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Endothelium-dependent desensitization to
angiotensin Il in rabbit aorta: the mechanisms
involved

S. Jerez, M. Peral de Bruno, and A. Coviello

Abstract: The aim of this study was to characterize the role of the endothelium in angiotensin Il-desensitization and
its mechanisms of action. Rabbit aortic rings were exposed to increasing doses of angiotensin Il (Ang I, 10 to 2.5 x
107%) to generate two cumulative dose-response curves (CDRC | and I1). A 50-min interval separated CDRC | and I1.
Desensitization was observed at all doses in unrubbed aortic tissue and at lower doses in rubbed aortic tissue.
Tachyphylaxis was greater in arteries with endothelium. Treatment of intact rings with L-N®-nitroarginine methyl ester
(.-NAME, 10 M) did not prevent this phenomenon. However, indomethacin (10° M) and miconazol (10° M) attenu-
ated Ang |l-desensitization. Treatment of unrubbed rings with nifedipine (10 M) and cromakalim (10 M) inhibited
the effect of indomethacin. To confirm the involvement of K* channels, unrubbed and rubbed aortic rings were treated
with the K,2* blockers apamin (10~ M), tetraethylammonium (TEA, 1072 M), and iberiotoxin (108 M), and the K z7p
blocker glibenclamide (107 M). In both arteries apamin, TEA, and glibenclamide abolished the tachyphylaxis without
changes in the maximal response. Iberiotoxin diminished Ang Il-desensitization in rubbed but not unrubbed arteries.
Results from this study suggest that Ang Il-desensitization involves endothelium-dependent and -independent mecha-
nisms. Endothelium-dependent desensitization could be mediated by a cyclooxygenase-cytochrome P,s5, product, which
could act by increasing K.2* channel activity.
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Résumé : La présente étude a eu pour but de caractériser le rble de I’endothélium dans la désensibilisation induite par
I"angiotensine |l ainsi que les mécanismes qui seraient mis en cause. On a enregistré la tension isométrique produite
par des anneaux aortiques de lapins. On a obtenu deux courbes dose-réponse cumulatives a intervalles de 50 min. On a
observé une désensibilisation pour toutes les doses dans les aortes pourvues d' un endothélium et pour les doses plus
faibles dans les aortes dépourvues d’ endothélium. La tachyphylaxie a été plus forte dans les artéres pourvues d’'un en-
dothélium. Le traitement des anneaux intacts au moyen de L-NAME (10 n’a pas prévenu ce phénoméne. Toutefois,
I'indométhacine (10° M) et le miconazol (10° M) ont atténué la désensibilisation induite par I’ angiotensine I1. Le trai-
tement des anneaux pourvus d un endothéium au moyen de nifédipine (10° M) et de cromakalim (10° M) a inhibé

I’ effet de I'indométhacine. Pour confirmer la participation des canaux K*, on a traité les anneaux aortiques pourvus et
dépourvus d’ endothélium avec les blogueurs de K,2*, apamine (10~ M), tetragthylammonium (TEA, 1072 M), ibério-
toxine (108 M), et le bloqueur de K rp glibenclamide (105 M). Dans les deux artéres, I'apaming, le TEA et le gliben-
clamide ont supprimé la tachyphylaxie, sans modifier la réponse maximale. L’ ibériotoxine a diminué la désensibilisation
induite par I'angiotensine Il dans les artéres dépourvues d endothélium mais pas dans les artéres pourvues d’un endo-
thélium. Ces résultats donnent a penser que la désensibilisation induite par I’angiotensine |1 a mis en cause des méca-
nismes dépendants et indépendants de I’ endothélium et que les premiers seraient véhiculés par un produit
cyclooxygénase-cytochrome Pys, qui pourrait agir en augmentant |’ activité des canaux Kc2*.

Mots clés : angiotensine |1, aorte de lapin, désensibilisation, endothélium, produits de la cyclooxygénase.

