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Kanagy NL. Endothelin type A receptor antagonist normalizes blood pres-
sure in rats exposed to eucapnic intermittent hypoxia. Am J Physiol Heart
Circ Physiol 295: H434-H440, 2008. First published May 30, 2008;
doi:10.1152/ajpheart.91477.2007.—We have reported that eucapnic in-
termittent hypoxia (E-IH) causes systemic hypertension, elevates
plasma endothelin 1 (ET-1) levels, and augments vascular reactivity to
ET-1 and that a nonspecific ET-1 receptor antagonist acutely lowers
blood pressure in E-IH-exposed rats. However, the effect of chronic
ET-1 receptor inhibition has not been evaluated, and the ET receptor
subtype mediating the vascular effects has not been established. We
hypothesized that E-IH causes systemic hypertension through the
increased ET-1 activation of vascular ET type A (ETa) receptors. We
found that mean arterial pressure (MAP) increased after 14 days of 7
h/day E-IH exposure (109 = 2 to 137 = 4 mmHg; P < 0.005) but did
not change in sham-exposed rats. The ETa receptor antagonist BQ-
123 (10 to 1,000 nmol/kg iv) acutely decreased MAP dose depen-
dently in conscious E-IH but not sham rats, and continuous infusion
of BQ-123 (100 nmol-kg ™~ '-day ! sc for 14 days) prevented E-TH-
induced increases in MAP. ET-1-induced constriction was augmented
in small mesenteric arteries from rats exposed 14 days to E-IH
compared with those from sham rats. Constriction was blocked by the
ET A receptor antagonist BQ-123 (10 wM) but not by the ET type B
(ETg) receptor antagonist BQ-788 (100 wM). ETa receptor mRNA
content was greater in renal medulla and coronary arteries from E-IH
rats. ETg receptor mRNA was not different in any tissues examined,
whereas ET-1 mRNA was increased in the heart and in the renal
medulla. Thus augmented ET-1-dependent vasoconstriction via vas-
cular ETA receptors appears to elevate blood pressure in E-IH-
exposed rats.

sleep apnea; BQ-123; BQ-788; mitochondrial ribonucleic acid

OBSTRUCTIVE SLEEP APNEA is characterized by repeated upper
airway obstruction during sleep and affects between 5% and
20% of the population (32). This syndrome of sleep-disordered
breathing leads to episodic hypoxia and sleep deprivation.
Recent epidemiological studies reveal that sleep apnea and
other forms of sleep-disordered breathing increase the risk for
hypertension and associated metabolic disorders (24). How-
ever, the mechanisms whereby sleep apnea and the associated
eucapnic intermittent hypoxia (E-IH) cause systemic hyperten-
sion remain incompletely understood. Recent studies show that
patients with sleep apnea have increased circulating levels of

Address for reprint requests and other correspondence: N. L. Kanagy,
Vascular Physiology Group, Dept. of Cell Biology and Physiology, Univ. of
New Mexico Health Sciences Ctr., MSC 08-4750, Albuquerque, NM 87131
(e-mail: nkanagy @salud.unm.edu).

H434

0363-6135/08 $8.00 Copyright © 2008 the American Physiological Society

endothelin (ET)-1 (29, 42), a potent vasoconstrictor and mito-
genic peptide implicated in the development of many forms of
arterial hypertension (1). Furthermore, the synthesis of ET-1 is
increased by hypoxia, shear stress, oxidative stress, and cat-
echolamines, which are elevated in E-IH-exposed rats and
sleep apnea (42, 47). We have previously described that both
blood pressure and plasma ET-1 levels are increased after 12 to
14 days of E-IH exposure in rats and that a nonselective ET-1
receptor antagonist acutely lowers blood pressure in E-IH rats
to control levels but does not affect blood pressure in sham rats
(31). Thus increased circulating ET-1 appears to be one im-
portant underlying cause of hypertension in this rat model.

