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Nitric oxide modulates vascular permeability in the rat
coronary circulation
l'hnos G. Filep, Eva Foldes-Filep & Pierre Sirois

Department of Pharmacology, Faculty of Medicine, University of Sherbrooke, Sherbrooke, P.Q., Canada J1H 5N4

1 The objective of the present study was to assess whether inhibition of nitric oxide (NO) production
could modulate vascular permeability in the coronary circulation in conscious rats.
2 Intravenous injection of W-nitro-L-arginine methyl ester (L-NAME, 2 mg kg-') resulted in a slowly
developing hypertension and evoked twofold increases in vascular permeability in the left ventricle and
right atrium as measured by the extravasation of Evans blue dye. Maintenance of mean arterial blood
pressure at the level observed following L-NAME injection by infusion of noradrenaline (620-820 ng

kg-' min-') did not induce significant protein extravasation in the coronary circulation.
3 L-NAME treatment markedly enhanced (up to 490%) protein extravasation both in the left ventricle
and right atrium in response to platelet-activating factor (PAF, 1.9 nmol kg-', i.v.) and endothelin-1
(1 nmol kg-', i.v.). Noradrenaline infusion potentiated (up to 69%) endothelin-l-induced protein extra-
vasation. The permeability effect of PAF was only slightly enhanced by noradrenaline.
4 The present findings indicate that inhibition of endogenous NO synthesis leads to an increase in
protein extravasation and to potentiation of the permeability effects of PAF and endothelin-1 in the
coronary circulation. These results also suggest that NO may be an important regulator of vascular
permeability under physiological and pathological conditions.
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Introduction

Early myocardial oedema is a characteristic feature of the
inflammatory response associated with acute myocardial
ischaemia, especially with reperfusion of ischaemic tissues
(Steenbergen et al., 1985; Tranum-Jensen et al., 1987). Recent
studies have shown that ischaemia-reperfusion results in
elevated plasma concentrations of platelet-activating factor
(PAF) (Filep et al., 1989; Montrucchio et al., 1989) and
endothelin-1 (Yasuda et al., 1990; Watanabe et al., 1991).
Among other mediators, both PAF and endothelin-l have
been implicated as contributors to oedema formation during
ischaemia-reperfusion (Braquet et al., 1989; Filep et al.,
1991).

Nitric oxide (NO) synthesized by vascular endothelial cells
(Ignarro et al., 1987; Palmer et al., 1988) or certain blood-
borne cells (Ignarro, 1989) is a potent vasodilator substance.
Endothelium-derived NO appears to play a role in the regul-
ation of vascular tone and blood pressure (Ignarro, 1989;
Rees et al., 1989) and in the control of regional blood flow
(Gardiner et al., 1990). However, the actions of NO extend
beyond its vasodilator potential, as inhibition of platelet
aggregation (Radomski et al., 1987a) and adhesion of plate-
lets and neutrophil granulocytes to endothelial cells have also
been reported (Radomski et al., 1987b; Kubes & Granger,
1992). The objectives of the present experiments were to
study whether or not inhibition of NO synthesis by NI-nitro-
L-arginine methyl ester (L-NAME) (Rees et al., 1990) could
affect microvascular protein extravasation and to examine
whether or not L-NAME could modify the permeability
effect of PAF and endothelin-l in the coronary circulation in
conscious rats.

Methods

The experiments were performed on conscious, chronically
catheterized male Wistar rats (235-315 g). The animals were
kept in individual metabolic cages and were prepared as
described previously (Filep et al., 1987). Briefly, under anaes-
thesia (ketamine, 75 mg kg-1 and sodium pentobarbitone,
15 mg kg- ', i.p.) catheters were implanted into the abdominal
aorta and vena cava through the central tail artery and left
femoral vein, respectively. The venous catheter was led sub-
cutaneously to the root of the tail. The catheters emerging
from the tail were protected by an acrylic cuff connected to a
stainless steel spiral and were fed through the top of the
metabolic cage. The cuff was glued to the tail. The animals
were allowed to recover completely for at least 4 days follow-
ing the surgical procedure. During the experiments the
animals could move freely and had free access to food and
water. Mean arterial blood pressure was monitored con-
tinuously with an electromanometer using a Statham P23 dB
pressure transducer. To measure protein extravasation Evans
blue dye was used as a marker of vascular permeability.