[Traduit par la Rédaction]

Introduction 1995). Desensitization been observed for angiotensin Il

(Ang Il) in some tissues such as the rat vascular mesenteric

Desensitization (tachyphylaxis) is defined as a decrease in bed (Fasciolo and Binia 1981), rat aorta (Khairalah et al.
cellular responsiveness to a hormone following prolonged or 1966; Kuttan and Sim 1993), and rabbit celiac and
repetitive exposure (Hausdorff et al. 1990; Bouvier et a.  mesenteric arteries (Aiken 1974). In isolated rabbit aorta,
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tachyphylaxis is observed in rings (Silva et al. 1988) but not
in strips (Aiken 1974). Through Ang Il, the renin-
angiotensin system plays an important role in maintaining
arterial pressure, thus regulating vascular tone. Ang Il is a
potent vasoconstrictor of vascular smooth muscle (VSM),
inducing intracellular calcium increase through specific AT,
receptors. Investigators have reported a modulating effect of
the endothelium in the contractile response of VSM to Ang
Il (Gruetter et al. 1988). Ang Il stimulates endothelia syn-
thesis of vasodilators such as nitric oxide (Zhang et al. 1994;
Zhang et al. 1995; Boulanger et al. 1995) and prostaglandins
(Lin and Nagjletti 1991), and vasoconstrictors such as
endothelin (Webb et al. 1992; Chen et a. 1995) and
lipoxygenase-derived eicosanoids (Lin et al. 1994; Takizawa
et a. 1998). The influence of the endothelium on the desen-
sitization phenomenon has been described by Gruetter et a.
(1987) and more recently by Li et a. (1995). Both studies
reported that the presence endothelium increases
tachyphylaxis to Ang Il in rat aorta; however, this phenome-
non persists when the endothelium is destroyed. This means
that endothelium-dependent and -independent mechanisms
are involved. Different hypotheses have been proposed to
explain Ang l1-desensitization. Kuttan and Sim (1993) sug-
gested that there are changes at the level of the receptor ei-
ther in coupling affinity or efficiency, which in turn are
regulated by factors released from the endothelium or
smooth muscle. More recently, Kai et al. (1996) found
down-regulation of protein G,,/Gg,, levels after prolonged
exposure to Ang Il in cultured rat vascular smooth muscle
cells (VSMC). However, down-regulation of neither AT;5R
nor G,/Gyq; Was observed after a short-term pretreatment
of Ang I, suggesting that the homologous short-term desen-
sitization may be attributed to receptor uncoupling. Our
study was conducted to evaluate the role of the endothelium
in Ang Il-desensitization and its mechanisms of action

Materials and methods

Rabbit aortic ring preparation

Our work was carried out in accordance with the principles and
guidelines of the Canadian Council on Animal Care. Experiments
were performed on isolated rabbit thoracic aorta from male Flan-
ders hybrid rabbits (1.5-2.5 kg) obtained from a slaughterhouse.
The thoracic aorta was carefully dissected and cleaned of adherent
fat and connective tissue. Five-millimetre wide rings were cut and
mounted in a 10-mL organ bath containing Krebs solution of the
following composition (mM): NaCl 128, KCI 4.7, NaHCO; 14.4,
NaH,PO, 1.2, Na-EDTA 0.1, CaCl, 2.5, glucose 11.1, pH 7.2.
Krebs solution was kept at 37°C and aerated with 95% O, and 5%
CO,.

Isometric contractions were measured using force-displacement
transducers and were recorded under an initial tension of 2 g,
which had been found to be the optimal tension for KCl-induced
contraction (100 mM). All preparations were allowed to equilibrate
for 90 min and were washed with Krebs solution at 15-min inter-
vals. The endothelium was kept intact in some rings, but in other
groups the endothelium was removed by rubbing the luminal sur-
face. Acetylcholine was used to ensure that the endothelium had
been removed. The rings were stimulated with noradrenaline (NA,
5 x 108 M) and when the maximal contraction was achieved ace-
tylcholine (10° M) was added to establish its relaxing effect.
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Experimental protocols

Aortic rings were exposed to increasing doses of Ang Il (107 to
2.5 x 10° M) at 50-min intervals to construct two dose-response
curves (CDRC | and II).

To evaluate the specificity of the endothelium-dependent
tachyphylaxis observed with Ang Il, aortic rings were exposed to
NA. Aortic rings with and without endothelium were treated with 5
x 107 M NA or no NA (control) for 15 min followed by one
CDRC to Ang Il. Rings were rinsed and a 50-min recovery period
was alowed prior the next exposure.

To study the role of NO in Ang Il-tachyphylaxis, L-NC-
nitroarginine methyl ester (L-NAME, 10* M), a NO synthase in-
hibitor, was used in arteries with intact endothelium, and the same
dose of p-NC-nitroarginine methyl ester (o-NAME, the inactive
isomer) was used as a control. Both compounds were added to the
bath 30 min before CDRC | and maintained during the whole ex-
periment. A similar protocol was used with indomethacin (107 M),
an inhibitor of cyclooxygenase, in arteries with and without endo-
thelium.

