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Endothelium-dependent relaxation induced by
angiotensin II and histamine in isolated arteries of dog
Noboru Toda

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

1 In helical strips of dog renal and mesenteric arteries pre-contracted with prostaglandin F2X
(PGF2<,), endothelium-dependent relaxations were investigated. Removal of the endothelium was
shown histologically by staining with silver nitrate and functionally by testing the inability of
acetylcholine to induce arterial relaxations.
2 When the endothelium was removed, relaxation of renal arteries to angiotensin (Ang) II was
markedly suppressed, whereas relaxations induced by PGI2 or isoprenaline were attenuated only
slightly. Removal of the endothelium attenuated the relaxant response of mesenteric arteries to
histamine but did not significantly alter the response to PGI2.
3 Treatment with indomethacin caused an additional attenuation of the relaxant response to
histamine or a reversal of the Ang II-induced relaxation to a contraction in the arterial strips, from
which the endothelium had been removed.
4 Relaxation of renal arteries induced by Ang II and of mesenteric arteries induced by histamine is
postulated to result from PGI2 released from the arterial wall. Therefore, it appears that the
endothelium is a major site but not the only site responsible for drug-induced release of PGI2.

Introduction

In earlier papers (Toda & Miyazaki, 1981; Toda,
1981), it has been postulated that relaxation induced
by angiotensin (Ang II) of dog renal arterial strips is
mediated by prostaglandin 12 (PGI2) released from
the arterial wall via the stimulation of Ang II recep-
tors, since the relaxation is reversed to a contraction
by aspirin and indomethacin, cyclo-oxygenase in-
hibitors, abolished by Ang II antagonists, and sup-
pressed by 15-hydroperoxyarachidonic acid and
tranylcypromine, PGI2 synthesis inhibitors, or by
dexamethasone, an inhibitor of phospholipase A2. A
PGI2-like substance is also detected in the superfu-
sate of renal arteries in response to Ang II by the
cascade method with isolated stomach of rat and dog
coronary artery strips (Toda & Miyazaki, 1981). The
PGI2-releasing activity of Ang II has also been ob-
served in the dog kidney and lung (Shebuski &
Aiken, 1980; Dusting, 1981) and rat kidney and
mesenteric artery (Shibouta et al., 1979; Nolan et al.,
1981; Desjardins-Giasson et al., 1982).
On the other hand, we have shown that the rapid

phase of histamine-induced relaxation of isolated
mesenteric arteries of the dog mediated via H1 recep-
tors is suppressed by cyclo-oxygenase inhibitors, sug-
gesting the involvement of released PGI2 (Toda et al.,
1982). The release of a PGI2-like substance via Hl-

receptors from dog mesenteric arteries and cultured
human umbilical vein endothelial cells has been de-
monstrated (Baenziger et al., 1980; Toda et al.,
1982).
PGI2 has been shown to be synthesized mainly in

endothelial cells or the intimal surface of blood ves-
sels (Moncada et al., 1977; Weksler et al., 1978;
Maclntyre et al., 1978; Marcus et al., 1978; Eldor et
al., 1981). In rabbit isolated aortae, from which
endothelial cells are removed, relaxations induced by
acetylcholine, Ca2+ ionophore A23187 and ATP are
abolished or reversed to contractions (Furchgott &
Zawadzki, 1980; Furchgott et al., 1981). Since these
relaxations are not influenced by aspirin and in-
domethacin, but suppressed by 5,8,11,14-
eicosatetraynoic acid, an inhibitor of cyclo-
oxygenase and lipoxygenase, or mepacrine, a phos-
pholipase A2 inhibitor, the involvement of lipox-
ygenase products but not cyclo-oxygenase products,
released from the vascular wall in the relaxation is
postulated.
The present study was carried out in order to

determine the role of endothelial cells in the relaxa-
tion caused by Ang II in dog renal arteries and by
histamine in dog mesenteric arteries, which is consi-
dered to result from the release of PGI2-
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Methods