Experimental protocols

On the day of the experiments, following an equilibration
period of 2 h, PAF (1.9 nmol kg-'), endothelin-1 (1 nmol
kg-') or their vehicle was injected i.v. together with Evans
blue dye (20mg kg-1, 25 mg ml1 in 0.9% NaCl). These
doses of PAF and endothelin-l have previously been shown
to enhance protein extravasation in selected vascular beds in
rats (Filep et al., 1991). Some animals were pretreated with
L-NAME (2 mg kg-'), an inhibitor of NO synthesis (Rees et
al., 1990), for 10 min before injection of PAF or endothelin-
1. Preliminary experiments showed that increasing the dose
of L-NAME did not cause further increase in arterial blood
pressure. In some rats, mean arterial blood pressure was
maintained at the level observed following L-NAME injection
by the continuous i.v. infusion of noradrenaline (620-820
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ng kg-'min-', 6.9 Il min-') for 10 min before injection of
PAF or endothelin-1. Ten min after the injection of PAF or
endothelin-1, the animals were anaesthetized with sodium
pentobarbitone (50mg kg', i.v.) and the heart was perfused
with 40 ml of 0.9% NaCl through a catheter inserted into the
aorta. Portions of the anterior wall of the left ventricle and
the right atrium were excised and weighed. Approximately
half of each tissue was put in formamide (4 ml per g wet
weight tissue at 20'C for 24 h), while the other half was dried
at 60'C for 24 h. The amount of Evans blue extracted in
formamide was determined by spectrophotometry. Evans
blue content of each sample was expressed as jig dye per g
dry weight of tissue to avoid underestimation of changes due
to plasma fluid extravasation.

Materials

Endothelin-1 was a gift from Dr A. Fournier (INRS-Sante,
Montreal, Canada). PAF (l-O-hexadecyl-2-O-acetyl-sn-gly-
cero-3-phosphorylcholine) was purchased from Bachem,
Bubendorf, Switzerland; L-NAME, noradrenaline hydro-
chloride and Evans blue dye were obtained from Sigma
Chemical Co., St. Louis, MO, U.S.A. All chemicals were
dissolved in 0.9% NaCl immediately before the experiments.

Statistics

Results are expressed as means ± s.e.mean. Statistical ana-
lysis of the data were performed by Dunn's multiple contrast
hypothesis test (Dunn, 1964) and by Mann-Whitney U test.
A P<0.05 level was considered significant for all tests.

Results

Bolus i.v. injection of endothelin-l (1 nmol kg-') increased
myocardial Evans blue content on average by 84 and 123%
in the left ventricle and right atrium, respectively, whereas
PAF (1.9 nmol kg-') caused slight, statistically non-signi-
ficant increases in both tissues (Figures 1, 2). Intravenous
administration of L-NAME (2 mg kg-') resulted in a slowly
developing sustained hypertension, with the maximal change
occurring between 6 and 8 min after injection (Figure 3).
Thereafter mean arterial blood pressure remained stable for
the next 20 min. L-NAME produced an increase of 108 and
89% in Evans blue content in the left ventricle (Figure 1) and
right atrium (Figure 2), respectively. Maintenance of blood
pressure at the level observed following L-NAME injection
by infusion of noradrenaline (620-820ngkg-lmin-') did
not affect protein extravasation significantly (Figures 1, 2).
The time course of changes in mean arterial blood pressure
in response to PAF and endothelin-1 was similar in animals
receiving L-NAME or noradrenaline, except that L-NAME
slightly attenuated the magnitude and duration of the depres-
sor effect of endothelin-1 (36 ± 2 mmHg vs. 48 ± 4 mmHg
decrease in L-NAME and noradrenaline-treated animals,
respectively, n = 6, P< 0.05). The maximum depressor res-
ponses to PAF were 80± 3 mmHg and 78 ± 3 mmHg in
L-NAME and noradrenaline-treated animals, respectively
(n=6, P>0.1).
L-NAME treatment markedly potentiated the permeability