To establish whether voltage-dependent Ca®* channels that are
sengtive to dihidropyridines were involved in this phenomenon, a
blocking agent (nifedipine, 10° M) was added to the bath contain-
ing the aorta with endothelium in the presence and absence of
indomethacin (experimental and control, respectively) for the 50-
min period that followed the first stimulation. After this time,
nifedipine was removed by washing before CDRC Il. Arteries with
endothelium that were not treated with nifedipine were washed for
50 min following CDRC | with Ca?*-free EGTA (3 mM). The
Ca?*-Krebs solution was restored before the CDRC Il. This proto-
col was then discarded because the Ang Il-contractile response
during CDRC |l was blunted.

To evaluate the role of K* channels, arteries with endothelium
were incubated for the 50-min period following CDRC | with a
Karp Opener (cromakalim 107° M). Some of these arteries were
treated with indomethacin (10° M) while others were left un-
treated. Cromakalim was removed by washing before CDRC II.
Similar protocols were performed in rubbed and unrubbed aorta
with the Ca?* dependent K*-channel blockers apamin (10~ M),
which blocks the small-conductance voltage-independent channels
(Blatz and Magleby 1986; Silva et al. 1994), and TEA (10 M)
and iberiotoxin (1078 M), which inhibit the large-conductance volt-
age dependent channels (Sadoshima et a. 1988; Nelson and
Quayle 1995; Silva et a. 1999). Another experiment was per-
formed using the ATP-sensitive channel blocker glibenclamide (10~
5 M) (Quayle et al. 1995).

Results are expressed as mg of isometric contraction or a per-
centage of the maximal contractile force obtained during CDRC
Drugs

Human angiotensin 1lI, p-NAME, indomethacin, nifedipine,
cromakalim, apamin, tetraethylammonium, and iberiotoxin were
purchased from Sigma Chemical Co, St. Louis, Mo. .-NAME,
glibenclamide, and miconazol were a gift from Dr Howard Lippton
(Tulane Medical School, New Orleans, La) and Alberto Nasjletti
(New York Medical College, Valhalla, N.Y.).

Statistical analysis

Data are presented as mean values + SEM and were analysed by
ANOVA with replications and Duncan’s test to evaluate CDRC.
The pD, (negative log of molar concentration of Ang Il inducing
50% of the maximal contraction) and the maximal contractile re-
sponse were calculated using a curve-fitting analysis program. The
Student’s t test (paired or unpaired) was used to compare pD,, val-
ues or maximal response. P < 0.05 was considered statistically sig-
nificant (two-tail test).
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Fig. 1. Cumulative dose-response curve (CDRC) to Ang Il in un-
rubbed (n = 11) rabbit aortic rings. * P < 0.05, ** P < 0.01 in-
dicates a statistically significant difference between CDRC | and
Il (ANOVA and Duncan’s test). Each point represents mean +
SEM.
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Results

Response to Ang Il in isolated rabbit aorta

The contractile response to Ang 1l (10° to 2.5 x 10° M)
was dose-dependent. No differences were found in CDRC |
between arteries with or without endothelium [ANOVA, not
significant (ns)]. Desensitization to Ang Il for al doses was
observed in aorta with endothelium and the maximal con-
tractile response was blunted (Fig. 1). However, in paired
rings without endothelium, desensitization was observed
only with lower doses with recuperation of the contractile
response at concentrations up to 10° M after 50 min of
washing with Krebs solution (Fig. 2). Tachyphylaxis was
greater in arteries with endothelium. There were differences
in pD, between CDRC | and CDRC Il in unrubbed arteries.
Likewise, a significant shift to the right of CDRC Il was ob-
served in arteries without endothelium. However, no differ-
ences in pD, were found between arteries with and without
endothelium in CDRC | or Il (Table 1).

Endothelium-dependent desensitization was not observed
with NA. Indeed, the contractile response to NA (5 x 1077
M) was increased in the second stimulation in rubbed and
unrubbed arteries. The treatment with Ang Il before the sec-
ond stimulation did not modify this effect (Table 2).

Treatment with L-NAME

An increase in the maximal contractile response of CDRC
| was observed in unrubbed arteries treated with 107 m I-
NAME [5136 + 735 mg (n = 9) for arteries treated with L-
NAME vs 3355 + 424 mg (n = 9) for controls treated with
10“ M b-NAME, P < 0.05, ANOVA). However, no differ-
ences were found between pD, values (Table 1). This treat-
ment did not modify desensitization to Ang Il observed in
CDRC Il in control aorta (Fig. 3). There were similar differ-

Fig. 2. Cumulative dose-response curve (CDRC) to Ang Il in
rubbed (n = 9) rabbit aortic rings. * P < 0.05 indicates a statisti-
cally significant difference between CDRC | and 1l (ANOVA and
Duncan’s test). Each point represents mean + SEM.
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ences in pD, between CDRC | and I in arteries treated with
L-NAME and b-NAME (Table 1).