Mongrel dogs of either sex, weighing 7 to 13 kg, were
anaesthetized with intraperitoneal injections of
sodium thiopentone (50mg kg-1) and killed by
bleeding from the common carotid arteries. The kid-
ney was rapidly removed. Intrarenal, interlobar
branches of the renal artery (0.5 to 0.8 mm o.d.) were
isolated. Distal portions of the superior mesenteric
artery (0.6 to 0.8 mm) were also isolated. The ar-
teries were cut into spiral strips, approximately
20mm long. The strips were fixed vertically between
hooks in a muscle bath containing the modified
Ringer-Locke solution, which was aerated with a
mixture of 95% 02 and 5% CO2 and maintained at
37 ± 0.3°C. The hook fixing the upper end of the
strips was connected to the lever of a force-
displacement transducer (Nihonkohden Kogyo Co.,
Tokyo, Japan). The resting tension was adjusted to
1.5 g sufficient to induce the maximum contraction
(Toda et al., 1978). Constituents of the solution were
as follows (mM); Na+ 144.8, K+ 5.4, Ca2+ 2.2,
Mg2+ 1.0, Cl- 131.6, HC03- 25.0, and glucose 5.6.
The pH of the solution was 7.3 to 7.4. Before the start
of experiments, the arterial strips were allowed to
equilibrate for 60 to 90 min in the bathing media,
during which time the bathing fluids were replaced
every 10 to 15 min.

Isometric contractions and relaxations were re-
corded on an ink-writing oscillograph (Nihonkohden
Kogyo Co.). The contractile response to 30mM K+
was first obtained. The arterial strips were washed
three times with fresh media and equilibrated for 40
to 50min. The strips were partially pre-contracted
with PGF2, (10-7 to 6 x 10-7M); the contraction was
in a range between 20 and 30% of the contraction
induced by 30mM K+. Ang II in a concentration of
10-7 M or histamine in a concentration of 10-6 M was
added, and after the tension had returned and stabil-
ized, PGI2 (10-8M) and isoprenaline (10-7M) were
added. The concentration of Ang II used was suffi-
cient to produce the maximum relaxation (Toda &
Miyazaki, 1981), and the concentration of histamine
was approximately the median effective concentra-
tion (Konishi et al., 1981). At the end of each series
of experiments, papaverine (10-4M) was added to
produce the maximum relaxation (Toda, 1974); re-
laxations induced by Ang II, histamine, PGI2, isop-
renaline or acetylcholine relative to those induced by
papaverine are presented. The response to Ang II
was obtained three times to confirm the reproducibil-
ity. The third response was taken as a control. After
the third trial, tachyphylaxis did not develop (Toda &
Miyazaki, 1981). Arterial strips had been treated for
30 min with aspirin or indomethacin, before Ang II
or histamine was added.
One of two renal or mesenteric arterial strips ob-

tained from the same dog was used as a control, and
the intimal surface of the other strip was rubbed with
filter paper as described by Furchgott & Zawadzki
(1980). The endothelium was examined histological-
ly by a silver staining procedure (Caplan et al., 1974).
The strips were immersed successively in the dark in
the HEPES buffered solution (pH 7.4) containing
4.6% glucose for 150s, 0.4% AgNO3 in 4.2% glu-
cose solution for 90 s, and 4.6% glucose solution for
60 s. Marked silver-stained demarcation of endothel-
ial cells was seen only in the unrubbed strip in experi-
ments with 4 pairs of mesenteric arteries and 3 pairs
of renal arteries from different dogs. In rubbed and
unrubbed strips pre-contracted with PGF2a, re-
sponses to 10-6 M acetylcholine were compared.
The results shown in the text and figures are

expressed as mean values ± s.e.mean. Statistical
analyses were made using Student's paired and
unpaired t test. Drugs used were angiotensin II (Ang
II, Protein Research Foundation, Osaka, Japan),
prostaglandin I2 sodium salt (PG12, Ono Phar-
maceutical Co., Osaka), acetylsalicylic acid (aspirin),
indomethacin, acetylcholine chloride, (±)-
isoprenaline hydrochloride, prostaglandin F2a and
papaverine hydrochloride.

