.
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Effects of L-NAME on mesenteric vasoconstrictor
responses to cirazoline in normotensive Sprague Dawley
rats

In normotensive Sprague Dawley rats, bolus injection of
cirazoline (0.01-10.0 nmol) initiated dose-dependent pressor
responses with EDs, values of 3.1 £0.5 (n=6) and 1.8 £ 0.4
(n=135) nmol in endothelium-intact and -denuded prepara-
tions respectively; the EDs, value is significantly (P <<0.05)
lower in denuded than in intact preparations. D-NAME
(50 uM), regardless of perfusion rate, was completely devoid
of effect on the basal perfusion pressure but L-NAME (5 uM)
caused a leftward shift of the dose-response curves to cira-
zoline with a marked increase in the maximal effect (Figure
2). However, in arterial bed preparations with intact endo-
thelium but perfused with Ca?*-free PSS, and in those de-
nuded of endothelium by an infusion of distilled water for
5 min, L-NAME failed to potentiate cirazoline-induced vaso-
constriction (Figure 3).

Effects of i-NAME on KCl-induced responses

Bolus injections of KCl (1-100 pmol) initiated pressor res-
ponses with EDjs, values of 1.09+0.10 (n=35) and 1.11 %
0.15 (n = 5) pmol in endothelium-intact and -denuded arterial
preparations respectively, and, regardless of the presence or
absence of endothelium, L-NAME potentiated the pressor
responses to the same extent (Figure 4). Arterial beds cold-
stored (4-5°C) for 2 days responded in a dose-dependent
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Figure 3 Lack of potentiation by NC-nitro-L-arginine methyl ester
(L-NAME) of cirazoline responses in isolated arterial beds with
intact endothelium and perfused with Ca**-free PSS (a) or in
endothelium-denuded arterial beds (b). In both panels, (O) and (®)
represent the control and the responses in the presence of 5um
L-NAME respectively. Each point on the graphs represents the
mean t s.e.mean, n =6 experiments.
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Figure 4 The effect of NC-nitro-L-arginine methyl ester (L-NAME)
on KCI dose-response curves in isolated perfused mesenteric arterial
beds from SD rats. The data plotted in (a) and (b) were obtained,
respectively, from endothelium-intact and denuded freshly isolated
arterial beds, while in (c) data presented are from arterial beds
denervated by cold storage for 48 h at 4-5°C. In all panels, (O) and
(@) represent the responses in the absence and in the presence of
5 uM L-NAME, respectively. Each point on the graphs represents the
meantsemean (n=6), and *denotes statistically significant
difference (P <<0.05) from corresponding control.

manner to bolus injections of KCl, but the magnitude of
such responses were reduced as compared to similar effects in
fresh tissues, and, unlike fresh preparations, responses were
not potentiated by L-NAME. Furthermore, infusion of 0.1
uM capsaicin, which caused complete vasodilatation of fresh
tissues was ineffective in cold-stored preparations; also, bolus
injections of veratridine (1-30 nmol), unlike their effect in
fresh preprations, failed to elicit vasoconstrictor action in
cold-stored arterial beds (Figure 5).

In endothelium-denuded mesenteric arteries, the pressor
responses obtained to bolus injections of 50 umol KCl at 2, 4
and 6 hourly periods were not significantly different (107.5
6.9, 1153+ 9.7 and 114.3 * 7.1 respectively), and L-NAME
(5 uM) potentiated the KCI effects respectively by 40.6 + 4.3,
33.71 3.1 and 37.9%£3.9% in the presence of dexametha-
sone. Potentiation of KCl-induced vasoconstriction by L-
NAME in the absence of dexamethasone, over the same
observation period was not significantly different from that in
its presence. Mesenteric arterial beds, equilibrated with K*-
free PSS, constricted to cirazoline and such vasoconstrictor
responses were potentiated by L-NAME (Figure 6); however,
ouabain-sensitive KCl-induced vasodilator responses in
arterial beds preconstricted with cirazoline were not inhibited
by 1 mM L-NAME (Figure 7).



160

80 P ’\
oL"g . 3 . —
1 3 10 30 5 min

e b Veratridine, nmol
o 160
E

80 -
£ —
[ L . . .
S A T 30
a ¢ Veratridine, nmol
2 200 -
>
s
‘» 100
.g Capsaicin 0.1 um
() A. .
a O& Cirazoline 0.3 pm

809 ACh 0.1 nmol

1 * 1
ar Capsaicin 0.1 pm L/‘—
a
0" Cirazoline 0.3 nyl

Figure 5 Representative tracings of the comparative effects of vera-
tridine (a and b) and capsaicin (c and d) in freshly isolated (a and ¢
respectively) versus 48 h cold-stored (4-5°C; b and d respectively)
mesenteric arterial beds of Sprague Dawley rats. Veratridine doses
(@), given by bolus injections, are in nmol; capsaicin (0.1 um) was
infused into cirazoline (0.3 pum)-preconstricted arterial beds and the
arrows denote the start of the infusion.

Interactions of L-NAME with cirazoline and KCl in
arterial beds isolated from WKY and SHR

WKY rats used in our study had mean systolic/diastolic
blood pressures of 95.6 + 1.8/51.5+ 0.7 mmHg and a mean
heart rate of 311.1 £16.3 beats min~! (n=10) while the
mean blood pressures for the SHR were 174.6 £ 7.6/111.5
4.5mmHg and the heart rate was 372.3 + 8.2 beats min~!
(n=13). The systolic and diastolic blood pressures and the
heart rates in SHR were significantly (P <<0.05) higher than
the comparative values for the WKY.

As previously noted for SD rats, L-NAME failed to change
the basal perfusion pressure in WKY and SHR, but, at 5 uM,
it markedly reduced the EDs, values for cirazoline but not
KCl, and increased the maximal pressor effects to both com-
pounds in both WKY and SHR (Table 2). Although
mesenteric arterial beds from the SHR were more sensitive to
cirazoline than those from WKY (EDs,; 2.18 = 0.13 versus
2.94 £ 0.21 nmol respectively), there were no apparent
differences in the potentiation, expressed as potentiation fac-
tors (PFs), of pressor effects induced by L-NAME in the two
groups of rats (Table 2).

Discussion

Arginine derivatives, such as NC-nitro-L-arginine methyl es-
ter, have been shown to inhibit NO synthesis and endothe-
lium-dependent relaxation and have been used extensively in
studies involving the role of NO synthesis in the regulation of
vascular tone and blood pressure (Aisaka et al., 1989; Rees et
al., 1989; Dohi et al., 1990; Moncada et al., 1991). The
present study, with isolated mesenteric arterial beds perfused
with PSS, provides evidence that L-NAME, although lacking
an effect on the basal tone, caused marked potentiation of
a-adrenoceptor-mediated vasoconstriction in an endothelium-
dependent manner. KCl-induced vasoconstrictor responses
were also enhanced by L-NAME, but, in an endothelium-
and time-independent, and dexamethasone-insensitive man-
ner; such enhancement was completely absent in cold-dener-
vated arterial beds. The L-NAME-mediated potentiation of
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Table 2 Effects of NC-nitro-L-arginine methyl ester (L-NAME, 5uM) on cirazoline- and KCl-induced pressor responses in
normotensive Sprague Dawley (SD), Wistar Kyoto (WKY) and spontaneously hypertensive (SH) rats

Agonists SD WKY *SHR
o PFs 2954 0.25 3.552 0.50 3.51+0.48
Cirazoline E,.. (% increase) 654+ 71 69.4%8.2 637294
Kl PFs 1.09 £ 0.10 1.05 0,07 123+0.13
E..x (% increase) 48.51+9.4 57.1+83 4341+74

Data represent the means * s.e.mean (n = 5-6), and, *denotes that both the PFs (potentiation factors defined in Methods) and the %
increases in the E,, obtained in arterial beds from SHR for both agonists did not differ significantly (P> 0.05) from those obtained
for normotensive SD and WKY. KCl experiments were performed in the presence of 10 nM prazosin added to perfusion medium.

cirazoline and KCl, which occurred in arterial beds isolated
from both normotensive rats and SHR, was neither mediated
via an action of L-NAME on Na*/K*-ATPase, nor on the
inducible smooth muscle NO synthase, but rather, on
endothelial and neuronal NO synthase(s).

Administration of L-NMMA to conscious guinea-pigs (Ai-
saka et al., 1989), and rabbits (Rees et al., 1989) or to pithed
rats (Tabrizchi & Triggle, 1992) and of L-NAME to con-
scious rats (Gardiner er al., 1990), results in a marked
hypertension that has been ascribed to the inhibition of the
endogenous synthesis of NO. L-NMMA also causes coronary
vasoconstriction in the rabbit isolated perfused heart (Amez-
cua et al., 1989). In the present study no pressor response
was observed during the infusion of L-NAME, and the in-
clusion of 1% PVP as a plasma protein replacement made no
difference. These data suggest that NO may not be spon-
taneously released under the basal perfusion pressure condi-
tions in the mesenteric vascular bed and/or that circulating
vasoconstrictors, or other factors, may be required to trigger
release. If the presence of a vasoconstrictor, or active tone, is
required as a trigger for NO synthesis and release, con-
ceivably the stimulus is Ca?* entry via the receptor-operated
calcium channels (ROCC)/cation channels present in the en-
dothelial cell membrane, and the resultant increase in intra-
cellular levels of Ca?* ions stimulates the de novo synthesis of
NO.

The endothelium has been postulated to serve as a pressure
and a flow sensor (Rubanyi et al., 1990); thus, both of these
parameters are critical to the release of endothelium-derived
vasoactive factors. However, an increase in the perfusion
rate, but not pressure, has been demonstrated to increase the
rate of NO release in porcine cultured aortic endothelial cells
under basal and stimulated conditions (Kelm et al., 1991). In
the present study, L-NAME was still without effect despite
the assumed increase in shear stress resulting from an in-
crease in the perfusion rate from 2.5 to 10.0 ml min~'. This
finding supports an earlier conclusion that in the rat
mesenteric bed endothelium derived NO, (EDNO) is less
important than the endothelium-derived hyperpolarizing fac-
tor, or EDHF (Adeagbo & Malik, 1990; Adeagbo & Triggle,
1992; 1993). Furthermore, a recent report by Garland &
McPherson (1992) also indicates that ACh-mediated hyper-
polarization in the rat small mesenteric artery is not mediated
by NO.

The present study has demonstrated a stereo-specific en-
hancement of cirazoline-induced vasoconstriction by nitro-
arginine methyl ester. L-NAME but not D-NAME caused a
leftward shift, accompanied by a significant increase in the
maximal effect, of cirazoline dose-response curves. Since this
L-NAME-induced potentiation was abolished in endothe-
lium-denuded mesenteric arterial beds, it can be concluded
that the action of L-NAME resulted from an inhibitory
action on NO synthesis in endothelial cells. The endothelial
NO synthase requires Ca’* and NADPH as co-factors for
the conversion of L-arginine to NO and L-citrulline (Myers et
al., 1989); thus, the failure of L-NAME to potentiate o-
adrenoceptor-mediated pressor responses obtained during
perfusion with Ca?*-free PSS further supports the conclusion

that endothelial NO synthase is the target of L-NAME action
in the present study.

KCl-induced vasoconstrictor responses were also poten-
tiated by L-, but not D-NAME. However, unlike for cira-
zoline, the EDys for KCl were not altered by L-NAME, but
there were significant increases in the E_,, in both endo-
thelium-intact and denuded preparations. These results sug-
gest that a component of the effect of L-NAME in mesenteric
arterial beds might be independent of the endothelium. The
extra-endothelial sites that may contribute to the potentiation
induced by L-NAME, include: the inducible smooth muscle,
and/or constitutive neuronal NO synthase(s), non-specific
interference with the sodium pump, or a direct facilitation of
smooth muscle contractile process.

Endotoxin contamination of the mesenteric vasculature
may occur during separation of the vascular bed from the
bowel and thus, it is conceivable that the inducible smooth
muscle NO synthase might serve as an additional target for
L-NAME action. If indeed the inducible smooth muscle NO
synthase, as described in the rat aortic rings (Schini & Van-
houtte, 1991; Moritoki et al., 1991), is responsible for the
non-endothelium-dependent potentiation of KCl pressor res-
ponses by L-NAME, then inclusion of a glucocorticoid, such
as dexamethasone, in the perfusion medium should counter-
act the effect of L-NAME. Glucocorticoids have been demon-
strated to prevent the induction of smooth muscle NO syn-
thase (Rees et al., 1990). However, the addition of dex-
amethasone to the perfusing PSS failed to prevent the poten-
tiation by L-NAME of KCI pressor activity and thus our
data are incompatible with this hypothesis. This suggests that
the mechanism of endothelial-independent potentiation of the
KCl effect by L-NAME observed in the present study does
not involve the inducible smooth muscle NO synthase. It is
also evident from the present study, that the Na*/K*-
ATPase is not involved in the mechanism of action of L-
NAME since L-NAME in concentrations up to 1 mM was
totally ineffective against the ouabain-sensitive vasodilatation
produced by KCl following the infusion of K*-depleted PSS,
and furthermore, L-NAME still potentiated the cirazoline-
induced pressor responses obtained in mesenteric beds per-
fused with K*-depleted PSS.

The rat mesenteric arterial bed has been shown to have
dense adrenergic (Furness & Marshall, 1974), peptidergic
(Ganz et al., 1986) and capsaicin-sensitive sensory (Wharton
et al., 1986; Manzini & Perretti, 1988) innervation. It is
conceivable that the release of NO from any of these
neuronal sources may contribute to the potentiating effects of
L-NAME on KCI vasoconstriction. The neural NO synthase
is a homologue of the endothelial enzyme, and shares not
only co-factor requirements (Bredt & Snyder, 1990; Crossin,
1991), but, also, sensitivity to nitro-L-arginine; an ICsy of
0.05 uM has been reported (Lambert et al., 1991). That L-
NAME-induced enhancement of KCI vasoconstriction is
mediated via inhibition of neuronal NO synthase is evident
from the complete loss of potentiation in arterial beds dener-
vated by cold storage (4-5°C) for 2 days. Cold storage is
used extensively as a denervation procedure (Akbarali et al.,
1987; Jurkiewicz et al., 1992), and the procedure also abol-



ished nerve-mediated vasoconstriction induced by veratridine,
and, though less consistently, capsaicin-induced vasodilata-
tion. Veratridine depolarizes nerve terminals via the activa-
tion of Na* channels (Kirpekar & Prat, 1979). High external
K* concentrations have previously been demonstrated to
stimulate the release of EDRF (presumably NO) in canine
femoral arteries (Rubanyi & Vanhoutte, 1988) and to
stimulate simultaneously NO release and increase in tissue
cyclic GMP levels in cerebellar slices (Dickie et al., 1990).

Another important aspect of the present study pertains to
the comparison of L-NAME effects on cirazoline- and KCI-
induced pressor activities of Sprague-Dawley, Wistar Kyoto
and spontaneously hypertensive rats. The rationale for this
comparison is based on the hypothesis that impairment of
endothelial function in the hypertensive state reflects a re-
duced activity/level of the NO synthase, so that a reduced
degree of potentiation of pressor activity should be observed.
Our data have revealed that although the SHR were
significantly more sensitive to cirazoline than SD or WKY
rats, the action of L-NAME was qualitatively similar in the
three strains of rat viz significantly lower EDss and greater
Enax values for cirazoline in the presence of L-NAME. In
addition, potentiation of pressor responses by L-NAME
(measured as PFs) was statistically similar in all strains of rat
used. Thus, our data indicates that there is no dysfunction of
NO synthase activity in the mesenteric vessels of the SHR.
An impairment of endothelium-dependent relaxation has
been reported in both isolated thoracic aortic rings from
genetically hypertensive rats (Konishi & Su, 1983; Winquist
et al., 1984; Liischer & Vanhoutte, 1986) and small (DeMey
& Gray, 1985; Mayhan et al., 1987; Dohi et al., 1990) blood
vessels. It is however, worthy of note that an enhancement of
endothelial function in hypertension has also been reported
(Webb et al., 1987), and also that EDRF release in bioassay
experiments does not differ between hypertensive and nor-
motensive control rats (Van de Voorde & Leusen, 1986).
Liischer, in a recent editorial (1990), has concluded that the
apparent impairment of endothelial function in the SHR is a
result of an increase in the release of a contracting factor(s)
rather than decrease in a relaxing factor(s). In a recent study
Tabrizchi & Triggle (1991) reported that bolus i.v. injections
of L-NAME augmented the increase in blood pressure resul-
ting from stimulation of the sympathetic nerves in the pithed
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Bradykinin-stimulated phosphoinositide metabolism in cultured

canine tracheal smooth muscle cells
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1 Stimulation of bradykinin (BK) receptors coupled to phosphoinositide (PI) hydrolysis was inves-
tigated in canine cultured tracheal smooth muscle cells (TSMCs). BK, kallidin, and des-Arg’-BK,
stimulated [’H]-inositol phosphates (IPs) accumulation in a dose-dependent manner with half-maximal
responses (ECs) at 20+ 5, 13+ 4, and 2.3 % 0.7 nM, (n=5), respectively.

2 D-Arg[Hyp’, D-Phe’]-BK and D-Arg[Hyp®, Thi*%, D-Phe’}-BK, BK B, receptor antagonists, were
equipotent in blocking the BK-induced IPs accumulation with pKz= 7.1 and 7.3, respectively.

3 Short-term exposure of TSMCs to phorbol 12-myristate 13-acetate (PMA, 1 uM), attenuated BK-
stimulated IPs accumulation. The concentrations of PMA that gave half-maximal and maximal inhibi-
tion of BK-induced IPs accumulation were 15+ 4 nM and 1puM, n= 3, respectively. The inhibitory
effect of PMA on BK-induced response was reversed by staurosporine, a protein kinase C (PKC)
inhibitor, suggesting that the inhibitory effect of PMA was mediated through the activation of PKC.

4 Prolonged incubation of TSMCs with PMA for 24 h, resulted in a recovery of receptor respon-
siveness which may be due to down-regulation of PKC. The inactive phorbol ester, 4a-phorbol 12,
13-didecanoate at 1 uM, did not inhibit this response.

5 The site of this inhibition was further investigated by examining the effect of PMA on AlF, -induced
IPs accumulation in canine TSMCs. AlF, -stimulated IPs accumulation was inhibited by PMA treat-
ment, suggesting that the G protein(s) can be directly activated by AlF,~, which is uncoupled from
phospholipase C by PMA treatment.

6 Incubation of TSMCs in the absence of external Ca?* or upon removal of Ca?* by addition of
EGTA, caused a decrease in IPs accumulation without changing the basal levels. Addition of Ca?* (3-
620 nM) to digitonin-permeabilized TSMCs stimulated IPs accumulation was obtained by inclusion of
either guanosine 5'-O-(3-thiotriphosphate) (GTPyS) or BK. The combination of GTPyS and BK caused
an additive effect on IPs accumulation.

7 Pretreatment of TSMCs with cholera toxin enhanced BK-stimulated IPs accumulation, whereas there
was no effect with pertussis toxin.

8 These data suggest that BK-stimulated PI metabolism is mediated by the activation of BK B,
receptors coupling to a G protein which is not blocked by cholera toxin or pertussis toxin treatment and
dependent on external Ca’*. The transduction mechanism of BK coupled to PI hydrolysis is sensitive to
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feedback regulation by PKC.

Keywords: Bradykinin; phorbol ester; protein kinase C; inositol phosphates; G protein; canine tracheal smooth muscle cells

Introduction

Bradykinin (BK) is a classic mediator of inflammatory
diseases of the airways and may be implicated in allergic
asthma (Christiansen et al., 1987). In the airways, BK causes
bronchoconstriction, pulmonary and bronchial vasodilata-
tion, mucus secretion and microvascular leakage (Barnes,
1992). Most of the biological actions of BK are mediated
through at least two different receptors, termed BK B, and
B, receptors, which have been pharmacologically charac-
terized using different kinin analogues with agonist and
antagonist properties (Regoli ez al., 1990). In many cell types,
including the neuroblastoma-glioma hybrid NG108-15 (Osugi
et al., 1987), glioma C6-4-2 (Reiser et al., 1990), astrocytoma
1321N1 cells (Helper er al., 1987), and bovine tracheal
smooth muscle cells (TSMCs) (Marsh & Hill, 1992), BK
receptors activate phospholipase C (PLC) mediated phos-
phoinositide (PI) hydrolysis in the plasma membrane. The
resultant increase in inositol 1,4,5-trisphosphate (IP;) and
diacylglycerol (DAG) release Ca’* from internal stores and

! Author for correspondence at: Department of Pharmacology,
Chang Gung Medical College, 259 Wen-Hwa 1ST Road, Kwei-San,
Tao-Yuan, Taiwan.

activate protein kinase C (PKC), respectively (Nishizuka,
1988; Berridge & Irvine, 1989).

Binding and functional studies have provided evidence for
subtypes of B, receptors in guinea-pig ileum and lung and in
rat myometrium membranes and vas deferens (Manning et
al., 1986; Braas et al., 1988; Plevin & Owen, 1988; Liebmann
et al., 1991; Trifilieff e al., 1991). The mechanisms involved
in smooth muscle contractile response are not completely
understood particularly in the airways. One possible
mechanism of BK-induced bovine smooth muscle contraction
is an increase in PI hydrolysis mediated by B, receptors
(Marsh & Hill, 1992). There are several lines of evidence that
PLC is coupled to a variety of cell surface receptors via a
guanine nucleotide binding protein (Sternweis & Smrcka,
1992). The stable analogue of GTP, guanosine 5'-O-(3-
thiotriphosphate) (GTPyS), has been shown to increase IPs
accumulation in permeabilized tracheal smooth muscle of
rabbit (Rosenberg et al, 1991) and man (Murray et al,
1989). In some studies, PI hydrolysis has been shown to be
dependent on calcium, presumably due to the requirement of
this ion for PLC activity (Fisher ez al., 1989; Eberhard &
Holz, 1991). In other work, however, no dependence on
calcium has been observed (Berridge & Irvine, 1989).
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Many studies have also suggested that BK B, receptors are
coupled to G proteins in other cell types (Higashida et al.,
1986; Burch & Axelrod, 1987; Murayama & Ui, 1987). For
example, BK-induced inositol phosphates (IPs) accumulation
was found to be sensitive to guanine nucleotide analogues in
NG108 and 3T3 cells (Higashida et al., 1986; Murayama &
Ui, 1987). It has been reported that many signal transduction
processes which require GTP may not be affected by pertus-
sis or cholera toxin (Martin et al., 1985; Aub et al., 1986).
Indeed, in NG108 cells, pertussis toxin (PTX)-insensitive G,
protein(s) may account for kinin receptor coupling to PLC
(Gutowski et al., 1991).

Agonist-activation of PI hydrolysis also leads to the forma-
tion of DAG. The ability of phorbol esters, such as phorbol
12-myristate 13-acetate (PMA) which mimics the effect of
DAG, to activate PKC (Castagna et al., 1982), has provided
a useful tool to examine the role of the DAG pathway
related to smooth muscle contraction. By using PMA it was
shown that stimulation of PI hydrolysis induced by a;-
adrenoceptor activation on DDT,MF, cells (Leeb-Lundberg
et al., 1985) was inhibited by PMA, probably through phos-
phorylation of the receptors by PKC. Because DAG is one of
products of PI hydrolysis, it is believed that PKC may be
involved in ‘desensitization’ or ‘down-regulation’ of the mus-
carinic receptors in astrocytoma cells and could exert a feed-
back regulation of PI breakdown (Orellana et al., 1985).

The purpose of the present study was to investigate the
effect of BK on IPs accumulation and its regulation in canine
TSMCs, using PTX, cholera toxin (CTX), PKC activator,
and AIF,”, an activator of the regulatory proteins. These
results conclude that BK induces PLC-mediated PI hydrolysis
through the activation of BK B, receptors in canine TSMCs
and that this reaction is negatively regulated by PKC activa-
tion. Evidence is also provided that BK B, receptors may be
coupled to PLC via a PTX-and CTX-insensitive Gq protein.

Methods

Animals

Mongrel dogs, 10-20 kg, of either sex were purchased from a
local supplier and used throughout this study. Dogs were
housed in our animal facilities under automatically controlled
temperature and light cycle and fed standard laboratory
chow and tap water ad libitum. Dogs were anaesthetized with
pentobarbitone (30 mg kg~!, i.v.) and the lungs were ven-
tilated mechanically via an orotracheal tube. The tracheae
were surgically removed.

Isolation of tracheal smooth muscle cells

The TSMCs were isolated according to the methods of Yang
et al. (1991). The trachea was cut longitudinally through the
cartilage rings and the smooth muscle was dissected. The
muscle was minced and transferred to the dissociation
medium containing 0.1% collagenase IV, 0.025% DNase I,
0.025% elastase IV, and antibiotics in physiological solution.
The physiological solution contained (mM): NaCl 137, KCl 5,
CaCl, 1.1, NaHCO; 20, NaH,PO, 1, glucose 11 and HEPES
25 (pH 7.4). The tissue pieces were gently agitated at 37°C in
a rotary shaker for 1 h. The released cells were collected and
the residual was again digested with fresh enzyme solution
for an additional hour at 37°C. The released cells were
washed twice with DMEM/F-12 medium. The cells, suspend-
ed in DMEM/F-12 containing 10% FBS, were plated onto a
60 mm culture dish and incubated at 37°C for 1 h to remove
fibroblasts. The cell number was counted and the suspension
diluted with DMEM/F-12 to 2 X 10° cells ml~!. The cell
suspension (1 ml/well) was plated onto 12-well culture plates.
The medium was changed after 24 h and then every 3 days.
After a 5-day culture, cells were shifted to DMEM/F-12
containing 1% FBS for 24 h at 37°C. Then, the cells were

cultured in DMEM/F-12 containing 1% FBS supplemented
with IGF-I (10 ng ml~') and insulin (1 pgmil-') for 12-14
days.

In order to characterize the isolated and cultured TSMCs
and to exclude contamination by epithelial cells and fibro-
blasts, the cells were identified by indirect immuno-
fluorescence using a monoclonal antibody of light chain
myosin (Gown et al., 1985). Over 95% of the cell preparation
was composed of smooth muscle cells.

Accumulation of inositol phosphates

Effect of BK on the hydrolysis of PI was assayed by monitor-
ing the accumulation of °H-labelled IPs as described by
Berridge et al. (1983). Cultured TSMCs were incubated with
SuCiml~! of myo-[2-*H})-inositol at 37°C for 2 days. TSMCs
were washed two times with PBS and incubated in Krebs-
Henseleit buffer (KHS, pH 7.4) containing (in mM): NaCl
117, KCl 4.7, MgSO, 1.1, KH,PO, 1.2, NaHCO; 20, CaCl,
2.4, glucose 1, HEPES 20 and LiCl 10 at 37°C for 30 min.
After BK was added at the concentration indicated, incuba-
tion was continued for another 60 min in the presence of
10 uM phosphoramidon. Reactions were terminated by addi-
tion of 5% perchloric acid followed by sonication and cent-
rifugation at 3,000 g for 15 min.

The percholic acid soluble supernatants were extracted
four times with ether, neutralized with potassium hydroxide,
and applied for a column of AGI-X8, formate form,
100-200 mesh (Bio-Rad). The resin was washed successively
with 5ml of water and 5 ml of 60 mM ammonium formate-
5mM sodium tetraborate to eliminate free myo-[*H}-inositol
and glycerophosphoinositol, respectively. Total IPs was
eluted with 5ml of 1M ammonium formate-0.1 M formic
acid. The amount of [PHJ-IPs was determined in a radio-
spectrometer (Beckamn LS5000TA, Fullerton, CA, USA).