ET-1 elicits its effects by activating one of two receptor
subtypes on target cells. Vascular endothelial cells appear to
express primarily endothelin type B (ETg) receptors, and the
activation of these ETg receptors increases intercellular
[Ca®*], resulting in increased nitric oxide production and
vasodilation (44). Arterial vascular smooth muscle cells ex-
press both endothelin type A (ETa) and ETg receptors (16).
Activation of these receptors also increases intracellular
[Ca?*], leading to the contraction of the smooth muscle and
vasoconstriction (49). ET receptors appear to be more impor-
tant for arterial constriction, whereas ETg receptors contribute
to venous constriction, ET-1 clearance, and endothelium-de-
pendent dilation (48). Therefore, ET-1-induced increases in
vascular tone may be due to changes in the type, location, or
the number of receptors expressed. For example, rats with
fructose-induced hypertension have increased vascular ETa
receptor mRNA compared with that of control rats and dem-
onstrate a fall in blood pressure when ET, receptors are
blocked (30). Mice with genetic disruption of the ETg receptor
have significantly higher blood pressure despite similar plasma
levels of ET-1 compared with those of the controls (44),
whereas the blockade of ETg receptors in normal rats causes a
salt-dependent increase in mean arterial pressure (MAP) (50).
ETg receptors also participate in the plasma clearance of ET-1,
mainly in the lung (19). Thus decreased ETg receptor expres-
sion in the lungs could contribute to increased plasma levels of
ET-1 as observed in E-IH.

Thus both increased ET 4 receptor expression and the loss of
ETg receptors contribute to a variety of forms of hypertension.
The regulation of ET, and ETg receptor transcription is not
completely defined although the promoter regions for both
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genes have been sequenced (7, 59). Both promoters have
several response elements in common including activator pro-
tein (AP)-1, glucocorticoid response elements, and CCAAT/
enhancer-binding protein (58), all of which can be activated
during pressure-induced stretch and/or environmental stress.
Therefore, E-IH may directly or indirectly regulate the expres-
sion of ET-1 receptors to contribute to E-IH-induced hyper-
tension.

We recently reported that the increased vasoconstrictor sen-
sitivity of mesenteric arteries to ET-1 is accompanied by the
increased expression of the ET4 receptor protein without any
change in the ETg receptor protein (4). Thus E-IH appears to
alter ET receptor protein levels in this particular vascular bed,
and we utilized our rat model of E-IH to further investigate the
role of ET5 and ETg receptor activation and expression in
E-IH-induced hypertension. Studies were designed to test the
hypothesis that E-IH causes systemic hypertension through the
increased ET-1 activation of vascular ETa receptors. These
studies examined the effect of the chronic and acute adminis-
tration of the specific ETA receptor antagonist BQ-123 on
arterial blood pressure and analyzed ET-1, ET, receptor, and
ETg receptor mRNA in arteries, hearts, lungs, and kidneys
from animals exposed to either E-IH or sham conditions.
Finally, receptor antagonists were used to define the receptor
subtype mediating ET-1-induced constriction in small mesen-
teric resistance arteries.

METHODS
Animal Preparation

Male Sprague-Dawley rats (250-300 g; Harlan, Houston, TX)
were prepared for E-IH exposure as described previously (31).
Briefly, animals used for acute antagonist studies were instrumented
with arterial and venous catheters surgically implanted via the femoral
vessels. For the chronic antagonist studies, telemetry devices for
recording arterial pressure were implanted into the abdominal aorta
through the femoral artery with the body of the telemeter fixed in the
peritoneal cavity. Two other groups of rats without catheters were
exposed to E-IH or sham cycling for 14 days. In these rats, systolic
blood pressure was recorded using a tail cuff on day I and day 14 to
confirm the effect of the E-IH protocol on blood pressure. This
exposure protocol (90 s of N», CO, influx until inspired air contained
5% O, and 5% CO- followed by a 90-s cage flush with room air)
causes eucapnic hypoxia as recently reported (54). These rats were
euthanized on day 14, and tissues were collected for the analysis of
mRNA and contractile studies. All animal protocols were reviewed
and approved by the Institutional Animal Care and Use Committee of
the University of New Mexico School of Medicine and conform to
National Institutes of Health guidelines for animal use.

