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Zibotentan, an Endothelin A Receptor
Antagonist, Prevents Amyloid-�-Induced
Hypertension and Maintains Cerebral
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Abstract. Cerebral blood flow is reduced in Alzheimer’s disease (AD), which is associated with mid-life hypertension. In
people with increased cerebral vascular resistance due to vertebral artery or posterior communicating artery hypoplasia, there
is evidence that hypertension develops as a protective mechanism to maintain cerebral perfusion. In AD, amyloid-� (A�)
accumulation may similarly raise cerebral vascular resistance by upregulation of the cerebral endothelin system. The level of
endothelin-1 in brain tissue correlates positively with A� load and negatively with markers of cerebral hypoperfusion such as
increased vascular endothelial growth factor. We previously showed that cerebroventricular infusion of A�40 exacerbated pre-
existing hypertension in Dahl rats. We have investigated the effects of 28-day cerebral infusion of A�40 on blood pressure and
heart rate and their variability; carotid flow; endothelin-1; and markers of cerebral oxygenation, in the (normotensive) Wistar
rat, and the modulatory influence of the endothelin A receptor antagonist Zibotentan (ZD4054). Cerebral infusion of A�
caused progressive rise in blood pressure (p < 0.0001) (paired t-test: increase of 3 (0.1–5.6) mmHg (p = 0.040)), with evidence
of reduced baroreflex responsiveness, and accumulation of A� and elevated endothelin-1 in the vicinity of the infusion. Oral
Zibotentan (3 mg/kg/d, administered for 31 d) abrogated the effects of A�40 infusion on baroreflex responsiveness and blood
pressure, which declined, although without reduction in carotid blood flow, and Zibotentan caused uncoupling of the positive
linear relationship between endothelin-1 and vascular endothelial growth factor, which as a sensor of tissue oxygenation
would be expected to increase if there were hypoperfusion.
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INTRODUCTION

Cerebral blood flow (CBF) is reduced approxi-
mately 40% in Alzheimer’s disease (AD) [1]. Early
AD is associated with a distinct distribution of hypop-
erfusion, notably affecting the precuneus, posterior
cingulate, and superior parietal cortex [2, 3], consis-
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tent with the regional distribution of amyloid-� (A�).
In elderly people at high risk of AD, reduction in
CBF precedes cognitive decline, brain atrophy, sig-
nificant deposition of amyloid, or decline in A�42
in the cerebrospinal fluid [4]. In longitudinal studies,
lower CBF is associated with increased dementia risk
and disease severity, and decline in CBF predicts con-
version to dementia [5–7]. Increased cerebrovascular
resistance, an elevated ratio of blood pressure (BP)
to CBF, occurs earlier and is more widespread, than
altered CBF in AD [8–11].
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Non-amyloid small vessel disease, and cere-
bral amyloid angiopathy (CAA), may contribute to
reduced CBF in AD. However, the regions most
affected by these pathologies (occipital cortex in
CAA, and deep cerebral white and grey matter struc-
tures in small vessel disease) are not those with
the earliest or most marked reduction in CBF in
AD. Compared to age-matched controls, people with
mutations causing autosomal dominant AD had a
greater volume of white matter hyperintensities, up to
two decades before the onset of dementia [12]; only
21% of the association was related to microbleeds (a
marker of CAA) [13]. The main contributors to the
reduction in CBF are probably regulatory rather than
structural abnormalities of the cerebral vasculature.

Some of these abnormalities are probably medi-
ated by indirect effects of intracerebral A� peptides.
A�40 induces vasoconstriction in isolated arteries and
on application to mouse cortex [14–16]. Functional
hyperemia and endothelium-dependent relaxation
are attenuated by A� through a mechanism shown
to involve Nox2-derived reactive oxygen species
[17–19]. A� also causes pericyte death in vitro and
in Tg2576 mice [20–22]. Loss of pericytes from
the cerebral cortex is associated with reduced CBF
in mice [23, 24], and postmortem biochemical evi-
dence of reduced oxygenation of human brain tissue
[25]. A� was shown to induce generation of the
potent vasoconstrictor endothelin-1 (EDN1) through
activation of the A�-binding receptor for advanced
glycosylation end products (RAGE) in Tg2576 mice,
producing a reduction in CBF [26, 27]. We found
that EDN1 is significantly elevated in AD cortex, as
is one of the catalytic enzymes involved in its pro-
duction, endothelin-converting enzyme-2 (ECE-2).
Exogenous A� peptides upregulated the endothelin
system in vitro: A�42 increased neuronal ECE-2,
and A�40 caused elevation of ECE-1 in endothe-
lial cells [28–31]. We also demonstrated increased
ECE-1 activity and EDN1 level in blood vessels from
postmortem AD brain [31].