Permeabilized cells

After the prelabelling period, TSMCs were washed twice with
PBS and then permeabilized in potassium glutamate-EGTA-
HEPES buffer (KGEH) containing (mM): K* glutamate 139,
ATP 2, MgCl, 4, LiCl 10, EGTA 2, HEPES 20 (pH 7.4), and
10 uM digitonin, as described by Eberhard & Holz (1987).
Cells were allowed to permeabilize for S min at 37°C. The
permeabilizing buffer was discarded and cells were washed
twice with KGEH buffer without digitonin. Incubations were
continued for 15 min at 37°C. The required free Ca?* concen-
trations ([Ca?*])) were achieved by the addition of various
amounts of CaCl, to the KGEH buffer containing 2 mM
EGTA. The [Ca’*]; was determined by the addition of 10 um
fura-2 (K*-salt) using a SLM spectrofluorometer (Aminco
SLM, Urbana, IL, U.S.A.). BK at the indicated concentra-
tion was added and incubation continued for 60 min. Reac-
tions were terminated by the addition of 5% perchloric acid.
The procedures for extraction, separation, and quantification

-of IPs were the same as those used for intact cells.

ADP-ribosylation

Cultured TSMCs were incubated with PTX (100 ng ml~!) or
CTX (10 ug ml1~?) at 37°C for 4 h. Each plate was rinsed with
cold PBS and once with buffer A (mM) containing Tris-
HCI120, pH7.5, NaCl 10, EGTA 1 and phenylmethylsul-
phonyl fluoride 1 (PMSF). Cells were scraped from the dish
into buffer A and homogenized with a polytron (set 5 for
30s). After removing the nuclei and unbroken cells by cen-
trifugation at 400 g for 10 min, the supernatant was cen-
trifuged at 10,000g for 30min. The final pellet was
suspended in 25mM Tris-HCl, pH 7.4 containing 2.5 mM
MgCl,. Protein was determined by the method of Bradford
(1976) with bovine serum albumin as a standard.
ADP-ribosylation was performed as described (Katada &
Ui, 1982) with minor modifications: 100 pug of total protein



from the membrane-rich fraction was diluted with an equal
volume of ribosylation buffer (Tris-HCl 25mM, pH 74,
thymidine 10 mM, GTP 1 mM, MgCl, 2.5 mM, EDTA 1 mM),
and SmM dithiothreitol (DTT). PTX was activated by
incubation with 50 mM DTT in 25 mM Tris-HCIl, pH 7.4 at
37°C for 1 h and added to a final concentration of 5pugml='.
[**P]-NAD* (5 uCi/sample) was added with cold NAD* to a
final concentration of 10 uM and the reaction mixture was
incubated at 37°C for 30 min. ADP ribosylation reaction was
terminated by 5% trichloroacetic acid precipitation, and the
samples were resolved by SDS-polyacrylamide (10%)-gel
electrophoresis (Laemmli, 1970). Gels were stained with
Commassie Brilliant Blue, dried, and autoradiographed. For
CTX labelling, 5pg CTX/sample was included in the ADP-
ribosylation mixture.

Analysis of data

The ECs, of BK for stimulating IPs accumulation was
estimated by Graph Pad Program (Graph Pad, San Diego,
CA, U.S.A). The dissociation constants (Kp) of BK
antagonists were estimated by the method of Furchgott
(1972), using their ability to antagonize BK-mediated IPs
accumulation.

The data were expressed as the mean * s.e.mean of at least
four experiments with statistical comparisons based on a
two-tailed Student’s z-test at a P<<0.01 level of significance.

Chemicals

DMEM/F-12 medium and FBS were purchased from J.R.
Scientific (Woodland, CA, U.S.A.). Insulin and IGF-I were
from Boehringer Mannheim (GmbH, Germany). Fura-2 was
from Molecular Probes Inc (Eugene, OR, U.S.A.). Myo-’HJ-
inositol (18 Ci mmol~') and [**P}-NAD* (65 Ci mmol~') were
from Amersham (Buckinghamshire, England). D-Arg[Hyp’,
D-Phe’]-BK, D-Arg[Hyp?>, Thi*!, D-Phe’]-BK, des-Arg’-BK
and kallidin were from Bachem California (Torrance, CA,
U.S.A.). Enzymes and other chemicals were from Sigma Co
(St. Louis, MO, U.S.A).

Results

Agonist-induced IPs accumulation

To study agonist-stimulated IPs accumulation, canine cul-
tured TSMCs were labelled for 48 h with [*HJ-inositol,
treated with agonist and extracted. The aqueous phase of cell
extracts was used to determine the amount of [*H}-IPs. Car-
bachol (100 pM), histamine (100 uM), 5-hydroxytryptamine
(5-HT, 100 pm), and BK (1 pm), produced IPs accumulation
of 9.1+0.5, 26 £0.2, 10.51% 0.2, and 7.1 £ 0.3 fold, respec-
tively, greater than the basal level (8600 x 500 d.p.m./well;
P<0.001, n=3). BK-induced IPs accumulation increased
rapidly up to 10 min of incubation and reached a maximal
value (52700 £ 2500 d.p.m./well, n=3) at 60min in the
presence of 10mM LiCl. LiCl alone caused no significant
accumulation of IPs within 60 min. The effects of BK, kal-
lidin, and des-Arg>-BK on IPs accumulation was dose-
dependent over the range of 1 nM to 10 uM with ECy, values
of 205, 13+4, and 23%0.7nM, (n=25), respectively
(Figure 1). Among these agonists, des-Arg’-BK at maximally
effective concentration caused the smallest increase in IPs
accumulation.

Effects of BK B, antagonists on BK-induced IPs
accumulation

To determine which type of BK receptor is involved in the
activation of PLC in canine TSMCs, we examined the effects
of D-Arg[Hyp’,D-Phe’}-BK and D-Arg[Hyp’,Thi*®,D-Phe’]-
BK, selective BK B, receptor antagonists, on BK-induced IPs
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accumulation. As shown in Figure 2, preincubation of
TSMCs with these antagonists inhibited the BK-induced IPs
accumulation. The concentration-effect relationship of BK
was shifted to the right in a nearly parallel fashion, without
changing the maximal response, upon addition of 5uM D-
Arg[Hyp®’, D-Phe’}-BK and D-Arg[Hyp®,Thi*®, D-Phe’}-BK.
The ECs values of BK were increased from 20 £ 5nM to
2104 and 1.4+03puM, n=4, in the presence of D-
Arg[Hyp®, D-Phe’}-BK and D-Arg[Hyp®, Thi*%, D-Phe’}-BK,
respectively. The dissociation constants (pKp) were calculated
from the dose-ratios and were 7.1 and 7.3 for D-Arg[Hyp’,
D-Phe’}-BK and D-Arg[Hyp® Thi*®,D-Phe’]-BK, respectively.
In contrast, the BK B, receptor antagonist, [D-Arg’, Leu®]-
BK, did not change the BK-induced response (data not
shown). These results indicated that the receptors mediating
BK-induced IPs accumulation had similar pharmacological
properties to BK B, receptors (Regoli et al., 1990; Marsh &
Hill, 1992).

IPs accumulation (d.p.m. x 10~%)
w

70 9 8 =7 o 5

log [Kinin] (m)

Figure 1 Dose-response curve for bradykinin (BK), kallidin-, and
des-Arg’-BK-stimulated [*H]-inositol phosphates ([*H}-IPs) accumula-
tion in cultured TSMCs. Agonist (1 nM—10 pM) was added and the
reaction was stopped after 60 min incubation. [*HJ-IPs were deter-
mined as described under Methods. Each point represents the
mean t s.e.mean of five separate experiments determined in trip-
licate. (@) BK; (O) kallidin; (A) des-Arg’-BK.
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w
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Figure 2 Inhibition of bradykinin (BK)-induced inositol phosphates
(IPs) accumulation in TSMCs by D-Arg[Hyp®, D-Phe’]-BK and D-
Arg[Hyp®,Thi*®,D-Phe’}-BK. [*H]-IPs were determined as described
under Methods. Each point represents the mean * s.e.mean of four
experiments determined in triplicate. BK-stimulated IPs accumula-
tion was measured in the absence (@) and presence of D-Arg
[Hyp®,0-Phe’}-BK (A, 5pm) and p-Arg[Hyp’,Thi*%,p-Phe’]-BK (A,
S pum).
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Effect of phorbol esters on BK-induced IPs accumulation

In order to determine whether PKC activation by phorbol
esters causes an inhibition on BK-induced PI response, the
concentration-response relationship for PMA inhibition of

BK-stimulated IPs accumulation was examined in cultured

TSMCs. As shown in Figure 3, half-maximal and maximal
inhibition of PMA on BK-stimulated IPs accumulation
occurred at 15+t 4nM and 1pM, n =3, respectively. PMA
had no effect on the basal levels of IPs accumulation at any

IPs accumulation (d.p.m. x 10~4)

-10 -9 —é -7 -6
log [PMA] (m)

Figure 3 Concentration dependence of phorbol 12-myristate 13-
acetate (PMA) inhibition of bradykinin (BK)-stimulated [*HJ-inositol
phosphates (*H]-IPs) ‘accumulation in cultured TSMCs. Cells
prelabelled with [*H]-inositol were washed with KHS, treated with
various concentrations of PMA for 30 min and then exposed to BK
(1 pMm) for 60 min. [PH]-IPs were determined as described under
Methods. Results presented are the meants.e.mean of three
separate experiments determined in triplicate. The basal level and
BK-induced IPs accumulation were 11690% 1170 and
61290 * 2790 d.p.m./well, respectively.

101

IPs accumulation (d.p.m. x 10~%)
N

Sta ’ Sta + PMA 4a-PDD
30 min 30 min 30 min

Con

Figure 4 Effects of phorbol ester and staurosporine treatment on
bradykinin (BK)-stimulated [*HJ-inositol phosphates ([*H]-IPs)
accumulation in cultured TSMCs. [*H}-inositol-labelled TSMCs were
pretreated with phorbol 12-myristate 13-acetate (PMA, 1uM),
staurosporine (Sta, 1 pM), staurosporine plus PMA, or 4a-phorbol
12,13-didecanoate (4a-PDD, 1pum) for the indicated time and then
exposed to BK (1puM) for 60 min. [PH]-IPs were determined as
described under Methods. Results presented are the mean + s.e.mean
of four separate experiments determined in triplicate. *P<<0.01;
**+P <0.001, as compared with non-treated cells (Con) stimulated by
BK. Open column, basal level; hatched column, stimulated by BK.

of the concentrations tested. Furthermore, [*H]-inositol-
labelled TSMCs were treated with PMA and 4a-PDD (1 pM)
and then stimulated with 1puM BK in the continuous
presence of phorbol esters (Figure 4). Treatment of TSMCs
with 1 uM PMA for 30min led to an inhibition of BK-
stimulated IPs accumulation by 48% (P<0.001, n=4, as
compared with the control). However, when TSMCs were
treated with 1 uM PMA for 24 h, the extent of BK-stimulated
IPs accumulation was greater than that of TSMCs of the
control group (P<<0.01, n=4). The inactive phorbol ester,
4a-phorbol 12, 13-didecanoate (4a-PDD, 1pm), did not
block BK-induced IPs accumulation (Figure 4). When
TSMCs were pretreated with staurosporine (1 pM), a potent
PKC inhibitor, the inhibitory effect of PMA on BK-
stimulated IPs accumulation was reversed (Figure 4).

Effect of PTX and CTX on BK-induced IPs
accumulation

To gain insight into the identity of the coupling G protein in
the BK signal transduction mechanism, cultured TSMCs
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Figure 5 Effects of cholera toxin and pertussis toxin on bradykinin
(BK)-stimulated [*H)-inositol phosphates ([*H]-IPs) accumulation in
cultured TSMCs. Cells were treated with either cholera toxin (CTX,
10 pug ml~") or pertussis toxin (PTX, 100 ngml~') for 4h and then
exposed to BK (1pm) for 60 min. [*H]-IPs were determined as
described under Methods. Results presented are the mean + s.e.mean
of five separate experiments determined in triplicate. *P<<0.001, as
compared with control (Con) cells. Open column, basal level; hatch-
ed column, stimulated by BK.
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Figure 6 ADP-ribosylation of the G proteins. Cultured TSMCs
were pretreated with either pertussis toxin (PTX, 100 ng ml-!, lane
3), or cholera toxin (CTX, 10 ug ml~', lane 6) for 4 h. Control and
toxin-treated samples were then assayed for ADP-ribosylation of the
remaining available substrates in the presence of [*P]-NAD* and
PTX (Lanes 2-3) or CTX (Lanes 5-6) as described in Methods.
Lane 1, control for PTX assay; Lane 4, control of CTX assay.



were preincubated with either CTX or PTX, and IPs
accumulation in response to BK was examined. As shown in
Figure 5, pretreatment of TSMCs with PTX (100 ng ml~!,
4h) had no effect on the basal or BK-stimulated IPs
accumulation. In contrast, incubation of TSMCs with CTX
(10 pg ml~!, 4 h) enhanced BK-induced IPs accumulation by
75% (P<0.001, n=15, as compared with control).

ADP-ribosylation of G protein

To characterize the alteration of the a-subunit of G proteins
by PTX and CTX, cultured TSMCs were incubated in the
presence or absence of these toxins, and then assayed for
ADP-ribosylation of any remaining unmodified G protein in
the presence of [*P]-NAD* (Figure 6). Control cultures of
TSMCs showed a major substrate for PTX at 43 kDa, which
was completely ribosylated under the experimental conditions
used here. The major substrate for CTX was evident with a
molecular weight of 41 kDa. Pretreatment of TSMCs with
PTX or CTX for 4 h resulted in complete abolition of label
incorporation into this substrate. These results confirmed
that pretreatment of TSMCs with these two toxins is ade-
quate to determine the roles of various G proteins involved
in the BK signal transduction.

Effect of PMA on direct stimulation of G proteins

To determine the site of PMA treatment-related decrease in
IPs accumulation induced by BK, AIF,”~ was used to
stimulate directly G proteins to generate IPs. Figure 7 reveals
that 1 uM BK or 10 pM AlF," elicited essentially identical IPs
accumulation in intact TSMCs. Pretreatment of TSMCs with
Ipm PMA for 30 min, inhibited the IPs accumulation
induced by BK or AlIF,~ (P<<0.001, n = 3, as compared with
non-treated cells). Parallel experiments were performed with
digitonin-permeabilized TSMCs and GTPyS to activate G
protein directly. IPs accumulation induced by GTPyS was
also inhibited by PMA treatment (data not shown). These
results suggest that the inhibitory effect of PMA on IPs
accumulation may be due to activation of PKC and subse-
quently uncouple G proteins to PLC.

Dependence of BK-stimulated IPs accumulation on
extracellular Ca’*

To determine whether Ca?* influx is required for the activa-
tion of PLC, BK-induced IPs accumulation was performed in
Ca’*-free KHS buffer. Results in Figure 8 illustrate the
dependence of BK-induced IPs accumulation on Ca** influx.
TSMCs preincubated in Ca?*-free KHS or in Ca”*-free KHS
plus 0.5mM EGTA for 5min, led to an attenuation of the
BK-induced response. Furthermore, BK-induced IPs
accumulation was slightly affected by pretreatment with the
Ca?*-channel blockers diltiazem and verapamil at a concen-
tration of 10uM (Figure 9). However, Ni’* (5mM)
significantly inhibited BK-induced IPs accumulation (Figure
9; P<0.001, n=3, as compared with control).

To assess more directly the role played by physiologically
relevant Ca?* concentrations in the regulation of the activity
of PLC, [HJ-inositol-labelled TSMCs were first
permeabilized in digitonin-containing KGEH buffer and then
exposed to Ca?*-EGTA buffer, in which the [Ca?*]; had been
measured directly by the addition of fura-2 (free acid). IPs
accumulation was measured after 60 min incubation. Eleva-
tion of [Ca?*]; from 3 to 620 nM resulted in a 35% increase
in IPs accumulation, with an ECs, of 163X 18nM, n=3
(Figure 10). The addition of 50 uM GTPyS further poten-
tiated this Ca®*-dependent IPs accumulation with an ECjs,
for Ca?* of about 25+ 7nM (n = 3). The effect of BK was
potentiated by the inclusion of 50 um GTPyS, such that,
under these conditions, the [Ca*]; required to elicit a half-
maximal increase in IPs accumulation was reduced from
125+ 15nM to 3.9 1.2nM (n=3). When BK and GTPyS
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Figure 7 Effects of phorbol 12-myristate 13-acetate (PMA) on direct
stimulation of G proteins coupling to phosphoinositide (PI) hydro-
lysis in intact TSMCs. Cells prelabelled with [*H]-inositol were
washed with KHS and incubated in the presence or absence of 1 uMm
PMA for 30 min. The cells were then exposed to 1puM bradykinin
(BK) or 10 um AlF,~ (10 um AICl; + 10 mM NaF) for 60 min. The
accumulation of inositol phosphates (IPs) was determined as des-
cribed under Methods. Values are expressed as the mean % s.e.mean
from three separate experiments determined in triplicate. *P <0.001,
as compared with untreated cells stimulated by BK. Open column,
control; hatched column, treated with PMA.

IPs accumulation (d.p.m. x 1074)

Con CaZ*-free  Ca2*-free + EGTA
Figure 8 Calcium dependence of bradykinin (BK)-stimulated [*H]-
inositol phosphates ([*H]-IPs) accumulation in cultured TSMCs.
Cells were prelabelled with [*H]-inositol for 2 days. Labelled cells
were incubated in either KHS, Ca?*-free KHS or Ca?*-free KHS
plus 0.5mM EGTA. Then BK (1 pM) was added and continuously
incubated for 60 min. [*H]J-IPs were determined as described under
Methods. Results are the mean * s.e.mean of three separate
experiments determined in triplicate. *P<<0.001, as compared with
that of cells induced by BK alone in KHS buffer (Con). Open
column, basal level; hatched column, stimulated by BK.

were added simultaneously, the stimulated accumulation of
IPs was 313 £ 26% of control (n = 3), a value that compares
favourably with the degree of stimulation obtained in intact
cells. Therefore, GTPyS and BK together elicit an additive
increase in IPs accumulation.

Discussion

It is well established that receptor activation by neurotrans-
mitters, growth factors, hormones, and light causes rapid PI
hydrolysis (Rana & Hokin, 1990). In the present study, we
have demonstrated that BK induces PI turnover in canine
TSMCs by interacting with its receptors coupled to PLC via
a G protein. BK-stimulated IPs accumulation is time- and
dose-dependent, and regulated by [Ca?*]; and GTPyS, a non-
hydrolyzable analogue of GTP. BK-stimulated inositol
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phospholipid-specific PLC may be regulated by PKC stimula-
tion via the formation of DAG. Short-term treatment of
TSMCs with PMA dramatically inhibits BK-stimulated IPs
accumulation. One possible consequence for the activation of
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Figure 9 Effects of Ca?*-channel blockers on bradykinin (BK)-
stimulated [*H]-inositol phosphates (PH]-IPs) accumulation in cul-
tured TSMCs. [*H)-inositol-labelled cells were preincubated with dil-
tiazem (Dil, 10 pm), verapamil (Ver, 10 pm), or Ni** (5mm) for
30 min and then exposed to BK (1pum) for 60 min. [PH]-IPs were
determined as described under Methods. Results are the
mean t s.e.mean of three separate experiments determined in trip-
licate. *P<0.01; **P <0.001, as compared with control.
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Figure 10 Increase in [Ca?*]; causes the release of inositol phos-
phates (IPs) from digitonin-permeabilized TSMCs. [*H}-inositol-
prelabelled cells were permeabilized and incubated in KGEH buffer
with added Ca?* to achieve the required [Ca2*]; (as measured by the
addition of fura-2). Cells were incubated for 60 min in the absence
(O) or presence of either bradykinin (BK, @, 1um), guanosine
5'-O-(3-thiotriphosphate) (GTPyS, O, 50 um), or BK plus GTPyS
(M). The ECs, values for basal, BK, GTPyS, and BK plus GTPyS
were 163, 125, 25, and 3.9 nM, respectively. Results are expressed as
means t s.e.mean from three separate experiments determined in
triplicates. [Ca?*]; values of 7.93, 16.61, 39.89, 56.35, 100.4, 207.3
and 616.8 nM were obtained at Ca?*/EGTA molar ratios of 0.25,
0.38, 0.50, 0.63, 0.75, 0.88 and 1, respectively, with EGTA main-
tained at a concentration of 2 mM.

this arm of the second messenger pathway is the presence of
a short inhibitory feedback loop in which DAG formation
and PKC activation cause an attenuation of agonist-
stimulated PLC activity. This mechanism has been proposed
for the regulation of agonist-stimulated PLC in a number of
cell types (Castagna et al., 1982; Leeb-Lungberg et al., 1985;
Orellana et al., 1985).

The discrepancy in the dose-response relationship for the
effects of BK, kallidin, and des-Arg’>-BK on the IPs
accumulation in canine TSMCs is consistent with those
reported by others using different tissues and cell preparation
(Regoli et al, 1990). Our data obtained from the IPs
accumulation induced by these agonists show that BK and
kallidin produce a larger response than des-Arg’-BK (Figure
1). The ECs, value of des-Arg’-BK is very low, circa 2 nM.
This may imply that there is a significant population of B,
receptors in cultured TSMCs. It has been suggested that BK
induces its effects through at least two types of receptors,
which have been characterized as B, and B, receptors (Regoli
et al., 1990). BK and kallidin have high affinity for B,
receptors and low affinity for the B, receptors (Regoli et al.,
1990). In contrast, des-Arg’-BK has low affinity for B, recep-
tors but high affinity for the B, receptors (Regoli et al.,
1990). Therefore, our findings may reflect the presence of
both B, and B, receptors in canine TSMCs.

As an alternative approach to define the receptor subtypes,
the determination of antagonist affinities can provide more
accurate information than the use of agonist relative poten-
cies. From the experiments, the effects of discriminating
antagonists have been analysed at the level of the
biochemical response to BK. The results obtained with D-
Arg[Hyp®’, D-Phe’]-BK and D-Arg[Hyp®,Thi*® D-Phe’}-BK,
differentiated the receptor subtype mediating IPs accumula-
tion (Figure 2). The pKy values for the B, antagonists
D-Arg[Hyp®, D-Phe’}-BK and D-Arg[Hyp? Thi*%,D-Phe’]-BK
were 7.1 and 7.3, respectively, consistent with the involve-
ment of B, receptors in the IP response to BK. These results
are in good agreement with those reported by others in the
rabbit jugular vein (Regoli et al., 1990) and in bovine TSMCs
(Marsh & Hill, 1992).

Because PKC activation is associated with several cellular
responses, phorbol ester-mediated inhibition of IP; formation
might occur at one or more different sites. In a number of
cell types, elevation of [Ca2*] by Ca’*-mobilizing agonists
known to act by receptor-mediated stimulation of PI turn-
over, has been shown to be inhibited by phorbol esters
(Castagna et al., 1982; Leeb-Lundberg er al., 1985; Orellana
et al., 1985). It has been suggested that protein phosphoryla-
tion mediated by interaction of phorbol ester with PKC may
be the mechanism by which PMA modulates hormone-
sensitive PI metabolism. One proposed mechanism by which
phorbol ester might attenuate a rise in IP; is due to its
increasing degradation mediated by activation of a phos-
phomonoesterase specific for IP; (Watson & Lapetina, 1985;
Connolly et al., 1986). The activity of this cytosolic enzyme
increases after phosphorylation by PKC which provides a
mechanism for the inhibition of the agonist-induced rise in
IP; concentration in platelets. We observed that PMA blocks
both BK-stimulated IPs accumulation and also AlF, -
mediated IPs formation in canine TSMCs (Figures 4 and 7).
After prolonged treatment of TSMCs with PMA, BK
induced a fast rise in IPs accumulation, which reaches a
plateau greater than that of the control level. We therefore
propose that DAG, which is formed during stimulation with
BK, prevents any additional increase in IPs accumulation via
PKC activation. Our results indicate that PMA acts through
the activation of PKC with subsequent protein phosphoryla-
tion, since staurosporine, a potent PKC inhibitor, blocks the
inhibitory effect of PMA.

BK-stimulated IPs accumulation is almost completely
dependent on the presence of extracellular Ca?* (Figure 8).
This calcium dependence is similar to PI response to agonists
in several types of cells (Fisher ez al., 1989; Eberhard & Holz,



1991; Yang & Chou, 1992). In the present study, TSMCs
prelabelled with [*H]-inositol for 2 days and then exposed to
BK, caused a rapid release of IPs in the presence of external
Ca?* (1.8 mM). However, Ca’*-free buffer or inclusion of
0.5mM EGTA almost completely attenuates the BK-induced
increase in IPs accumulation. Furthermore, the BK-induced
effect is slightly affected by the presence of the Ca*-channel
blockers, diltiazem and verapamil (Figure 9). However, the
non-selective Ca®*-channel blocker, Ni’*, did inhibit the BK-
stimulated response (Figure 9), indicating that Ca?* influx
may be required for the activation of PLC through an
unidentified pathway.

Further indication for the requirement of Ca?* for PI
hydrolysis has been obtained from experiments with
digitonin-permeabilized TSMCs (Figure 10). In the presence
of BK and GTPyS, the extent of PI breakdown in perme-
abilized TSMCs appears to be the same as that obtained in
intact cells stimulated by BK alone. Since GTPyS alone could
also stimulate IPs accumulation in permeabilized cells, a
guanine nucleotide binding protein might be involved in the
transduction process (Evans et al., 1985; Merritt et al., 1986;
Jones et al., 1988). Although BK does enhance IPs accumula-
tion without the addition of GTPyS, this ability presumably
reflects the presence of residual endogenous guanine nucleo-
tides within the permeabilized cells. However, the combina-
tion of BK and GTPyS has an additive effect on IPs
accumulation. GTPyS may play a role in the breakdown of
PI that reduces the requirement of [Ca?*]; for PLC activity
(Bradford & Rubin, 1986; Smith er al., 1986). The avail-
ability of [Ca?*]; is required for stimulation of PI hydrolysis.
A half-maximal (ECs) increase of IPs accumulation induced
by BK alone occurs at a [Ca?*]; greater than 125 nM, while in
the presence of GTPyS, only 3.9 nM [Ca’*}; is required for
BK to induce a half-maximal increase of IPs accumulation.
Therefore, guanine nucleotides appear to sensitize the trans-
duction process such that BK effectively initiates PI hydro-
lysis at a [Ca’*]; that is encountered in quiescent cells.

G proteins are involved in receptor coupling to PLC
activity for many agonists (Sternweis & Smrcka, 1992).
Although we have shown that the presence of an ADP-
ribosylated protein of molecular weight at 43 and 41 kDa is
demonstrated in PTX- and CTX-treated cells (Figure 6),
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Contractile properties of synthetic cationic polypeptides in

guinea-pig isolated trachea

'D. Spina & R.G. Goldie

Department of Pharmacology, University of Western Australia, Nedlands 6009, Australia

1 The synthetic polypeptides, poly-L-arginine, poly-L-lysine and poly-D-lysine contract guinea-pig
isolated trachea in a concentration-dependent, epithelium-independent manner. Indomethacin augmen-
ted the contractile response to poly-L-arginine.

2 The contractile response to poly-L-arginine was not significantly inhibited by nicardipine, a selective
L-type calcium channel blocker or by the histamine Hj,-receptor antagonist, mepyramine nor
significantly augmented by the neutral endopeptidase inhibitor, phosphoramidon.

3 The contractile response to poly-L-arginine was inhibited in a concentration-dependent manner by
prior incubation of guinea-pig tracheal rings with a number of anionic polypeptides including, low
molecular weight heparin, poly-L-aspartic acid and bovine serum albumin.

4 In vitro capsaicin-induced desensitization failed to attenuate the contractile response to poly-L-
arginine, suggesting little, if any role for sensory neuropeptides in the functional response in the
guinea-pig.

5 Synthetic polypeptides induce an epithelium-independent, charge-dependent contraction of guinea-

pig isolated trachea.