ET4 Antagonist Studies

To evaluate the contribution of ETA receptor activation to acute
blood pressure control, rats were exposed to either E-IH or sham
conditions for 14 days and then given either an ET A receptor antag-
onist (BQ-123; 0.1, 1, 10, 100, 1,000, and 3,000 nmol/kg) or equal
volumes of vehicle (saline) as an intravenous bolus on day 15 before
E-IH exposure. MAP and heart rate were recorded before, during, and
after treatment. For the chronic studies, BQ-123 was infused subcu-
taneously via an osmotic minipump for 14 days (100
nmol-kg ™~ !-day '), and MAP was recorded 24 h/day using telemetry
devices (DSI, model C-40).
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Mesenteric Arteriole Constrictor Studies

Small mesenteric artery segments were dissected from the vascular
arcade, cannulated, and pressurized as described previously (4). Ar-
terial segments secured at both ends onto glass cannulae in a vessel
chamber (Living Systems) were slowly pressurized to 60 mmHg with
physiological salt solution (PSS; in mmol/l) of 129.8 NaCl, 5.4 KCl,
0.83 MgSO4, 19 NaHCOs, 1.8 CaCl,, and 5.5 glucose using a
servo-controlled peristaltic pump (Living Systems). Pressurized seg-
ments were superfused with oxygenated PSS at 37°C (21% O», 5%
CO,, and balance N,). The endothelium was disrupted in some
arteries by passing air through the lumen, and only arteries where the
acetylcholine-mediated vasodilation of constricted arteries was erad-
icated were considered to be endothelium disabled. After baseline
internal diameter was determined, the arteries were exposed for 10
min to the ETa receptor blocker BQ-123 (0.1 or 1.0 uM), the ETg
receptor blocker BQ-788 (1 wM), or vehicle. After inhibitor incuba-
tion, the arteries were exposed to increasing concentrations of ET-1
(107'° to 10~ ® mol/l) with the antagonist continuously present in the
superfusion media. Each artery was used for only one concentration
response curve and after the ET-1 exposure was superfused with
Ca?*-free PSS to cause complete dilation and demonstrate that the
constriction was caused by active tone. Only data from arteries
dilating 100% or greater to Ca®>"-free PSS were used.

mRNA Expression

The thoracic aorta, mesenteric artery cascade, renal medulla, renal
cortex, left ventricle of the heart, and the upper right lobe of the lung
were collected and placed in RNAlater (Ambion) from pentobarbital
sodium-anesthetized rats (150 mg/kg). Total RNA was isolated using
a RNeasy kit (Qiagen) and used to synthesize cDNA by reverse
transcription using a high-capacity reverse transcription kit (Applied
Biosystems). PreproET-1, ETA receptor, and ETg receptor mRNA
levels were evaluated using TagMan gene expression assays (Applied
Biosystems). PCR was performed using the Applied Biosystems 7500
Fast Real-Time PCR System. The comparative critical threshold (CT)
method (2742€T) for the relative quantification of gene expression
was used (38) with 18S mRNA as the reference gene. The average of
sham was used as the calibrator.

Data Analysis and Statistics

Data are reported as means * SE. Two- or three-way ANOVA with
Tukey’s post hoc tests were used to compare between groups and
treatments. 7-tests were used for single measurements in two groups.
Values for n represent the number of animals used. A P value of
=0.05 was considered statistically significant.

RESULTS

Mean Arterial Pressure and Effect of ETa
Receptor Antagonist

After 14 days, MAP measured with indwelling arterial
catheters was elevated in E-IH compared with the sham rats
(Fig. 1). This is consistent with our earlier work that measured
arterial pressure daily over 12 days and documented a similar
increase in MAP (31). The administration of boluses with
increasing doses of the ETa receptor antagonist BQ-123 in
100 wl of phosphate-buffered saline (PBS) caused a dose-
dependent decrease in MAP in the E-IH-exposed rats. In
contrast, the antagonist did not affect MAP in sham rats
(Fig. 2). After the administration of the highest dose of the
antagonist, MAP was not different between E-IH (112 = 5
mmHg) and sham (110 * 2 mmHg) rats. The administration of
PBS alone did not affect blood pressure in either group (data
not shown).
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Fig. 1. Mean arterial pressure (MAP) on day I and day 14. MAP was recorded
via an indwelling arterial catheter before the start of eucapnic intermittent
hypoxia (E-IH) exposure on days 1 and /4. Blood pressure was significantly
elevated in the E-IH rats on day 14 (*) compared with that of both day 1 E-IH
values and day 14 control animals for P = 0.05 (n = 8 for each group).