Mid-life hypertension is associated with later-life
AD. A recent study of 8,000 participants showed that
systolic BP (SBP) above normal but below the con-
ventional treatment threshold, at 50 years (but not 60
or 70 years), is associated with an increased risk of
dementia [32]. However, the direction of causality
has come under question, with recent evidence that
hypertension may be a protective response to cerebral
hypoperfusion linked to A� accumulation within the
brain [33–35], analogous to the development of reno-
vascular hypertension or pulmonary hypertension in

people with reduced renal or pulmonary perfusion.
Warnert et al. [33] found that people with hypopla-
sia of the vertebral arteries or posterior part of the
circle of Willis were at elevated risk of developing
hypertension, and that cerebral vascular resistance
increased before the development of hypertension,
which was associated with an increase in sympathetic
nerve activity. We studied the systemic hemody-
namic effects of cerebroventricular infusion of A�
in the Dahl salt-sensitive (Dahl/SS) rat [35]. The
Dahl/SS rat develops hypertension on a high-salt diet
and the hypertension was exacerbated by intracere-
broventricular infusion of A�. The elevated blood
pressure was associated with autonomic imbalance
and reduced cardiac baroreflex gain.

Together, the evidence suggests that an A�-
mediated increase in EDN1 contributes, at least in
part, to reduced CBF in AD, and may induce a rise
in systemic BP. A further mechanism by which A�
may mediate cerebral vasoconstriction is by changes
to the renin-angiotensin system (RAS), particu-
larly by increased production of the vasoconstrictors
angiotensin II and III [36–38]. Anti-hypertensive
medications are being trialed to prevent cogni-
tive decline [38]. The evidence is unclear as to
whether a reduction in incident dementia is associ-
ated only with certain classes of anti-hypertensives:
only calcium-channel blockers and renin-angiotensin
system blockers had a significant effect in one analy-
sis [39], but another meta-analysis found that people
with hypertension had a reduced risk of developing
dementia when taking any class of anti-hypertensive
medication [40]. The direct vasodilatory effect on the
cerebral vasculature of these commonly prescribed
antihypertensive mediations is potentially a major
confounder in studies investigating the impact of low-
ering BP on the AD risk. There are no comparable
human data for EDN1 receptor antagonists (ERAs),
although the EDNRA receptor subtype mediates
EDN1-induced vasoconstriction, and the cerebrovas-
cular effects of this peptide have the potential to be
modified by an EDNRA antagonist [41].

We have now examined the effects of Ziboten-
tan (an EDNRA antagonist) on systemic BP, CBF,
autoregulation, and other vasoregulatory pathways in
a rat model of A�-mediated cerebral vasoconstric-
tion. Our hypothesis was that parenchymal infusion
of A� would, through increased production of EDN1,
increase cerebral vascular resistance, affecting auto-
nomic function and causing elevation of systemic
BP, and that these effects would be ameliorated by
Zibotentan.
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Table 1
Mean blood pressure pre- and post-A�/saline infusion

Group N Weight* (g) MBP: baseline MBP:+zib MBP: post-infusion
(mmHg) (mmHg) final week (mmHg)

A� 20 343 (321–365) 102 (98–107) – 105 (99–111)a

Saline 11 352 (325–379) 104 (101–107) – 104 (99–109)
A�+zib 12 341 (299–383) 109 (103–115) 102 (95–109)b 104 (95–114)
Saline+zib 12 338 (327–349) 105 (102–108) 100 (97–102)c 101 (96–107)

Telemetry data (mean blood pressure; MBP) in A�- and saline-infused groups. Mean values (95% CI). *Weight prior
to telemetry surgery at 12–14 weeks of age. Pre-infusion baseline MBP for all groups. MBP following Zibotentan
(+zib) administration for A�+zib and saline+zib groups (measured pre-infusion). Post-infusion data for final week
of A� or saline infusion (day 22–28). Baseline MBP did not differ significantly between groups (one-way ANOVA,
p = 0.249). Final week MBP was significantly higher than baseline in the A� group (paired t-test, ap = 0.0404). MBP
was significantly reduced in the A�+zib group (Tukey’s multiple comparisons test, bp = 0.0049) and the saline+zib
group (Tukey’s, cp < 0.0001) following administration of Zibotentan.