Results

Angiotensin II-induced relaxation in renal arteries

The addition of 10-7M Ang II caused a slight, trans-
ient contraction followed by a moderate relaxation in
renal arterial strips partially precontracted with
PGF2, (Figure 1). The Ang-induced relaxation was
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Figure 1 Responses of a renal arterial strip of the dog
to angiotensin II (AII, 10-7 M), acetylcholine (ACh,
106M), prostacyclin (PGI2, 10 8M) and isoprenaline
(ISO, 10-7 M) before and after treatment with in-
domethacin. The strip was partially precontracted with
PGF2<X (3 x 10-7 M for upper tracings and 2 x 10-7M for
the lower); horizontal lines just left of the tracings
represent the level prior to the addition of PGF2,t. In the
upper tracing, PGF2,t, 1-7M was additionally applied
to restore the active tone after acetylcholine.
Pap = 10-4M papaverine.
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Figure 2 Responses to acetylcholine (ACh, 10-6 M),
angiotensin II (A II, 10-7 M), prostacyclin (PGI2,
10-8M) and isoprenaline (Iso, 10-7M) of dog renal
arterial strips with (upper tracings) and without the
endothelium (lower). Horizontal lines just left of the
tracings represent the level prior to the addition of
PGF2 (4 x 10- M). After the addition of PGI2 in the
upper right tracing, PGF2,, (10-7 M) was added to re-
store the active tone. Pap = 10-4 M papaverine.

reversed to a contraction by treatment with in-
domethacin (3 x 10-7 M) or aspirin (5 x 10-I M), al-
though these drugs did not attenuate the relaxant
response to PGI2 and isoprenaline (Figure 1). This
action of the octapeptide has been analyzed previ-
ously and the involvement of PGI2, released from the
arterial wall, in the relaxation has been suggested
(Toda & Miyazaki, 1981; Toda, 1981).
Removal of the endothelium by rubbing reversed

the acetylcholine-induced relaxation to a slight con-
traction in one of 23 renal arterial strips, abolished
the relaxation as shown in Figure 2 in 9 strips, and
markedly attenuated the relaxation in the remaining
13. Ang-induced relaxations were also reversed to
slight contractions by rubbing in 5 out of 23 strips and
markedly suppressed in the remaining 18 (Figure 2).
The transient contraction induced by 1O-M Ang II
was not appreciably altered; mean values in control
and rubbed strips were 192 ± 36 mg and 153 ± 34 mg
(n = 23), respectively. Relaxant responses to PGI2
and isoprenaline were attenuated only slightly.
Quantitative data are summarized in Figure 3. Relax-
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Figure 3 Relaxations induced by acetylcholine (ACh,
10-6 M), angiotensin II (Ang II, 10-7 M), prostacyclin
(PGI2, 10-8M) and isoprenaline (Iso, 10-7 M) in control
(open columns) and rubbed (solid columns) renal arteri-
al strips. Relaxations induced by 10-4 M papaverine
were taken as 100%; mean absolute values in control
and rubbed strips were 718 ± 57 mg and 709 66 mg
(n = 23), respectively, with acetylcholine, 877 74 mg
and 797 ± 64mg (n = 23), respectively, with Ang II,
1047 ± 77 mg and 847 ± 57 mg (n = 22), respectively,
with PGI2, and 588 ± 66 mg and 660 ± 57 mg (n = 11),
respectively, with isoprenaline. n = number of prepara-
tions used. aSignificantly different from control,
P<0.001;b P<0.01;cP<0.02.
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Figure 4 Modification by indomethacin (3 x 10-7M)
of the response to angiotensin II (Ang II) 10-7M of
control and rubbed renal arterial strips: open columns,
non-treated; hatched columns, indomethacin-treated.
Relaxations induced by 10-4 M papaverine were taken
as 100%; mean absolute values in control and rubbed
strips before treatment with indomethacin were

718 ± 130 mg and 623 ± 169 mg (n = 5), respectively.
Contractions induced by 30mm K+ were taken as

100%; mean absolute values in control and rubbed
strips treated with indomethacin were 3952±489mg
and 3346 ± 405 mg (n = 5), respectively.
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In 5 control strips, Ang-induced relaxations were
reversed to contractions, by treatment with in-
domethacin as shown in Figure 4 (left two columns;
significantly different, P<0.01). Treatment of rub-
bed strips with indomethacin also reversed the slight
relaxation to a contraction (right two columns), the
difference again being statistically significant
(P <0.01).
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Histamine-induced relaxation in mesenteric arteries