effect of both PAF and endothelin-1, resulting in 198 and
490% increases in tissue Evans blue content in the left ventri-
cle, respectively (Figure 1). Similarily, tissue Evans blue con-
tent in the right atrium increased on average by 160 and
373% in L-NAME-treated animals in response to PAF and
endothelin-1, respectively (Figure 2). Noradrenaline infusion
enhanced PAF-induced protein extravasation by 30 and 11%
in the left ventricle and right atrium, respectively (Figures 1,
2). These changes were, however, statistically not significant.
On the other hand, noradrenaline infusion significantly
potentiated the permeability effects of endothelin-1 both in
the ventricle and atrium, as evidenced by the 69 and 24%
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Figure 1 Effects of NG-nitro-L-arginine methyl ester (L-NAME) on
protein extravasation in the left ventricle of conscious rats. The
animals were pretreated with L-NAME (2 mg kg-'), noradrenaline
(NA, 620-820 ng kg-' min-') or 0.9% NaCl (control, C) for 10 min
before i.v. bolus injection of endothelin-l (ET, 1 nmol kg-') or PAF
(1.9 nmol kg-') plus Evans blue dye (20mg kg-'). The rats were
killed 10 min after injection of endothelin-1 or PAF. Values are
means of 6 experiments with s.e.mean shown by vertical lines.
*P<0.05; **P<0.01 (compared to control by Dunn's multiple
contrast hypothesis test).

increases in tissue Evans blue content, respectively (Figures 1,
2). Combined administration of L-NAME and PAF evoked 2
and 2.3 fold higher increases in protein extravasation in the
left ventricle and right atrium, respectively, than those detect-
ed following PAF injection during noradrenaline infusion
(n = 6, P< 0.01). Similarly, tissue Evans blue content in the
left ventricle and right atrium were 1.9 and 1.7 times higher,
respectively, in response to endothelin-1 in L-NAME-treated
animals than those evoked by endothelin-l in animals receiv-
ing noradrenaline infusion (n = 6, P <0.01).

Discussion

The present results indicate that inhibition of NO synthesis
increases microvascular protein extravasation and potentiates
the permeability effect of PAF and endothelin-1 in the rat
coronary circulation. Furthermore, L-NAME did not modify
the depressor effect of PAF, whereas it slightly attenuated
both the magnitude and duration of the depressor response
to endothelin-1. Although we have not measured in vivo NO
formation, it might be expected that with the supramaximal
dose of L-NAME used, NO synthase would be completely
blocked. Thus, it seems likely that the depressor effect of
PAF and a major part of the depressor action of endothelin-
1 may occur independently of NO formation.

Inhibition of NO formation with L-NAME resulted in
about twofold increases in protein extravasation both in the
left ventricle and right atrium. It seems unlikely that an
increase in perfusion pressure (Humphries et al., 1991), and
consequently in capillary hydrostatic pressure could account
for the increased protein extravasation, since elevation of
mean arterial blood pressure by infusion of noradrenaline did
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Figure 2 Effects of NG-nitro-L-arginine methyl ester (L-NAME) on
protein extravasation in the right atrium of conscious rats. The
animals were pretreated with L-NAME (2 mg kg-'), noradrenaline
(NA, 620-820 ng kg-' min-') or 0.9% NaCl (control, C) for 10 min
before i.v. bolus injection of endothelin-I (ET, I nmol kg-') or PAF
(1.9 nmol kg-') plus Evans blue dye (20mg kg-'). The rats were
killed 10 min after injection of endothelin-I or PAF. Values are
means of 6 experiments with s.e.mean shown by vertical lines.
*P< 0.05; **P< 0.01 (compared to control by Dunn's multiple
contrast hypothesis test).