METHODS

Animals

All procedures in this study were conducted in
accordance with the UK Home Office Guidelines
on Animals (Scientific Procedures) Act of 1986 and
approved by University of Bristol Ethical Review
Committee. Male Wistar rats, aged 12–14 weeks at
the start of the experiments, with a mean initial weight
of 343 g (range 251–503 g; for details, see Table 1),
were sourced from Harlan, UK. The rats were housed
at a constant 22◦C under a 14:10 light/dark cycle with
free access to food and water. All data were analyzed
and are reported in accordance with ARRIVE guide-
lines [42]. The choice of a rat model rather than a
transgenic mouse had several practical advantages for
this study, their larger size allowing for complex sur-
gical procedures and their greater brain tissue volume
facilitating our measurement of the multiple proteins
of interest by adaptation of assays previously opti-
mized for human postmortem tissue. Further, rats
more closely reflect cardiovascular physiology of
humans, and are better suited to the study of blood
flow, BP, and heart rate variability.

Study design

Simple randomization was used to assign animals
to one of four groups: A�40-infused not on Zibo-
tentan (A�); A�40-infused on Zibotentan (A�+zib);
saline; and saline+zib. A power calculation was per-
formed to determine the minimum number (n = 10) of
rats required for each experimental group to test the
primary hypotheses (that Zibotentan would prevent
A�-induced hypertension); based on our previous
experience, the SD of BP measurements in a typi-
cal cohort of rats is ≤5% of the mean, so that for

fixed-effects omnibus one-way ANOVA, groups of 10
animals will give us >99% power to detect an effect
size (f) of 1.0 across all groups, and 90% power (at
the p < 0.05 level) to detect mean differences of 7%
between groups. An additional 10 rats in the A� infu-
sion group were used to confirm the consistency of
the common carotid artery flow probe measurements.

Experimental procedures

General surgical procedure
Wistar rats were first anesthetized with 5%

halothane, then weighed and fully anesthetized with
ketamine (60 mg/kg) and medetomidine (250 �g/kg)
by injection. The nociceptive pinch reflex was used to
assess the level of anesthesia before, and at frequent
time points during each procedure, and anesthetic
was topped up as necessary. Body temperature was
monitored and maintained at 37◦C using a heat
blanket. Aseptic technique was used for surgery.
Immediately after surgery, the rats were given 1 mL
of lactated Ringer’s solution subcutaneously, then
a subcutaneous injection of atipamezole (1 mg/kg).
Post-operatively they were housed individually in
clean cages, and for 2-3 days were given one daily
dose of the analgesic, meloxicam.

Telemetry device implantation
A radio-telemetry device (Data Sciences Interna-

tional (DSI), MN, US) was implanted according to
the method of Waki et al. [43] and as previously
described [35]. Baseline physiological data were col-
lected for five to seven days, prior to mini-osmotic
pump surgery.

Zibotentan administration
Zibotentan, ZD4054, provided by AstraZeneca,

is a potent, highly specific antagonist of EDNRA
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(IC50 = 13 nM) [44], with no effect at EDNRB. This
is the first preclinical study addressing the potential
therapeutic use of Zibotentan for AD.

Rats that were randomly assigned to the A�+zib
or saline+zib group were administered Zibotentan
in their drinking water (27.6 �g/mL, a dose of
∼3 mg/kg/d) from 3 days prior to mini-osmotic pump
implantation (used to deliver A�40/saline). This dose
was calculated prior to the study, based on the obser-
vation that 350 g Wistars drank an average 38 mL
water/d. Rats assigned to the A� or saline group were
given normal drinking water without the drug.

Mini-osmotic pump implantation
4-week infusion of either A�40 (human A�1-40;

AnaSpec; San Jose, CA, USA) or saline into the brain
parenchyma was performed using the Alzet® osmotic
pump model 2004 and Alzet® brain infusion kit 1
(both Charles River). We directed infusions into the
brain parenchyma as our previous study of A�40 infu-
sion into the right lateral ventricle indicated rapid
clearance [35].

Mini-osmotic pump implantation and brain can-
nula placement were performed after a minimum
of five days’ recovery from implantation of the
telemetry device, and five to seven days of base-
line recording for each animal. Prior to surgery, the
mini-osmotic pump and vinyl catheter were filled
with A�40 solution – 1 mg stock solution prepared in
0.35% acetonitrile and diluted to the final concentra-
tion of 1 mg/mL (231 �M) in sterile saline, or saline
with acetonitrile to the same final concentration. Fol-
lowing anesthesia, the rat was placed in a stereotaxic
frame with a clamp arm holding a fine stainless-steel
cannula (part of brain infusion kit) in position. The
skull was exposed, and the cannula positioned and
implanted below the skull surface into the caudate-
putamen (striatum) at AP –1.0 mm, L –3.0 mm, D
5.0 mm, attached to the catheter and pump and fixed
in position with dental cement. The attached pump
was implanted subcutaneously with the tubing pass-
ing subcutaneously through the scapular region. The
tubing remained slack to allow free head movement.
The infusion rate of 0.25 �l/h administered 6 �g/d of
A�40 for 28 d.