Keywords: Cationic polypeptides; airway smooth muscle of guinea-pig; trachea; heparin; capsaicin; poly-L-arginine, epithelium

Introduction

A number of studies have demonstrated the presence of
elevated numbers of eosinophils in bronchoalveolar lavage
fluid 6 h following allergen challenge in asthmatics (De Mon-
chey et al., 1985). Similarly, elevated levels of eosinophils are
observed in bronchoalveolar lavage fluid (Wardlaw et al.,
1988) and in bronchial biopsies (Jeffery et al., 1989; Beasley
et al., 1989) from patients with mild asthma. Furthermore,
eosinophil-derived granule products have also been demon-
strated in bronchial biopsies by immunofluorescence (Filley
et al., 1982; Venge et al., 1988) and electron transmission
microscopy (Jeffery et al., 1992). It has been suggested that
eosinophil-derived cationic proteins including, major basic
protein (MBP), a highly charged protein, might be implicated
in the pathogenesis of asthma (Hamann et al., 1991). Indeed,
a number of studies have demonstrated that MBP can in-
crease ion flux and prostaglandin synthesis in airway epithe-
lium (Jacoby et al., 1988), reduce ciliary motility (Hastie et
al., 1987), induce damage to airway epithelium (Motojima et
al., 1989), induce histamine release from human basophils
and rat mast cells (O’Donnell er al., 1983; Zheutlin et al.,
1984), mediate airway smooth muscle contraction (White et
al., 1990; Gundel et al., 1991; Barker et al., 1991), promote
oedema (Needham et al., 1988) and increase airways respon-
siveness to spasmogens (Brofman et al., 1989; White et al.,
1990; Gundel et al., 1991; Barker et al., 1991; Uchida et al.,
1993).

Naturally occurring cationic polypeptides, including MBP,
contain basic amino acids, namely arginine and lysine. Thus,
synthetic polypeptides rich in basic amino acids might be
used to model natural polypeptides. In this regard, a number
of the biological activities attributed to MBP may be mimic-
ked by synthetic polypeptides. Thus, synthetic polypeptides
mediate the degranulation of human basophils (Foreman &
Lichtenstein, 1980; Coleman et al., 1981), rat and hamster
mast cells (Leung & Pearce, 1984) but not human lung mast
cells (Church et al., 1982) and stimulate the release of
arachidonic acid and prostaglandins from fibroblast (Shier et
al., 1984; Shier & Dubouidieu, 1986) and cultured aortic

! Author for correspondence.

endothelial cells (Needham et al., 1988). Furthermore, catio-
nic polypeptides can increase the permeability of airway
epithelium (Herbert et al., 1991; Yu et al., 1992; Coyle et al.,
1992), promote pulmonary (Vehaskari et al., 1984) and der-
mal oedema (Needham et al., 1988; Antunes et al., 1990) and
induce airways hyperresponsiveness to spasmogens both in
vitro (Coyle et al., 1992) and in vivo (Coyle et al., 1993;
Uchida et al., 1993). In the present study we have inves-
tigated the role of synthetic polypeptides for their ability to
contract airway smooth muscle in vitro.

Methods

Tissue preparation

Albino guinea-pigs (300-500 g) were killed by cervical dis-
location and the trachea removed and placed in cold (4°C)
Krebs-Henseleit solution, aerated with 95% O, and 5% CO..
Since it has previously been shown that the epithelium can
influence guinea-pig tracheal smooth muscle sensitivity to
spasmogens (Goldie et al., 1986), the epithelium was removed
from all preparations with a wooden probe. To confirm the
removal of the epithelium, paraffin embedded tracheal sec-
tions (8 um) were stained with haematoxylin-eosin and exam-
ined at the light microscopic level.

Tracheal rings (2 mm) were suspended in dimethyldichlor-
osilane (40%)-treated 1 ml organ baths under an optimal
tension of 1 g in Krebs-Henseleit solution aerated with 95%
0, and 5% CO, at 37°C. Tissues were allowed to equilibrate
for 30 min and changes in Krebs-Henseleit solution were
made every 10 min. Methacholine (10 uM) was added to the
bath and after the contractile response had reached plateau,
the tissues were washed 5 times over a 15 min period and
allowed to equilibrate for a further 30 min. This procedure
was repeated a second time.

Experimental protocol

Cumulative concentration-effect curves of poly-L-arginine
(mol. wt. 11600; 30—1000 pg ml~!) were investigated in epi-
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thelium-intact or epithelium-denuded guinea-pig tracheal pre-
parations in the absence or presence of indomethacin (5 pMm).
In other experiments, functional responses to the synthetic
polypeptide, poly-L-lysine and poly-D-lysine (mol. wt. 25000;
30-1000 ug ml~") were also assessed in epithelium-denuded,
indomethacin-pretreated guinea-pig tracheal preparations.

The nature of the poly-L-arginine-induced contraction was
investigated in other experiments. Thus, poly-L-arginine cum-
ulative concentration-effect curves were performed in epithe-
lium-denuded, indomethacin-treated guinea-pig tracheal rings
in the absence or presence of the histamine H,-receptor
antagonist, mepyramine (10 pM; 30 min preincubation) and
the L-type calcium channel blocker, nicardipine (1 pM; 30
min). Histamine concentration-effect curves were performed
in the absence or presence of mepyramine (10 uM). The effect
of nicardipine (1 pM) on the response to potassium ions and
methacholine was also investigated. In further experiments,
cumulative concentration-effect curves to poly-L-arginine
were performed in the absence or presence of the neutral
endopeptidase inhibitor phosphoramidon (10 pM; 30 min) in
indomethacin-treated epithelium-intact and epithelium-denu-
ded guinea-pig tracheal preparations.

In other experiments, the response to poly-L-arginine was
evaluated in epithelium-denuded, indomethacin-treated gui-
nea-pig tracheal rings in vehicle or capsaicin-desensitized
preparations. Tracheal rings were incubated with capsaicin
(10 uMm) or vehicle control (1% ethanol) for 15 min, then
washed every Smin over a 15min period and allowed to
equilibrate for a further 15 min. A consecutive administration
of capsaicin (10 uM) or vehicle was performed to demonstrate
capsaicin-induced desensitization. Tissues were then washed
times over a 15 min period then allowed to equilibrate for a
further 15min. The contractile response to poly-L-arginine
was then reassessed in capsaicin- or vehicle-treated tracheal
preparations.

In further experiments, the contractile response to poly-L-
arginine (1000 pg ml~') was investigated following 30 min
incubation with a number of anionic polypeptides including,
low molecular weight heparin (10—1000 units ml~!), poly-I-
aspartic acid (10—1000 pg ml~') and bovine serum albumin
(100-1000 pg ml~') in epithelium-denuded, indomethacin-tr-
eated, guinea-pig tracheal preparations.

Analysis of results

The contractile agonist potency (EC,s) or (ECs), is expressed
as the geometric mean together with 95% confidence limits.
The contractile response to agonists is expressed in terms of
the maximal contractile response to methacholine (100 um).
Data were analysed by analysis of variance and Dunnett’s ¢
test used to test differences in control and treatment means
(Wallenstein et al., 1980). In other cases, non-paired Studen-
t's ¢ test was used. Data were considered significant if
P<0.05.

Drugs

The following were used: indomethacin, methacholine hyd-
rochloride, mepyramine, nicardipine hydrochloride, poly-L-
arginine (mol. wt. 11600), poly-L and poly-D-lysine (mol.
wt. 25000), poly-L-aspartic acid (mol. wt. 14000), bovine ser-
um albumin, capsaicin (Sigma); heparin sodium (Delta
West). Except where otherwise stated all drugs were dissolved
in Krebs Henseleit solution. The composition of the Krebs-
Henseleit solution was (mM): NaCl 117.6, KCl 5.4, MgSO,.
7H,0 0.57, KH,.PO, 1.03, NaHCO; 25.0, glucose 11.1 and
CaCl,.2H,0 2.5. Stock concentrations (0.01 M) of indometh-
acin, capsaicin and nicardipine were made up in 0.5% Na,
CO;, 100% ethanol and distilled water respectively. The ap-
propriate dilution was then made in Krebs-Henseleit solu-
tion.

Results

Cationic polypeptides

Poly-L-arginine (mol. wt. 11600; 30-100 pug ml~!) caused a
concentration-dependent contraction in epithelium-intact and
epithelium-denuded preparations in the absence or presence
of indomethacin (Figure 1). Analysis of the data represented
in Figure 1 revealed a significant interaction between the
factors indomethacin and the different concentrations of
poly-L-arginine tested (P<<0.001). Further analysis revealed
that the potentiating effect of indomethacin was significant at
300 pg ml~! (P <0.001) and 1000 pg ml~! (P <0.001) poly-L-
arginine. In contrast, removal of the epithelium failed to alter
significantly the response to poly-L-arginine (P> 0.05).

Both poly-L-lysine (EC,s; 95% confidence limits: 522 pg
ml~! (208—1312), n=5) and poly-D-lysine (619 ugml~' (185
-2075), n=1S5) contracted guinea-pig tracheal preparations
with equal potency (P>0.05; Figure 2).

Nicardipine (1 M) which blocks L-type calcium channels
failed to alter significantly airway smooth muscle sensitivity
(Figure 3a; ECy5, 95% confidence limits: control 181 pg ml~!
(122-267); nicardipine-treated: 340 pg ml~! (159-728), n =5,
P>0.05) or E.,, (control: 53.6 * 2.8% methacholine E,;
nicardipine-treated; 49.4 + 5.4%, n=15, P>0.05) to poly-L-
arginine. In contrast, nicardipine (1 puM) significantly attenu-
ated the contractile response to exogenously administered
potassium ions (Figure 3b). Furthermore, the contractile
potency (ECs) to methacholine was also partially attenuated
in nicardipine-treated preparations (control: 95 nM (52-174),
n=3; nicardipine-treated: 155nM (104-230), n=3, P<
0.05).

The histamine H,-receptor antagonist, mepyramine, failed
to reduce significantly the contractile potency (EC,s, 95%
confidence limits; control 372 pugml-! (170-813), n=8, vs
mepyramine-treated; 389 ug ml~! (204-741), n=8, P>0.05)
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Figure 1 Concentration-dependent contraction of guinea-pig tra-
cheal preparations to poly-L-arginine (mol. wt. 11600) in the presence
(O) or absence (®) of epithelium in the absence (a) or presence (b)
of indomethacin (5 pm). Each point represents the mean * s.e.mean
of § values.
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or to alter the contractile response to poly-L-arginine (1
mgml~') (% methacholine E,,: control; 40 6%, n=8 vs
mepyramine-treated; 37 £ 6%, n =8, P>0.05). In contrast,
the contractile potency to histamine (ECs, 95% confidence
limits; control: 1.04 uM (0.87-1.23), n = 3) was significantly
reduced in mepyramine-treated preparations (3.6 mM (0.77-
16.9) n=3, P<0.001 cf. control).

Role of sensory neuropeptides

The role of sensory neuropeptides on the contractile response
to poly-L-arginine was assessed indirectly in preparations
acutely desensitized to capsaicin. The effect of prior exposure
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Figure 2 Concentration-dependent contraction of epithelium-denu-
ded guinea-pig tracheal preparations to poly-L-lysine (mol. wt. 25000;
O) and poly-D-lysine (mol. wt. 25000; @) in the presence of indo-
methacin (5 uM). Each point represents the mean * s.e.mean of 7
values. Concentration-response curve to poly-L-arginine (mol. wt.
11600) is shown for comparison (O).
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Figure 3 Concentration-dependent contraction of epithelium-denu-
ded guinea-pig tracheal preparations to (a) poly-L-arginine (mol. wt.
11600) and (b) potassium ions in the absence (O) or presence (®) of
nicardipine (1 pM). Each point represents the mean % s.e.mean of §
values. Indomethacin (5 uM) was present.

of tissue to capsaicin (10 pM) on the subsequent response to
poly-L-arginine is shown in Figure 4. Capsaicin (10 pM) con-
tracted guinea-pig tracheal tissue to 55 4% methacholine
E..x (n=6). The tissue failed to respond to capsaicin when
administered a second time. In contrast, capsaicin-treatment
failed to reduce significantly guinea-pig tracheal smooth mus-
cle sensitivity (ECys, 95% confidence limits: vehicle; control:
257 pg ml~! (145-456); capsaicin-treated; 459 pug ml~' (286-
736), n=6, P>0.05) or E,,, (vehicle control: 54.8 £ 4.5%;
capsaicin-treated; 43.9+6.1%, n=6, P>0.05) to poly-L-
arginine.

The neutral endopeptidase inhibitor, phosphoramidon (10
pM) failed to potentiate significantly contractile responses to
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Figure 4 Concentration-dependent contraction of epithelium-denu-
ded guinea-pig tracheal preparations to poly-L-arginine (mol. wt.
11600) following vehicle-treatment (O) or capsaicin-induced desen-
sitization (@). Each point represents the mean t s.e.mean of 5
values. Indomethacin (5 uM) was present.
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Figure 5 Concentration-dependent contraction of (a) epithelium-
intact and (b) epithelium-denuded, guinea-pig tracheal preparations
to poly-L-arginine (mol. wt. 11600) in the absence (O) or presence
(@) of the neutral endopeptidase inhibitor, phosphoramidon (10
pm). Each point represents the mean * s.e.mean of 5 values. Indo-
methacin (5 uM) was present.
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poly-L-arginine in epithelium-intact (EC,s, 95% confidence
limits; control: 324 ug ml~' (218-481), n =5 vs phophorami-
don-treated: 283 pg ml~' (193-415), n=5, P>0.05) or den-
uded preparations (EC,;, 95% confidence limits; control:
330 ugml=' (184-590), n=5 vs phosphoramidon-treated:
262 pg ml~' (204-336), n =15, P>0.05) treated with indome-
thacin (P>0.05, Figure 5).

Effect of anionic polypeptides

The anionic polypeptides heparin, poly-L-aspartic acid and
bovine serum albumin induced small contractile responses
of 17+ 5%, 17+ 4% and 12 £ 6% methacholine E,,,, res-
pectively (n = 5), at the maximum concentrations tested. In
most cases the contractile response had returned to baseline
after 30 min. The anionic polypeptides heparin (Figure 6a),
poly-L-aspartic acid (Figure 6b) and bovine serum albumin
(Figure 6c) inhibited poly-L-arginine (1 mgml~!)-induced
contraction of guinea-pig tracheal preparations in a concen-
tration-dependent manner. This inhibitory effect was a conse-
quence of the physical binding of the anionic polypeptides to
poly-L-arginine as demonstrated by an increase in the tur-
bidity of the Krebs-Henseleit solution in the bath. The
inhibitory potency was calculated for these anionic polypep-
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Figure 6 Histogram representing poly-L-arginine (1000 pug ml~")-in-
duced contraction of epithelium-denuded guinea-pig tracheal prepar-
ations in the absence (stippled column) or presence (shaded column)
of (a) heparin, (b) poly-L-aspartic acid and (c) bovine serum albu-
min. Vertical lines represent s.e.mean of 5 observations. Indometh-
acin (5 pM) was present. *P <<0.05, **P <0.01 cf. control (Dunnett’s
t test).

tides yielding ICs, values for heparin, poly-L-aspartic acid
and bovine serum albumin of 96.4 u ml~!(74.0-126.0), 0.3
mgml~' (0.1-0.9) and 5.8 mgml~! (3.3-10.3), respectively
(n=25).

Discussion

The results from this study confirm that synthetic polypep-
tides cause contraction of guinea-pig isolated tracheal prepar-
ations. The mechanism of action is not clear but appears to
be epithelium-independent, not to be mediated by the activa-
tion of airway smooth muscle histamine H,-receptors, or
secondary to the release of sensory neuropeptides and does
not appear to involve the opening of dihydropyridine-sensi-
tive calcium channels. However, the cationic nature of the
synthetic polypeptides is apparently important for mediating
airway smooth muscle contractions.

The contractile response mediated by poly-L-arginine was
unaffected by epithelium removal but augmented by cyclo-
oxygenase inhibition, most probably as a consequence of the
inhibition of the basal release of prostanoids by guinea-pig
tracheal preparations (Braunstein et al., 1988; Hay et al.,
1988). Although the contractile response to the cationic
polypeptides was independent of the release of prostanoids,
other activities including, increased permeability of the air-
way epithelium (Yu er al., 1992) and dermal oedema (Need-
ham et al., 1988) have been shown to be dependent on
cyclo-oxygenase products.

The finding that both the laevo- and dextro-isomers of
polylysine induced concentration-dependent contraction,
confirm the importance of cationic charge in mediating air-
way smooth muscle contraction. The activity of poly-L-lysine
as a spasmogen in guinea-pig isolated trachea appeared to
be less than that of poly-L-arginine. This has also been
observed for histamine release (Foreman & Lichtenstein,
1980) and dermal oedema (Antunes er al., 1990). The
difference in the activities of the two polypeptides might be a
consequence of the greater hydrophobicity displayed by poly-
L-arginine than by poly-L-lysine (Ichimura & Zama, 1977,
Ichimura er al., 1978). Furthermore, the importance of
charge to the response to synthetic polypeptides is reflected in
the ability of various anionic polypeptides to inhibit the
contractile response to poly-L-arginine. Both low molecular
weight heparin and poly-L-aspartic acid inhibited poly-L-
arginine-induced contraction. This was a consequence of the
neutralisation of the cationic charge by the anionic polypep-
tides which was reflected by increases in the turbidity of the
Krebs-Henseleit solution. Poly-L-aspartic acid was approx-
imately 20 times more potent than bovine serum albumin as
an inhibitor of poly-L-arginine-induced contraction, probably
because of the greater anionic charge of poly-L-aspartic acid.
Other studies have demonstrated that heparin is a potent
inhibitor of cationic polypeptide-induced oedema (Chang et
al., 1987, Needham et al., 1988; Antunes et al., 1990) and
airways hyperresponsiveness (Coyle et al., 1992; 1993). Fur-
thermore, heparin was significantly more effective than
bovine serum albumin as an inhibitor of polypeptide-induced
pulmonary oedema (Chang et al., 1987).

Synthetic cationic polypeptides have been used as tools to
study the biological properties of various naturally occurring
cationic polypeptides such as MBP. This eosinophil-derived
peptide contains 17 arginine residues (Wasmoen et al., 1989)
but the role of charge in the biological activity of MBP is not
clear. Other naturally occurring polypeptides including, eo-
sinophil cationic protein (ECP) and eosinophil peroxidase
(EPO) did not mimic the ability of MBP to induce airways
hyperresponsiveness (Gundel et al., 1991). Similarly, MBP is
more effective than ECP and EPO in mediating toxicity
toward the epithelium (Motojima et al., 1989), MBP but not
ECP and eosinophil-derived neurotoxin mediate the release
of histamine from human basophils (Zheutlin et al., 1984)
and cationic polypeptides of a similar molecular weight and
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charge to MBP failed to mimic the response to MBP (Hastie
et al., 1987; Jacoby et al., 1988). Furthermore, denatured
MBP, which presumably retains its charged nature, does not
contract guinea-pig trachea in situ (White et al., 1990) and is
significantly less active than native MBP in releasing his-
tamine from human basophils (O’Donnell e al., 1983; Zheut-
lin et al., 1984). These studies indicate that factors other than
charge, such as molecular conformation, might be important
in determining biological activity. Alternatively, it has been
proposed that native MBP which is prone to aggregate at
neutral pH, is likely to possess greater charge than the
reduced and alkylated form of MBP (Zheutlin ez al., 1984).
Furthermore, synthetic cationic polypeptides also increase
airways responsiveness to spasmogens in vivo (Coyle et al.,
1993; Uchida et al., 1993). Nevertheless, there is a qualitative
difference between the contractile response elicited by MBP
and poly-L-arginine, namely that MBP-induced contraction
of guinea-pig trachea is epithelium-dependent, with no res-
ponse observed following epithelium removal (White et al.,
1990). In contrast, epithelium removal does not inhibit the
response to synthetic cationic polypeptides (this study). Thus,
the contractile properties of synthetic polypeptides do not
appear to mimic closely MBP, although they are all inac-
tivated by anionic polypeptides. Thus, poly-L-glutamic acid
inhibits MBP-induced bronchospasm (Barker et al., 1991)
and bronchial hyperresponsiveness (Gundel et al., 1991),
while heparin has been shown to inhibit MBP-induced air-
way epithelium damage (Motojima et al., 1989). Cationic
charge is important for the biological inactivation of cationic
polypeptides and in this regard, synthetic polypeptides pro-
vide a good model of naturally occurring polypeptides.
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Prevention by insulin treatment of endothelial dysfunction but
not enhanced noradrenaline-induced contractility in mesenteric
resistance arteries from streptozotocin-induced diabetic rats

'Paul D. Taylor, *Beryl B. Oon, *Chris R. Thomas & Lucilla Poston
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Group, St. Thomas’ Campus, London SE1 7EH

1 Streptozotocin-induced diabetic rats (Wistar) were implanted with sustained release insulin pellets
(release rate =4 uday~') or with placebo pellets (palmitic acid) from the onset of glycosuria.

2 Noradrenaline sensitivity, endothelium-dependent relaxation to acetylcholine and endothelium-
independent relaxation to sodium nitroprusside were assessed in mesenteric resistance arteries from the
insulin-treated (IT) diabetic animals and compared to placebo-implanted (PI) diabetics and age-matched
controls.

3 Arteries from PI-diabetic rats (8—10 weeks) demonstrated an enhanced maximal response to
noradrenaline compared to controls, which was not prevented by insulin treatment (control
2.65+ 0.17 mN mm-~!, n = 18 arteries versus PI-diabetic 3.73 £ 0.40 mN mm~!, n = 5, P <0.05; control
versus IT-diabetic 4.02 £0.19 mN mm~!, n =22, P <0.001). Sensitivity to noradrenaline was similar
between the three groups.

4 In the presence of the nitric oxide synthase inhibitor N-nitro-L-arginine methyl ester (L-NAME), IT
and PI arteries were more sensitive to noradrenaline than control arteries (pECsy: control 5.75 + 0.08,
n = 17, versus Pl-diabetic 6.14 £ 0.09, n = 8, P <0.05; control versus IT-diabetic 6.38 £ 0.08, n = 20, P
<0.001).

5 The maximum contractile response to depolarizing 125mM K* was significantly enhanced in
IT-diabetic arteries but not PI-diabetic when compared to control arteries (maximum response: control
3741 0.15mNmm~', n =18, versus Pl-diabetic 3.61 £0.19mNmm~!, n =11, NS; control versus
IT-diabetic 4.66 £ 0.18 mN mm™', n =22, P <0.001).

6 Endothelium-dependent relaxation to acetylcholine was profoundly impaired in the PI-diabetic
arteries, but in the IT-diabetic arteries was not significantly different from controls (pECs,: control
7.64+0.19, n =17, versus Pl-diabetic 6.071£0.12, n =8, P <0.001; control versus IT-diabetic
7.36 £ 0.09, n =22, NS).

7 Endothelium-independent relaxation to sodium nitroprusside was slightly but significantly impaired
in the PI-diabetic arteries, but was not significantly different in the IT-diabetic arteries compared to
controls. (pECsy: control 7.78 £ 0.10, n = 13, versus Pl-diabetic 7.31 £ 0.13, n = 13, P <0.05; control,

versus IT-diabetic 7.64 £ 0.09, n = 16, NS).

Keywords: Mesenteric resistance arteries; vascular endothelium; vascular smooth muscle; chemically induced diabetes in rats;

streptozotocin: insulin treatment

Introduction

Abnormal function of the vascular endothelium has been
implicated as one of the underlying mechanisms of microvas-
cular disease in diabetes. Recent studies in man have
identified impaired endothelium-dependent relaxation to
acetylcholine in the smooth muscle of the corpora cavernosa
of impotent diabetic men (De Tejada et al., 1989), in isolated
resistance arteries from gluteal subcutaneous fat from type I
(insulin-dependent) diabetic subjects (McNally et al., 1992),
and in the forearm of subjects with type II (non-insulin
dependent) diabetes mellitus (McViegh et al., 1992). Elliot et
al. (1992), have also reported altered basal and stimulated
nitric oxide (NO) synthesis to carbachol in the forearm of
microalbuminuric type I diabetic patients. There is also some
evidence to suggest that the sensitivity of the underlying
smooth muscle to exogenously derived nitric oxide may be
altered in human diabetes (McViegh et al.,, 1992; Calver et
al., 1992). Endothelium-dependent and -independent defects
could, therefore, account for impaired NO mediated relaxa-
tion. In a recent study by Smits er al. (1993), however,
forearm blood flow responses to both endothelium-dependent
and -independent relaxation were found to be normal.

! Author for correspondence.

Extensive functional studies in conduit arteries from
animals with chemically-induced diabetes comprise a largely
confusing literature. Several studies, however, describe
enhanced reactivity to noradrenaline (MacLeod & McNeill,
1985; Harris & MacLeod, 1988; Pieper & Gross, 1988; White
& Carrier, 1988; Cohen et al., 1990) and impaired
endothelium-dependent relaxation (Oyama et al., 1986;
Pieper & Gross, 1988; Durante et al., 1988; Kamata et al.,
1989; Tanz et al., 1989; Mayhan, 1989; Abiru et al., 1990;
Tesfamariam et al., 1990; Mayhan et al., 1991; Cameron &
Cotter, 1992). We have previously demonstrated in streptozo-
tocin-induced diabetes in rats, that both sensitivity to
noradrenaline and endothelium-dependent relaxation to
acetylcholine are abnormal in isolated mesenteric resistance
arteries (Taylor et al., 1992) and in the whole perfused
mesenteric circulation (Taylor et al., 1994 following paper).
The first of these studies (Taylor et al., 1992) also suggested
the observed abnormalities can be explained, at least in part,
by a deficit in the production of NO in the endothelial cells
of the resistance vasculature.

In animal models of diabetes, insulin treatment has been
shown to reverse the decreased responsiveness to endothelin-1
in aortic rings (Hodgson & King, 1992), to prevent impaired
endothelium-dependent relaxation to histamine in aortic rings
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(Tanz et al., 1989) and to prevent both contraction and
relaxation defects (Takiguchi et al., 1989) in the rat perfused
mesentery. No previous study has determined the effect of
insulin treatment on abnormalities of isolated resistance
arteries. In the present study, therefore, we aimed to investi-
gate the effect of sustained release insulin replacement on
resistance vascular function in rats with streptozotocin-
induced diabetes.

Methods

Induction of experimental diabetes

Diabetes was induced in female Wistar rats by intraperi-
toneal injection of streptozotocin (45 mgkg~') dissolved in
citrate buffer. Onset of diabetes was confirmed by the
presence of glycosuria 48 h after injection. Blood samples for
the measurement of plasma glucose (glucose oxidase method:
YSI model 23 AM Glucose Analyser, Yellow Springs, OH,
U.S.A)) and rat and bovine plasma insulin concentrations
(RIA, Sonksen, 1976) were obtained by cardiac puncture
after cervical dislocation. Control rats were housed separately
from the diabetic animals and all animals were given free
access to food and water.

Insulin treatment

Following the onset of glycosuria, 48 h after streptozotocin
administration, diabetic animals were treated with insulin
with sustained release insulin pellets, containing bovine
insulin (17%) and palmitic acid (83%) as an excipient
(Wang, 1991). Slow surface erosion of the implants in vivo
gradually releases the entrapped insulin, equivalent to a dose
of 4 unitsday~'. The insulin pellets (2mm X 7mm) were
sterilised in 10% betadine solution before being implanted
subcutaneously between the scapulae using a specially
designed (12 gauge) trocar and stylet. This procedure was
carried out under a short acting anaesthetic (Hypnorm,
0.5ml kg~! bodyweight, i.m.) requiring no suturing or clips
for closure; 48 h after implantation of the insulin pellets, and
in all subsequent routine tests, there was no evidence of
glycosuria or ketonuria using reagent strips for urinalysis
(Labstix). As controls for the implantation of the insulin,
diabetic animals were implanted with placebo pellets contain-
ing only palmitic acid which were otherwise identical to the
insulin pellets.

After 8—10 weeks animals were killed by cervical disloca-
tion and a blood sample was taken by cardiac puncture for
the plasma insulin assays and the determination of plasma
glucose concentrations.