not mimic the effects of L-NAME on vascular permeability.
Furthermore, L-NAME has recently been reported to
decrease capillary hydrostatic pressure in the cat mesenteric
circulation (Kubes & Granger, 1992). The enhanced protein
extravasation by L-NAME cannot probably be attributed to
an increase in capillary surface area for protein filtration
since vasoconstrictors like L-NAME generally cause derec-
ruitment of capillaries (Granger et al., 1989), Another pos-
sibility might be that NO can preserve endothelial function.
Indeed, inhibition of NO synthesis promotes adhesion of
platelets and neutrophil granulocytes to the endothelium
(Radomski et al., 1987a,b; Kubes & Granger, 1992), an event
that is known to induce endothelial dysfunction (Lefer et al.,
1991). Since the continuous release of NO may serve to
scavange small amounts of superoxide released by endothelial
cells, inhibition of NO synthesis might result in accumulation
of superoxide radicals (Kubes & Granger, 1992), which, in
turn, can enhance microvascular permeability (Del Maestro
et al., 1981).

Mediator-stimulated increase in protein extravasation is
thought to be attributable primarily to induction of inter-
endothelial cell gap formation exclusively in the venules
(Bjork & Smedegard, 1983; Grega et al., 1986). This leads to
opening of the variable large-pore system, the dominant
macromolecular transport pathway operant in inflammation
(Grega et al., 1986). Although activation of this transport
pathway appears to be independent of haemodynamic
changes, elevation of microvascular hydrostatic pressure can
promote protein filtration if large pores are open (Grega et
al., 1986). The present findings with noradrenaline infusion
are consistent with this hypothesis. By inducing capillary
venoconstriction, noradrenaline is capable of increasing capil-
lary hydrostatic pressure. However, this alone would not lead
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Figure 3 Blood pressure responses to endothelin-l and PAF in
untreated conscious rats (a), following N0-nitro-L-arginine methyl
ester (L-NAME) administration (b) and during infusion of
noradrenaline (c). L-NAME (2 mg kg-') was injected i.v. or infusion
of noradrenaline (NA, 620-820 ng kg- ' min -') was started at 5 min.
Endothelin-l (1 nmol kg-') (0), PAF (1.9 nmol kg-') (-) or 0.9%
NaCl (0) were injected i.v. at 15 min in a volume of 4 pl per 100 g
body weight. Values are means of 6 experiments with s.e.mean
shown by vertical lines.

to enhanced protein filtration, as was confirmed in the pre-
sent study. On the other hand, the increased capillary hydro-
static pressure might have potentiated endothelin-l-induced
protein extravasation. A similar tendency was observed when
PAF and noradrenaline administration was combined. How-
ever, these changes were not statistically significant probably
due to the weak effect of PAF on protein extravasation in the
coronary circulation and the relatively low number of obser-
vations.
The present study also showed that L-NAME markedly

potentiated protein extravasation evoked by PAF and endo-
thelin-l. Furthermore, Evans blue dye contents in the left
ventricle and right atrium were approximately twofold higher
when these mediators were injected in the presence of L-
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NAME than in the presence of noradrenaline despite the fact
that L-NAME and noradrenaline evoked similar changes in
mean arterial blood pressure. Thus, it seems unlikely that the
potentiating effect of L-NAME could be attributed to an
increase in perfusion pressure. Since unlike noradrenaline,
L-NAME has been reported to decrease rather than increase
capillary hydrostatic pressure (Kubes & Granger, 1992), one
may assume that L-NAME and noradrenaline do not
enhance the permeability response to PAF and endothelin-l
through common mechanisms. Indeed, the potentiating effect
of L-NAME could be explained by endothelial dysfunction
secondary to inhibition of NO formation (see above). The
findings that NO donors can decrease myocardial necrosis
and attenuate endothelial dysfunction in the early phase of

myocardial ischaemia-reperfusion (Siegfried et al., 1992) lend
further support to this hypothesis.