Carotid flow probe implantation
On day 17 of infusion, a flow probe was implanted

around the right common carotid artery to allow
absolute blood flow measurement through this artery
during the final days of infusion (days 20–28).
Following anesthesia, a midline ventral neck inci-

sion exposed the common carotid artery, which
was carefully isolated. A strip of surgical mesh
(approximately 2 cm width) was passed underneath
the exposed artery. A flow probe (1PRB; Tran-
sonic Systems, USA) with side cable orientation
was placed around the artery, the metal slide closed,
and signal verified after the addition of lubricat-
ing jelly (Surgilube®, Savage Laboratories, USA) to
the inside of the probe head and connection to the
flowmeter: a T402 Dual Channel Flow Console fit-
ted with 2 x TS420 Perivascular Flowmeter Module
(-P) via a CRA10-S-CRA10 10-pin cable (both Tran-
sonic Systems). The metal slide of the probe reflector
was cleaned of lubricant and sealed with a small
amount of cyanoacrylate glue. The artery and acous-
tic portion of the probe were soaked in saline to avoid
glue contamination. The surgical mesh was wrapped
around the artery and probe and sutured in place to
minimize intervening build-up of fibrotic tissue. The
probe cable was anchored subcutaneously and then
passed around the neck to exit at the back of the ani-
mal just above the scapular region. The connector
side of the probe was held in place using a plastic
cuff (Transonic Systems) sutured to the skin.

The flow probe signal returns 2-3 d follow-
ing implantation. Our first reading was taken at
3 d. Daily readings were obtained during infusion
days 20–28. Rats were fully awake, placed on
the investigators lap in surrounding cloth to mini-
mize stress, and the flowmeter connector plugged in
for 2-3 min for each reading. Average carotid flow
(mL/min) was measured and BP recorded simulta-
neously to allow calculation of vascular conductance
(mL/min/mmHg).

Telemetry monitoring and data analysis
As described previously [35], the telemetry system

used in this study measures pulsatile arterial pressure.
Spike2 software was used to derive heart rate (HR),
respiratory rate (RR), SBP, diastolic (DBP), and mean
BP (MBP) from this waveform. The telemetry device
was switched on five days after implantation to record
for 5 to 7 d (baseline). Mean HR, RR, SBP, DBP,
and MBP were calculated for each 24 h period and
an average baseline value for each parameter was
determined. For those rats given Zibotentan, this was
added to the drinking water after the baseline mea-
surements, 3 d before infusions of A�40 or saline
were started. After mini osmotic pump implanta-
tion surgery, telemetry measurements were recorded
continuously from 3–28 d, at a digital sampling fre-
quency of 1000 Hz, and the average for each 24 h



J.C. Palmer et al. / ERA Prevents Aβ-Induced Hypertension 1189

period was determined relative to mean baseline val-
ues.

HR and BP variability analysis
Spike2 software was used for spectral analysis of

HR and SBP variability (HRV and SBPV), and to
produce an index of cardiac baroreceptor reflex gain
(BRG) sensitivity, according to previously-described
methods [35].

Brain tissue collection and preparation
Whole brain was collected immediately post-

mortem on day 28 of infusion and kept on ice.
After removal of the brainstem and cerebellum, tissue
homogenates were separately prepared from anterior,
intermediate, and posterior regions of each cerebral
hemisphere, yielding 6 homogenates from each brain.
Tissue was weighed and transferred to 2 mL screw-
cap tubes with 6–8 ceramic beads and 1% SDS
homogenization buffer (1% SDS, 10 mM Tris base
pH 6, 0.1 mM NaCl, 1 �M PMSF, 1 �g/mL Apro-
tinin) added (either 1 mL or 1.25 mL depending on
weight, ∼20% w/v). Tissue was homogenized for
4 x 20 s at 6000 rpm in a Precellys® homogenizer
(Bertin Technologies, from Stretton Scientific, UK),
with incubation on ice after each homogenization.
Homogenates were centrifuged at 12,470 g for 20 min
at 4◦C, and the supernatant aliquoted and stored at
–80◦C immediately.