The addition of histamine in a concentration of
10-6M produced a rapidly-developing relaxation in
dog mesenteric arterial strips partially precontracted
with PGF2a, the minimum level of tension being
partially restored (Figure 5, top). The relaxant re-
sponse was attenuated by removal of the en-
dothelium. However, relaxations induced by PGI2
and isoprenaline were not influenced. Figure 6 shows
quantitative data obtained in control and rubbed
strips. Relaxations induced by acetylcholine were
reversed to contractions by removal of the en-
dothelium in 8 out of 17 strips (Figure 5, lower left),
abolished in 3 strips and markedly attenuated in the
remaining 6. Histamine-induced relaxations were

0
10 min

Figure 5 Responses of control (upper two tracings)
and rubbed mesenteric arterial strips (lower two) to
10-6M acetylcholine (ACh), 10-6M histamine (H),
10-8M prostacyclin (PGI2) and 10-7M isoprenaline
(Iso) before and after treatment with indomethacin.
Two strips obtained from the same dog were partially
precontracted with PGF2, (2 x 10-7 M); horizontal lines
just left of the tracings represent the level prior to the
addition of PGF2a. Pap, 10-4M papaverine.

ations induced by acetylcholine (10-6M) and Ang II
(10-7 M) were markedly inhibited by removal of the
endothelium, whereas those induced by PGI2
(10-8M) and isoprenatine (10-7 M) were attenuated
to an appreciably smaller extent. Average inhibitions
by rubbing of the relaxation induced by Ang II and
PGI2 were 78.1 and 31.5%, respectively. Such a
difference does not appear to derive from a greater
relaxation induced by PGI2 than by Ang II
(73.4±4.6% vs. 56.2±4.5% relative to relaxations
induced by 10-4M papaverine), since in preparations
showing less relaxation induced by PGI2 (mean value
of 57.8%, n = 10), the inhibition of the response by
rubbing was only 2 1.2%. Papaverine in a concentra-
tion of 10-4M maximally relaxed the control and
rubbed arterial strips; further increase in the con-
centration to 3 x 10-4M did not produce an addition-
al relaxation.
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Fegur 6 Relaxations induced by acetylcholine (ACh,
10-6M), histamine (H, 10-6M) and prostacyclin (PGI2,
10-8 M) in control (open columns) and rubbed (closed
columns) mesenteric arterial strips. Relaxations induced
by 10-4 M papaverine were taken as 100%; mean abso-
lute values in control and rubbed strips were
615±50mg and 536±52mg (n= 17), respectively,
with acetylcholine, 696±48mg and 612±66mg
(n = 17), respectively, with histamine, and 394 ± 49 mg
and 441 ± 78 mg (n = 16), respectively, with PGI2.
aSignificantly different from control, P<0.001.
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Flgure 7 Modification by indomethacin (3 x 10-7 M)
of the relaxant response to histamine of control and
rubbed mesenteric arterial strips. Relaxations induced
by 10-4 M papaverine were taken as 100%; mean abso-
lute values in control and rubbed strips before treatment
with indomethacin (open columns) were 690 ± 77mg
and 603 ± 132 mg (n = 8), respectively, and those in the
strips treated with indomethacin (hatched columns)
were 696±118mg and 561±82mg (n=8), respec-

tively.

moderately attenuated, while relaxations induced by
PGI2 tended to be decreased, the difference being
statistically insignificant. Mean inhibitions of the re-

laxation induced by histamine and PGI2 by rubbing
were 44.2 and 11.8%, respectively. In 5 strips, in
which only a moderate relaxation was induced by
PGI2 (62.6% vs. histamine-induced relaxation of
58.2%), the inhibition of the relaxation by rubbing
was only 19.8%, which was appreciably less than the
inhibition of the histamine-induced relaxation
(44.2%).

Relaxant responses of 8 mesenteric arterial strips
to histamine were significantly attenuated by treat-
ment with indomethacin (3 x 10-7M) (P<0.001,
Figures 5 and 7, left two columns). In the strips in
which the histamine-induced relaxation was signific-
antly attenuated by rubbing (P <0.05, right open

column as compared with left open column), in-
domethacin produced additional inhibition of the
relaxation, the difference being statistically signific-
ant (P< 0.05, Figure 7, right two columns).