Assessment of vascular function

The mesentery was removed and placed in physiological salt
solution (PSS). The solution consisted of (mMm): NaCl 119,
NaHCO, 25, p-glucose 5.5, KH,PO, 1.18, MgSO,7H,0 1.17,
KCl14.7, CaCl, 2.5, ethylenediamine-tetra-acetic acid disodium
salt (EDTA) 0.026. In order to obtain arteries of approxi-
mately equal diameter in control and experimental animals,
the third branch mesenteric arteries were routinely dissected
from control and insulin-treated (IT)-diabetic rats and the
fourth order mesenteric arteries dissected from the placebo-
implanted (PI)-diabetic animals (mean internal dia-
meter + s.e.mean: control 286 £ 9um, n =18: IT-diabetic
316 £ 12 pm, n = 22: PI-diabetic 293 £ 12 pum, n = 13, P not
significant). The arteries were dissected free of connective
tissue under a light microscope and mounted as ring prepara-
tions on a small vessel myograph (Mulvany & Halpern, 1977)
capable of measuring isometric tension. Arteries were bathed
in PSS at 37°C and bubbled with 5% CO,/95% O, and their
passive tension and internal circumference were determined.
The arteries were then set to an internal circumference

equivalent to 90% of that which they would experience when
relaxed in situ under a transmural pressure of 100 mmHg (the
maximum active tension for the minimum resting tension is
developed at approximately this circumference; Mulvany &
Halpern, 1977). Arteries were then subjected to a routine
run-up procedure in which they were contracted for 2 min
every 10 min on four occasions according to the following
protocol. The first and fourth contractions were produced
with 5uM noradrenaline in 125mM potassium solution
(KPSS, equimolar substitution of KCl for NaCl in PSS). The
second was with 5puM noradrenaline in PSS and the third
with KPSS. Arteries failing to produce a maximum active
tension equivalent to a pressure of 100 mmHg on the final
contraction were rejected.

All experiments were conducted in the presence of the
cyclo-oxygenase inhibitor indomethacin; as in a previous
study of endothelial function of STZ-diabetic rats (Taylor et
al.,, 1992) we found no evidence for abnormalities of indo-
methacin-sensitive components of relaxation. Following the
routine run up procedure, the vessels were incubated for
10 min in indomethacin (10 uM) and their responses to in-
creasing concentrations of noradrenaline then determined at
3 min intervals (0.1 mM-10.0 mM cumulative addition). The
bath was then washed three times with PSS and a further
15 min washout period allowed before the arteries were sub-
maximally contracted for 3 min with the concentration of
noradrenaline required to produce approximately 80% of the
maximum response. Relaxation to acetylcholine was subse-
quently assessed by adding increasing concentrations of
acetylcholine at 2 min intervals (final bath concentrations
1 nM-10 uM). After a washout period of 5min, the NO
synthase inhibitor, L-NAME (NC-nitro-L-arginine methyl
ester 10~*M) was added to the bath and 10 min later a
cumulative concentration-response to noradrenaline repeated.
Finally, and in the continued presence of L-NAME, arteries
were precontracted with noradrenaline as described, and after
3 min were subjected to increasing concentrations of the
endothelium-independent nitrovasodilator sodium nitroprus-
side (SNP), at 2 min intervals (0.01-10 uM).

Drugs

Chemicals used in this investigation were noradrenaline
(Winthrop Laboratories): acetylcholine, indomethacin,
sodium nitroprusside, L-NAME, (all from Sigma); strep-
tozotocin (gift from Dr MacLeod, Upjohn Co. Kalamazoo,
U.S.A)) and Hypnorm (Jannsen Pharmaceutics). Chemicals
were prepared as stock solutions solubilized in PSS, except
indomethacin which was prepared as a 1 mM stock solution
in phosphate buffer consisting of (mMm): KH,PO, 20,
NaH,P0,.2H,0 120, pH balanced to 7.8. All concentrations
are expressed as the final molar concentrations in the organ
bath. Sustained release insulin implants and placebo implants
(Linplant) from Mollegaard, Denmark.

Statistical analysis

All values are given as the mean * s.e.mean. Tension is given
as active wall tension (nN mm~! artery length) + s.e.mean
and the relaxation responses to acetylcholine as a percentage
of the initial precontraction to noradrenaline. The negative
log of the concentration of a drug required to affect 50% of
the maximum response (pECs) was calculated as the
mean  s.e.mean of the individual pECss using non linear
regression, and the sigmoid equation of the curve fitting
programme ‘GraphPad’ (GraphPad Software Inc., San
Diego, CA, U.S.A.). Statistical comparisons of the pECs,
values and maximum responses between the groups were
achieved by one way analysis of variance with the Bon-
feronni correction of P values for multiple comparisons.
Paired two-tailed  tests were employed in the comparisons of
sequential concentration-effect curves in the presence and
absence of inhibitors. Significance was assumed if P <0.05.



Results

The glucose concentration of the plasma obtained from PI-
diabetic animals at the time of study (8-—10 weeks after
induction of diabetes) was 44.28 + 4.10 mM (n = 5) whereas
the plasma glucose of the insulin-treated diabetic animals was
not significantly different from that of controls (8.72%
1.81 mM, n =11, versus 6.31 X044 mM, n =14). Bovine
insulin concentrations in the implanted animals were
46.68 = 11.11 mul-! (n = 11) and below the detectable limit
in the control and placebo-treated animals. Endogenous
levels of insulin in the control animals were 19.64
6.25mul-! (n = 14), lower than that of bovine insulin in the
treated animals (P <0.05). At the time of implantation,
IT-diabetic animals weighed 222 £ 2 g, and following insulin
treatment weighed 302t 4g, a significant weight gain
(P <0.0001), and greater than the normal weight for age
matched animals (250-270 g). In contrast Pl-diabetics did
not show any significant weight gain, being 240 + 8 g before,
and 249 + 4 g after treatment (P not significant).

Contractile responses to noradrenaline

The exposure of arteries to noradrenaline led to a con-
centration-dependent rise in tension in all experimental
groups. There was no significant difference in the sensitivity
between the three groups (pECs: control 5.64 £ 0.07, n = 18;
Pl-diabetic 5.79+0.12, n=5; IT-diabetic 5.78 £ 0.05,
n =22, P not significant). However, the PI-diabetic arteries
demonstrated an enhanced maximum contractile response to
noradrenaline compared to controls (maximum response; PI-
diabetic 3.73 £ 040 mN mm™', n =5, versus control 2.65%
0.15mNmm-!, n =18, P<0.001). Insulin treatment did
not prevent this enhanced contractile response to
noradrenaline (maximum response: IT-diabetic 4.02
0.19 mN mm-~!, n =22, versus control 2.65* 0.17 mN mm™!,
n =18, P <0.001) Figure 1.

The addition of L-NAME in control arteries led to a
highly significant increase in the maximum response to
noradrenaline from 2.65+ 0.17 mN mm-! to 3.56 = 0.16 mN
mm~!, n =17, P <0.001, although there was no significant
increase in sensitivity (pECs,: from 5.64 £ 0.07, to 5.75 £ 0.08,
n =17, P not significant). In the PI-diabetic arteries the addi-
tion of L-NAME did not affect the maximum response to
noradrenaline (from 3.73 £ 0.40 mN mm~! to 4.01 £0.18 mN
mm~!, n =5, P not significant) but led to a significant increase

Tension (mN mm™")

—log [Noradrenaline] m

Figure 1 Noradrenaline concentration-effect curves, in the presence
of indomethacin (10 uM), in isolated resistance mesenteric arteries
from control (O, n = 18), placebo-implanted-diabetic (M, n = 5)
and insulin-treated-diabetic rats (A, n = 22).
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in sensitivity (pECs: from 5.79 £0.12 to 6.1210.13, n =5,
P <0.005). The Pl-diabetic arteries in the presence of L-
NAME demonstrated enhanced sensitivity to noradrenaline
compared to control arteries in the presence of L-NAME
(pECs: control 5.75%£0.08, n =17 versus Pl-diabetic
6.14£0.09, n =8, P<<0.05). In the arteries from the IT-
diabetic rats the addition of L-NAME caused both an increase
in maximum response (from 4.02X0.19mNmm~' to
4651 020mNmm-!, n =20, P<0.005) and a substantial
increase in sensitivity to noradrenaline (pECs: from
5.80 £ 0.05, to 6.38 £ 0.08, n = 20, P <0.001). In the presence
of L-NAME the IT-diabetic arteries demonstrated greater
sensitivity to noradrenaline than control arteries (pECs:
6.38 £ 0.08, n = 20, versus 5.75 £ 0.08, n = 17, P <0.001). No
significant difference was observed between the maximum re-
sponses of the Pl-diabetic arteries and that of the control
arteries (maximum response: 4.01 £0.18 mNmm~!, n=38
versus 3.56*0.16 mNmm~!, n =17, P not significant) or

s
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Tension (mMN mm™")

Figure 2 Noradrenaline concentration-effect curves, in the presence
of indomethacin (10 pM) and the nitric oxide synthase inhibitor
NC-nitro-L-arginine methyl ester (10-*Mm), in isolated mesenteric
resistance arteries from control (O, n =17) placebo-implanted-
diabetic (l, n = 8) and insulin-treated-diabetic rats (A, n = 20).

Tension (MmN mm™")

0 - —_—
Control Pl IT

Figure 3 Maximal contraction to 125 mM depolarizing potassium
(KPSS) in isolated mesenteric resistance arteries from control
(n = 18), placebo-implanted (PI)-diabetic (» = 11) and insulin-treated
(IT)-diabetic rats (n = 22).
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Figure 4 Acetylcholine concentration-effect curves, in the presence
of indomethacin, in isolated mesenteric resistance arteries from cont-
rol (O, n = 17), placebo-implanted-diabetic (W, » = 8), and insulin-
treated-diabetic rats (A, n = 22).

between the PI-diabetic arteries and the IT-diabetic arteries
(maximum response: 401+ 0.18mNmm~'. n =8, versus
4.65% 0.20 mN mm~!, n = 20, P not significant). However, in
the IT-diabetic arteries the maximum response to noradenaline
in the presence of L-NAME was significantly raised above the
controls (maximum response: 4.65+ 0.20 mN mm~!, n =20,
versus 3.5610.16 mNm~', n =17, P <0.001) Figure 2.

Arteries from the IT-diabetic animals demonstrated an
enhanced response to 125 mM potassium (KPSS) relative to
controls (4661 0.18mNmm~', n=22, versus 3.74%
0.15mNmm-!, n =18, P <0.001). Those from PI-diabetic
animals were not significantly different from the controls
(3.61 £ 0.19mN mm~!, n = 11) Figure 3.

Endothelium-dependent relaxation

The cumulative addition of acetylcholine, in half log molar
increments, led to a concentration-dependent relaxation of
arteries precontracted submaximally with noradrenaline, in all
three experimental groups. Arteries from the PI-diabetic
animals demonstrated profoundly reduced relaxation to acetyl-
choline compared to the control group (pECs: Pl-diabetic
6.07x0.12, n=8, versus control 7.64*0.19, n=17,
P <0.001). Maximum relaxation was also significantly
reduced in the PI-diabetic arteries compared to controls (maxi-
mum relaxation: PI-diabetic 69.5 * 12.1, n = 8, versus control
98.5+ 0.4, n =17, P <0.001). In the IT-diabetic arteries there
was, however, no obvious impairment of acetylcholine-induced
relaxation, compared with controls (pECs: IT-diabetic
7.36 £ 0.09, n =22, versus control 7.64 £ 0.19, n =17, P not
significant. Maximum relaxation: IT-diabetic 93.8 * 0.6%,
n =22, versus control 98.51+ 0.4, n =17, P not significant)
Figure 4.

Endothelium-independent relaxation

Concentration-dependent relaxation to increasing concentra-
tions of sodium nitroprusside was observed in arteries from all
three groups. Pl-diabetic arteries did, however, show slight
attenuation of the relaxation response compared to the control
group (pECs: Pl-diabetic 7.31 % 0.13, n = 13, versus control
7.718 £0.10, n =13, P <0.05). This attenuation of the re-
sponse was not observed in the insulin-treated group in which
the response was not significantly different from that of the
control group (pECs,: IT-diabetic 7.64 £ 0.09, n = 16, versus
control 7.78 £ 0.10, n = 13, P not significant) Figure 5.
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Figure 5 Endothelium-independent relaxation responses to sodium
nitroprusside in isolated mesenteric resistance arteries from control
(O, n =13) placebo-implanted-diabetic (M, » = 13) and insulin-
treated-diabetic rats (A, n = 16) in the presence of indomethacin
and NC-nitro-L-arginine methyl ester (10~* m).

Discussion

The results of this study, although in a different strain of rat,
are in agreement with our previous observations in the
STZ-diabetic rat model (Taylor et al., 1992) in which we
demonstrated impaired endothelium-dependent relaxation to
acetylcholine. In addition we have demonstrated that insulin
treatment prevents the development of impaired endothelium-
dependent relaxation in isolated resistance arteries from the
mesenteric circulation of these animals. This is in agreement
with two previous studies in streptozotocin-diabetic rats; Taki-
guchi et al. (1989) have demonstrated that insulin treatment
improves impaired acetylcholine relaxation in the isolated per-
fused mesentery and Tanz ez al. (1989) have shown that insulin
treatment prevents impaired histamine relaxation in 12 week
streptozotocin-diabetic rat aorta. Our previous study suggested
that the impaired endothelium-dependent relaxation resulted
from reduced NO release and insulin therapy may, therefore,
prevent this deficit. This is suggested by the experiments using
the NO synthase inhibitor L-NAME which indicated greater
noradrenaline-stimulated NO release in the arteries from the
treated compared to untreated diabetic rats. Reduced NO
release in diabetes is consistent with reports of impaired
endothelium-dependent relaxation in human isolated resistance
arteries in type I diabetes (McNally et al., 1992) and in a study
of forearm blood flow in type II diabetes (McVeigh et al.,
1992). In addition, other studies in type I diabetes have
reported an impaired basal release of NO in the forearm
circulation (Calver et al., 1992; Elliot et al., 1992). However,
not all have found evidence of impaired NO production (Hal-
kin et al., 1991; Smits et al., 1993). The differences could reflect
glycaemic control: better controlled patients may be analogous
to the sustained release, insulin-treated rats, whereas, poor
control could be associated with poor endothelial function.
Insulin therapy results not only in the normalisation of
serum glucose, but also many of the attendant sequelae of
diabetes. Reversal of hyperglycaemia is, however, the most
likely factor which prevents endothelial dysfunction. Vascular
endothelial cells are particularly susceptible targets as glucose
transport is independent of insulin (Green & Jaspan, 1990) and
the cells are, therefore, at risk of excessive glucose entry when
ambient concentrations are high. Activation of the polyol
pathway by glucose has been cited as a possible mechanism
contributing to reduced nitric oxide production (Cameron &
Cotter, 1992). However, in our recent study in which STZ-
diabetic rats were treated with the aldose reductase inhibitor,



ponalrestat, no reversal of the endothelial dysfunction in the
mesenteric circulation was apparent (Taylor et al., 1994).
Other mechanisms by which hyperglycaemia may directly
affect endothelial function include the formation of advanced
glycosylation end products (AGEs) which can effectively
quench nitric oxide, so reducing relaxation (Brownlee et al.,
1988; Bucala er al., 1991; Makita et al., 1991; Hogan et al.,
1992). Glucose metabolites such as glucose-6-phosphate (G6P)
may also lead to intracellular glycosylation and quenching of
NO, and may cause extensive damage of intracellular cons-
tituents by the generation of free radicals (Molinatti et al.,
1990). The breakdown of nitric oxide by free radicals,
generated by hyperglycaemia-induced cyclo-oxygenase activity
may also contribute to impaired endothelium-dependent relax-
ation (Tesfamariam & Cohen, 1992). Also a decrease in
antioxidant activity, including the reported reductions in
glutathione through stimulation of the polyol pathway (Dvor-
nik, 1987), and associated superoxide dismutase activity
(Tagami et al., 1992), would lead to a reduced scavenging of
free radicals. This has been shown to be prevented in aortic
endothelial cells of alloxan diabetic rabbits by treatment with
insulin (Tagami et al., 1992).

Insulin also reverses hyperlipidaemia in man and in animal
models of diabetes. It is highly relevant, therefore, that
hypercholesterolaemia (Creager et al., 1990; Chowienczyk et
al., 1992) and atherosclerosis (Zeiher et al., 1991) in man are
associated with impaired endothelium-dependent relaxation.
Moreover, oxidised low density lipoproteins (LDLs) inhibit
relaxations mediated by NO (Jacobs et al., 1990), and LDLs
are elevated in diabetes (Sosenko et al., 1980). Reversal of
hyperlipidaemia may, therefore, provide an alternative
mechanism for insulin reversal of endothelial dysfunction.
Some lipids, notably 3-omega fatty acids, stimulate NO pro-
duction and it is of interest that McVeigh et al. (1993) have
recently reported dietary fish oil supplementation reverse to
abnormal endothelium-dependent relaxation in the forearm
of patients with type II diabetes.

Mesenteric resistance arteries from the PI-diabetic rats
demonstrated an enhanced maximum response to noradrena-
line, but no change in sensitivity, in contrast to our previous
study in which we observed both were increased (Taylor et
al., 1992). The difference could reflect the strain of rat used
or the shorter duration of diabetes (5—6 weeks) in the earlier
study. The increased contractility to noradrenaline was
unlikely to be the result of enhanced constrictor prostanoid
production as suggested by some (Agrawal & McNeill, 1987)
as the experiments were carried out in the presence of
indomethacin. In our earlier study (Taylor ez al., 1992) in
rats with shorter duration of diabetes, we attributed
enhanced noradrenaline reactivity to reduced release of NO
since the addition of L-NAME to the arteries resulted in
identical tension development in control and diabetic arteries
when contracted with noradrenaline. In the present study in
animals with untreated diabetes of longer duration (8-10
weeks), the diabetic arteries continued to display an
enhanced response to noradrenaline in the presence of
L-NAME when compared to controis. This suggests a
second, duration-dependent mechanism and might be associ-
ated with autonomic neuropathy. Autonomic neuropathy
develops several weeks after STZ injection resulting in
reduced endogenous noradrenaline release (Sato et al., 1989),
and could lead to upregulation of adrenoceptors and in-
creased sensitivity to exogenous noradrenaline. Cameron &
Cotter (1992), Scarborough & Carrier (1983) and Wong &
Tzeng (1992), have all implicated an enhanced a,-adreno-
ceptor mediated component of noradrenaline contraction in
animal models of diabetes. Enhanced pressor responses to
exogenous noradrenaline have also been documented in
insulin-dependent, diabetic patients (Moorhouse e al., 1966;
Christlieb et al., 1976; Eichler et al., 1992).

The increase in reactivity to noradrenaline in the diabetic
rats was not prevented by sustained release insulin treatment
despite normalisation of plasma glucose. As these treated
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animals would not have had diabetes for a sufficient duration
to develop neuropathy this is unlikely to be a reflection of
irreversible autonomic neuropathy. This would suggest that
insulin itself may be affecting contractility in the treated
group. Indeed serum levels of exogenous bovine insulin in the
treated diabetics were moderately raised compared to those
of endogenous insulin in the non-diabetic controls. The
weight gain following insulin treatment is also indicative of a
degree of hyperinsulinaemia. The observation that the con-
tractile response to 125 mM potassium (KPSS) was elevated
in the insulin-treated diabetic animals but not in the placebo-
implanted group could suggest a chronic effect of raised
exogenous insulin on the contractile mechanism. This is con-
sistent with the data of Pfaffman ez al. (1982) in which there
was a tendency for K*-induced contractions (70 mM) in
insulin-treated diabetic aortas to develop greater tension than
controls. Insulin could increase contractile responses through
the promotion of cell growth and proliferation of vascular
smooth muscle (Stolar, 1988; Banskota et al., 1989).

Most studies investigating the effects of insulin on vascular
smooth muscle function have been acute studies in vitro and
are, therefore, likely to be of little relevance to the abnor-
malities of noradrenaline-induced contraction seen in diabetic
and insulin-treated animals in this in vitro preparation in the
absence of insulin. Indeed acute and chronic responses to
insulin may be quite different (Gans & Donker, 1991).
Acutely, insulin, usually at supraphysiological concentration,
causes vasodilatation in animals (Liang et al., 1982; Yagi et
al., 1989; Standley et al., 1991; Wambach & Liu, 1991) and
in a man (Scott ez al., 1988), but there is also evidence that
insulin may act synergistically with noradrenaline to enhance
constriction (Gans et al., 1990; Townsend et al., 1992).

Relaxation to SNP was normal in the IT-diabetic rats but
significantly reduced in the PI-diabetic rats. This would be
expected if AGEs were present in the untreated animals, as
quenching of NO would lead to reduced efficacy of SNP
since this compound generates free NO in aqueous solution
(Ignarro et al., 1980). In our earlier study we reported a
normal response to SNP in diabetic animals of 6 weeks
duration; the difference between that and the present study
may reflect AGE production associated with the longer dura-
tion of diabetes. Bucala ez al. (1991), also found impaired
acetylcholine and nitroglycerin vasodilator responses in vivo
in STZ rats of 2 month duration which were associated with
AGE formation in the artery wall. They found that short
term insulin treatment did not reverse this defect and sug-
gested that it was due to the irreversible effect of these NO
quenching compounds. It would be of interest to determine,
in this preparation, therefore, whether insulin treatment
reverses rather than prevents the endothelium-dependent and
-independent relaxation defects after prolonged diabetes.

In conclusion, sustained release insulin treatment from the
onset of streptozotocin-induced diabetes prevents the
development of impaired endothelium-dependent and endo-
thelium-independent relaxation in rat mesenteric resistance
arteries. The most likely mechanisms, would appear to be the
preservation of endothelial NO production, but the prolonga-
tion of the half-life of NO through reduced free radical,
superoxide and AGE formation may also play a role. In
contrast insulin-treatment does not prevent the enhanced
contractility to noradrenaline associated with streptozotocin-
induced diabetes. This underlying enhancement of contrac-
tility to noradrenaline in insulin-treated experimental diabetes
could contribute to increased peripheral vascular resistance
and to the development of diabetic hypertension.

This work was funded through a collaborative PhD studentship
between the Medical Research Council and ZENECA Pharmaceuti-
cals. We are grateful to Dr Richard Jones for thoughtful discussion
and suggestions.
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Endothelial function in the isolated perfused mesentery and
aortae of rats with streptozotocin-induced diabetes: effect of

treatment with the aldose reductase inhibitor, ponalrestat
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1 Noradrenaline sensitivity and relaxation to acetylcholine were investigated in the isolated perfused
mesentery and in aortic rings of control and streptozotocin (STZ)-induced (50 mg kg~') diabetic Charles
River rats.

2 In addition, noradrenaline sensitivity and acetylcholine relaxation were similarly assessed in
streptozotocin-induced diabetic rats treated from the time of onset of diabetes with the aldose reductase
inhibitor, ponalrestat (100 mg kg~! day~!).

3 The untreated diabetic rats (2—10 weeks after injection of STZ) demonstrated enhanced vascular
sensitivity to noradrenaline in the perfused mesenteric arterial tree, compared with age matched controls
(pECs, [—log concentration (M)]: diabetic 5.62 £ 0.09, n=18, versus control 523 0.07, n= 16,
P<0.01).

4 Acetylcholine-induced relaxation was significantly impaired in the perfused mesentery of the diabetic
animals compared to controls (pEDs, [— log dose (mol)]: diabetic 9.87 £ 0.10, n = 20, versus controls,
10.29 £ 0.09, n =20, P<0.05).

5 In contrast, the aortic ring preparations demonstrated no significant functional differences between
the diabetic and control groups in response to either noradrenaline (pECs,: diabetic 7.66 £ 0.08, n = 15,
versus controls 7.55+ 0.06, n =15, NS), or acetylcholine (pECs: diabetics 7.30 £ 0.06, n =15, versus
controls 7.40 £ 0.09, n= 15, NS).

6 Treatment with the aldose reductase inhibitor, ponalrestat, did not affect the increased vascular

reactivity to noradrenaline, or impaired relaxation to acetylcholine in the perfused mesentery.

Keywords: Mesenteric resistance arteries of rat; rat aorta; vascular endothelium; vascular smooth muscle; chemically induced
diabetes; streptozotocin; aldose reductase inhibitors; endothelium derived relaxing factor

Introduction

Abnormal function of the vascular endothelium is now
identified with a growing number of conditions associated
with arterial disease (Creager et al., 1990; Zeiher et al., 1991;
Chowienczyk et al, 1992), including diabetes (Hsueh &
Anderson, 1992). There is evidence that impotence in diabetic
men may be explained by impairment in the endothelium-
dependent relaxation of the smooth muscle of the corpora
cavernosa (de Tejada et al., 1989). Other indicators include
the demonstration of abnormal relaxation to acetycholine in
the forearm of subjects with non-insulin dependent (type II)
diabetes mellitus (NIDDM) (McVeigh et al., 1992), and
reduced basal and stimulated nitric oxide (NO) synthesis in
patients with insulin-dependent diabetes associated with
microalbuminuria (Elliot er al., 1992). In a preliminary
report, abnormal endothelium-dependent relaxation to acetyl-
choline has also been described in resistance arteries from the
subcutaneous fat of diabetic subjects without proteinuria
(McNally et al., 1992). There is also some evidence that
reduced responsiveness of the underlying vascular smooth
muscle to NO may contribute to poor endothelial-dependent
relaxation (McVeigh et al., 1992; Calver et al., 1992). Indirect
evidence for endothelial dysfunction in diabetes includes the
observation that the marker of endothelial damage, Von
Willebrand’s Factor, is elevated in the serum of patients with
NIDDM who develop diabetic nephropathy (Stehouwer et
al., 1991), and is strongly associated with the development of
increased urinary albumin excretion (Stehouwer et al., 1992).

In animal models of diabetes there is histological evidence
(Arbogast et al., 1984) that vascular endothelium is abnor-
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mal. Functional studies in conduit arteries from animals with
chemically induced diabetes have not been uniform in their
findings, but impaired endothelium-dependent relaxation has
been described (Oyama et al., 1986; Pieper & Gross, 1988;
Durante et al., 1988; Kamata et al., 1989; Tanz et al., 1989;
Mayhan, 1989; Abiru et al., 1990; Tesfamariam et al., 1990;
Mayhan et al., 1991; Cameron & Cotter, 1992a), together
with increased vascular reactivity to noradrenaline (MacLeod
& McNeill, 1985; Harris & MacLeod, 1988; Piper & Gross,
1988; White & Carrier, 1988; Cohen et al., 1990). We have
recently reported that resistance arteries from the mesenteric
circulation of streptozotocin (STZ)-induced diabetic rats also
display grossly impaired endothelium-dependent relaxation to
acetylcholine, and an enhanced sensitivity to noradrenaline
(Taylor et al., 1992). Using specific inhibitors of NO synthase
we demonstrated that both these abnormalities were at least
in part due to the reduced production/release of
endothelium-dependent relaxing factor.

Amongst the mechanisms that have been proposed to
account for diabetic vascular dysfunction, underlying hyper-
glycaemia is being seen as increasingly central to its
aetiology. Several explanations have been put forward which

might associate hyperglycaemia with reduced endothelium-

dependent relaxation. These include a role for the glucose-
stimulated increase in polyol pathway activity and the redox
changes associated with increased sorbitol flux (Williamson et
al., 1990; Cameron & Cotter, 1992a). Increased sorbitol levels
have been identified in aortic endothelium of diabetic rats
(Brolin & Naeser, 1988) and could lead to endothelial dys-
function in a number of ways. An increase in sorbitol could
compromise endothelial function by a purely osmotic effect
(Green & Jaspan, 1990). Increased activity of the polyol



pathway is also associated with increased utilization of
NADPH, which may lead to reduced availability of cellular
NADPH, an essential cofactor of NO synthase (Cameron &
Cotter, 1992a). Increased polyol pathway activation will also
lead to a reduction in glutathione (Dvornik et al., 1987),
which in turn may reduce superoxide dismutase activity
(Loven et al., 1986). Thus there may be reduced production
of NO, together with increased degradation by free radicals.
Increased sorbitol flux is also associated with myoinositol
depletion which in turn is responsible for a reduction in
Na/K ATPase activity (Simmons & Winegrad, 1989).
Inhibition of Na/K ATPase can lead to reduced endothe-
lium-dependent relaxation in resistance arteries (Wolfson &
Poston, 1991) and could contribute, therefore, to endothelial
dysfunction in diabetes.