Measurement of vascular endothelial growth
factor (VEGF), proteolipid protein 1 (PLP1),
EDN1, and Aβ40 in brain homogenates by
sandwich ELISA

VEGF, PLP1, EDN1, and A�40 in brain
homogenates were quantified using commercial
sandwich ELISA kits, according to manufacturers’
instructions, with slight modifications to optimize
kits for use with rat brain homogenates. The accuracy
of the ELISAs were validated by spike-and-recovery
testing using rat brain homogenates spiked with stan-
dards: recovery was between 80–120%, with linearity
on serial sample dilution. The ELISA kits used were
Rat VEGF Immunoassay and Human Amyloid �
(aa1-40) Immunoassay (both Quantikine® ELISA,
R&D Systems); Rat ET-1 (Endothelin 1) ELISA Kit
(Elabscience®); and Rat PLP1/Myelin PLP ELISA
Kit (Sandwich ELISA, LifeSpan BioSciences, Inc.).
Plates arrived pre-coated with antibody. Homogenate
sample aliquots were defrosted and centrifuged at
16,602 g for 5 min at 4◦C. All reagents were brought
to room temperature before use (except A�40 conju-

gate which remained at 4◦C). Samples were diluted
to working dilution in sample diluent provided (1
in 10 for VEGF and A�40, and 1 in 15 for EDN1
and PLP1), and added to the plate in duplicate wells.
Standard serial dilutions were carried out according
to manufacturers’ recommendations, and assayed in
duplicate wells, with the addition of an extra serial
dilution for the VEGF ELISA so all samples fell
within the range of the standard curve. Incubation
times and temperatures, washing, secondary antibody
dilutions, substrate and stop solution were all as in
the manufacturers’ protocols. The optical density was
read at 450 nm (FLUOstar OPTIMA plate reader;
BMG Labtech, Germany). Blanks, of standard dilu-
ent and standard diluent containing the same dilution
of lysis buffer as the sample, were subtracted from
the standard readings and sample readings respec-
tively. Sample readings all fell within the standard
curve readings for each assay and the average of the
duplicates was interpolated from the relevant stan-
dard curve to calculate concentration. Carry-over
samples were used to check inter-plate variability
and adjustments were made as necessary. Sample
concentrations were adjusted for homogenate tissue
weight per volume of lysis buffer added when the
homogenates were prepared.

Measurement of myelin-associated glycoprotein
(MAG) by dot blot

MAG in rat brain homogenates was quantified
by dot blot. Aliquots of homogenate samples were
defrosted and centrifuged at 16,602 g for 20 min to
remove particulates and diluted 1 in 40 in Tris-
buffered saline (TBS). The Bio-Dot™ apparatus
(Bio-Rad, CA, USA) containing a nitrocellulose
membrane was assembled according to the manu-
facturer’s instructions, and the vacuum applied to
tighten the manifold. With the vacuum switched off
and the apparatus exposed to air, 100 �l of sam-
ple was added to wells in duplicate and left for
1 h. Aliquots of a standard (recombinant human
MAG protein, Abcam ab187760) serially diluted in
TBS in the range 8–140 ng/mL were also added
and used to construct an 8-point standard curve for
each blot. Blanks were filled with 100 �l TBS. The
Bio-Dot™ apparatus was disassembled and the mem-
brane washed briefly in TBS containing 0.05% Tween
(TBS-T) before being blocked with 10% milk pow-
der (MP) in TBS-T for 1 h at room temperature, on
a rocking platform. The membrane was incubated
overnight at 4◦C, on a rocking platform, with anti-
MAG C-terminal primary antibody that recognizes
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MAG (mouse monoclonal, Abcam ab89780), diluted
1 in 5000 in 5% MP/TBS-T. From this point, all
incubations and washes were carried out at room
temperature, on a rocking platform. The membrane
was washed in three changes of TBS-T (each for
30 min), incubated with peroxidase-conjugated anti-
mouse secondary antibody (WestVision™, Vector
Labs) diluted 1 in 5000 in 5% MP/TBS-T for 1 h,
followed by 3 further 30-min washes in TBS-T.
Immobilon Western Chemiluminescent HRP (Milli-
pore) reagents A and B were mixed 1:1 5 min before
addition to the membrane, which was incubated for
5 min. Immunolabelled dots were imaged using an
automated imager and ImageLab software (both Bio-
Rad), and the integrated density calculated for each
dot. The local background (one-pixel width outside of
the dot) was subtracted and each sample interpolated
from the standard curve. Carry-over samples were
used to adjust for inter-blot variability, and each sam-
ple concentration was adjusted for homogenate tissue
weight per volume of lysis buffer added.