Discussion

Rubbing of the intimal surface of dog renal and
mesenteric arterial strips abolished the relaxant re-

sponse to acetylcholine almost completely, suggest-
ing the removal of endothelial cells (Furchgott &
Zawadzki, 1980). This removal was actually ob-
served by histological examination of these arteries
with silver staining. Such a removal of the en-
dothelium markedly suppressed the relaxant re-
sponse of renal arteries to Ang II but attenuated only
slightly the response to exogenously applied PGI2.
The Ang-induced relaxations are associated possibly
with the release of PGI2 from the arterial wall (Toda
& Miyazaki, 1981; Toda, 1981), since the relaxation
is reversed to a contraction by cyclo-oxygenase in-
hibitors, and suppressed by 15-hydroperoxy-
arachidonic acid, tranylcypromine or dex-
amethasone. Therefore, endothelial cells appear to
be involved in the release of PGI2 from the arterial
wall. Three possibilities may be considered as the
mechanism of Ang action; (1) arachidonic acid is
released from endothelial cells and converted to
PGI2 at the same place; (2) arachidonic acid is re-
leased from endothelial cells and converted to PGI2
in the other tissues, such as the smooth muscle,
fibroblast and collagen; and (3) the substrate is re-
leased from these tissues and converted to PGI2 in
the endothelium. PGI2 in a detectable amount is
reported to be synthesized from arachidonic acid or
PGG2 exclusively in endothelial cells but not in me-
dial smooth muscle cells and fibroblasts in culture
(MacIntyre et al., 1978). If this is the case in isolated
renal arteries of dog, the second possibility could be
excluded. The presence of Ang II receptors is indi-
cated in cultured human vascular endothelial cells
(Gimbrone & Alexander, 1975); stimulation of the
receptors appears to activate phospholipase A2
(Nolan et al., 1981). Therefore, the first possibility is
most likely. There is evidence supporting the idea
that the intimal surface of arteries is the major site for
generating PGI2 (Moncada et al., 1977; Eldor et al.,
1981).
Removal of the endothelium markedly suppressed

the Ang-induced relaxation, whereas treatment with
cyclo-oxygenase inhibitors reversed the relaxation to
a contraction. The release of PGI2 from renal arterial
strips does not appear to be abolished by rubbing.
Since even in the arteries showing complete abolition
of relaxation induced by acetylcholine, the Ang-
induced relaxation was not reversed to a contraction
(Figure 2), the release of PGI2 from arterial tissues
other than the endothelium (Goldsmith, 1982)
would be more probable rather than incomplete re-
moval of endothelial cells.

It has been postulated that stimulation of Hl-
receptors by histamine liberates PGI2 from dog
mesenteric and gastroepiploic arteries, resulting in
the relaxation, since the rapid phase of relaxations is
significantly attenuated by cyclo-oxygenase in-
hibitors and Hl-antagonists (Toda et al., 1982). In
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the arteries treated with Hl-antagonists, the response
to histamine is not influenced by cyclo-oxygenase
inhibitors. The histamine-induced relaxation was
also attenuated by removal of the endothelium, while
the relaxation induced by PGI2 was not significantly
influenced. Again, endothelial cells appear to play an
important role in releasing PGI2 from the arterial
wall. Histamine has been demonstrated to stimulate
PGI2 synthesis via Hl-receptors in cultured human
umbilical vein endothelial cells (Baenziger et al.,
1980). It appears that histamine receptors are pres-
ent in endothelial cells; stimulation of the receptors
activates phospholipase A2, releases arachidonic acid
and promotes the synthesis of PGI2. Histamine re-
portedly releases other vasodilator substance(s), pos-
sibly lipoxygenase product(s), from the endothelium
of rat isolated aortae, the release being also mediated

by Hl-receptors (Van de Voorde & Leusen, 1983).
This is not the case in dog mesenteric arteries, since
histamine-induced relaxations of these arteries are
suppressed by aspirin, indomethacin and tranylcyp-
romine (Toda et al., 1982). In the present study,
indomethacin attenuated the relaxant response to
histamine to a greater extent than removal of the
endothelium, and caused a further attenuation of the
response to histamine in preparations from which the
endothelium was removed. Therefore, it is suggested
that the endothelium is not the only site responsible
for the release of PGI2 from the arterial wall.

The author thanks Mr M. Nakajima and Miss I. Shimizu for
excellent technical assistance. This work was supported in
part by Scientific Research Fund from Takeda Medical
Research Foundation.
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