The rate limiting enzyme in the polyol pathway, aldose
reductase, catalyzes the conversion of glucose to sorbitol,
which is followed by the conversion of sorbitol to fructose by
sorbitol dehydrogenase. There has been considerable interest,
therefore, in the possible use of aldose reductase inhibitors
(ARI) as a potential means of reversal of the nervous and
vascular defects of diabetes. Clinical trials of aldose reductase
inhibitors have shown some promise (Sima et al., 1988; Boul-
ton et al., 1990), but have not proven as beneficial as animal
studies had intimated (Green & Jaspan, 1990). It has been
suggested that the lack of success of ponalrestat, in parti-
cular, was due to the inadequate inhibition of aldose reduc-
tase achieved with the dose prescribed in clinical trials
(Cameron & Cotter, 1992b).

Two recent studies, in conduit arteries, have shown that
treatment with an aldose reductase inhibitor (ARI) prevents
the development of impaired endothelium-dependent relaxa-
tion in STZ-diabetic rat aorta (Cameron & Cotter, 1992a)
and alloxan-diabetic rabbit aorta (Tesfamariam et al., 1993).
Until now, no study has looked at the effect of ARI treat-
ment on diabetic resistance vascular function. In this study
we have investigated the effect of treatment of diabetic rats
with ponalrestat, which has shown only very modest benefit
in clinical trials (Sima et al., 1988). However, at higher doses,
it has recently been shown to prevent nerve conduction
velocity deficits in STZ-diabetic rats, which has been ascribed
to the improvement of nerve blood flow (Cameron & Cotter,
1992b). In addition, a preliminary report by Chess-Williams
& Otter (1993) has also shown that ponalrestat (25 mg
kg~! day~!) prevented endothelial dysfunction in diabetic rat
aorta.

In order to ascertain whether a different model of resis-
tance artery function showed the same defect as that we have
previously described in isolated mesenteric resistance arteries,
we have chosen to use the isolated perfused mesentery (a
preparation based on the method of McGregor, 1965) in this
study. By way of comparison, we have also investigated
constrictor responses and endothelium-dependent relaxation
in aortic ring preparations taken from the same animals.

Methods

Animals

Female adult Charles River rats (ZENECA, Alderly Park)
were used in this study (220-250 g). Animals were housed
separately according to their experimental groups and main-
tained in a temperature- and light-controlled environment.
Food and water were given ad libitum.

Induction of experimental diabetes

Diabetes was induced in Charles River rats (n = 40) by i.p.
injection of streptozotocin, STZ, (50 mg kg~!, ZENECA Phar-
maceuticals). Half of the diabetic group were treated daily
with the aldose reductase inhibitor, ponalrestat (intraoral
administration via a ball-ended stainless steel dosing cannula,
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100 mg kg~! day~!, a dose shown to achieve 95% inhibition
of sorbitol accumulation in sciatic nerve tissue of STZ-
diabetic rats, ZENECA Pharmaceuticals). Experiments began
2-10 weeks after induction of diabetes with experiments
being run in parallel, one rat from each experimental group.
All elements of the protocol were carried out on each animal.
Blood samples were obtained by cardiac puncture at the time
of exsanguination of the animals. Plasma glucose levels were
then assayed spectrophotomically (glucose oxidase analyser).

Isolated perfused mesentery preparation

Vascular reactivity to noradrenaline and the dilator response
to acetylcholine were assessed in the isolated perfused
mesentery of rats from each of the three groups. The rats
were anaesthetized by means of i.p. injection of ‘Intraval’
(thiopentone, 150 mgkg~') and cannulated at the superior
(anterior) mesenteric artery. The animals were then killed by
exsanguination and the mesentery isolated under ‘constant
flow’ perfusion with Krebs solution using a peristaltic pump
(6.5 ml min~!, McGregor, 1965). The Krebs buffer was of the
following composition (mM): NaCl 120, NaHCO; 25, D-
glucose 5.5, KH,PO, 1.2, MgSO,7H,0 1.2, KCl 4.7, CaCl,
2.5, ethylenediamine-tetra-acetic acid disodium salt (EDTA)
0.026, maintained at 37°C and bubbled with 95% 0,/5%
CO,. Changes in the resistance across the mesenteric arterial
tree were measured by monitoring back pressure with a
pressure transducer in series between the pump and the
preparation. Preparations were allowed to equilibrate for
40 min. Noradrenaline concentration-effect curves were con-
structed by administration of the drug at a known concentra-
tion within the perfusate for 10 min intervals (10~7-10~* M).
Following a 20 min washout period, the preparation was
precontracted with a supramaximal concentration of nor-
adrenaline. Acetylcholine concentration-effect curves were
constructed on top of the noradrenaline contraction through
a series of bolus injections, at 2 min intervals, via a self
sealing rubber septum (10~'*-~10-% No of moles). Bolus injec-
tions were restricted to small volumes to avoid artifacts
(<4 p).

Aortic ring preparations

A section of the thoracic aorta between the aortic arch and
the diaphragm was dissected out from the same animals
following exsanguination. These were mounted as ring
preparations and normalized for the measurement of isomet-
ric tension in 20 ml organ baths containing Krebs buffer
(maintained at 37°C and bubbled with 95% 0,/5% CO,
throughout). After a standard equilibration time of 40 min
under a resting tension of 1 g, during which the Krebs buffer
solution was changed every 20 min, cumulative concen-
tration-effect curves to noradrenaline were constructed by
addition of small volumes of stock solution to the organ bath
(10~°-3 x 10~* M). Contractile responses were expressed as a
percentage of the maximum response. Following washout, a
20 min recovery period was allowed before vessels were sub-
maximally precontracted with the required noradrenaline
dose to achieve about 80% of the maximum response. When
the noradrenaline-induced preincubation reached a plateau
level, acetylcholine was added cumulatively as small volumes
of stock solution in half log molar increments at 2 min
intervals (107°-3 x 10~° M). Relaxation was expressed as a
percentage of the precontraction tension.

Materials

Chemicals used in the study included the following:
noradrenaline (Sigma); acetylcholine (Sigma); streptozotocin
(ZENECA Pharmaceuticals). Chemicals were prepared as
stock solutions solubilized in Krebs, and made daily. Nor-
adrenaline was dissolved with an equal weight of ascorbic
acid to prevent oxidation. All concentrations are expressed as
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final molar concentrations in the organ bath, except the
bolus injection of acetylcholine in the perfused mesentery,
which is expressed in terms of the number of moles injected.

Statistical analysis

All values are given as the mean * s.e.mean. In both isolated
perfused mesentery and aorta, noradrenaline-induced tension
is expressed as a percentage of the maximum contractile
response and the relaxation to acetylcholine as a percentage
of the noradrenaline-induced precontraction. In the perfused
mesentery preparations in which acetylcholine was admini-
stered as bolus injections, sensitivity to the agonist is ex-
pressed in terms of a pEDs, defined as the negative log of the
effective dose (No. of moles) required to produce half the
maximum effect. In the aortic ring preparations in which the
concentration of the agonist in the bath is known, the
negative log of the effective concentration (M) of the drug
required to produce 50% of the maximum effect (pECsy) was
employed. In either case, the index of sensitivity was cal-
culated from each concentration-effect curve by fitting the
data to the sigmoid equation of the curve fitting programme
‘GraphPad’ (GraphPad Software Inc., San Diego, CA,
U.S.A)). One way analysis of variance and independent
Student’s ¢ tests were employed in the statistical comparison
of the pECs, or pEDy, values between groups. The Bonfer-
roni correction was employed for multiple comparisons and
significance was assumed if P<0.05 (‘Instat’ by GraphPad,
San Diego, CA, U.S.A.). NS =not significant. Values are
given * s.e.mean.

Results

Animals injected with STZ experienced significant weight loss
compared to age matched controls (mean weight: untreated
diabetic 262.1 £ 5.78 g, n = 21, versus control 290.0+ 7.12 g,
n=22, P<0.01). Treatment with the aldose reductase
inhibitor (ARI) had no significant effect on weight loss in the
diabetic animals (mean weight: ARI-treated diabetic 263.6
422g; n=22; versus untreated diabetic 262.1+578g,
n =21, NS). Plasma glucose levels were significantly raised in
the diabetic animals compared to controls (plasma glucose
concentration: untreated diabetic 22.06 + 3.09 mM, n =21,
versus control 4.15* 0.31 mM, n=22, P<0.001). No differ-
ence was observed in the plasma glucose concentrations
between ARI-treated and untreated diabetic animals (plasma
glucose concentration: untreated diabetic 22.1 £ 3.1 mM,
n=21, versus ARI-treated diabetic 26.8 + 2.8 mM, n =22,
NS).

Noradrenaline reactivity

Cumulative increases in the noradrenaline concentration of
the perfusate led to a concentration-dependent increase in the
perfusion pressure. The mesentery from the untreated
diabetic animals displayed enhanced noradrenaline-sensitivity
compared to age-matched controls (pECs: untreated diabetic
5.6210.09, n=18, versus control 523*0.07, n=16,
P<0.01). There was no significant difference in the response
to noradrenaline between ARI-treated diabetic animals and
untreated diabetic animals (pECs: ARI-treated diabetic
5.69+0.07, n=18, versus untreated diabetic 5.62 % 0.09,
n=18, NS) (Figure 1). No significant correlation was
observed between the pECs, and duration of diabetes, in
either group of diabetic animals.

Aortic ring preparations taken from the same untreated
diabetic animals showed no significant change in nor-
adrenaline sensitivity compared to those from control
animals (pECs,: untreated diabetic 7.66 £ 0.08, n = 15, versus
control 7.55% 0.06, n =15, NS). Moreover, ARI treatment
had no significant effect on noradrenaline sensitivity in
diabetic rat aortae (pECsy: ARI-treated diabetic 7.71 £ 0.17,
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Figure 1 Noradrenaline concentration-effect curves for perfused
mesentery preparations from control (O, n = 16), untreated diabetic
(®, n=18) and aldose reductase inhibitor (ARI) treated-diabetic
rats (A, n=18).
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Figure 2 Noradrenaline concentration-effect curves for thoracic aor-
tic ring preparations in control (O, n = 15), untreated diabetic (@,
n=15) and aldose reductase inhibitor (ARI) treated-diabetic rats
(A, n=15).

n=15, versus untreated diabetic 7.66 £ 0.08, n =15, NS)
(Figure 2).

Endothelium-dependent relaxation

In the perfused mesentery preparations, precontracted with
noradrenaline, concentration-dependent decreases in per-
fusion pressure were observed in response to the bolus injec-
tions of increasing acetylcholine concentrations. Untreated
diabetic rats demonstrated a significantly blunted dilator res-
ponse to acetylcholine (pEDs, [— log dose (No moles)}:
diabetic 9.87 £ 0.10, n=20, versus control 10.29 * 0.09,
n=20, P<0.05). The ARI-treated diabetic group demon-
strated no significant difference in sensitivity to acetylcholine
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Figure 3 Acetylcholine-induced relaxation of isolated perfused
mesenteric preparation after precontraction to noradrenaline in con-
trol (O, n = 20), untreated diabetic (@, n = 20) and aldose reductase
inhibitor (ARI) treated-diabetic rats (A, n=18).
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Figure 4 Acetylcholine-induced relaxation after precontraction to
noradrenaline in thoracic aortic ring preparations from control (O,
n=15), untreated diabetic (@, n=15) and aldose reductase
inhibitor (ARI) treated-diabetic rats (A, n=15).

compared to the untreated diabetic group (pEDs, [— log dose
(No moles)): ARI-treated diabetic 9.90 * 0.13, n = 18, versus
untreated diabetic 9.87 £ 0.10, n =20, NS) (Figure 3). No
significant correlation was observed between the pEDs, and
the duration of diabetes.

In contrast, endothelium-dependent relaxation to acetyl-
choline in the aortic ring preparations was not significantly
affected in the diabetic rats (pECs: untreated diabetic
7.30 £ 0.06, n =15, versus control 7.40 £ 0.09, n =15, NS).
In addition, ARI-treatment had no significant effect on
acetylcholine sensitivity in the aortae from diabetic rats
(pECsy ARI-treated diabetic 7.40 £ 0.06, versus 7.30 £ 0.06,
n=15 for the untreated diabetic, NS) (Figure 4).
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Discussion

The results of this study in the perfused mesentery of rats
with STZ-diabetes agree with our previous findings in
isolated mesenteric resistance arteries (Taylor er al., 1992) in
which we have observed enhanced sensitivity to nor-
adrenaline and impaired endothelium-dependent relaxation
to acetylcholine. It is unlikely that these defects are the result
of a localized toxic effect of STZ per se as similar defects
have been demonstrated in alternative models of diabetes,
both chemically (Abiru et al., 1990) and genetically-induced
(Meraji et al., 1987; Durante et al., 1988; Kappagoda et al.,
1989). We previously reported that the observed abnor-
malities were due, at least in part, to the reduced production
and release of nitric oxide. This has been confirmed in a
recent study by Lawrence & Brain (1992) which has shown a
deficit in the local production of nitric oxide in the cutaneous
microvasculature of rats with STZ-induced diabetes.

The absence of these functional defects in the aortae from
the same diabetic animals suggests that the resistance vas-
culature, with its direct relevance to the local control of
blood flow, may be more sensitive to the damage associated
with the metabolic sequelae of diabetes. This might suggest
an underlying difference in the endothelial cell layer between
resistance arteries and conduit arteries. Endothelial cells from
small vessels do show different functional characteristics from
those of larger vessels, for example, glucose may stimulate
endothelial cell replication in retinal capillaries but is
inhibitory in larger arteries and veins (Porta et al., 1987).
However, many previous studies in diabetic animals have
shown defects of contractile and endothelial function in con-
duit arteries. The conflicting results could be explained by the
later onset of the abnormalities in the conduit arteries com-
pared to the resistance vasculature. Indeed, in a recent study
investigating the time of onset of vascular abnormalities in
diabetes, Wong & Tzeng (1992), only observed an enhanced
contractile response to noradrenaline in rat aorta 12 weeks
after induction of diabetes.

The enhanced sensitivity to noradrenaline seen in this and
our previous study in diabetic rats (Taylor et al., 1992) has
been documented in several investigations in conduit arteries
(MacLeod & McNeill, 1985; Harris & MacLeod, 1988; Pieper
& Gross, 1988; White & Carrier, 1988; Cohen et al., 1990)
but not all (Head et al., 1987, Gebremedhin et al., 1989;
Mulhern & Docherty, 1989). Proposed mechanisms include
an increased a,-adrenoceptor component of noradrenaline-
induced contraction (Scarborough & Carrier, 1983; Wong &
Tzeng, 1992) increased constrictor prostanoid production
(Agrawal & McNeill, 1987), and reduced EDRF production
(Taylor et al., 1992).

The observation of impaired endothelium-dependent relax-
ation to acetylcholine in this and in our previous investiga-
tion (Taylor ez al., 1992) agrees with the majority of studies
in conduit arteries of rats with experimentally-induced
diabetes (Oyama et al., 1986; Pieper & Gross, 1988; Durante
et al., 1988; Tanz et al., 1989; Kamata et al., 1989; Cameron
& Cotter, 1992a), but several have found no impairment
(White & Carrier, 1986; Wakabayashi ez al., 1987; Head et
al., 1987; Gebremedhin ez al., 1988; Mulhern & Docherty,
1989; Kappagoda et al., 1989). The explanation for these
discrepant findings is not obvious, but variations in the dura-
tion and severity of diabetes and species differences, could be
contributory. In addition, the level of antioxidants in the diet
of the animals may play a role. Tesfamariam & Cohen
(1992), have found that the isolated aortae of rabbits which
were pre-fed with an antioxidant (probucol) did not develop
abnormal endothelium-dependent relaxation in response to
elevated glucose, suggesting that dietary antioxidants may
protect against hyperglycaemia-induced oxidative stress.

The primary aim of this study was to determine whether
the administration of the aldose reductase inhibitor, ponal-
restat, would prevent the development of endothelial dys-
function in rats with STZ-diabetes. As detailed in the
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introduction, stimulation of the polyol pathway may lead,
theoretically, to endothelial dysfunction through a number of
effector pathways. Despite treatment from the onset of
diabetes, there was no significant improvement in acetyl-
choline relaxation or noradrenaline sensitivity in the treated
animals compared with those with untreated diabetes over an
equivalent period. These results are in contrast with an in
vitro study in rat aorta by Cameron & Cotter (1992a), in
which treatment with a novel aldose reductase inhibitor,
(4-amino-2,6-dimethylphenyl-sulphonyl) nitromethane (21 mg
kg~'day~') over 3 months of STZ-diabetes, completely
prevented the development of abnormal endothelium-depen-
dent relaxation to acetylcholine and the calcium ionophore
A23187. In the untreated animals, the ratio of maximum
contractions to noradrenaline and phenylephrine was en-
hanced suggesting an increase in a,-adrenoceptor-mediated
responses. This was partially corrected by treatment with the
aldose reductase inhibitor. More recently, Tesfamariam et al.
(1993) have also found that treatment of diabetic rabbits with
a structurally similar aldose reductase inhibitor as that used
in this study, zopolrestat (150 mgkg~'), prevented the
development of abnormal endothelium-dependent relaxation
in aorta, although at a lower dose (50 mg kg~!), zopolrestat
did not prevent endothelial-dysfunction. Interestingly, nitric
oxide production and vasoconstrictor prostanoid levels were
unchanged by the drug (Tesfamariam et al., 1993). The same
group have also found that two structurally unrelated aldose
reductase inhibitors (sorbinil and zopolrestat) prevented
glucose-induced endothelial dysfunction in vitro in normal
rabbit aorta (Tesfamariam er al., 1992). Therefore, there
appears to be a discrepancy between the effect of aldose
reductase inhibition on endothelial function in resistance size
arteries and conduit arteries in animal models of diabetes. It
is unlikely that the duration of treatment provides an ex-
planation as the rats in Cameron & Cotter’s study (1992a)
were treated over a similar period. Although aldose reductase
activity is well described in the endothelium of aorta (Brolin
& Naeser, 1988), it is not known whether it is expressed in
the endothelial cells of the resistance arteries. Therefore, it is
possible that the inhibitor is ineffective due to the absence of
the enzyme. Alternatively, although we consider it unlikely,
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Comparison of the haemodynamic profiles of elgodipine and
nicardipine in the anaesthetized dog

C. Drieu la Rochelle, A. Grosset & 'S.E. O’Connor
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1 The haemodynamic profile of elgodipine (1-30pgkg~', i.v.), a new dihydropyridine calcium
antagonist, has been compared directly with that of nicardipine (1-30pugkg~!, i.v.) in chloralose-
anaesthetized dogs.

2 Nicardipine produced dose-related systemic, pulmonary and coronary vasodilatation accompanied by
reflex tachycardia, inotropy and increases in cardiac output and myocardial oxygen consumption
(MVO,). Elgodipine had similar vasodilator and hypotensive properties to nicardipine but produced less
reflex inotropy, little or no reflex tachycardia and did not increase MVO,.

3 Both calcium antagonists were retested in a separate group of anaesthetized dogs pretreated with
propranolol (1 mgkg~!, i.v.) and atropine (0.3 mgkg~!, i.v.) to abolish reflex autonomic tone to the
heart and thus reveal the direct cardiac effects of each compound. Under these conditions both
elgodipine and nicardipine decreased heart rate and cardiac contractility and slowed atrio-ventricular
conduction. Elgodipine was approximately ten times more potent than nicardipine as a decelerator agent
and slightly more potent in depressing cardiac contractility and increasing PR interval duration.
Elgodipine, unlike nicardipine, slightly reduced the QTc interval of the electrocardiogram. Therefore, the
potent decelerator effect of elgodipine, which was present throughout the dose-range, appears to be
largely responsible for the suppression of reflex tachycardia observed when the baroreflex is functional.

4 Elgodipine is a potent systemic and coronary vasodilator with more marked direct cardiac effects
than nicardipine, particularly with respect to slowing of heart rate. The ability of elgodipine to increase
coronary blood flow without significant reflex tachycardia or increases in MVO, suggests that this
compound will have a more favourable effect on myocardial oxygen supply/demand balance than
nicardipine. The haemodynamic profile of elgodipine may be suitable for the treatment of angina.
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Introduction

The success of the prototype calcium antagonists, nifedipine,
verapamil and diltiazem in the treatment of a range of car-
diovascular disorders has generated much interest in this
mechanistic approach and has resulted in the development of
a number of newer agents from the same drug class. This
research for optimised calcium antagonists has focussed
largely on variations in tissue selectivity profile and phar-
macokinetic properties. Elgodipine is a recent example of the
dihydropyridine structural family of calcium antagonists
(Tamargo et al., 1991) which demonstrates potent coronary
dilator properties in the anaesthetized pig without significant
depression of cardiac contractility (Sassen et al., 1990). An
acccount of the beneficial effects of elgodipine in patients
with coronary artery disease has recently been published
(Suryapranata et al., 1992).

We have performed a detailed haemodynamic study of
elgodipine in the anaesthetized dog. In order to strengthen
the interpretation of the data obtained with elgodipine we
have made direct comparison (in the same animals) with
nicardipine, an established and clinically proven dihydro-
pyridine calcium antagonist. Our objectives were, firstly, to
identify similarities and differences between the two agents,
and secondly, to evaluate the extent to which the haemo-
dynamic profile of elgodipine appears appropriate for the
treatment of angina or congestive heart failure. Angina is a
traditional market for calcium antagonists and their efficacy,
based on coronary vasodilator properties, is well accepted.
However, occasionally, when used as monotherapy, the
dihydropyridine calcium antagonists have been reported to
cause paradoxical pro-ischaemic responses in patients with

! Author for correspondence.

coronary artery disease (Lambert et al., 1985; HINT
Research Group, 1986; Gheorghiade et al., 1989). The
reasons for such adverse responses are still the subject of
discussion, but possible explanations include excessive
hypotension causing simultaneous coronary hypoperfusion
and reflex tachycardia (which increases oxygen demand), or
the phenomenon of coronary steal (Waters, 1991). In con-
trast, calcium antagonists are not yet established in the treat-
ment of congestive heart failure, largely due to concerns
about their potential for cardiac depression as a result of
direct negative inotropic properties (Packer, 1989). Hence the
interest in agents which appear to be highly vascular selec-
tive.

In performing this study we have chosen a chloralose-
anaesthetized dog model (Humphries & O’Connor, 1988)
which allows the calcium antagonists to be evaluated under
two different experimental conditions. Firstly, in ‘normal’
anaesthetized animals in which baroreceptor reflexes are still
functional, such that systemic vasodilatation results in reflex
cardiac stimulation (inotropy and chronotropy) as has pre-
viously been demonstrated to occur in anaesthetized dogs
maintained on chloralose (O’Connor et al., 1982; Humphries
& O’Connor, 1988). Subsequently, to test the effects of
elgodipine and nicardipine in a second group of otherwise
similar animals in which efferent vagal and sympathetic car-
diac tone were abolished by pharmacological intervention.
This latter series of experiments enables an evaluation of the
direct cardiac properties of each compound, uncomplicated
by reflex changes in cardiac function. The extrapolation to
man of haemodynamic data obtained in anaesthetized
animals requires caution. By including a reference agent of
known clinical profile (nicardipine) and by controlling the
level of function of cardiac reflexes, which in anaesthetized



50 C. DRIEU LA ROCHELLE et al.

animals can vary considerably according to choice of anaes-
thetic and species, we have attempted to design a study which
avoids some of the obvious pitfalls.

Methods

Surgical preparation

Twelve beagle dogs of either sex (13—-17 kg) were anaes-
thetized initially with sodium thiopentone (20 mg kg~', i.v.) a
short-acting barbiturate and anaesthesia maintained through-
out the experiment with a-chloralose (80 mg kg~!, i.v. + 20—
30 mgkg='h~!, i.v.). After tracheal intubation, the animals
were artificially ventilated (Braun respiratory pump) with
ambient air enriched with oxygen such as to maintain blood
gas parameters (PO,, PCO,, pH) within normal limits.

A catheter was introduced into the right brachial artery

and advanced into the thoracic aorta for measurement of
arterial blood pressure. The anaesthetic infusion and admini-
stration of drugs was effected via catheters placed in left
brachial and right femoral veins, respectively. A left
thoracotomy was performed at the level of the fourth inter-
costal space and electromagnetic flow probes positioned
around the ascending aorta and the circumflex coronary
artery to measure aortic blood flow (cardiac output) and
coronary blood flow, respectively. A catheter was placed in
the pulmonary artery to measure pulmonary arterial pressure
and another positioned in the left atrium to measure left
atrial pressure. Left ventricular pressure was measured with a
transducer-tipped catheter (Millar Instruments) introduced
into the left ventricle via the right femoral artery. In order to
preserve baroreceptor function, no catheterization was per-
formed in the carotid vascular beds. The electrocardiogram
(ECG, Lead II) was recorded continuously using subcu-
taneous needle electrodes.

Parameters measured

Aortic, pulmonary and left atrial pressures were measured
with Gould Statham transducers connected to Hellige pre-
amplifiers. The first derivative of left ventricular pressure
(dP/dt) was obtained using a differentiator and dP/dt,,, was
used as the index of myocardial contractility. Aortic and
coronary blood flows were recorded continuously with elec-
tromagnetic flowmeters (Carolina Medical Electronics) and
the corresponding total peripheral and coronary vascular
resistances were calculated by dividing mean arterial pressure
by mean blood flow. Pulmonary vascular resistance was cal-
culated by dividing mean pulmonary arterial pressure (fol-
lowing subtraction of mean left atrial pressure) by cardiac
output. An indirect index of myocardial oxygen consumption
(MVO,) was calculated according to the formula of Rooke &
Feigl (1982) shown below:

MVO, = 4.08 x 10-%(SBP x HR)
4+ (0.8SBP + 0.2DBP) x HR X SV
BW

+3.25x 10" +1.43
where SBP = systolic blood pressure (mmHg), HR = heart
rate (beats min~'), DBP = diastolic blood pressure (mmHg),
SV =stroke volume (ml beats~!) and BW =body weight
(kg).

Left ventricular end diastolic pressure (LVEDP) was
measured with a Millar transducer and heart rate measured
from the ECG signal as were PR interval (an index of
atrio-ventricular conduction time) and QTc interval (an index
of ventricular repolarization time) the latter being corrected
for changes in heart rate by use of the formula of Bazett
(1920).

Experimental protocol

Animals were randomised in two experimental groups. In the
first group (n = 6), the effects of elgodipine and nicardipine
were investigated without any pretreatment. In the second
group (n = 6), in order to study the effects of the compounds
in the absence of cardiac reflexes, dogs were pretreated with
propranolol (1 mgkg~!, i.v.) and methylatropine (0.3 mg
kg~!, iv.) to block cardiac sympathetic and vagal tones,
respectively.

Each animal received bolus i.v. doses (1, 3, 10, 30 ug kg~")
of elgodipine (E,, E;, E,y, E) and nicardipine (N;, N3, N,
Nj). In each experimental group the order of administration
of bolus doses was: E;, N, E;, N;, Ejo, Ny, Ey, N, for 3
dogs, and Nl, El, Ng, E3, NIO, Elo, N;o, E3o for the other 3
dogs. Recovery of basal cardiovascular parameters was
awaited prior to administration of the next dose. Approx-
imate recovery times necessary were: 15min for 1pgkg-!,
20 min for 3 pgkg~', 40 min for 10 pgkg~! and 60 min for
30 pg kg~'. Analysis of the effects of the last dose given were
followed only for 15min, sufficient to define maximum
effects.