Effect of indomethacin

Treatment of unrubbed arteries with 10> M indomethacin
did not modify the contractile response of CDRC | with re-
spect to controls (ANOVA, ns) and reversed desensitization
for Ang Il at doses higher than 108 M (Fig. 4). However, at
the same concentration it had no effect in CDRC Il in arter-
ies without endothelium (data not shown). A significant shift
to the right of CDRC Il was observed, but no differences in
pD, were found between arteries treated with indomethacin
and controls in CDRC | or |1 (Table 1).

The contractile response observed in CDRC Il after treat-
ment with indomethacin in aorta with endothelium was simi-
lar to that observed after the mechanical destruction of
endothelium (Table 3).

Effect of miconazol

Treatment of unrubbed arteries with 108 M miconazol in
the presence or absence of indomethacin did not modify the
contractile response of CDRC | with respect to control
(ANOVA, ns) and reversed desensitization to Ang Il at doses
higher than 108 M (Fig. 5). The presence of indomethacin
did not modify the effect of miconazol. A significant shift to
the right of CDRC |l was observed, but no differences in
pD, were found between arteries treated with miconazol and
controls in CDRC | or Il (Table 1).

Effect of calcium

Nifedipine (10 M) did not modify the contractile re-
sponse to CDRC 1l in unrubbed arteries. No differences be-
tween control arteries and those treated with nifedipine were
observed in contractile response or pD,(Table 1). At the
same concentration, nifedipine was able to inhibit the effect
of indomethacin on desensitization to Ang Il (Fig. 6). A sig-
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Table 1. Values of pD, of cumulative dose responses curves
(CDRC) to angiotensin Il in rabbit aortic rings.

Treatment n CDRC | CDRC I

E (+) 11 8.38+0.07 8.11+0.09 **
E (D 9 8.34+0.08 8.10+0.09 **
E (+) + L-NAME 9 8.38+0.10 8.05+0.12 **
E (+) + o-NAME 9 8.24+0.10 7.83+0.13 **
E(+) +1 8 8.44+0.04 8.13+0.05 ***
E(#)+M 7 8.23+0.05 8.05+0.08 *
EM#) +1+M 7 8.25+0.05 8.04+0.04 **
E(#)+N 7 8.35+0.08 8.21+0.08 *
E(+)+1+N 7 8.29+0.07 7.94+0.17 *
E(+) +C 7 8.41+0.04 8.05+0.14 *
E(H#) +1+C 7 8.19+0.09 7.62+0.15 *** T

Note: E (+) unrubbed arteries; E (-) rubbed arteries; |, indomethacin
10° M; M, miconazol 10° M; N, nifedipine 10° M; C, cromakaim 107
M. Results are expressed as mean + SEM. * P < 0.05, ** P < 0.01, ***
P < 0.001 indicates a statistically significant difference between CDRC |
and Il (paired t test). T P < 0.001 indicates a statistically significant
difference between CDRC |l of arteries treated with cromakalim in
absence or presence of indomethacin (unpaired t test).

Table 2. Contractile response to NA (5 x 10~ M) in rubbed and
unrubbed rabbit aortic rings.

Aortic ring Treatment First (mg) Second (mg)
EH) Ang Il (+) 1780+432 2965+540 *
E(+) Ang Il (- 2204+640 3287+666 *
E() Ang Il (+) 19624690 3219+864 *
E( Ang Il (- 2226572 3520715 *

Note: E (+) unrubbed arteries; E (-) rubbed arteries. Ang Il (+) and
Ang (-) arteries treated or not with one CDRC to Ang Il between two
NA stimulations (first and second). Results are expressed as mean = SEM
of 8 determinations. * P < 0.001 indicates a statistically significant
difference between first and second noradrenaline stimulations (paired t
test).

nificant difference in pD, between CDRC | and Il was ob-
served in arteries treated with nifedipine, similar to controls
(Table 1).

Effect of cromakalim

Cromakalim (10 M) did not modify the contractile re-
sponse to CDRC Il. There were no differences between con-
trol arteries and those treated with cromakalim. However,
cromakalim abolished the effect of indomethacin on desensi-
tization to Ang Il, significantly increasing tachyphylaxis
(Fig. 7). pD, of CDRC Il was significantly lower in arteries
treated with indomethacin plus cromakalim than pD, in
those treated only with indomethacin (unpaired t test). How-
ever, there were no changes in control arteries treated only
with cromakalim with respect to the pD, of CDRC Il (Te-
ble 1).