The chronic administration of BQ-123 (100 nmol-kg~!-day ! sc)
prevented the E-IH-induced increase in MAP recorded with
telemetry (Fig. 3) but did not affect MAP in the sham rats and
did not affect heart rate in either group (data not shown). The
administration of the vehicle (PBS) did not affect MAP in
either group.

ET-1 Vasoconstriction

ET4 receptor antagonist. ET-1 was more potent at eliciting
constriction in E-IH than in sham arteries, as in our previous
studies (4). The ET4 receptor antagonist (BQ-123) inhibited
ET-1 constriction in both denuded (Fig. 4) and intact (Fig. 5)
mesenteric arteries from sham and E-IH rats (Fig. 4). The
inhibition was concentration dependent and similar in the two
groups of arteries (Table 1).

ETpg receptor antagonist. The ETg receptor antagonist (BQ-
788) did not affect ET-1 constriction in endothelium-inacti-
vated arteries from either sham or E-IH rats (Fig. 4) but
augmented constriction significantly in intact arteries from
sham arteries (Fig. 5). The combination of BQ-123 and BQ-
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Fig. 2. MAP changes to BQ-123 administration. BQ-123 in phosphate-buffered
saline was administered as a bolus dose (10, 30, 100, 300, and 1,000 nml/kg) via
the venous catheter. MAP was recorded continuously, and each dose was admin-
istered 10 min apart in increasing order. The endothelin type A (ETa) receptor
antagonist lowered MAP in E-IH but not sham rats, and the decrease was both
significant (*P = 0.05) and dose dependent. At the highest dose of BQ-123 (1,000
nmol/kg), MAP was not different between sham and E-IH rats.
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Fig. 3. Effect of chronic BQ-123 (BQ) administration on blood pressure. MAP
was recorded using indwelling telemetery devices. The 24-h average on day 14
was significantly elevated in the E-IH vehicle (Veh) group compared with the
sham Veh (*) and in the E-IH Veh group on day 0 (#). MAP in the E-IH group
treated with BQ-123 was different from the E-IH Veh group (+) but not from
the sham groups.

788 was similar to BQ-123 alone in denuded arteries (data not
shown).

Endothelin System mRNA

Preproendothelin-1 mRNA was present in all of the tissues
evaluated (Fig. 6). In the left ventricle of the heart and the renal
medulla, normalized ET-1 mRNA expression was significantly
greater in the E-IH than in the sham tissues. In the other tissues
examined, there was no significant difference in ET-1 mRNA
expression between groups, but it tended to be elevated in all
E-IH tissues.

ET4 Receptor mRNA

ETA receptor mRNA was present in all of the tissues
evaluated (Fig. 7). In coronary arteries, the lung, and renal
medulla homogenates, normalized ET, receptor mRNA ex-
pression was significantly greater in E-IH than in sham tissues.
There were no significant differences in normalized ETx re-
ceptor mRNA expression in other tissues although levels again
tended to be higher in the E-IH tissues.

ETg Receptor Protein

The ETg receptor protein was present in all of the tissues
evaluated, but there were no significant differences in normal-
ized ETg receptor protein levels between groups for any of the
tissues examined (data not shown).