Analysis of results

Cardiovascular parameters were measured just before (pre-
dose) and 1, 3, 7 and 15 min after each bolus administration
and the percentage changes from corresponding pre-drug
values were calculated. Results are expressed as means *
s.e.mean.

The effects of equal doses of elgodipine and nicardipine
were compared at each of the dose levels tested. To identify
significant differences between these two drugs, statistical
analysis was performed on the individual absolute values
using a three-way analysis of variance. In addition, to
evaluate the effects of individual treatments, comparisons
between values obtained at baseline (pre-dose) and at each
subsequent measurement period were performed using a
Dunnett test. For all cases the threshold for significance was
fixed at P<<0.05.

Drugs

Elgodipine (IQB) and nicardipine (Sandoz Pharma) were dis-
solved in an isotonic solution of glucose (5%). Atropine
methyl nitrate (Merck) and (% )-propranolol hydrochloride
(Erypharma) were dissolved in saline (0.9%). Other drugs
used were a-chloralose (Prolabo) and sodium thiopentone
(Rhone Merieux).

Results

Tables 1 and 2 contain the basal values of cardiovascular
parameters in the two experimental groups i.e. under control
conditions and following cardiac autonomic blockade, prior
to each drug dose. No significant differences were found
(ANOVA) between the pre-dose values prior to elgodipine
and the pre-dose values prior to nicardipine for each dose
level compared (e.g. E3 and Ny).

In general the group of animals pretreated with propran-
olol and atropine demonstrated a lower heart rate, higher
LVEDP, reduced cardiac contractility, reduced cardiac out-
put, slower AV conduction and higher total peripheral resis-
tance compared with the untreated group of animals.

The vehicle used for administration of the calcium anta-
gonists (5 ml of isotonic glucose, i.v.) produced no significant
modification of cardiovascular parameters in these groups of
animals.



51

HAEMODYNAMIC PROFILE OF ELGODIPINE

(9 = #) uUBOW'Y'S I SUBIW B SINJBA

9 F8IE 9FI9IE L FOTE LF8IE LF¥TE 8 FSTE LFITE 6 F € sw uonemp [eAIul [O PoISaLIO)
£F06 € F68 €F 06 €F 06 €F 06 €EF16 €EFI16 £F6 st uoneImp [eAINUl Yd
90 F S0l 90 F €01 LOFO1L L'0OF 801 60F 011 60FI'11 60F V11 60F€1l -8, uu?ou,_ o[ x3pur uondwmsuod usdkxo [eIp1EdOA
6€0 FOV'E 9€'0 F 0EE 6€0F Ve 0 F09€ b0 FS9E 850 F 68°€ 950 F 80°Y 690 FSTY utw | _jw SHuww 30UEISISAI JB[NOSBA AIBUOIOD
YiFIa 60FST11 1'2F9CU 61FTEL CTFIEL ETFOEI 9TFECEL 9TF OVl un | SHurw oue)sisal Iefnosea Areuowrng
SFU SFOL 9FSL 9FLL 6F18 6FI18 11598 ¥ F 88 unw | SHuw souessisar [eroyduad elof
I'T F801 TIFLOL 60 F 801 80F 0l 80 F 001 80F 101 80F 001 60FL6 1-1eeq qu swmfoa jong
TEFEST 8TFLLT EYFO0E ° €EFO0ST €Y FLST 9'v F 08T €Y FELT SPFLOIT § U mop poojq Areuoio)
900 F8T'1 LOOF LT LOOFOE'T 900 F ST 800 F€T'1 800 FST'1 80°0 F€T'1 0I0F T U Mmog poojq dnIoy
0Ll F 8061 YEl F €981 601 F ST61 vEL FTI61 IST F L981 IST F €881 vl F 8061 €€1 F €€81 (- SHww p/dp Je[NOLIULA 13T
80FL6 LOFY6 LOF 101 80F 01 80FOII 80 F 901 SOFTII OLFOII SHuw  amssad ofjoiseip pud JBMOLIUIA YT
TFST 1F1T TFR TFN TFN TFR TFLT TFLT SHww amssaxd eusyre Areuowng
v¥16 € F98 SFS6 SFV6 9F 86 LF 66 L F €01 LF 201 SHww amssard poojq uesy
€FIL EFIU rFI8 vFI8 SFS8 9F <8 9 F 06 LF68 SHww amssaxd poojq orjoiserq
9F6I1 SFOIl 9 F €Tl LFTWI 8 F¥Cl 6 F STl 6 F8C1 6 F LTI SHww amssaxd poojq orjoisks
9FIT LF T 9 F €Tl LF ST LF ST LFST LFST LF LU (Ul sjesq ajer wesy
-8 81 o¢ -8y 8 o1 (=S 8¢ 133 snun S4a10uping

audipvIIN aurdipo3q aurdipapoiN aurdipo3)q audipaooN auidipod|g aurdipaoIN audipo3)q
asop snjoq yoes alojoq suidone pue [ojouesdoid yum pajeanoid sjewrue jo dnoid oY) ur sivjowered Ie[nOSBAOIPIEO JO SIN[eA [eseq ‘S3op paznayjsaeue-aso[eIoyD) T dqBL
(9 = ) uBAW'Y'S F SUBOW B SIN[BA
T1 F 20€ I FoIE T F90¢ TLFOIE €1 F 60€ €1 F 60€ SIFTIE yI F9I€ su uonemp [BAIJUI JO PIIOALI0)
EF6L €F6L €F6L EFIS €F08 € F08 €F08 €F6L su uoneImp [easul Yd
LOFIT $0F bl 80F STl 80F Tl LOFLTI 80 F 8Tl LOFLTI 80F0€l (-3, uw?Qoqu,_ o xopur uondwnsuod usdAxo [eIPIECOKIN
Y0 F 6¥'€ ISOFOb'E ¥SOFIS'E ¥S'0 F65°€ 650 F 19€ 65°0 F 89°€ ¥9'0 FS6'€ OLOFLOY ww | _ju SHww soue)sIsal Ie[nosea A1euoio)
80F 9Tl 80 F €T 90F0¢€l 90F ST C1FEEl I'LFeel €1 F8El TIFLEI un | SHuww ue)sisal Ieosea Aresowng
TF9S EFLS v F 65 Y FLS SF09 ¥ F09 9F €9 SFI9 utw | _| SHww souessisar [esoyduad [eloL
0IF6T 60FTT I'TF9T 01 F8T Y1F8T1 TIFST STFLTI 9IFST ;-183q [ sumjoa ayong
LY F 00 6YFEIE I'SFLIE 0'S F €0€ 8'S FOTE rSFEIE SSFO00€E 8 FL6T | -urw mop poojq Areuoio)
I0FoL1 0I'0F89°1 EI0OFOLT TIOFELT IIOFELT PIOF LI LIOFOLT LIOFTLL (U Moy poojq onioy
€7T F 80T ¥¥T F €8€T 79T F £9¢€C 09T F TIET €LT F¥SET 1ST F ¥S€T SST F ¥S€T SYT F €€€T |-S SHww **Up/dp Te[nOUIUAA ]
SOFSL 90F6L SOFLS 90F98 SOFT6 90FT6 S0F96 LOFS6 SHww  amssoxd O[[OISBIP PUS IBMOLIUIA 1T
1 F6C TFOE TFIE IFIE TFCE =43 TFE TFCE SHww amssaid [eusyre Arevouwrjng
€FS6 v F$6 v F86 ¥ F96 ¥ F 001 v F 101 S F 201 S F 201 SHuww amssaxd poojq ues\
€FI8 YFT8 v FS8 EFP8 yFL8 v F88 SF06 ¥ 768 SHww amssaxd poojq orjoiselq
SFTI yFel S Ftl SFIT S Fstl SF ST 9 F LTI 9 F 971 SHww amssaid poojq d1j0IsAS
9 F Ll L F6E1 9 F o€l LFLEL S F oLl S F 8€l S F 9Ll 9F OVl U sjeaq are1 1edH
-84 81 o¢ -3y 81 o1 -8y 8¢ =881 snun S4212WDIDg

audip N audipos|q auidip N audipo3|q audip N audipodyg audip N audipo3|q

3sop snjoq Yoea 210j9q dnoid [onuod ay) ur siojowered IPMOSBAOIPIED JO sanjeA [eseq ‘s30p pPaznoyisorUE-3sO[BIONYD | AqEL



52 C. DRIEU LA ROCHELLE et al.

Coronary blood flow

80
1pg kg™

Coronary vascular resistance

Diastolic blood pressure

1 -1

30 ug kg™

30 pg kg

0 -40 4
01 3 7 15 01 3 7 15 01 3 7 15
Time (min) Time (min) Time (min)
Aortic blood flow Total peripheral resistance Mean blood pressure
60
1pngkg™’
%0 ng kg

A%

-1

30 pg kg™’ 30 pg kg

Time (min)

Time (min)

7 15 01 3 7 15

Time (min)

Figure 1 Comparison of the haemodynamic profiles of elgodipine (O) and nicardipine (@) in the control group of anaesthetized
dogs, i.e. those having functional baroreflexes. Effects of a series of i.v. bolus doses of each compound are shown against coronary
blood flow, coronary vascular resistance, diastolic blood pressure, aortic blood flow, total peripheral resistance and mean blood
pressure. Points on the graphs represent mean % changes from pre-dose values * s.e.mean (n = 6), measured 1, 3, 7 and 15 min
after dosing. *P <0.05 versus predosing value; +P <0.05 elgodipine versus nicardipine.

Effects of elgodipine and nicardipine in non-pretreated
animals

Figures 1 and 2 show a comparison of the effects produced
by the different doses of elgodipine and nicardipine on twelve
selected parameters in the control group of animals.

The systemic and coronary vasodilator effects of elgodipine
and nicardipine were virtually identical. Over the dose range
1-30 ug kg™, i.v., both compounds produced quantitatively-
similar, dose-related falls in coronary vascular resistance,
total peripheral resistance and diastolic blood pressure
accompanied by increases in coronary flow. Nicardipine, as a

consequence of reflex cardiac stimulation, caused a slightly
greater rise in cardiac output than elgodipine with , corge,
spondingly smaller reductions in systolic. (not shown) and
mean blood pressures, In gen 1o, /the vasodilator effects of
both compounds’ Wére fapid in onset, peaking after 1min
and recovering gradually thereafter with full recovery requir-
ing 10—-40 min depending upon the dose. Pulmonary vascular
resistance was also reduced to the same extent by both drugs
although the magnitude of the fall was smaller than that
observed in systemic or coronary vascular beds (—26 £ 4%
after elgodipine 30ugkg~!, —241 5% after nicardipine
30 ug kg~'). Pulmonary arterial pressure rose to a greater
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Figure 2 Comparison of the haemodynamic profiles of elgodipine (O) and nicardipine (@) in the control group of anaesthetized
dogs, i.e. those having functional baroreflexes. Effects of a series of i.v. bolus doses of each compound are shown against heart rate,
left ventricular dP/dty,,, myocardial oxygen consumption, left ventricular end diastolic pressure, pulmonary arterial pressure and
PR interval duration. Points on the graphs represent mean % changes from pre-dose values * s.e.mean (n= 6), measured 1, 3, 7

and 15min after dosing. *P<<0.05 versus predosing value; 1P <<0.05 elgodipine versus nicardipine.

extent ‘following nicardipine than following elgodipine
(Fi 2).

e vasodepressor effects of nicardipine were accompanied
by dose-related increases in cardiac contractility (dP/dlge,
+27+7% at 30ugkg™") and heart rate (+16% 5% at
30pug kg™') which were statistically significant at all doses
studied. Elgodipine, despite causing similar or greater falls in
blood pressure, did not significantly increase heart rate
except after 3pugkg™' (+8*4%). Nicardipine-induced
changes in heart rate were greater than those associated with
elgodipine at all doses (difference reached statistical signi-
ficance after 1, 10 and 30 pg kg~"). This contrast between the
two compounds is particularly marked at 30 ug kg~ (Figure

2). While nicardipine produced a substantial reflex tachycar-
dia which was well sustained throughout the period during
which blood pressure was lowered, heart rate was unchanged
following elgodipine. Elgodipine produced significant dose-
related increases in dP/dt,,, which were less marked than
those observed after nicardipine (significantly different at the
two highest doses). As illustrated by the decrease in PR
interval duration, both compounds accelerated AV nodal
conduction at 3 and 10 pgkg~! but not at the highest dose
tested where elgodipine, in fact, showed a tendency to in-
crease PR interval duration. Nicardipine caused dose-related
increases in MVO, (+2319% after 30 ugkg™') whereas
elgodipine did not significantly affect this parameter. This
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Figure 3 Comparison of the haemodynamic profiles of elgodipine (O) and nicardipine (®) in anaesthetized dogs pretreated with
propranolol and atropine to block cardiac autonomic tone. Effects of a series of i.v. bolus doses of each compound are shown on
selected parameters, coronary vascular resistance, myocardial oxygen consumpton, heart rate, left ventricular dP/dty,,, PR interval
duration and QTc interval duration. Points on the graphs represent mean % changes from pre-dose values + s.e.mean (n=6),
measured 1, 3, 7 and 15 min after dosing. *P<<0.05 versus predosing value; 1P <<0.05 elgodipine versus nicardipine.

difference between the two compounds was statistically signi-
ficant at 10 and 30 pg kg~'. Neither drug affected LVEDP at
low doses although elgodipine significantly increased this
parameter at the highest dose.

Effects of elgodipine and nicardipine in animals
pretreated with atropine and propranolol

Drug effects on selected parameters following elimination of
cardiac reflex tone using the combination of propranolol and
atropine are shown in Figure 3. Cardiac parameters are
displayed. preferentially since analysis of the direct cardiac

effects of the two products was the objective of this part of
the study.

After cardiac autonomic blockade the coronary (Figure 3)
and systemic vasodilator properties of elgodipine and nicardi-
pine were quantitatively similar but generally less prominent
than observed in the absence of atropine and propranolol.
Maximum reduction in total peripheral resistance following
the highest doses of elgodipine and nicardipine were —26 *
7% and —29 * 6% in animals pretreated with propranolol
and atropine, and —43*4% and —44 £ 4% in non-pre-
treated animals, respectively. However, marked differences
between the compounds were apparent on heart rate (Figure



3). Elgodipine 1-30 pg kg~! produced dose-related bradycar-
dia, significant at all doses (—21 £ 3% at 30 pug kg~') where-
as nicardipine caused mild reductions in heart rate only at
the two highest doses (—8 £ 2% at 30 ug kg~'). Comparison
of the dose-response curves indicates that elgodipine was
approximately ten times more potent than nicardipine in
reducing heart rate. At 10 and 30 pg kg~!, the bradycardia
induced by elgodipine was slowly developing and prolonged
compared to that induced by nicardipine. Both compounds
caused dose-related inhibition of cardiac contractility and
slowing of AV nodal conduction starting at 3 pg kg~! (Figure
3). For both parameters the effects of elgodipine were more
pronounced than those of nicardipine, this difference being
significant at the higher doses. Unlike nicardipine, elgodipine
(30 ugkg™") resulted in a small but statistically significant
abbreviation of the QTc interval (— 7 £ 3%) of the ECG. In
the presence of atropine and propranolol, both elgodipine
and nicardipine dose-dependently decreased MVO,, but the
effects of elgodipine were longer lasting than those of nicar-
dipine.

It is interesting to note that the difference in heart rate
response between the two compounds observed when reflexes
were functional was already maximal 1min after dosing,
whereas, following atropine and propranolol the greater
inhibitory effect of elgodipine manifests itself progressively,
becoming maximal 7 min after dosing. At 1 min the com-
pounds showed similar decelerator properties.

Discussion

As vasodilators in our model, elgodipine and nicardipine
appeared extremely similar and well-matched. Both produced
dose-related peripheral and coronary vasodilatation over the
range studied (1-30 pg kg1, i.v.) with a potency which was
essentially equivalent. In addition, their vasodilator responses
had similar kinetic characteristics and durations. A more
detailed analysis of the data illustrates that both calcium
antagonists showed a very slight selectivity for the coronary
bed (e.g. elgodipine 3 pg kg~! produced 37 * 3% reduction in
coronary vascular resistance and 30 * 5% reduction in total
peripheral resistance). Since the coronary vascular bed
autoregulates in response to changes in myocardial oxygen
demand part of the coronary vasodilatation observed after
nicardipine may have been due to the increase in MVO,. This
phenomenon is unlikely to contribute to elgodipine-induced
coronary vasodilatation since elgodipine, unlike nicardipine,
did not significantly elevate MVO, under control conditions.
Despite similar pulmonary vasodilator effects, nicardipine in-
creased pulmonary arterial pressure to a greater extent than
elgodipine. This effect may be related to the reflex increase in
cardiac output which tended to be more pronounced with
nicardipine. Neither compound increased pulmonary artery
pressure in dogs pretreated with atropine and propranolol
(data not shown).

The equivalence of nicardipine and elgodipine as vasodi-
lators in the control group contrasted with the dissimilarity
of their cardiac profiles. Systemic vasodilatation and hypo-
tension caused by nicardipine were accompanied at all doses
by cardiac stimulation of reflex origin (tachycardia and ino-
tropy). In these and other respects the profile of nicardipine
was very similar to that previously reported for nifedipine in
the same model (Humphries & O’Connor, 1988). Mainten-
ance of anaesthesia with chloralose favours the manifestation
of reflex cardiac effects since chloralose impairs baroreflex
function to a lesser extent than other types of anaesthetic
(Chenoweth & Van Dyke, 1969). Elgodipine also produced
marked falls in diastolic blood pressure (—36 X 4% after
30pugkg!, i.v.) but in contrast to nicardipine, these were
associated with little or no reflex tachycardia. However,
elgodipine did elicit significant reflex positive inotropic effects
at all doses although these were smaller than produced by
nicardipine. The studies performed in the presence of
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atropine and propranolol reveal that elgodipine has an
important intrinsic inhibitory action on sinus rate. In this
respect it was approximately ten times more potent than
nicardipine despite having equivalent vasodilator potency.
Suppression of reflex tachycardia by elgodipine is therefore
largely due to this direct decelerator action of long duration
which was present throughout the vasodilator dose-range.

Analysis of the temporal changes in heart rate and blood
pressure suggests that, at least following 30pugkg~!, i.v.,
elgodipine, an additional property (over and above the ‘direct
decelerator action) may contribute to suppression of reflex
tachycardia in the control group of animals. In this group of
animals with functional reflexes, 1 min after dosing heart rate
was unchanged following elgodipine administration whereas
nicardipine-induced reflex tachycardia was maximal. How-
ever, at this time point in animals pretreated with atropine
and propranolol, the direct decelerator effect of elgodipine
was sub-maximal and not different from that of nicardipine.
This suggests that elgodipine also possesses an anti-acceler-
ator property of neurogenic origin which comes into oper-
ation rapidly to reduce reflex elevations of heart rate. One
possible explanation would be an inhibitory effect of elgo-
dipine on baroreceptor function. Changes in baroreceptor
sensitivity have been reported following administration of
other calcium antagonists (Heesch et al., 1983; Warltier et al.,
1984).

The cardiovascular profile of elgodipine and, in particular,
its ability to cause systemic and coronary vasodilatation
without significant reflex tachycardia, distinguishes it from
most other dihydropyridines which would tend to demonstrate
a nicardipine-like profile in this model. However, FPL 62129
(Humphries & O’Connor, 1988) and MDL 72567 (Difran-
cesco et al., 1986) are dihydropyridines which have also been
reported to lower blood pressure acutely without reflex
tachycardia in a fashion similar to elgodipine. In terms of
overall profile, elgodipine appears to be positioned midway
between, at one extreme, the vascular-selective dihydro-
pyridines and, at the other, calcium antagonists of the
verapamil and diltiazem types which show much more promi-
nent direct cardiac effects, particularly on sinus and AV
nodes (Taira, 1987). Presumably the mechanism responsible
for the direct decelerator effect of elgodipine involves block
of L-type calcium channels which play an important role in
impulse generation and conduction in nodal tissues. In addi-
tion to blocking L-type calcium channels, elgodipine has been
shown to possess antagonistic activity at T-type calcium
channels in rat portal vein (J. Mironneau, personal com-
munication). A similar T-type calcium channel exists in car-
diac tissue where it is thought to have a role in pacemaker
function (Hagiwara er al., 1988). Therefore the possible
involvement of T-channel block in the potent direct deceler-
ator action of elgodipine cannot be excluded.

Haemodynamic studies with elgodipine in the anaesthetiz-
ed pig (Sassen et al., 1990) and in the conscious pig following
myocardial infarction (van Woerkens et al., 1991) have
shown that elgodipine-induced vasodilatation is not associat-
ed with significant depression of cardiac contractility, leading
to the suggestion that elgodipine would be suitable for use in
congestive heart failure. However, our data indicate that
elgodipine demonstrates only a moderate degree of vascular
selectivity (i.e. vasodilator potency compared with depression
of cardiac contractility) and is less vascular-selective than
nicardipine. In our study the two compounds were equipo-
tent as vasodilators while elgodipine produced greater inhibi-
tion of dP/dty,, than nicardipine when cardiac autonomic
tone was eliminated. Similarly, reflex increases in dP/dlp.,.
were smaller following elgodipine than with nicardipine.
Clearly, there are many differences between the present study
and those performed in the pig by other investigators (e.g.
species, methodology, anaesthesia), however our comparison
of nicardipine and elgodipine in the same animals remains a
key element for interpretation of the data. Our study suggests
that elgodipine does not possess marked vascular selectivity
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and, under conditions when reflex cardiac activation is
impaired (as commonly occurs in heart failure), manifests a
negative inotropic effect at doses of 3pugkg~', i.v. and
greater. Therefore, it may not offer advantages over nicar-
dipine in the treatment of heart failure.

When viewed in the context of angina the haemodynamic
profile of elgodipine appears more attractive. Reflex tachy-
cardia is an undesirable consequence of acute vasodilatation
which may worsen cardiac ischaemia, either as a result of
increased myocardial oxygen demand, or by reducing dias-
tolic filling time thus impairing coronary perfusion (Bou-
doulas et al., 1979). Unlike nicardipine which, when reflexes
were functional, produced dose-related increases in MVO,,
elgodipine did not change this parameter significantly. Hence
in our model, elgodipine shows potent coronary vasodilata-
tion unaccompanied by increases in MVO,, suggesting that it
will have a favourable effect on myocardial oxygen supply/
demand balance, a profile appropriate for the treatment of
angina. To illustrate the possible clinical significance of this
difference in profile between elgodipine and nicardipine, the
latter drug has been reported to show pro-ischaemic proper-
ties (associated with tachycardia) in coronary artery disease
patients (Lambert et al., 1985; Gheorghiade et al., 1989).
However, whether elgodipine offers clinically-significant
advantages over other dihydropyridines remains to be estab-
lished. Reflex tachycardia to nifedipine is largely an acute
phenomenon tending to diminish on chronic treatment and
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Effects of metabolic blockers on Ca?*-dependent currents in
cultured sensory neurones from neonatal rats
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1 The whole cell variant of the patch clamp technique was used to record high voltage-activated Ca**
currents and Ca”*-activated Cl- tail currents from cultured neonatal rat dorsal root ganglion neurones.
The aim of the project was to use these currents as physiological indices of intracellular Ca?* regulation
under control conditions and in the presence of metabolic inhibitors.

2 Carbonyl cyanide p-trifiuoromethoxyphenylhydrazone (5umM) and sodium cyanide (1 pM) inhibited
Ca?* currents within 20 s, even when ATP was present in the patch pipette solution, suggesting a direct
action on Ca®* channels. These metabolic inhibitors did not affect Ca?* current ‘run down’ or
inactivation kinetics.

3 Cultured neonatal dorsal root ganglion neurones of the rat were relatively insensitive to the removal
of glucose and ATP from the recording solutions for up to 3 h. These data suggest that the Ca?*
homeostatic mechanisms in these cells are highly resistant to metabolic insult.

4 However 2-deoxy-D-glucose (5 mM) in the extracellular recording medium with no ATP or glucose
present did prolong the deactivation time of Ca’*-activated Cl~ tail currents and increase the total
charge flow following activation of a 500 ms voltage-activated Ca?* current. This effect was prevented
by inclusion of D-fructose 1,6-diphosphate (500 uM) in the patch pipette solution.

5 We conclude that some agents used to induce chemical hypoxia, such as carbonyl cyanide p-
trifluoromethoxyphenylhydrazone and sodium cyanide, may interact directly with voltage-activated Ca?*
channels and are therefore not appropriate for use in studying disturbed neuronal Ca?* homeostasis.
However, the use of 2-deoxy-D-glucose in the absence of glucose and ATP does represent a model of
disturbed Ca?* homeostasis in cultured dorsal root ganglion neurones. In this study we have combined
the whole cell recording technique with cultured neurones under conditions which produce a degree of
metabolic stress as reflected by prolonged Ca”*-activated Cl- tail currents. The reduced efficiency of
handling of intracellular Ca’* loads may be an important factor contributing to the onset of neuronal
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damage during hypoxia and ischaemia.
Keywords:

Cultured neurones; Ca’* currents; Ca*-activated chloride currents; intracellular Ca?* homeostasis; metabolic

inhibition; cyanide; 2-deoxyglucose; fructose 1,6-diphosphate

Introduction

The damaging effects of hypoxia and ischaemia on certain
neuronal populations appears to be the result of a failure of
intracellular Ca?* ([Ca®*]) homeostasis, with the subsequent
loss of control of numerous essential intracellular Ca?*-
dependent processes (Siesjo, 1981; Choi, 1988).

The maintenance of appropriately low free [Ca?*}; is ach-
ieved by complex intracellular buffering mechanisms sited in
the mitochondria, the endoplasmic reticulum and via Ca?*
binding proteins (Miller, 1991). Nevertheless, ultimately Ca?*
ions must be extruded across the plasma membrane to the
external environment and this is achieved by several mechan-
isms including the Na?*-Ca?* exchanger (Blaustein, 1988)
and the membrane bound Ca’*-ATPase (McBurney & Neer-
ing, 1987; Benham et al., 1992). These systems require ATP
either directly, as in the case of the Ca’*-ATPase, or in-
directly due to the dependence on ATP of the Na*-K*
exchange required for normal functioning of the Na*-Ca?*
exchange process and possibly for phosphorylation of the
Na*-Ca’* exchange protein itself (DiPolo & Beaugé, 1983;
1987, Lagnado & McNaughton, 1990). An adequate supply
of ATP is therefore essential for the maintenance of Ca?*
homeostasis in neurones and any impairment of this supply
as occurs during hypoxia or ischaemia may lead to poten-
tially harmful rises in [Ca?*];. Maintained depolarization with
prolonged activity of voltage-activated Ca’* channels and
activation of glutamate receptors, particularly the N-methyl-

! Author for correspondence.

D-aspartate receptor ion channel complex, result in Ca?*
loads which pose a challenge to compromised Ca?* homeo-
static mechanisms (Meldrum et al., 1985; Choi, 1988).

The whole cell recording configuration of the patch clamp
technique is a powerful tool for the investigation of neuronal
Ca’* currents and Ca’*-activated currents. Measurements of
both Ca?* induced inactivation of high voltage-activated
Ca?* currents (Chad & Eckert, 1986) and Ca®*-activated Cl-
tail currents (Icyc,) (Owen et al., 1984; Mayer, 1985; Bader et
al., 1987; Currie & Scott, 1992) act as physiological indices of
[Ca?*]; close to the cell plasma membrane. We have studied
the effects of various metabolic insults on these currents used
as indicators of the efficiency of neuronal Ca?* homeostasis.
Previously we have shown that the lipid metabolite
palmitoyl-DL-carnitine slows the rate of decay of Igyca),
reflecting a change in the efficiency of cellular Ca?* homeos-
tasis (Stapleton et al., 1992) and the possible involvement of
caffeine-sensitive intracellular Ca?* stores. A simple in vitro
model of neuronal ischaemia/hypoxia, suitable for applica-
tion to the whole cell configuration of the patch clamp
technique would allow greater understanding of the processes
involved in the onset of neuronal damage produced by such
insults and may prove useful as an ‘assay’ system for the
evaluation of agents with potential neuroprotective proper-
ties.