Statistical methods

Statistical analyses were performed in GraphPad
Prism 6. All data sets were assessed for normality of
distribution by the D’Agostino and Pearson test. Data
are presented to 3 significant figures.

To compare the effects of A� and saline infusion,
the telemetry data collected following infusion were
adjusted relative to the corresponding sample pre-
infusion baseline mean and analyzed for each 24-h
period; best-fit regression lines (for change in phys-
iological parameter over time post-infusion) were
compared by sum-of-squares F-test. Post-infusion
MBP from the A� and saline infusion groups in the
final week of infusion were compared by paired sam-
ples t-test to the respective baseline data. The post-
infusion MBP from the Zibotentan-administered A�
and saline infusion groups was compared by one-
way ANOVA with Tukey’s post-hoc tests to 1)
pre-infusion baseline and 2) after Zibotentan admin-
istration, also measured pre-infusion.

Carotid flow and carotid vascular conductance
and biochemical data from brain tissue homogenates
were compared between the four groups by one-way
ANOVA with either selective (Sidak’s) or Tukey’s
post-hoc tests, where specified. Some biochemical
data were analyzed by comparison to zero (i.e., no
protein of interest) by Wilcoxon signed rank. A
Wilcoxon matched-pairs signed rank was used to
compare protein levels between brain hemispheres

of the same animal, or to compare protein pre-
sented as ratios to the hypothetical median value
1, i.e., no change between hemispheres. For non-
parametric biochemical data, specifically the ratio of
MAG:PLP1, comparison between groups was made
by Kruskal-Wallis. The relationship between differ-
ent protein measurements was examined by Pearson’s
correlation.

RESULTS

Baseline data

Mean baseline weights and experimental numbers,
as well as mean baseline telemetry data are presented
in Table 1.

Outcomes and estimation

Post-infusion telemetry
A� infusion causes hypertension. We compared

the changes in MBP, SBP, DBP, HR, and RR over
baseline in A�- (n = 20) and saline- (n = 11) infused
rats from 5 to 28 d post-infusion. BP increased
over time in the A�-infused rats but decreased in
the saline-infused animals. Comparison of best-fit
regression lines by sum-of-squares F-test showed
that the increases in MBP and SBP were highly
significant (p < 0.0001 for both) and the increase in
DBP was also significant (p = 0.0056). There were
also increases with time in the A�-infused group in
both HR (p = 0.0040) and RR (p < 0.0001), but little
change in either measure in the saline group (Supple-
mentary Figure 1).

Changes in telemetry measurements occurred
gradually over the 28 d infusion period and were
maximal during the final of week of infusion. Paired
t-tests were used to compare telemetry measures in
the final week (22–28 d, inclusive) relative to pre-
infusion baseline in the same animals (Table 1). In
the two groups not given Zibotentan, MBP showed a
mean (95% confidence interval (CI)) increase of 2.85
(0.139–5.56) mmHg (p = 0.0404) with A� infusion
but no change with saline. SBP also increased by 3.44
(0.667–6.21) mmHg (p = 0.0177) during A� infusion
but there was no change in DBP; RR increased by
9.87 (0.107–19.6) br/min (p = 0.0478); there was no
change in HR. None of the telemetry measurements
changed during saline infusion.

Zibotentan prevents A�-induced hypertension. We
compared the changes in HR, RR, MBP, SBP, and
DBP with respect to the post-Zibotentan, pre-infusion
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means in Zibotentan-administered A�- (n = 6), and
saline- (n = 9) infused Wistar rats from 5 to 28 d
post-infusion (Supplementary Figure 2). Compari-
son of best-fit regression lines by sum-of-squares
F-test revealed no differences in MBP (p = 0.986),
SBP (p = 0.671), DBP (p = 0.976), HR (p = 0.580), or
RR (p = 0.201) between the A�- and saline-infused
groups.