DISCUSSION

The goal of this study was to determine whether ET-1-
dependent hypertension in E-IH-treated rats is caused by the
increased activation of vascular ET, receptors. The major
findings are: 1) ETx receptor antagonist BQ-123 acutely low-
ers blood pressure in E-IH but not in sham rats and prevents
E-TH-induced increases in arterial pressure, 2) ET-1 constric-
tion in mesenteric arteries is mediated through ETA receptor-
dependent constriction, 3) preproendothelin-1 mRNA expres-
sion is also increased in the renal medulla and the left ventricle,
4) ETa receptor mRNA is greater in the renal medulla, lungs,
and coronary arteries of E-IH compared with sham rats, and

AJP-Heart Circ Physiol - VOL 295 « JULY 2008 « www.ajpheart.org

/T0Z ‘0z Arenuer uo g'€£'022 0T Ag /Ao ABojoisAyd-ureaydle//:dny woly papeojumoq



http://ajpheart.physiology.org/

INTERMITTENT HYPOXIA AND ENDOTHELIN

A Sham Denuded B

= 100 O Vehicle (n=10) 100 { © Vehicle (n=9)
K] ¥ 1.0 uM BQ123 (n=5) v 1.0 uM BQ123 (n=7)
B 80 80

2

o

» 60 60

c

g 40 40

@

© 20 20

>

X 0 I 0

H437

E-IH Denuded

* Fig. 4. Effect of ET receptor antagonists on ET-1 con-
striction in endothelium-inactivated arteries. Cumulative

* addition of ET-1 caused a concentration-dependent con-
striction of endothelium-inactivated mesenteric arteries

from both sham and E-IH rats. BQ-123 inhibited con-
striction in arteries from sham rats (A) and those from
E-IH rats (B) in a concentration-dependent manner
(*different from vehicle for P < 0.05). BQ-788 did not
inhibit constriction (C and D). #Significant difference
from sham for P < 0.05.
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5) ETp receptor mRNA expression is not different in tissues
from E-IH and sham rats.

Together these finding suggest that increased circulating
levels of ET-1 in E-IH rats come from the kidney, heart, or
lungs and act on vascular and/or renal ET receptors to cause
ET-1-dependent hypertension.

Clinical studies have demonstrated that elevated circulating
ET-1 contributes to the development of systemic hypertension,
especially in low-renin forms of hypertension (36). In addition,
patients with sleep apnea also have elevated circulating levels
of ET-1 (52, 55) that correlate with the severity of apnea (52).

90 -85 -80
log [Endothelin-1] (M)

We have previously demonstrated that rats exposed to E-IH
during sleep to simulate the hypoxemia of sleep apnea have
increased circulating ET-1 levels (31) and augmented constric-
tor responses to ET-1 (4). Therefore, these new data support
the hypothesis that repeated exposure to E-IH increases ET-1-
dependent vasoconstriction to contribute to the associated hy-
pertension.

The higher levels of preproendothelin-1 mRNA observed in
the renal medulla and heart from E-IH rats suggest that ele-
vated circulating ET-1 results from increased transcription in
these sites. This is in agreement with other studies of ET-1

Fig. 5. Effect of ET receptor antagonists on ET-1 con-
striction. Cumulative addition of ET-1 caused a concen-
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enteric arteries from both sham and E-IH rats. BQ-123
inhibited constriction in arteries from sham rats (A) and
those from E-IH rats (B) in a concentration-dependent
manner (*different from vehicle for P < 0.05). BQ-788
increased constriction slightly in sham but not E-IH
arteries (C and D). #Significant difference from sham for
P < 0.05.
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Table 1. Effect of endothelin antagonists on ECsg

Treatment Sham E-IH

Intact mesenteric arteries ECso, nmol/l = SE

Vehicle 3.1£04 2.0+0.2
BQ-123, 0.1 puM 13.05+0.5% 5.5+0.1%
BQ-123, 1 pM 146.9+1.5% 1443*1.6
BQ-788, 1 pM 2.1+0.4% 1.5+0.3
Endothelium-inactivated mesenteric arteries ECso, nmol/l = SE
Vehicle 2.8+0.2 1.2+0.1
BQ-123, 1 pM 21.9+1.2% 12.4+1.4%
BQ-788, 1 uM 1.9+0.3 1.8+0.1

Values are means = SE. E-IH, eucapnic intermittent hypoxia. *Significantly
different from vehicle.