We have taken two approaches to simulate metabolic
stress in our system: (1) the inhibition of oxidative phos-
phorylation by use of cyanide and the proton ionophore,
carbonyl cyanide p-trifluoromethoxyphenylhydrazone (FCCP)
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(McLaughlin & Dilger, 1980); (2) the abolition of glucose
uptake and metabolism with 2-deoxy-D-glucose (2-DG) and
by removing ATP and glucose from the experimental record-
ing conditions.

Methods

Cell culture

Primary cultures of dorsal root ganglion (DRG) neurones were
prepared from 2 day old Wistar rats. DRG neurones were
enzymatically and mechanically dissociated, plated on laminin-
polyornithine coated cover-slips and maintained in culture for
2-3 weeks at 37°C in humidified air with 5% CO,. F14 culture
medium (Imperial Laboratories) supplemented with 10% horse
serum (Gibco) was used with added penicillin (5000 i.u. ml~"),
streptomycin (5000 pg ml~'), NaHCO; (14 mM) and nerve
growth factor (20 ng mi~', Sigma). Cell cultures were refed
with Fl4/horse serum mixture containing nerve growth fac-
tor (10 ngml~') every 7 days.

Electrophysiology

The whole cell variant of the patch clamp technique was used
(Hamill et al., 1981). DRG neurones were voltage clamped
by use of an Axoclamp 2A switching amplifier operated at a
sampling rate of 28-35 kHz, with low resistance (3—-7 MQ)
micropipettes. A pulse generator (Digitimer D4030) provided
the timing of voltage command protocols. All experiments
were performed at room temperature (approx. 23°C).

Standard recording medium contained (in mmol 17'): cho-
line chloride 130, KCl 3.0, MgCl, 0.6, NaHCO; 1.0, HEPES
10.0, tetracthylammonium bromide 25.0, D-glucose 4.0,
CaCl, 2.0 and tetrodotoxin 0.0025. The pH was adjusted to
7.4 with NaOH and the osmolarity to 320 mOsmol 1-! with
sucrose. The patch pipette solution contained (in mmol 1-'):
CsCl 140, EGTA 1.1, MgCl, 2.0, CaCl, 0.1, ATP 2.0, HEPES
10.0, the pH was corrected to 7.2 with Tris (1 mM) and the
osmolarity to 310 mOsmol 1-! again with sucrose. The esti-
mated free Ca?* concentration in the patch pipette solution
was 16 nM. A modest amount of EGTA (1.1 mM) was used
to buffer the Ca’* in the patch pipette solution; this was
present to ensure stability of Ca?* currents and Ca’*-act-
ivated currents under control conditions. The concentration
of EGTA used was not sufficient to inhibit Ca’*-activated
ClI- tail currents or currents activated by release of Ca’*
from intracellular stores. For several experiments both glu-
cose and ATP were excluded from the recording and patch
solutions respectively. In these cases the osmolarity was made
up to the appropriate value with mannitol.

Drugs, dissolved in recording medium and after adjust-
ment of pH, were applied extracellularly by low pressure
ejection via a micropipette (tip diameter approximately 10
um) positioned within 100 um of the cell being recorded.
Alternatively, DRG neurones were bathed in the recording
medium containing the drug or incubated in culture medium
containing the drug for varying periods prior to an experi-
ment. Intracellular drug application was performed by in-

cluding the drug in the patch pipette solution after suitable
adjustment of the pH.

FCCP and sodium cyanide were obtained from Sigma;
fructose 1,6-diphosphate (F1,6-DP) and 2DG from ICN
Biochemicals.

Analysis

Net Ca?* currents were evaluated following scaled linear
subtraction of leakage and capacitative currents. Ca*-acti-
vated currents (Ic,) Were assessed by measurement of the
current amplitude 20 ms after the end of the voltage step
command and by the time to reach 63% decay of the max-
imal inward current amplitude (#;,,). An estimation of the
total charge flow (Q) for each tail current was also made by
measurement of the area under the tail current decay curve
using an integration programme for tail currents of less than
4 s while for longer tail currents the traces were weighed.
Since there was a wide distribution of tail current total
charge flow these values have also been normalised (Q%) to
give values as percentages of the response to the first voltage
step command in each series. ’

All data are given as mean * standard error of the mean
(s.e.mean) and statistical significance has been assessed by a
two-tailed Student’s ¢ test.

Results

Inhibition of oxidative phosphorylation

FCCP Extracellular application of the proton ionophore
FCCP (5 pM) for 3 to 5 min by low pressure ejection caused
a reduction in the steady state peak Ca?* current amplitude
(I.s) and the amplitude of the current measured at the end
of a 100 ms voltage step command (I,s) when DRG neur-
ones were activated from a holding potential (V,) of — 90
mV by voltage step commands to a clamp potential (V) of
0 mV (Table 1). This represents a 47% and 50% reduction in
I..x and I, respectively. The degree of inactivation of the
currents was unaffected by FCCP (5 uM), with 54% inactiva-
tion of control currents and 51% inactivation occurring in
the presence of FCCP, measured during a 100 ms voltage
step command (n = 8). In five cells, incomplete recovery was
seen 5 to 10 min after removal of the pipette containing
FCCP (Table 1). The I, recovered to 66% of its original
value while I,,4 recovered to 81% of its original value.

Brief application (10-20s) of FCCP (5 uM) reduced both
Iy and I,4 to the same extent as when applied until a steady
state value had been reached as described above, I, being
reduced by 43% and I,4 by 49% (Table 1). The recovery in
all three cells was to 77% and 70% of the original value for
I.x and I, respectively. Hence the reduction in current
amplitude occurs rapidly with no change in the degree of
inactivation.

Low-voltage-activated Ca?* currents, produced by stepping
to a V., of —30mV, were not specifically studied in this
investigation but on the occasions when they were seen, the

Table 1 Action of carbonyl cyanide p-trifluoromethoxyphenylhydrazone (FCCP, 5puM) on voltage-activated Ca?* currents

Conditions (n)

Control 8
3-5min application 8
recovery 5

Control 3
10-20 s application 3

Inux (DA) Ing (0A)
-239£0.27 -131%£023
- 1.2710.36** —0.6510.26*
- 1591045 -1.06+0.33
-197+024 -091%0.16
-1.14£035 —0.46 £ 0.06

I..x and 1,4 were the Ca?* current amplitude measured at the peak and end of 100 ms voltage step commands to 0 mV respectively.

**P <0.005; *P<0.02 when compared with control values.
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low voltage-activated component was also inhibited (Figure
1).

The current-voltage relationship for a cell under control
conditions and after application of FCCP (5 uM) is shown in
Figure 1. There was no shift in the voltage-dependence of
activation and no change in the null potential (the potential
at which there is no net current flow through the membrane).

To ensure that the effect seen with FCCP was not due to
an increase in Ca’* mediated inactivation we increased the
EGTA concentration of the patch pipette solution to 20 mM.
Under these conditions FCCP (5puM) applied for 3 min
inhibited I,, and I4 by 32% and 41% respectively (n =17,
P<0.02). Additionally no FCCP-induced currents were seen
during any of the experiments. These findings suggest that
the major action of FCCP in reducing I, is not by a
Ca?*-induced Ca’* release mechanism.

In three cells to which FCCP (5 uM) was applied, Ca?*-
activated Cl- tail currents were seen. The mean amplitude of
the Icyc,) measured 20 ms after the 100 ms voltage step com-

a
1.2+
0.6
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—0.6
-1.24, T T T T T T 1
-90 -60 -30 0 30 60 90 120
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b
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-90 mV _f_____\__
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Control
c -15 mV

-90 mV

500pAl_

20 ms
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Figure 1 The actions of carbonyl cyanide p-trifluoromethoxy-
phenylhydrazone (FCCP) on the peak voltage activated Ca?* cur-
rents. (a) The current-voltage relationship for a neurone recorded
under control conditions (M) and after 3 to 5 min application of
5uM FCCP (A). The maximum peak inward current is plotted after
leak subtraction for each voltage step. Note that FCCP reduces Ca2*
channel currents over a wide voltage range without producing any
shift in voltage dependence. Inset traces show, (b) low voltage-
activated, T-type current and (c) high voltage-activated current
activated from a holding potential of — 90 mV by step depolariza-
tions to — 30mV and — 15mV respectively. FCCP appears to affect
the inactivation properties of the low threshold current as well as
reduce the peak amplitude of high threshold Ca?* currents.

mand was — 1.76 + 0.54 nA under control conditions and
—0.61 £0.16 nA after application of FCCP (5uM) (n=3).
FCCP had no significant action on the decay of Icyc,. How-
ever, this action was associated with a reduction in mean I,,,
of 58% and therefore much less Ca?* was available to
activate Icycy).

In three cells the steady state inactivation kinetics were
studied for both I,,, and L.s. The potentials at which 50%
steady-state inactivation occurred (V) for I, and I.4 after
application of FCCP (5 uM) were not significantly different
from values obtained under control conditions.

Similar results to those described above were obtained in
three cells in which the concentration of FCCP used was
10 pM. I, was reduced from —2.85+0.47nA to —1.47%
0.51 nA and 1,4 was reduced from —1.69+0.44nA to
— 1.05 + 0.54 nA (48% reduction in I, and 38% reduction
in I,y with 65% and 81% recovery at 5min respectively,
n=3).

More prolonged exposure to FCCP (5 uM) was studied by
pretreating the cells with FCCP in the recording medium for
10 or 30 min or by incubation in the culture medium for
18 h. The cells were washed prior to an experiment and
recording of Ca’* currents made in normal recording med-
ium in the absence of FCCP. After 10 or 30 min pretreat-
ment [,,, was measured every minute for 5 min and at 3 min
intervals thereafter. There was no significant change in I,
nor in the degree of inactivation over the course of 8 min
recording (Figure 2).

Eighteen hours incubation of cells with FCCP (5puM) in
the culture medium again did not give rise to any significant
change in I, nor in the degree of inactivation when currents
were activated using the same protocol as above (inactivation
of 44% and 45% at 1 and 5 min respectively, n = 7; Figure
2). However, after 18 h in culture with FCCP (5 uM) four out
of seven cells were unable to tolerate the patch clamp condi-
tions for more than Smin. In the remaining three cells
‘run-down’ of the current over the course of 15 min recording
occurred at a similar rate to that which would be expected
under control conditions.

Cyanide The effects of sodium cyanide (1 uM) were studied
in DRG neurones by both intra- and extracellular applica-
tion.

Time (min)
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Figure 2 The effects of prolonged application of carbonyl cyanide
p-trifluoromethoxyphenylhydrazone (FCCP) on peak high voltage-
activated Ca’* currents. (a) Graph of time plotted against mean
peak Ca?* current recorded from cells pretreated with 5um FCCP
for 10min (M, n=3), 30min (A, n=3) and 18h (V, n=7).
Surprisingly, long term treatment with FCCP has no significant effect
on Ca’* currents recorded from cultured DRG neurones. The appar-
ent increase in current during 8 min recording from cells treated for
10 min with FCCP was not signigicant. However, this may represent
some additional recovery from block with FCCP.
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Extracellular application of cyanide (1 uM) by low pressure
ejection caused a reduction in the mean I, and mean I.,4 of
the Ca?* current (Figure 3). The percentage inhibition of I,
and I, was 58% (P <<0.01) and 27% (P <0.02) respectively
(n = 8). The mean degree of inactivation was 59% for control
currents and 28% in the presence of cyanide ions (1 pM)
which may reflect less inactivation produced by smaller Ca**
currents or some degree of differential sensitivity of different
voltage-activated Ca?* channels with distinct inactivation
properties. On removing the pressure ejection pipette no
significant recovery in 10 min was seen in any component of
the Ca?* current (n=8) (Figure 3).

Intracellular application was achieved by inclusion of sod-
ium cyanide (1 puM) in the patch pipette solution. Calcium
currents were activated by 100 ms voltage step commands
from a V, of —90mV to a V., of 0 mV immediately on
entering the whole cell configuration and at 1 min intervals
thereafter for 4 min. Over this time I, was reduced from
—1.521£0.17nA to — 1.06 £0.20 nA, a mean reduction in
maximal Ca?* current amplitude of 30% (n =12, P<0.02)
and I.,4 was reduced from —0.77 £0.12 nA to — 0.66 £ 0.16
nA, a 14% reduction in mean I,y (n=12). The degree of
inactivation of the currents on first entering the whole cell
configuration was 49% while that after 4 min recording was
38%, suggesting that the inactivation kinetics were
unaffected.

The initial results with both cyanide and FCCP demon-
strated that, in cultured DRG neurones, Ca’* homeostatic
mechanisms were surprisingly resistant to the effects of

Recovery

Cyanide
Control

Figure 3 The effect of 1uM sodium cyanide on high voltage-
activated Ca?* currents. (a) Chart showing the inhibitory action of
cyanide on high voltage-activated Ca?* currents measured at the
peak (I..., open columns) and at the end of the 100 ms voltage step
command (I, solid columns). Data shown are the mean % s.e.mean
from eight experiments. Cyanide (1 pMm) was applied extracellularly
for 3 to 5 min and no recovery was observed 5 min after removal of
the pressure ejection pipette containing cyanide. *P<<0.02;
*+P <0.01. (b) Traces showing high voltage-activated Ca’* currents
recorded under control conditions and following inhibition by
cyanide (1 uM). All data was recorded from cells voltage clamped at
a holding potential of — 90 mV.

metabolic blockade with these agents. However, since ATP
was present in the patch solution and because of the rapid
onset and achievement of a steady-state Ca’* current inhibi-
tion and, in the case of FCCP, rapid but partial recovery was
seen, we suggest that both drugs may interact with Ca’*
channels or membrane constituents which result in inhibition
of the current. Both low and high voltage-activated Ca’*
currents were attenuated by FCCP and cyanide. Steady state
inactivation of the high voltage-activated Ca?* currents was
unaffected. These findings indicate that FCCP and cyanide
may interact in a nonselective manner rather than with a
distinct type of Ca?* channel. For these reasons we changed
the approach to producing metabolic stress by inhibiting
glycolysis using 2-deoxyglucose with no ATP or glucose in
the recording solutions.

Inhibition of glycolysis

No ATP/glucose Experiments were performed on DRG
neurones bathed, for between 30 min and 3 h, in recording
medium in which no glucose was present, the osmolarity
being corrected with mannitol and with patch pipette solu-
tion in which ATP was excluded. Again Ca’* currents were
activated on entering the whole cell recording configuration
and every 3 min thereafter by 100 ms voltage step commands
from a V, of —90mV to a V. of 0mV. No significant
change in either I, or I,q was seen in the course of 15 min
recording (I, — 1.791£0.28 nA, I,y — 1.08£0.26 nA at
3min; I, —1.82+030nA, I, —098+042nA at 15
min, n = 6).

2-Deoxy-D-glucose Neuronal glycolysis was also inhibited
by the inclusion of 2DG (5 mM) in the glucose-free recording
medium. Calcium currents and Ca?*-activated currents were
activated by both 100 ms and 500 ms depolarizing voltage
step commands again using patch pipette solution without
ATP. For each cell, 100 ms depolarizing voltage steps were
applied immediately on entering the whole cell recording
configuration and at 15s intervals for 1 min. This was fol-
lowed after a further minute by 500 ms depolarizing steps at
1 min intervals. Voltage-activated Ca®* currents were studied
in addition to Ca?*-activated Cl~ tail currents (Currie &
Scott, 1992) measured 20 ms after the end of the depolarizing
step command (Iccyy) and by an assessment of the time to
63% decay of this current (fs9,) and of the total charge flow
during the tail current (Q). Calcium-activated tail currents
were seen in approximately 52% (16/31 cells) of cells studied.

In control cells with normal patch and recording media
without 2DG, consecutive 100 ms depolarizing voltage step
commands every 15s caused no significant change in the
properties of voltage-activated Ca’* currents produced at a
V. of 0mV (n = 11). Likewise with 2DG present, four 100 ms
depolarizing voltage steps had no affect on Ca’* currents
(n=11). The amplitude of the I¢c,) measured 20 ms after the
end of the 100ms voltage step command was not
significantly altered by the activation of consecutive steps.
Under control conditions the mean amplitude of I¢yc, chan-
ged from —1.091+026nA to — 1.18 £0.30nA, and with
2DG present I, had values of —1.29+0.18nA and
—1.11 £ 0.19 nA at the 1st and 4th steps respectively (n =
11). Additionally the times to 63% decay (f3v) of Icyca) Were
not significantly changed by 2DG when the current was
activated following a 100 ms Ca®>* current. Under control
conditions tg., was 680 = 180 ms and 860 + 240 ms (n = 11)
and with 2DG present the mean values were 850 + 240 ms
and 1090 * 280 ms (n = 11) for the 1st and 4th steps respec-
tively. Again the total charge flow (Q) during the full time
course of the tail current activated by a 100 ms voltage step
command was not significantly altered for both control cells
and those treated with 2DG. These data show that 2DG has
no significant action on Ca?* currents activated by a 100 ms
voltage step command nor on the accompanying Cl~ tail
current. As a result, we decided to increase the intracellular
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Table 2 Comparison of Ca?* currents and Ca?*-activated C1- currents recorded under control conditions and with 2-deoxy-D-glucose

(2DG, 5 mMm)
Step No. Luax (nA) Lna (nA) Ioica) (nA) ts3s (ms)
Control n=7
1 -1.10+0.22 —-0.49%0.10 —1.66 £ 0.45 2990 + 660
2 -1.01+£0.20 -0.4210.09 -1.38+£0.36 3140 £ 730
3 —-1.00+£0.20 -0.43+0.09 -131%0.34 3040 = 750
4 -0.96+0.19 —0.41 +0.08 -129%+0.36 2800 £ 690
2-Deoxyglucose (5mM) n=11
1 -1.19%0.19 -0.31%0.10 -125%0.18 4000 + 800
2 -1.10+£0.20 -0.25%0.09 -114%0.18 5580 + 1100*
3 —-0.99+0.18 -0.18%+0.10 -1.03%0.17 7610 £ 1790*
4 —-0.94+0.17 -0.14%0.10 -0.9910.18 7350 + 2080*

IL,.x and Iy were the Ca?* current amplitude measured at the peak and end of 500 ms voltage step commands to 0 mV. I, was the
tail current amplitude measured 20 ms after the end of the voltage step command and #;,, was the time for the tail current to

deactivate by 63% of Igcs).
*P<0.05, values compared with step no.1 with 2DG.

0mvV

l |—90 mV

Figure 4 Action of 2-deoxyglucose on voltage-activated Ca?* currents and Ca?*-activated Cl- tail currents. (a) Control currents at
1 and 3 min expanded to show the Ca?* current activated by a 500 ms voltage step command and the initial part of the Cl~ tail
current. (b) Series of four currents activated at a frequency of one per min under control conditions. There was no significant
change in the Ca®* current and Cl- tail current. (c) Expanded current records at 1, 2 and 3 min showing no significant change in
the Ca?* current but that the tail current deactivation was prolonged by 5 mM 2-deoxyglucose. The tail current at 2 min is the
middle record. (d) Series of four currents activated at a frequency of one per min in the presence of 2-deoxyglucose. The Cl- tail
currents were greatly prolonged but the Ca?* currents were not changed significantly. All Ca?* currents were activated from a
holding potential of — 90 mV by 500 ms voltage step commands to 0 mV. The records presented are not leak subtracted.

Ca?* load by increasing the duration of the voltage-activated
Ca?* current to 500 ms.

When 500 ms voltage step commands were applied to
DRG neurones every minute, under both control conditions
and in the presence of 2DG (5 mM), again there was no
significant difference in the values of I, or I, for high
voltage-activated Ca?* currents nor for the amplitude of
Icica) between the first and fourth events (Table 2, Figure 4).
However, the t9, values for Igc,), in the presence of 2DG
(5 mM) became greatly prolonged when compared with con-
trols which remained almost unchanged. The values of the

total charge flow showed a significant increase between the
first and second steps from 4.4+ 1.0nC to 5.5+ 0.9nC in
the presence of 2DG (5 mM) (n =11, P<<0.001) while con-
trol values were not significantly affected (Figures 4 and 5).

Finally, in order to investigate whether protracted expo-
sure to 2DG would enhance this prolongation of the decay
time to 63% of Ca’*-activated Cl~ tail currents, DRG
neurones were incubated in culture for 18 h with 2DG
(5mM). The same recording conditions and voltage com-
mand protocols were used as for the previous experiments
with 2DG. Only one small amplitude (720 pA) Ca?*-acti-
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Figure 5 Actions of 2-deoxyglucose on Cl- tail current decay fol-
lowing activation by a 500 ms high voltage-activated Ca’* current.
Chart shows time for Cl- tail currents to deactivate by 63% (s3%,)
when activated by four 500 ms Ca?* currents evoked at a rate of one
per min. Control data (open columns, n=7) shows no significant
change in current decay but in the presence of 5 mM 2-deoxyglucose
(solid columns, n=11) ClI- tail current deactivation is slowed as
reflected by the increase in #g.,. All data shown are means
s.e.mean for seven control and 11 2-deoxyglucose experiments.
*P<0.05.
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Figure 6 Percentage change in total charge flow during Ca’*-
activated Cl- tail currents following consecutive 500 ms high vol-
tage-activated Ca®* currents. Four 500 ms voltage steps were applied
to activate Ca?* currents at a rate of one per min. The step number
is plotted against the percentage change in charge relative to the
total charge flow during the first Ca?*-activated Cl- tail current
(100%). Under control conditions (M, n=7) and in the presence of
fructose 1,6-diphosphate (500 pm) with 2-deoxyglucose (SmM, n=
7) (V) the mean percentage change in charge declined slightly. In
contrast, with 2-deoxyglucose alone (5mMm, n=11, A) the percen-
tage change in charge increases relative to both control and fructose
1,6-diphosphate data. Mean percentage change + s.e.mean are pres-
ented.

vated Cl- tail current was seen in 23 recorded cells. The
" degree of ‘run-down’ of I,,, and I, after consecutive 100 ms
voltage step commands was similar to that after brief expo-
sure (12% of I, and 14% of I, after brief exposure, n =11
and 11% of I, and 10% of I.4 after 18 h exposure, n = 23).
The degree of inactivation during a 100 ms voltage step
command was unaffected by prolonged exposure to 2DG.
Voltage step commands of 500 ms duration were also ap-
plied to cells at 1 min intervals after exposure to 2DG (5 mM)
for 18 h. Once more, ‘run down’ in relatively small Ca?*

currents was seen with a fall in I,, of 37% (from — 0.76
0.09nA to —0.4810.06nA, n=18) over the course of
4 min and a reduction of I,y by 59% over the same time
(—0.22£0.05nA to —0.09 £ 0.03 nA, n=18). As expected
a greater degree of inactivation occurred with the 500 ms
depolarizing steps than with 100 ms steps (71% and 81% for
the 1st and 4th steps respectively for 500 ms steps compared
with 36% and 36% for 100 ms steps).

Fructose 1,6-diphosphate In order to test the ATP depen-
dence of the tail current prolongation and total charge in-
crease seen in the presence of 2DG (5 mM) and absence of
glucose or ATP in the patch pipette solution, we performed
similar experiments to those described above with the in-
clusion of fructose, 1,6-diphosphate (500 um) (F1,6-DP) in
the patch pipette solution with 2DG (5 mM) present (again
with ATP and glucose excluded). F1,6-DP is a downstream
metabolite in the glycolytic pathway, the substrate for aldo-
lase (fructose 1,6-diphosphate: D-glyceraldehyde 3-phosphate
lyase) and hence beyond the glycolytic block produced by
2DG. We have used 500 uM F1,6-DP (K., for this enzyme is
approximately 750 uM; Bergmeyer & Bernt, 1974) in order to
ensure a suitable supply of substrate and to produce a
reasonable diffusion gradient from the patch pipette into the
cell. Again 500 ms depolarizing voltage step commands were
applied every minute to activate high threshold Ca* currents
and Ca’*-activated Cl- tail currents. Although some ‘run-
down’ in I, was seen and relatively small total charge flow
values for the tail currents were observed (Q at 1 min:
39+1.1nC and 2.1%0.7nC at 4min) there was no
significant change in g, Icycap %e3% DOT in Q (n=7) during
the 4 voltage step commands. When the total charge flow
was evaluated as a percentage of the initial value for each cell
(Q%) the rate of decline in Q% for both controls and
F1,6-DP with successive steps was remarkably similar where-
as the values for 2DG alone show a substantial increase
(Figure 6). These data suggest that in the presence of F1,6-
DP the effect of 2DG in prolonging tail current decay time
and in increasing total charge flow of the Cl- tail currents is
bypassed, possibly due to the return of the ability to syn-
thesize ATP and hence maintain intracellular Ca>* homeo-
stasis as reflected in the Cl- tail current parameters.

Discussion

The reduction of an adequate supply of ATP to neurones as
occurs clinically in hypoxia, ischaemia or hypoglycaemia may
precipitate the loss of intracellular Ca2* homeostasis and the
subsequent triggering of a damaging cascade of Ca?*-depen-
dent events leading ultimately to neuronal death (Siesjo,
1981). The two approaches used in this study to induce
metabolic stress: inhibition of mitochondrial oxidative phos-
phorylation and inhibition of glycolysis, demonstrate several
important points for the future evaluation of the effects of
chemical hypoxia on Ca?* homeostasis. (i) Primary cultures
of neonatal rat DRG neurones are remarkably resistant to
metabolic stress. (ii) Agents, such as FCCP and cyanide, used
to induce chemical hypoxia may themselves interact with
Ca®* channels or with intracellular Ca?* homeostatic mech-
anisms in a reversible manner making them unsuitable agents
for the production of chemical hypoxia. while studying whole
cell Ca?* currents and Ca’*-dependent currents. (jii) Given
suitable metabolic stress, such as exposure to 2DG, Ca’*
homeostatic mechanisms may be disturbed sufficiently to
modulate Ca?*-dependent currents, without directly interac-
ting with either the voltage-activated Ca?* channels or with
Ca’*-activated Cl~ channels.

Calcium-activated Cl- tail currents are observed as slowly
decaying inward currents in about 50% of cultured dorsal
root ganglion (DRG) neurones loaded with chloride. The
duration of the Cl- tail current is in part determined by the
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amount of Ca?* entry through voltage-activated Ca?* chan-
nels (Mayer, 1985; Bader et al., 1987; Akasu et al., 1990;
Currie & Scott, 1992) but is also modulated by the efficiency
with which Ca?* homeostatic mechanisms handle the intra-
cellular Ca?* load (Currie & Scott, 1992; Stapleton et al.,
1992). Calcium-activated C1~ conductances can also be ob-
served following very modest Ca’* entry during a single
action potential recorded in the absence of K* channel
blockers (Mayer, 1985). Furthermore, Icc, can be used to
identify changes in intracellular Ca®>* produced by release of
Ca?* from intracellular stores (Currie & Scott, 1992) and to
detect photoreleased Ca?* from DM-nitrophen (Currie &
Scott, 1993). Recording Icyc, has a number of benefits in-
cluding the fact that experiments can be conducted in the
presence of K* channel blockers so that voltage-activated
Ca?* currents can be measured free from contamination by
voltage- and Ca’*-activated K* conductances which would
partially mask the Ca?* currents. Additionally, the reversal
potential for Igc,) is 0 mV under our recording conditions,
so high voltage-activated Ca’* currents (activated on step-
ping to 0 mV) are not contaminated by Cl~ current, which is
not observed until repolarization. On repolarization, at the
end of the voltage step command, there is a substantial
driving force of 90 mV for Cl~ to leave the cell. Therefore
Ca?* currents, which reflect the Ca?* load, can be accurately
measured under control and experimental conditions and
compared with the properties of Icyc,).