In conclusion, the present data demonstrate that inhibition
of endogenous NO synthesis results in an increase in protein
extravasation and potentiation of the permeability effects of
PAF and endothelin-I and suggest an important role for NO
in regulating vascular permeability in the coronary circula-
tion under physiological and pathological conditions.

We thank Dr A. Fournier (INRS-Sant6, Montreal, Canada) for
generously supplying us with endothelin-1. This study was supported
by a grant from the Medical Research Council of Canada. J.G.F.
and E.F.-F. are in receipt of Fellowships from the Medical Research
Council of Canada.

References

BJORK, J. & SMEDEGARD, G. (1983). Acute microvascular effects of
PAF-acether, as studied by intravital microscopy. Eur. J. Phar-
macol., 96, 87-94.

BRAQUET, P., PAUBERT-BRAQUET, M., KOLTAI, M., BOURGAIN, R.,
BUSSOLINO, F. & HOSFORD, D. (1989). Is there a case for PAF
antagonists in the treatment of ischemic states? Trends Phar-
macol. Sci., 10, 23-30.

DEL MAESTRO, R.F., BJORK, J. & ARFORS, K.E. (1981) Increase in
microvascular permeability induced by enzymatically generated
free radicals. I. In vivo study. Microvascular Res., 22, 239-254.

DUNN, O.J. (1964). Multiple comparisons using rank sums. Tech-
nometrics, 6, 241-252.

FILEP, J., FOLDES-FILEP, E. & FROLICH, J.C. (1987). Vascular res-
ponses to leukotrienes B4, C4 and D4 following FPL 55712,
indomethacin, saralasin, phentolamine and verapamil in the cons-
cious rat. Br. J. Pharmcol., 90, 431-439.

FILEP, J., HERMAN, F., BRAQUET, P. & M6ZES, T. (1989). Increased
levels of platelet-activating factor in blood following intestinal
ischemia in the dog. Biochem. Biophys. Res. Commun., 158, 353-
359.

FILEP, J.G., SIROIS, M.G., ROUSSEAU, A., FORNIER, A. & SIROIS, P.
(1991). Effects of endothelin-l on vascular permeability in the
conscious rat: interactions with platelet-activating factor. Br. J.
Pharmacol., 104, 797-804.

GARDINER, S.M., COMPTON, A.M., BENNETT, T., PALMER, R.M.J. &
MONCADA, S. (1990). Control of regional blood flow by endothe-
lium-derived nitric oxide. Hypertension, 15, 486-492.

GRANGER, D.N., KVIETYS, P.R., KORTHUIS, R.J. & PREMEN, A.J.
(1989). Microcirculation of the intestinal mucosa. In Handbook of
Physiology. The Gastrointestinal System, Motility and Circulation.
Vol. 1, pp. 1405-1474. Bethesda, M.D.: Am. Physiol. Soc.

GREGA, J.G., ADAMSKI, S.W. & DOBBINS, D.E. (1986). Physiological
and pharmacological evidence for the regulation of permeability.
Fed. Proc., 45, 96-100.

HUMPHRIES, R.G., CARR, R.D., NICOL, A.K., TOMLINSON, W. &
O'CONNOR, S.E. (1991). Coronary vasoconstriction in the cons-
cious rabbit following intravenous infusion of L-NG-nitro-
arginine. Br. J. Pharmacol., 102, 565-566.

IGNARRO, L.J. (1989). Biological actions and properties of endo-
thelium-derived nitric oxide formed and released from arteries
and veins. Circ. Res., 65, 1-21.