synthesis that suggest plasma ET-1 levels are primarily regu-
lated at the level of promoter activation (15, 28) and that the
kidney and heart are primary sites of ET-1 production (17, 25).
Several transcription factors have been identified that modulate
ET-1 synthesis including hypoxia inducible factor (HIF) (11,
41). The increased ET-1 message in the renal medulla and the
left ventricle could be caused by E-IH activation of HIF-
mediated transcription. This is in agreement with studies in
which a similar protocol of E-IH increased blood pressure and
ET-1 synthesis in wild-type but not in HIF-1 knockout mice
(45). In addition, E-IH increases oxidative stress (37), which in
turn increases levels of transcription factors such as AP-1 and
NF-kB (37), which also stimulate ET-1 synthesis (18, 51).
Previous work in our laboratory has shown that the treatment
of E-IH rats with the superoxide dismutase Tempol prevents
the increase both in MAP and in circulating ET-1, suggesting
oxidative stress is a primary stimulus for the increased ET-1
synthesis (56). Thus multiple stimuli may interact to increase
the synthesis and release of ET-1 during IH.

Chronic elevations in circulating ET-1 cause hypertension in
animal models by direct ET4 receptor-mediated vasoconstric-
tion (1), by activating the renin-angiotensin system (8), or
through effects on the renal handling of sodium (27, 33) and
activation of the sympathetic nervous system (26, 40). Our
previous studies using this model of sleep apnea demonstrate
that the hypertension is acutely reversed with a nonselective
ET-1 receptor antagonist, PD-145065 (31), whereas the current
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Fig. 6. Preproendothelin-1 mRNA. ET-1 mRNA expression was calculated as
fold change from sham normalized to 18S mRNA. *Significantly different
from controls for P = 0.05 (n = 5). Mes art, mesenteric arteries.

INTERMITTENT HYPOXIA AND ENDOTHELIN

ETAR mRNA
3.0
—— Sham
25 — - H

mRNA (fold change)

Fig. 7. ETa receptor (ETAR) mRNA. ETa receptor mRNA expression was
calculated as fold change from sham normalized to 18S mRNA. *Significantly
different from controls for P = 0.05 (n = 5).

study demonstrates that acute ETs receptor antagonism also
reverses IH-induced hypertension but acts more potently and
efficaciously than the nonselective antagonist, suggesting that
the ET4 receptor mediates this response. Chronic treatment
with a low concentration of this same antagonist completely
prevented the development of hypertension, suggesting that
this mechanism is a primary cause of the hypertension and not
a secondary result of the sustained increase in blood pressure.
Furthermore, our results demonstrate the increased expression
of ETa receptor mRNA in kidneys from E-IH-exposed rats,
suggesting that the increased ET A receptor activation may be
mediated by both increased circulating ET-1 (31) and by
increased ETa receptor expression in some target organs.
Protocols in this study did not directly address the role of
changes in the receptor expression in the renal medulla, but the
E-IH-induced increase suggests the renal medulla is a potential
contributor to the ET-1-dependent hypertension. Therefore,
increased circulating ET-1 acting on an increased number of
ET A receptors appears to contribute to E-IH-induced hyperten-
sion.

This is consistent with previous reports in other models of
hypertension wherein the elevated expression of ET 4 receptors
appears to lead to increased ET-1-mediated vasoconstriction
(6, 30). Our data demonstrate that small mesenteric arteries
from hypertensive E-IH rats have increased vasoconstrictor
sensitivity to ET-1 that is blocked by an ETa receptor antag-
onist but not by an ETg receptor antagonist. Although vascular
ET A receptor mRNA levels were not elevated, constriction was
blocked only by the ET antagonist, suggesting altered recep-
tor signaling or the increased stability of the protein contributes
to the elevated constrictor response. Both are supported by our
previous observations that these arteries have a modest in-
crease in the protein levels of the ETA receptor and that
postreceptor signal transduction is altered by E-IH exposure (4,
5). Indeed, ETA receptors appear to activate PKCS in arteries
from E-IH-exposed rats but not in sham arteries, further indi-
cating that E-TH alters the signaling cascade of this receptor in
vascular smooth muscle (3). Recent studies in diabetic rats also
found that despite elevated levels of ET-1, vascular sensitivity
to ET-1 was increased in small but not large arteries (53). Thus
it appears that the elevated synthesis of ET-1 does not always
lead to impaired vascular sensitivity to the peptide.
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The depressor response to ET4 receptor blockade in vivo
further indicates that vascular ET s receptor activation contrib-
utes more to blood pressure control in E-IH than in sham rats.
The transcriptional regulation of ET receptors is less well
defined than the transcriptional regulation of ET-1, but several
in vivo conditions have been identified that increase ETa
receptor mRNA including elevated glucocorticoids (12). E-IH
acutely activates the sympathetic nervous system and increases
cortisol levels (13), suggesting adrenal steroids could mediate
the modest increase in ET receptor mRNA levels. However,
the steroid induction of the ET receptor is somewhat contro-
versial (34, 57), and other studies will be needed to decipher
the stimulus for this response.