Effect of potassium channel blockers

In unrubbed arteries, TEA (103 M), iberiotoxin (1078 M),
apamin (10~ M), and glibenclamide (10> M) abolished Ang
Il1-desensitization. Glibenclamide enhanced the contractile
response to Ang |l in the second stimulation more than the
other blockers at maximal doses (Fig. 8). In rubbed arteries,
TEA, apamin, and glibenclamide, but not iberiotoxin, re-
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Fig. 3. Cumulative dose-response curves to Ang |l in rabbit aor-
tic rings in presence of L-NAME (10 M) or o-NAME (10 M).
Results are expressed as a percentage of the maximal contractile
response to Ang Il of the CDRC | (not significant; ANOVA and
Duncan’s test). Each point represents mean + SEM of 9 experi-
ments.
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duced the Ang Il-desensitization observed with doses lower
than 5 x 10° M (Fig. 9), without modifications in the maxi-
mal contractile response (Table 4). In rubbed and unrubbed
arteries treated with Ca?* dependent K*-channel blockers, a
significant shift to the right of CDRC |1 was observed. How-
ever, there were no modifications regarding the magnitude
of the shift in the CDRC Il with respect to controls. No dif-
ferences in pD, between CDRC | or CDRC Il were found
(Table 4) in rubbed and unrubbed aorta treated with
glibenclamide.

Discussion

We found that the presence of endothelium enhanced
Ang |l-desensitization in rabbit aortic rings. The lack of dif-
ference found in the CDRC | contractile response to Ang Il
in rubbed and unrubbed arteries is in agreement with a pre-
vious report stating that the endothelium does not affect the
response of rabbit aortic rings to Ang Il (Saye et al. 1984),
but it is in contrast with the observation that Ang Il re-
sponses are enhanced by disruption of the endothelium
(Zhang et al. 1994). However, differences were found in the
maximal contractile response between arteries treated with
the NO inhibitor L-NAME and arteries with endothelium.
These results mean that if Ang |l releases relaxing as well as
contractile factors from endothelium that its destruction
would not modify smooth muscle response. On the other
hand, when the synthesis of one of the relaxing factors (in
this case NO) was inhibited, no counteracting action of NO
was observed and the equilibrium was displaced by the re-
lease of vasoconstrictors; therefore, the maximal response
observed was greater.

We did not find desensitization of the contractile response
to NA in rabbit aortic rings with the present protocol. In
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Fig. 4. Cumulative dose-response curves to Ang Il in rabbit aor-
tic rings in the absence (Control) and presence of indomethacin
(1075 M). Results are expressed as a percentage of the maximal
contractile response to Ang Il of the CDRC I. * P < 0.05, ** P
< 0.01 indicates a statistically significant difference between con-
trol and treated tissues (ANOVA and Duncan’s test). Each point
represents mean = SEM of 8 experiments.
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Table 3. Effect of mechanical disruption of endothelium com-
pared with endothelium intact arteries treated with indomethacin
(105 m).

Ang Il Dose (M) E (- E (+) + Indomethacin
10°M 2.2+19 0.9+0.5

5x 10°M 30.7+9.3 31.3+5.2

108 M 47.8+9.1 51.2+7.8

5x 108 M 70.9+10.0 75.0£10.3

107 M 71.7+£10.4 79.2+8.9

1085 M 91.449.0 86.3+4.7

Note: E (+) unrubbed arteries; E (-) rubbed arteries;. Results are
expressed as a percentage (mean + SEM of 8 determinations) of the
maximal contractile response to Ang Il obtained during CDRC .
Statistical analysis was performed with ANOVA and Duncan’s test (not
significant for al doses).

contrast, Suzuki et al. (1990) reported desensitization of the
alpha 1-adrenoceptor in rabbit aorta. This disagreement may
be due to the different NA incubation and recovery periods
used in the experiments. The Ang |l-desensitization ob-
served in rabbit aortic rings is in agreement with a previous
report by Silva et al. (1988). The presence of endothelium
significantly enhanced the development of desensitization to
Ang |l at doses up to 108 M. However, consistent with ear-
lier studies, desensitization still developed at low doses even
in the absence of endothelium. These results suggest the ex-
istence of two mechanisms, one that is endothelium-
dependent (modulates the response to the hormone), and one
that involves only smooth muscle and is endothelium- inde-
pendent. Thisisin agreement with Gruetter et al. (1987), but
in contrast with Silva et al. (1988). This difference might be