In the rats given Zibotentan, repeated measures
one-way ANOVA with Tukey’s multiple comparisons
testing was used to compare telemetry pre-infusion
measurements at baseline, after Zibotentan (+zib) and
in the final week post-infusion (22–28 d) (Table 1).
In both groups there was a significant decline
in MBP following administration of Zibotentan
(A�+zib: n = 5, Tukey’s p = 0.0049; saline+zib: n = 9,
p < 0.0001), but no further change post-infusion.
There were no significant differences found in SBP,
DBP, HR, or RR in either group post-infusion. The
pre-infusion telemetry data were grouped (A�+zib
plus saline+zib; n = 14) to examine the effects of
Zibotentan, before and after administration of the
drug. There was a significant mean (95% CI) decline
in MBP of 5.90 (4.75–7.05) mmHg (paired t-
test, p < 0.0001) between baseline and following the
administration of Zibotentan. Similarly, there was a
significant mean decline in SBP of 5.91 (4.70–7.11)
mmHg (p < 0.0001) following Zibotentan administra-
tion. DBP also fell significantly, by 5.69 (4.26–7.12)
mmHg (p < 0.0001) after Zibotentan administration.
HR rose significantly, by 9.23 (6.21–12.3) bpm
(p < 0.0001) following Zibotentan administration and
RR was also elevated, by 4.62 (1.89–7.35) br/min.

Carotid flow and carotid vascular conductance
Common carotid artery blood flow (CF) was

measured by vascular probe with simultaneous mea-
surement of SBP, providing data for the calculation
of carotid vascular conductance (CVC). It was tech-
nically challenging to obtain these measurements and
data could only be obtained from a subset of animals
(A�: n = 12; saline: n = 5; A�+zib: n = 5; saline+zib:
n = 5). One-way ANOVA revealed significant varia-
tion in mean CF between the four groups (p = 0.0114).
However, selective post-hoc testing (Sidak’s multiple
comparison test) revealed no difference between A�-
and saline-infused groups, no difference between A�
and A�+zib groups, and no difference between the
A�+zib and saline+zib groups (Fig. 1a).

Mean CF and simultaneous SBP measurements
were used to calculate mean CVC (mL/min/mmHg).
Significant variation was found in mean CVC

(p = 0.0061). Sidak’s multiple comparison post-hoc
tests revealed no difference between the A�- and
saline-infused groups, or between A� and A�+zib
groups. However, CVC was significantly higher in
the saline+zib than the A�+zib group (p = 0.0245;
Fig. 1b). There was no significant variation in SBP
between groups.

The datasets were grouped to look at the
effects of Zibotentan irrespective of infusion (i.e.,
A�/saline+zib versus A�/saline-zib). An unpaired
t-test revealed significantly higher CF (p = 0.005;
Fig. 1c) in the Zibotentan-administered animals
(mean 7.197, 95% CI 6.29–8.11 mL/min, n = 10) than
in those not given Zibotentan (mean 5.80, 95% CI
5.27–6.33 mL/min, n = 17). There was also a small
but significant elevation of CVC (p = 0.0478; Fig. 1d)
in Zibotentan-administered animals (mean 0.0636,
95% CI 0.0522–0.0750 mL/min/mmHg) compared
to those not given the drug (mean 0.0532, 95% CI
0.0479–0.0584 mL/min/mmHg).

HRV, SBPV, and BRG
HRV and SBPV following A� and saline infusion.

We analyzed HRV and SBPV from 5 to 28 d post-
infusion (A�: n = 12; saline: n = 9). A sum-of-squares
F-test comparison tested the null hypothesis (H0) that
a single linear regression line could fit the combined
data sets. There was no significant difference in the
very low frequency (VLF), low frequency (LF), or
high frequency (HF) component of HRV between
the saline- and A�-infused rats (Supplementary Fig-
ure 3a–c). We found a significant increase in the VLF
(p = 0.0105) but not the LF or HF component of SBPV
between the saline- and A�-infused rats (Supplemen-
tary Figure 3d–f).

BRG following A� and saline infusion. We com-
pared the relative change in BRG over baseline in a
random subset of animals (A�: n = 6; saline: n = 6)
from 5 to 28 d post-infusion. There was a progres-
sive decline in positive ramps (p = 0.0025) during A�
infusion but negligible change during saline infu-
sion (Supplementary Figure 3 g). Both the A� and
saline groups showed a progressive decline in nega-
tive ramps; the difference between the groups was not
significant (Supplementary Figure 3 h). These results
suggest a reduction in the sensitivity of the baroreflex
response over time, particularly during A� infusion.