Chronic hypoxia also stimulates ET-1 synthesis (2, 14) and
augments ET o receptor-mediated vasoconstriction (9, 10), sug-
gesting that similar mechanisms may mediate the intermittent-
and chronic hypoxia-induced synthesis of ET-1 and ET4 re-
ceptor expression. It is of particular interest that the expression
of pulmonary ETA receptors is increased in the E-IH rats,
providing a potential mechanism for the pulmonary hyperten-
sion previously reported in animals exposed to IH (20).

Vascular ETg receptors may be expressed in both endothe-
lial and smooth muscle cells to mediate endothelium-depen-
dent vasodilation and direct vasoconstriction. We found that
ETg receptor expression was not changed in any of the tissues
examined. A reasonable interpretation is that the relative con-
tribution of the ETg receptor to the overall ET-1 effect in
E-TH-exposed rats is diminished given that ET s receptor ex-
pression was increased. Thus our previous observation that
E-TH exposure leads to elevated circulating ET-1 levels does
not appear to be due to the diminished clearance of the peptide
by ETg receptors but rather due to enhanced synthesis. In
addition, ET-mediated arterial constriction does not appear to
be an important contributor to systemic hypertension in this
setting based on the lack of effect of the ETg receptor antag-
onist in the denuded arteries and the increased efficacy of the
ET 4 receptor antagonist compared with previous reports of the
nonselective antagonist (31). However, the slight augmentation
of constriction in the endothelium-intact sham but not E-IH
arteries by the ETg receptor blocker suggests there may also be
loss of ETg receptor-mediated vasodilation. Although our
hemodynamic data are consistent with the increased activation
of central, renal, or vascular ETA receptors, the increased
vascular expression of ET4 receptors (4) coupled with our
previous observation of increased vascular constrictor sensi-
tivity to ET-1 is most consistent with at least a portion of the
hypertension being dependent on the ET-1 activation of vas-
cular ET4 receptors. Therefore, we conclude that the increased
ET-1 activation of vascular and/or renal ET4 receptors medi-
ates the hypertension in this model with a potential small
contribution of the loss of ETg receptor-mediated dilation.

Epidemiological evidence shows a strong association be-
tween sleep apnea and hypertension, yet functional links be-
tween intermittent exposure to hypoxia and elevated arterial
pressure are not clearly defined. Studies from Fletcher and
coworkers (23) in rats exposed to several weeks of IH suggest
that the resultant hypertension is caused by the activation of
either the sympathetic nervous system (21) or the renin angio-
tensin system (22). However, epidemiological studies (35, 43)
suggest that the activation of the sympathetic nervous system
only partially explains the increased incidence of hypertension
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in sleep apnea patients. Rather, the activation of multiple
systems during this syndrome produces a hypertension that is
resistant to most antihypertensive treatments aimed at a single
system (39). Our studies showing increased ET-1 levels, aug-
mented depressor responses to ET 4 receptor blockade, and the
elevated expression of ETA receptors support the concept that
this model of hypertension requires the activation of ETa
receptors. Furthermore, ET4 receptor activation appears to be
mediated by a combination of increased vascular receptor
number, the increased synthesis of ET-1, and altered post-
receptor signaling. This finding in our rat model coupled with
the observation of increased circulating levels of ET-1 in sleep
apnea patients (46, 52) suggests that targeting ETA receptors
may be a selective and effective treatment for hypertension
secondary to sleep apnea.
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