Fig. 5. Cumulative dose-response curves to Ang |l in rabbit aor-
tic rings, in the absence (Control) and presence of miconazol
(10° M) or miconazol plus indomethacin (107> M). Results are
expressed as a percentage of the maximal contractile response to
Ang Il of the CDRC I. * P < 0.01 indicates a statistically signif-
icant difference between control and treated tissues (ANOVA and
Duncan’s test). Each point represents mean + SEM of 7 experi-
ments.
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Fig. 6. Cumulative dose-response curves to Ang Il in rabbit aor-
tic rings treated with indomethacin (10> M), nifedipine (106 M)
for 50 min or washing, and indomethacin plus nifedipine for

50 min of washing. There were no differences between untreated
arteries (control) and those treated with nifedipine (data not
shown). Results are expressed as a percentage of the maximal
contractile response to Ang Il of the CDRC I. * P < 0.05, ** P
< 0.01 indicates a statistically significant difference between ar-
teries treated with indomethacin and arteries with indomethacin
plus nifedipine (ANOVA and Duncan’s test). Each point repre-
sents mean + SEM of 7 experiments.
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Fig. 7. Cumulative dose-response curves to Ang Il in rabbit aor-
tic rings treated with indomethacin (10° M), cromakalim (107
M) for 50 min of washing, and indomethacin plus cromakalim
for 50 min of washing. There were no differences between un-
treated arteries (control) and those treated with cromakalim (data
not shown). Results are expressed as a percentage of the maxi-
mal contractile response to Ang Il of the CDRC I. * P < 0.001
indicates a statistically significant difference between arteries
treated with indomethacin in the absence or presence of
cromakaim. T P < 0.05 indicates a statistically significant differ-
ence between arteries treated with cromakalim in the absence or
presence of indomethacin (ANOVA and Duncan’s test). Each
point represents mean + SEM of 7 experiments.
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due to the different protocols used because these authors in-
duced Ang ll-tachyphylaxis with one dose, which elicited
the maximal contractile response, while in our study we per-
formed two CDRC experiments. The significant shift to the
right of CDRC Il in rubbed arteries and the significant dif-
ferences in pD, of the CDRC Il in unrubbed arteries indi-
cates a loss of affinity. This was observed with a similar
magnitude in arteries with and without endothelium; there-
fore, this loss of affinity seems to be endothelium-
independent. However, the presence of endothelium altered
the intrinsic contractile properties of the smooth muscle cells
in response to the second stimulation with Ang 11, since iso-
lated rings of unrubbed, but not rubbed, aorta developed a
lower level of maximal tension.

Although L-NAME increased the maximal response to
Ang Il, it did not modify desensitization to Ang Il in the
presence of endothelium with respect to controls (arteries
treated with an inactive isomer). This indicates that NO re-
leased by Ang Il from endothelium has no effect in this phe-
nomenon. Our findings are not in agreement with those
observed in vasopressin tachyphylaxis in rat aorta, which is
NO dependent (Millette and Lamontagne 1996).

Indomethacin and miconazol, in turn, were able to im-
prove the contractile response to the second stimulation in
arteries with endothelium. Aiken et a. (1974) found that
indomethacin was able to diminish Ang Il tachyphylaxis in
rabbit mesenteric and celiac arteries. The rabbit aorta is tra-
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Fig. 8. Cumulative dose-response curves to Ang |l in rabbit aor-
tic rings with endothelium (n = 10) treated with apamin (10~ M,
n=7), TEA (102 M, n = 6), iberiotoxin (108 M, n=7) or
glibenclamide (10° M, n = 5) for 50 min of washing. * P <
0.05 indicates a statistically significant difference between con-
trol arteries and those treated with apamin, TEA, iberiotoxin, or
glibenclamide. T P < 0.05 indicates a statistically significant dif-
ference between arteries treated with glibenclamide and arteries
treated with the K,2* channels blockers (ANOVA and Duncan's
test). Each point represents mean + SEM.
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Fig. 9. Cumulative dose-response curves to Ang Il in rabbit aor-
tic rings without endothelium (n = 8) treated with apamin (10~
M, n = 7), TEA (102 M, n = 6), iberiotoxin (10° M, n = 7), or
rubbed arteries
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ditionally considered a bioassay relatively insensitive to
prostacyclin (Forstermann et al. 1984; Hardhazy et a. 1984).
The hydroxylated eicosatetraenoic acids 5-HETE, 12-HETE,
15-HETE, and di5,12-HETE also had no effect on rabbit
aorta under basal or induced tension (Forstermann and
Neufang 1984). Carroll et a. (1987) reported that 5,6-
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Table 4. Values of pD, and maximal response of cumulative dose responses curves (CDRC) to angiotensin |l in rabbit aortic rings
treated with different potassium channel blockers.