IGNARRO, L.J., BUGA, G.M., WOOD, K.S., BYRNS, R.E. & CHAUD-
HURI, G. (1987). Endothelium-derived relaxing factor produced
and released from artery and vein is nitric oxide. Proc. Natl.
Acad. Sci. U.S.A., 84, 9265-9269.

KUBES, P. & GRANGER, D.N. (1992). Nitric oxide modulates micro-
vascular permeability. Am. J. Physiol., 262, H61 1-H615.

LEFER, A.M., TSAO, P.S., LEFER, D.J. & MA, X.L. (1991). Role of
endothelial dysfunction in the pathogenesis of reperfusion injury
after myocardial ischemia. FASEB J., 5, 2029-2034.

MONTRUCCHIO, G., ALLOATTI, G., TETTA, C., DE LUCA, R., SAUN-
DERS, R.N., EMANUELLI, G. & CAMUSSI, G. (1989). Release of
platelet-activating factor from ischemia-reperfused rabbit heart.
Am. J. Physiol., 256, H1236-H1246.

PALMER, R.M.J., ASHTON, D.S. & MONCADA, S. (1988). Vascular
endothelial cells synthesize nitric oxide from L-arginine. Nature,
333, 664-666.

RADOMSKI, M.W., PALMER, R.M.J. & MONCADA, S. (1987a). Com-
parative pharmacology of endothelium-derived relaxing factor,
nitric oxide and prostacyclin in platelets. Br. J. Pharmacol., 92,
181-187.

RADOMSKI, M.W., PALMER, R.M.J. & MONCADA, S. (1987b). Endo-
genous nitric oxide inhibits human platelet adhesion to vascular
endothelium. Lancet, Hi, 1057-1058.

REES, D.D., PALMER, R.M.J. & MONCADA, S. (1989). Role of endo-
thelium-derived nitric oxide in the regulation of blood pressure.
Proc. Nati. Acad. Sci. U.S.A., 86, 3375-3378.

REES, D.D., PALMER, R.M.J., SHULTZ, R., HODSON, H.F. & MON-
CADA, S. (1990). Characterization of three inhibitors of endo-
thelial nitric oxide synthase in vitro and in vivo. Br. J. Pharmacol.,
101, 746-752.

SIEGFRIED, M.R., ERHARDT, J., RIDER, T., MA, X.L. & LEFER, A.M.
(1992). Cardioprotection and attenuation of endothelial dysfunc-
tion by organic nitric oxide donors in myocardial ischemia-
reperfusion. J. Pharmacol. Exp. Ther., 260, 668-675.

STEENBERGEN, C., HILL, M.L. & JENNINGS, R.B. (1985). Volume
regulation and plasma membrane injury in aerobic, anaerobic
and ischemic myocardium in vitro. Effects of osmotic cell swelling
on plasma membrane integrity. Circ. Res., 57, 864-875.

TRANUM-JENSEN, J., JANSE, M., FIOLET, J.W.T., KRIEGER, W.J.G.,
D ALNONCOURT, C.N. & DURRER, D. (1987). Tissue osmolality,
cell swelling and reperfusion in acute regional myocardial
ischemia in the isolated porcine heart. Circ. Res., 49, 364-381.

WATANABE, T., SUZUKI, N., SHIMAMOTO, N., FUJINO, M. &
IMADA, A. (1991). Contribution of endogenous endothelin to the
extension of myocardial infarct size in rats. Circ. Res., 69,
370-377.

YASUDA, M., KOHNO, M., TAHARA, A., ITAGANE, H., TODA, I.,
AKIOKA, K., TERAGAKI, M., OKU, H., TAKEUCHI, K. & TAKE-
DA, T. (1990). Circulating immunoreactive endothelin in ischemic
heart disease. Am. J. Heart., 119, 801-806.

(Received July 23, 1992
Revised September 14, 1992

Accepted September 23, 1992)