Primary cultures of neonatal rat DRG neurones appear to
be highly resistant to metabolic stress as reflected by their
ability to survive even after long term (up to 18 h) exposure
to FCCP and by the apparent lack of disturbance in Ca?*
homeostasis as assessed by the degree of inactivation of Ca?*
current (Chad & Eckert, 1986). Our data suggest that pri-
mary cultures of DRG neurones function on low levels of
ATP and can be independent of oxidative phosphorylation.
This may not apply to freshly dissociated cells as studied by
Duchen and colleagues (Duchen, 1990; Duchen et al., 1990)
who found altered intracellular Ca?* homeostasis with FCCP
(5pM) and cyanide (2 mM). It is probable also that central
neurones with selective vulnerability to hypoxia such as hip-
pocampal CAl neurones have a greater sensitivity to such
metabolic insults (Simon et al., 1984). Another possibility for
the apparent insensitivity of these cultures to chemical hy-
poxia is that they are neonatal in origin and as such might be
expected to withstand more prolonged exposure to hypoxic
conditions (Kass & Lipton, 1989; Krnjevic et al., 1989; Fried-
man & Haddad, 1993). However Kostyuk and colleagues
(1993) have recently demonstrated that run-down of Ca’*
currents in rat neonatal DRG neurones appears to be more
ATP-sensitive than in those seen in adult and aging neur-
ones.

Single electrode voltage clamp studies on hippocampal
slice preparations (Krnjevic & Leblond, 1989), dissociated
mouse sensory neurones (Duchen, 1990) and in guinea-pig
ventricular myocytes (Goldhaber et al., 1991) confirm a
reduction in Ca?* current in response to chemical hypoxia
and nitrogen perfusion as seen in our experiments. However,
care must be taken in the interpretation of changes in Ca?*
current due to induced chemical hypoxia since the agents
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used may themselves interact with Ca?* channels as seems
probable with FCCP, since the effects of this substance on
Ca?* currents in our system have a rapid onset of action
(10-20s) and are readily reversible even after 18 h exposure.
Additionally FCCP rapidly inhibited Ca?* currents even
when ATP and HEPES were present in the patch solution,
suggesting that the action was not due to reduced intracel-
lular ATP or pH.

A Ca?*-dependent K* conductance has been demonstrated
during hypoxia in hippocampal slice preparations (Fujiwara
et al., 1987; Krnjevic & Leblond, 1989) and in dissociated
mouse sensory neurones (Duchen, 1990). Duchen (1990) also
described an increased Ca?*-dependent Cl- conductance in
response to metabolic blockade. We have demonstrated a
prolongation of a Ca?*-dependent Cl- current following
inhibition of glycolysis with 2DG in rat DRG neurones. This
effect suggests that given a suitably severe metabolic insult,
Ca’* homeostatic mechanisms begin to fail, possibly due to
the lack of ATP. This concept is supported by the finding
that in the presence of F1,6-DP, a glycolytic intermediary
which bypasses the 2DG-induced block, the tail current
changes are no longer seen, suggesting a restoration of ATP
synthesis and hence of Ca?>* homeostasis. However, tail cur-
rent amplitudes and decay time (and hence total charge) were
highly variable between different cells, possibly reflecting
variations in the number of Ca?*-dependent Cl- channels
present, in channel distribution or in their threshold for
activation. These channels may also require phosphorylation
for proper function by analogy with Ca?* channels them-
selves (Armstrong & Eckert, 1987) and differences in resting
[Ca’*]; may affect the degree to which this occurs.

Another interesting finding is the virtual absence of tail
currents, after prolonged (18 h) exposure to 2DG in culture.
This may reflect down-regulation of Ca?*-activated Cl-
channels or a change in their properties resulting in reduced
availability, and may be analogous to the dependence of
Ca?* channels on phosphorylation for their normal function
(Armstrong & Eckert, 1987) but may also be due to an
increase in the activity of a Ca?*-dependent phosphatase.
Our data suggest that Ca’*-activated Cl- tail currents are
more sensitive to metabolic stress than Ca’* currents them-
selves.

This study has demonstrated that in primary cultures of
neonatal rat DRG neurones, prolongation of the decay time
of Ca?*-activated Cl- tail currents and an increase of the
total charge flow occurs in the presence of 2DG after
removal of both glucose and ATP from the recording solu-
tions. We believe that the use of Icyc. and 2DG may prove
useful in the study of changes in intracellular Ca?* produced
by metabolic stress. Further study will be directed at cells
with a greater sensitivity to metabolic stress.
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1 Strips of human saphenous veins were superfused with Krebs-Henseleit solution at either 25°C or
37°C. Constrictor responses to electrical stimulation (10 Hz, 40 s) but not to exogenous noradrenaline
(0.1, 1 puM) were abolished by guanethidine (10 uM) and tetrodotoxin (1 uM). Hence, responses to
electrical stimulation are due to action potential-induced release of sympathetic neurotransmitters.

2 Constrictor responses to electrical stimulation and noradrenaline were reduced by the o;-
adrenoceptor antagonist, prazosin (0.3 uM) as well as by the a,-adrenoceptor antagonist, rauwolscine
(1 uM). The combination of prazosin and rauwolscine abolished constrictor responses to noradrenaline
at 25°C and 37°C. However, constrictor responses to electrical stimulation were partly resistant to
a-adrenoceptor blockade by prazosin and rauwolscine (at 25°C about 30%). Residual constrictor

-responses to electrical stimulation were also observed in the presence of the combination of prazosin

(3 M) and rauwolscine (10 uM) as well as in the presence of phenoxybenzamine (10 uM).

3 Veins, incubated with [’H}-noradrenaline, released tritium upon electrical stimulation (10 Hz, 40 s).
Moreover, electrical stimulation also induced an overflow of ATP amounting to 4.8 £ 1.5 pmol g~! at
25°C and 2.0 £ 0.5 pmol g~! at 37°C. Both tritium and ATP overflow were abolished by tetrodotoxin
(0.5 uM). The combination of prazosin (0.3 uM) and rauwolscine (1 pM) increased -tritium overflow at
either 25°C or 37°C by about 120%, but reduced ATP overflow by about 70%. Hence, a significant
percentage of the electrically evoked ATP overflow seems to be released from non-neuronal cells upon
activation of a-adrenoceptors by endogenous noradrenaline. The remaining ATP overflow, which was
resistant to a-adrenoceptor blockade, may reflect neuronally released ATP.

4 ATP (300 uM) and a,f-methylene-ATP (1, 10 uMm), both induced constrictor responses. The P,-
purinoceptor antagonist, suramin (300 uM) markedly inhibited constrictor responses to ATP and a,p-
methylene-ATP, but not those to electrical stimulation and to noradrenaline. Moreover, suramin
(300 uM) failed to diminish the a-adrenoceptor blockade-resistant constrictor response to 10 Hz.

5 In conclusion, constrictor responses to sympathetic nerve stimulation in human saphenous veins are
mainly but not exclusively mediated by neuronally released noradrenaline. There is a concomitant
release of ATP and noradrenaline. P,-purinoceptors which mediate vasoconstriction are present; how-
ever, a role of neuronally released ATP in constrictor responses to electrical stimulation could not be
established. Therefore, the nature of the sympathetic transmitter responsible for a-adrenoceptor
blockade-resistant constrictor responses remains unknown.

a-Adrenoceptors; P,x-purinoceptors; noradrenaline-ATP cotransmission; ATP release; prazosin; rauwolscine; a,p-

methylene-ATP; suramin; human saphenous vein

© Macmillan Press Ltd, 1994

Introduction

Noradrenaline and ATP are cotransmitters in the postgang-
lionic sympathetic nervous system. In numerous tissues of
several animal species ATP or a related nucleotide mediates
responses to sympathetic nerve stimulation, which are resis-
tant to a-adrenoceptor blockade (see Burnstock, 1986; 1990;
von Kiigelgen & Starke, 1991a; Hoyle, 1992; Morris & Gib-
bins, 1992). a-Adrenoceptor blockade-resistant responses
have also been observed in man (Taddei ez al., 1989; 1990;
Kahan et al., 1992). However, it is an open question whether
or not ATP is involved in sympathetic neurotransmission in
man and, hence, could be responsible for the reported -
adrenoceptor blockade-resistant responses (Pelleg & Burn-
stock, 1990; Taddei et al., 1990; Stephens et al., 1992).
The saphenous vein is a commonly used preparation to
study sympathetic neurotransmission in man (see Docherty,
1987). The smooth muscle cells of these veins possess a,- and
a,-adrenoceptors both of which mediate vasoconstrictor res-
ponses to endogenous and exogenous noradrenaline (Miiller-
Schweinitzer, 1984; Steen et al., 1984; Docherty & Hyland,
1985a; Docherty, 1987). The same holds true for the
saphenous vein of the dog (Sullivan & Drew, 1980; De Mey

! Author for correspondence.

& Vanhoutte, 1981; Pereira et al., 1991). Vasoconstrictor
responses to sympathetic nerve stimulation in the canine
saphenous vein are at least partly resistant to blockade by
a-adrenoceptor antagonists (Flavahan & Vanhoutte, 1986b).
These non-adrenergic constrictor responses were even more
prominent at a temperature of 24°C and seem to be mediated
by neuronally released ATP (Flavahan & Vanhoutte, 1986b).

In order to study a possible cotransmitter role of ATP in
man, constrictor responses to sympathetic nerve stimulation
as well as ATP and noradrenaline overflow were measured in
human saphenous veins.

Methods

The study was approved by the local ethics committee. Veins
were obtained from patients (21 females, 51-76 years of age,
mean age 65.1 £ 1.6; 90 males, 42—81 years of age, mean age
62.21+0.9) undergoing open heart surgery for coronary
bypass grafting. None of the patients had been treated with
drugs known to interact with storage or release mechanism
of noradrenaline. Portions of about 3—4 cm of the human
saphenous vein were dissected free from surrounding connec-
tive tissue and cut into helical strips. The strips were placed
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between two platinum electrodes in a jacketed chamber main-
tained at either 25°C or 37°C and superfused with Krebs-
Henseleit solution at a constant rate of 6 mlmin~!
(experiments with overflow measurements 1 ml min~'). The
strips were connected to a force-displacement transducer
(Biegestab K30, Hugo Sachs Electronics, March-Hugstetten,
Germany) for measuring isometric tension with a multi-pen
recorder (Rikadenki, Freiburg i. Br., Germany). Resting ten-
sion was set at 19.6 mN. Vasoconstrictor responses were
measured as the maximum increase in tension (mN) above
resting tension. The superfusion fluid was gassed con-
tinuously with carbogen (95% 0,:5% CO,) and passed
through a heat exchanger before it reached the vessels. A
Stimulator II (Hugo Sachs Electronics) operating in the con-
stant current mode was used for electrical field-stimulation.

Protocol A (measurement of postjunctional responses)

After an equilibration period of 90 min vasoconstrictor res-
ponses were elicited by two periods of stimulation (60 min
apart). In some experiments each stimulation period con-
sisted of three consecutive electrical stimulations at 1, 4 and
10 Hz (40 s duration, 100 mA current strength, 0.5 ms pulse
width; applied at intervals of 5min). In most other
experiments each stimulation period consisted of an electrical
stimulation (S, or S,, at either 2.5 or 10 Hz, 40 s) followed,
after an interval of Smin, by a stimulation elicited by
exogenous noradrenaline (N, or N,, 0.1-1.0 uM). In some
further experiments either ATP (300 uM) or the stable ATP
analogue, a,f-methylene-ATP (1-10 uM) was used instead of
electrical field stimulation to elicit vasoconstrictor responses.
Noradrenaline, ATP and «,f-methylene-ATP were added to
the superfusion solution until the constrictor response had
reached its maximum. The effect of other drugs on the
vasoconstrictor responses was tested by adding them to the
superfusion solution 50 min before the second stimulation
period.

Further experimental details are given in the Results sec-
tion.

Protocol B (overflow measurement)

The strips were incubated at 37°C for 30 min in 2 ml Krebs-
Henseleit solution containing 0.4 uM [*H}-noradrenaline.
After a washing period the strips were placed between two
parallel platinum electrodes and superfused with Krebs-
Henseleit solution. Drugs or solvent were administered by
infusion (16 pl min~"') into the superfusion stream. After an
equilibration period of 60 min, a priming stimulation (10 Hz
for 40 s, 100 mA, 0.3 ms) was given; 58 min after the priming
stimulation the superfusate was collected in 1, 5 or 10 min
periods. Then there were two electrical stimulations (S, and
S,), 60 min apart, at 10 Hz for either 10 or 40 s. The effect of
drugs was tested by adding them to the superfusion solution
42 min before S,. At the end of each experiment, the strips
were weighed (104.1 £12.7mg; n=29) and solubilized in
1 ml Soluene-350 (Canberra Packard, Frankfurt a. M., Ger-
many). The ATP content of the superfusate was measured
with the luciferase technique (von Kiigelgen & Starke, 1991b)
using the ATP bioluminescence HS assay kit (Boehringer
Mannheim, Mannheim, Germany) and a Biolumat LB 9500
C luminometer (Berthold, Wildbad, Germany). A blank
value obtained with fresh solution was subtracted from each
experimental value. Calibration curves for ATP were
obtained using Krebs-Henseleit solution as solvent. None of
the drugs used interfered with the assay. The amount of
tritium in the superfusate samples and the solubilized tissues
was measured by liquid scintillation counting. The outflow of
ATP was expressed in pmolmin~'g~! tissue. Outflow of
tritium was expressed as a fraction of the amount of tritium
present in the tissue at the onset of the respective collection
period (fractional rate of outflow; min~'). The electrically
evoked overflow of ATP and tritium was calculated as the

difference between the total overflow during the 7 min after
onset of stimulation, and the estimated basal outflow within
these 7 min. The basal outflow of ATP was assumed to be
the outflow in the 1 min interval before onset of stimulation,
and the electrically evoked overflow of ATP (total minus
basal) was expressed as pmol g~! tissue. The basal outflow of
tritium was assumed to change linearly from the 1 min inter-
val before to the interval 7—8 min after onset of stimulation,
and the electrically evoked overflow of tritium (total minus
basal; Bq) was expressed as a percentage of the tritium
content (Bq) of the tissue at the start of stimulation.

Materials

The following drugs were used: neuropeptide Y (NPY,
human) (Bachem, Heidelberg, Germany), suramin hexa-
sodium salt (Bayer, Wuppertal, Germany), adenosine 5'-
triphosphate disodium salt (ATP) (Boehringer Mannheim,
Mannheim, Germany), (- )-[ring-2,5,6-*H]-noradrenaline,
specific activity 1.62, 1.94 or 2.11 TBq mmol-! (Du Pont,
Dreieich, Germany), prazosin HCl (Pfizer, Karlsruhe, Ger-
many), phenoxybenzamine HCl (R6hm Pharma, Weiterstadt,
Germany), rauwolscine HCl (Roth, Karlsruhe, Germany),
guanethidine sulphate, «,f-methylene-ATP lithium salt, (-)-
noradrenaline HCIl, tetrodotoxin (Sigma, Deisenhofen, Ger-
many). Solutions of drugs were prepared with distilled water
(tetrodotoxin: sodium acetate buffer 0.1 M, pH 4.8). The
Krebs-Henseleit solution had the following composition
(mM): NaCl 118, KCl 4.7, CaCl, 2.5, MgSO, 0.45, NaHCO,
25, KH,PO, 1.03, glucose 11.1, disodium EDTA 0.07, ascor-
bic acid 0.07.

Statistics

Means * s.e.mean are given throughout. Differences between
means were tested for statistical significance by Student’s ¢
test. P<0.05 or lower was taken to be statistically
significant.

Results .

Human saphenous veins were cut into helical strips and
superfused with Krebs-Henseleit solution. Constrictor re-

Table 1 Constrictor responses to electrical field stim-
ulation, exogenous noradrenaline, ATP and a,B-methylene-
ATP in human saphenous vein

Constrictor Constrictor
responses responses
(mN) (mN)
Stimulus at 25°C at 37°C
2.5Hz 222+43 293%+79
(13) (8)
10 Hz 224%1.7 33.7+£3.2
(73) 45)
Noradrenaline 0.1 pm 31.2+27 33.613.1
(57 (33)
1 um 45947 56.3+3.7
(29) (49)
ATP 300 pMm 88+ 1.6
(16)
a,B-methylene-ATP 1 um 20.6 £ 3.6
(10)
10 M 36.3+17.0
3

"Strips of human saphenous veins were superfused with
Krebs-Henseleit solution at 25°C or 37°C. Constrictor
responses were elicited by electrical stimulation (2.5 or
10 Hz for 40s), exogenous noradrenaline, ATP or a,p-
methylene-ATP. Means * s.e.mean of () experiments.



sponses to electrical field stimulation, exogenous nor-
adrenaline, ATP and «,f-methylene-ATP in the absence of
drugs at 25°C and 37°C are shown in Table 1.

Effect of phenoxybenzamine on constrictor responses to
either 1, 4 and 10 Hz or to exogenous noradrenaline

There were two series (60 min apart) of consecutive electrical
stimulations at 1, 4 and 10 Hz (each for 40s) at 37°C.
Vasoconstrictor responses in the first series were 1.8t
1.1 mN, 5.8+ 2.1 mN and 12.2 * 1.6 mN, respectively (n = 4).
Phenoxybenzamine (10 uM), added to the superfusion solu-
tion 50 min before the second series of electrical stimulation
at 1, 4 and 10 Hz reduced the respective vasoconstrictor
responses to 2.5 0.9, 16.3+ 1.4 and 21.1 £ 1.9% of control
(n=4). The residual responses to electrical stimulation at 4
and 10 Hz in the presence of phenoxybenzamine were almost
abolished by further addition of tetrodotoxin (1 uM; n = 4;
not shown). Constrictor responses to exogenous noradren-
aline (1 uM) were abolished by phenyoxybenzamine (10 uM;
n=15; not shown).
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Figure 1 Effects of guanethidine (Gua) and tetrodotoxin (TTX) on
constrictor responses to electrical stimulation and exogenous
noradrenaline (NA) in human saphenous veins. Veins were super-
fused with Krebs-Henseleit solution at 25°C (a) or 37°C (b). There
were two stimulation periods (60 min apart). Each period consisted
of an electrical stimulation (S, or S,; at 10 Hz, 40's; open columns)
followed by a stimulation elicited by noradrenaline (N; or N,;
0.1 uM, cross-hatched columns or 1pmMm, hatched columns).
Guanethidine (10 uM), tetrodotoxin (1 pM) or their solvents (control,
Con) were added to the superfusion solution 50 min before S,.
Constrictor responses in the second stimulation period (S, or N,) are
expressed as a percentage of that in the first stimulation period (S, or
N,, respectively). Means+tse.mean of 3-15 experiments.
*Significant differences from corresponding control (solvent;
P<0.05).
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Effects of guanethidine and tetrodotoxin on constrictor
responses to either 10 Hz or exogenous noradrenaline

Guanethidine (10 pM) and tetrodotoxin (1 puMm), when added
to the superfusion solution 50 min before the second stimula-
tion period, almost abolished the vasoconstrictor responses
to electrical stimulation at 25°C and 37°C (Figure 1).
Vasoconstrictor responses to exogenous noradrenaline were
not significantly altered by either tetrodotoxin or guane-
thidine (Figure 1).

Effects of prazosin and rauwolscine on constrictor
responses to either 10 Hz or exogenous noradrenaline

Prazosin (0.3 pM) as well as rauwolscine (1 uM) reduced con-
strictor responses to electrical stimulation and to exogenous
noradrenaline (0.1, 1 uM) at 25°C and 37°C (Figure 2). The
combination of prazosin and rauwolscine abolished constric-
tor responses to noradrenaline (0.1, 1puM) at both
temperatures. However, constrictor responses to electrical
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Figure 2 Effects of prazosin (Pra), rauwolscine (Rau) and the com-
bination of prazosin and rauwolscine on constrictor responses to
electrical stimulation and exogenous noradrenaline (NA) in human
saphenous veins. Veins were superfused with Krebs-Henseleit solu-
tion at 25°C (a) or 37°C (b). There were two stimulation periods
(60 min apart). Each period consisted of an electrical stimulation (S,
or S,; at 10Hz, 40s; open columns) followed by a stimulation
elicited by noradrenaline (N, or N,; 0.1 uM, cross-hatched columns
or 1 puMm, hatched columns). Prazosin (0.3 pM or 3 pm), rauwolscine
(1 uM or 10 uM) or their solvent (control, Con) were added to the
superfusion solution 50 min before S,. Constrictor responses in the
second stimulation period (S, or N,) are expressed as a percentage of
that in the first stimulation period (S, or N,, respectively). Means
s.e.mean of 3-15 experiments. *Significant differences from corres-
ponding control (solvent; P <0.05).
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stimulation were further inhibited but not abolished by the
combination of prazosin and rauwolscine (Figure 2). Even
ten fold higher concentrations of prazosin and rauwolscine
(3 uM and 10 pM, respectively) failed to attenuate further the
constrictor responses to electrical stimulation (25°C; Figure
2). Tetrodotoxin (1 uM) added in addition to prazosin (3 um)
and rauwolscine (10 pM) markedly inhibited the residual res-
ponses to electrical stimulation (n = 5; not shown). Residual
constrictor responses to electrical stimulation obtained in the
presence of prazosin and rauwolscine were greater at 25°C
than at 37°C and were about 30% of control at 25°C (Figure
2; see also below Figure 4).

Effects of prazosin and rauwolscine on constrictor
responses to either 2.5 Hz or exogenous noradrenaline

Similar results were obtained when the veins were electrically
stimulated for 40 s at 2.5 Hz instead of at 10 Hz. The com-
bination of prazosin (0.3pM) and rauwolscine (1 puM)
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Figure 3 Time course of ATP outflow (a), trititum outflow (b) and
smooth muscle tension (c). Human saphenous veins were incubated
with [*H}-noradrenaline and then superfused with Krebs-Henseleit
solution at 37°C. There were two electrical stimulations (S, and S,,
120 and 180 min after the start of superfusion, each at 10 Hz, 40 s).
Solvent was added to the superfusion solution 42 min before S,.
Figure shows ATP and tritium outflow per minute as means
s.e.mean of 6 experiments and representative smooth muscle tension
tracings from one experiment.

abolished constrictor responses to exogenous noradrenaline
(0.1 pM) at 25°C and 37°C (not shown). Constrictor responses
to electrical stimulation were abolished at 37°C, but there
were residual constrictor responses (about 22% of control) at
25°C. These residual constrictor responses to electrical
stimulation tended to be smaller than those obtained with
stimulation at 10 Hz.

Effects of tetrodotoxin, prazosin and rauwolscine on
electrically evoked constrictor responses, tritium and
ATP overflow

Human saphenous veins were preincubated with [’H)-nor-
adrenaline and then superfused with Kreb-Henseleit solution
at 25°C or 37°C. Electrical stimulation elicited constrictor
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Figure 4 Effects of tetrodotoxin (TTX) and a combination of
prazosin and rauwolscine (Pra + Rau) on electrically evoked ATP
overflow (a), tritium overflow (b) and constrictor responses (c) in
human saphenous veins. Veins were superfused with Krebs-Henseleit
solution at 25°C (cross-hatched) or 37°C (open columns). There were
two stimulations (S, or S, 60min apart, each at 10 Hz, 40s).
Tetrodotoxin (0.5 pM), prazosin (0.3 uM), rauwolscine (1 uM) or their
solvents (control, Con) were added to the superfusion solution
42min before S,. Responses in the second stimulation period (S,)
were expressed as a percentage of that in the first stimulation period
(S1). Means * s.e.mean of 4—6 experiments. *Significant differences
from corresponding control (solvent; P <0.05).
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Table 2 Basal ATP and tritium outflow (b,) from human saphenous vein, and electrically evoked ATP and tritium overflow and

constriction (S;)

bl SI
ATP outflow Tritium outflow ATP overflow Tritium overflow Constriction
Stimulus (pmol min~' g~1) (min-") (pmol g~1) (% of tissue tritium) (mN) n
Temperature: 25°C
10 Hz, 40s 0.149 0.00044* 4.745 0.319 20.1 10
+0.039 + 0.00005 +1.522 +0.079 +3.6
Temperature: 37°C
10Hz, 10s 0.124 0.00083* 0.782 0.071* 13.1 5
+0.023 + 0.00006 +0.291 +0.016 23
10 Hz, 40s 0.094 0.00064* 1.949 0.331° 20.2 14
+0.016 + 0.00004 +0.496 +0.076 +35

After incubation with [*H]}-noradrenaline, human saphenous veins were superfused with Krebs-Henseleit solution at 25°C or 37°C. S,
was applied after 120 min of superfusion and consisted of either 100 pulses (10 Hz, 10 s) or 400 pulses (10 Hz, 40 s). b, refers to the
1 min period immediately before S,. Means * s.e.mean of n experiments.

*Corresponding to 36.8 £ 5.3 Bq min~'; bcorresponding to 159.0 * 32.7 Bq.

*Significant differences from experiments with 10 Hz, 40s at 37°C (P <0.05).

responses as well as an overflow of trittum and ATP. The
time course is shown for one experimental group in Figure 3
and mean values of the responses elicited by the first stimula-
tion period in the absence of drugs are summarized in Table
2. Electrical stimulation with 400 pulses (10 Hz for 40 s)
induced greater constrictor responses, tritium and ATP
overflow than stimulation with 100 pulses (10 Hz for 10s;
Table 2; 37°C). Constrictor responses and tritium overflow at
either 25°C or 37°C did not differ. The mean value of ATP
overflow obtained at 25°C was about twice that obtained at
37°C; however, this difference was not significant (P = 0.059).
Constrictor responses as well as tritium and ATP overflow to
400 pulses (10 Hz) were well reproducible after an interval of
60 min (Figures 3 and 4). Tetrodotoxin (0.5 uM) added
42 min before the second stimulation period abolished cons-
trictor responses as well as tritium and ATP overflow (Figure
4). The combination of prazosin (0.3 pM) and rauwolscine
(1 pM) reduced but did not abolish constrictor responses and
ATP overflow at 25°C and 37°C, whereas the combination
increased tritium overflow by about 120% at either
temperature (Figure 4). In the presence of prazosin and
rauwolscine the basal outflow of tritium was increased by
about 60% at both temperatures; the basal outflow of ATP
remained unchanged (not shown).

Effects of suramin on constrictor responses to 10 Hz,
noradrenaline, ATP and a,B-methylene-ATP at 37°C

Exogenous ATP (300 uM) and a,p-methylene-ATP (1-10 uMm)
elicited fast constrictor responses (mean values of the max-
imum increase in tension are shown in Table 1). The res-
ponses to ATP were transient; the smooth muscle tended to
return to baseline within 5 min after addition of ATP. The
responses to a,B-methylene-ATP, in contrast, were more sus-
tained (most prominently at 25°C, not shown). Suramin
(300 pM), when added to the superfusion solution 50 min
before the second stimulation period, almost abolished the
constrictor responses to ATP (300 uM) and «,f-methylene-
ATP (1 uM) (Figure 5). Suramin did not significantly reduce
constrictor responses to either 10 Hz or noradrenaline
(0.1 um) (Figure 5).

Effects of suramin on a-adrenoceptor blockade-resistant
constrictor responses to 10 Hz at 25°C

The combination of prazosin (0.3 uM) and rauwolscine
(1 pM) abolished the constrictor responses to noradrenaline,
but only partly reduced the constrictor responses to electrical
stimulation at 10 Hz (Figure 2). Suramin (300 uM), given in

addition to prazosin and rauwolscine, did not further
diminish the a-adrenoceptor blockade-resistant constrictor
responses to 10 Hz (Figure 6).

Constrictor responses to exogenous neuropeptide Y at
37rc

Neuropeptide Y (0.01, 0.1 and 1 pM) induced concentration-
dependent constrictor responses of 2.5% 1.0mN (n=13),
3321.1mN (n=14) and 8.0*3.6mN (n=11), respec-
tively.
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Figure 5 Effects of suramin (Sur) on constrictor responses (R) to
electrical stimulation, exogenous noradrenaline (NA), ATP and a,p-
methylene-ATP (mATP) in human saphenous veins. Veins were
superfused with Krebs-Henseleit solutio