CDRC | CDRC Il
Treatment n pD2 MR (mg) pD2 MR (mg)
E(+) 10 8.37+0.06 3967+424 8.09+0.10 ** 33344444 *
E( 8 8.28+0.08 4186+413 8.05£0.09 *** 4104+641
EMH+)+A 7 8.59+0.03 3368+733 8.37+0.05 *** 2830+737
E-+A 7 8.54+0.04 2630+663 8.26+0.05 ** 2681+717
E (+) + TEA 6 8.60+0.04 3469+819 8.42+0.04 *** 3412+961
E(-) +TEA 6 8.58+0.06 2309+881 8.29+0.04 *** 2234+899
EMH) +1b 7 8.53+0.09 4142+997 8.33+0.11 ** 3482+899
E-+1Ib 7 8.60+0.11 4942+997 8.24+0.10 ** 4480+1050
E#+)+G 5 8.53+0.05 3127+1051 8.35+0.11 32944951
EQ+G 5 8.43+0.09 3230+1018 8.28+0.11 3074+1163

Note: E (+) unrubbed arteries, E (-) rubbed arteries; A, apamin 107 M; TEA, tetragthylammonium 107 M; Ib, iberiotoxin 10 M; G, glibenclamide
10° M. * P < 0.05, ** P < 0.01, *** P < 0.001 indicates a statistically significant difference between CDRC | and Il (paired t test). Results are

expressed as mean + SE.M.

epoxyeicosatriencic acid (5,6-EET), a cytochrome Py,
epoxygenase product, reduced the vascular resistance in
perfused rat tail artery. Furthermore, 5,6-EET requires con-
version by cyclooxygenase for expression of its vasoactivity
(Carroll et al. 1990). Therefore, the metabolite released from
endothelium by Ang Il involved in the mechanism of desen-
sitization is probably a cyclooxygenase-cytochrome P,s5, de-
pendent product. In our work we did not find an effect of
indomethacin on the contractile response to the first stimula-
tion with Ang I1, which is in agreement with Gruetter et al.
(1988). This indicates that there is no basal release of
cyclooxygenase products in the normal aorta, unlike patho-
logical circumstances such as hypertension when a counter-
regulatory action is necessary (Déllipizzi et al. 1997).
Chataigneau et a. (1999) found that endothelial denudation
does not affect VSM membrane potential, indicating that
basal production of cyclooxygenase products does not exert
any modifying role on the membrane potential of VSMC.
According to the literature (Griendling et al. 1997), when
Ang |l binds to its receptors in VSM it initiates a biphasic
response activating phospholipase C and later on
phospholipase D and phospholipase A,. Free fatty acids
(among them arachidonic acid) are released that are con-
verted to a variety of cyclooxygenase, lipoxygenase, and
cytochrome P,g, epoxygenase products. If we suppose that
Ang Il has a similar mechanism of action when it binds to
endothelial receptors (Pueyo and Michel 1997), some effects
of the endothelium products released by Ang Il on the vas-
cular response would be evident only after some time has
passed after the first stimulation with Ang 1. This would ex-
plain its role in tachyphylaxis, according to our observa-
tions.

However, in arteries with endothelium treated with
indomethacin or miconazol there was also a shift of CDRC
Il to the right that indicates a loss of affinity, even though
desensitization was lower. This data, together with that men-
tioned above about the similar diminution of CDRC Il affin-
ity between arteries with and without endothelium, supports
the view that the loss of hormone-receptor affinity is related
to endothelium- independent desensitization, as stated by
Kuttan and Sim (1993). On the other hand, Ullian and Linas

(1989) found that the recovery ty,, of the number of recep-
torsto Ang Il inrat VSMC is 15 min; that is to say that after
50 min of washing there would be the same number of su-
perficial receptors, thus, receptor decrease could not account
for the Ang Il-desensitization. Some experimental evidence
indicates that a correlation is not always found between the
number of hormonal receptors and reactivity. Benedetti and
Linas (1987) demonstrated that the decrease to Ang Il reac-
tivity in the early phase of renovascular hypertension
(Goldblatt) is associated with an increase in the number of
binding sites. However, Kai et al. (1996) found down-
regulation of protein G,,/G,4; levels after prolonged expo-
sure to Ang Il in intact VSMC. Nevertheless, after short-
term exposure Ang Il showed homol ogous desensitization of
the | P; response to the subsequent stimulation, but no down-
regulation of AT;AR or Guy/Gyyy. Thus, endothelium-
independent desensitization may be attributed to receptor
uncoupling.

In studies with cromakalim and nifedipine, the effect of
indomethacin on desensitization was abolished. Cromakalim
activates ATP-sensitive potassium channels, inducing
hyperpolarization of the membrane, and nifedipine is a volt-
age-sensitive calcium-channel blocker. The mechanism of
reduction in the response to reduced membrane potentia is
widely reported to be a consequence of the closure of
smooth muscle voltage-sensitive channels, a reduction in
Ca* influx, and subsequently a loss of vascular tone
(Quilley et al. 1997). A steep relationship exists between
membrane potential and Ca&?* influx; depolarization or
hyperpolarization of as little as 3 mV can increase or de-
crease Ca?* influx, respectively, by up to 2-fold (Nelson and
Quayle 1995). Recent works (Li et al. 1997; Campbell et al.
1996) have demonstrated that vasodilator factors derived
from the endothelium regulate K* channels in coronary
VSM, producing opening and hyperpolarization. Ang Il
products of cyclooxygenase-cytochrome P,g, are released
that could increase Ca?* dependent-potassium channel activ-
ity, which may explain the inhibition of cromakalim and
nifedipine on the decrease in Ang I|l-tachyphylaxis by
indomethacin. The result would be a lower availability of
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intracellular calcium when a second stimulation by the hor-
mone is produced.

In arteries treated with indomethacin plus cromakalim,
tachyphylaxis was significantly greater than in controls. The
amplified vasorelaxant effect of the K* channel opener could
reflect increased activity of the voltage-gated Ca?* channels,
such that hyperpolarization, which promotes closure of these
channels and reduces intracellular calcium, elicits greater
vasorelaxant responses.

We also investigated the hypothesis that Ca?*-dependent
K* channels are involved in Ang |l-desensitization. The K*
channels blockers that were investigated improved the
CDRC |1 contractile responses to Ang Il in unrubbed arter-
ies. In endothelium-denuded arteries, TEA, apamin, and
glibenclamide, but not iberiotoxin, enhanced the CDRC II
contractile responses to Ang Il at doses lower than 5 x 10~
8 M without modifications in the maximal tissue responses.
Nevertheless, there was a shift to the right in arteries treated
with TEA, apamin, and iberiotoxin, but not with
glibenclamide. In a previous work, Cook (1989) found in
rabbit aortic rings that the presence of TEA, but not apamin,
produced a concentration-dependent increase in the re-
sponses to al concentrations of Ang I, irrespective of
whether the endothelium was intact, and the CDRC was
shifted to the left. Our protocol differed in that the CDRC
was not performed in presence of the channel blocker and
therefore we did not find potentiation of the Ang II-
contractile response. The fact that glibenclamide prevented
the loss of affinity observed in all the cases studied (includ-
ing the controls) suggests that K,rp-sensitive channels are
involved in endothelium-independent desensitization, which
is related to a shift to the right of CDRC Il. The greater re-
covery of intrinsic activity in unrubbed arteries observed
with glibenclamide compared with other potassium channel
blockers is due to this effect in the VSM, independent of the
presence of endothelium. With regard to Ca?* dependent K*-
channels blockers, we observed that iberiotoxin was the only
one that was able to improve the contractile response to
CDRC 11 in unrubbed, but not rubbed, arteries. This allows
us to conclude that endothelium-dependent desensitization is
produced by a cyclooxygenase-cytochrome Py, product re-
leased by Ang Il that increases the activity of a maxi-K*
channel (Silva et al. 1999), whereas the effect of TEA and
apamin would be unspecific.

The importance of the renin-angiotensin system in hyper-
tension has been largely documented; many works describe
the immediate effects of Ang Il in vessels. In a previous
work we pointed out the state in which the vessels remain
after its action (Peral de Bruno et a. 1992). Hormone endo-
thelium-dependent desensitization may play an important
role in the regulation of the response to Ang I, which may
be modified during endothelial dysfunction. This situation
leads to hypertension through a possible imbalance in endo-
thelium-dependent factors. There is evidence that hyperten-
sion results in a compensatory increase in the activity of K*
channels, and possibly increased synthesis and release of the
putative hyperpolarizing factors. Further studies are neces-
sary to establish the identity of the cyclooxygenase-
cytochrome P,5 product involved in enothelium-dependent
Ang ll-tachyphylaxis, and to determine whether its effect is
direct or through a second messenger.
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