Aβ40 detected after parenchymal infusion in
brain tissue homogenates

A�40 (measured by sandwich ELISA) remain-
ing in the brain after completion of the infusions
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Fig. 1. Carotid flow and carotid vascular conductance following A�40 or saline infusion, with and without Zibotentan administration. Carotid
flow (CF) and carotid vascular conductance (CVC) in A�40 (n = 12), A�40 + Zibotentan (n = 5), saline (n = 5), and saline + Zibotentan (n = 5)
groups. Each data point represents the individual mean value over a period of 5–7 d. Mean and 95% CI lines are shown. A one-way ANOVA
was performed to compare mean CF and CVC between groups. Significant variation was found in (a) mean CF (F3,23 = 4.61, p = 0.0114), but
post-hoc testing did not reveal significant differences between groups. We also found a significant variation in (b) mean CVC (F3,23 = 5.34,
p = 0.0061). Sidak’s post-hoc test showed a significant mean difference (95% CI) of –0.0199 (–0.0376, –0.00218) mL/min/mmHg between
the A�+zib and saline+zib groups (p = 0.0245). The datasets were grouped to look at the effects of Zibotentan irrespective of infusion (i.e.,
A�/saline+zib versus A�/saline). An unpaired t-test revealed (c) significantly higher CF (p = 0.0046) in the Zibotentan-administered animals
(mean 7.20 (95% CI 6.29–8.11) mL/min, n = 10), compared to those not given Zibotentan (5.80 (5.27–6.33) mL/min, n = 17). There was also
(d) a small, but significant, elevation of CVC (p = 0.0478) in Zibotentan-administered animals (0.0635 (0.0522–0.0750) mL/min/mmHg)
compared to those not given the drug (0.0532 (0.0479–0.0584) mL/min/mmHg).

was measured in homogenates of the middle (mid-
coronal) third of the right and left hemispheres
(RM and LM). No A�40 was detected in the
saline-infused animals. The level of A�40 in the ani-
mals that had received parenchymal A�40 infusion
(n = 36; ± Zibotentan) varied considerably, and in
some instances fell below the limit of detection. How-
ever, the median A�40 level was significantly higher
than zero (as was the case for saline-treated ani-
mals) in both hemispheres (Wilcoxon signed-rank;
p < 0.0001). A Wilcoxon matched-pairs signed rank
test also showed a significant elevation of RM over
LM A�40 (median difference 4.78 (95.9% CI 0–202);
p = 0.0003; Fig. 2a).

Elevation of EDN1 RM/LM ratio after Aβ infusion
The level of EDN1 was measured in homogenates

of the middle third of the left and right hemi-

spheres. We compared EDN1 in the four groups by
one-way ANOVA. There was no significant vari-
ation in RM or LM between the groups. Sidak’s
post-hoc multiple comparisons test was used to test
the null hypotheses that there was no difference in
EDN1 level between 1) the A�-infused (both A�
and A�+zib) and saline-infused (both saline and
saline+zib) groups, and 2) the A� and the A�+zib
groups. For the first comparison, the mean (95%
CI) RM EDN1 of the difference (575 pg/mL/mg tis-
sue/mL buffer (-104-1253)) did not reach significance
(p = 0.110; Fig. 2b) and there was no difference in
the LM group (–78.6 pg/mL/mg tissue/mL buffer (-
483-326)). For the second comparison, the mean RM
EDN1 difference between A� and A�+zib groups
was 630 pg/mL/mg tissue/mL buffer (–29.2–1288)
which also did not quite reach significance (p = 0.063;
Fig. 2b). A comparison of the median ratio of RM/LM
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Fig. 2. A�40 and EDN1 levels in brain tissue homogenates. A�40 and EDN1 levels measured by sandwich ELISA in rat brain tissue in
homogenates from the left middle (LM) and right middle (RM; infusion site) hemispheres. a) A�40 in RM (n = 36) and LM (n = 35) samples.
The horizontal lines show median A�40 levels; zero values (below detection limit) are not shown on the logarithmic scale (LM: n = 7/35,
RM: n = 8/36) but were included for analysis. We used a Wilcoxon signed rank to test the null hypothesis (H0) that the median A�40 in each
hemisphere did not differ significantly from zero. The median A�40 level was elevated in both hemispheres: RM group (15.9 (range 0–2335);
W = 406, p < 0.0001) and LM group (9.16 (0-158); W = 406, p < 0.0001). A Wilcoxon matched-pairs signed rank test found a significant
median of differences of 4.78 between RM and LM (n = 35; 95.9% CI: 0–202; p = 0.0003), reflecting a higher level of A�40 close to the site
of infusion. Graph (b) shows RM mean EDN1 level (pg/mL/mg tissue/mL buffer) and 95% CI, and (c) shows the RM/LM EDN1 ratio, with
values, median ± inter-quartile range (IQR) plotted on a logarithmic scale. One-way ANOVA with Sidak’s multiple comparisons test was
used to compare EDN1 levels. No significant variation was found in (b) RM (F3,55 = 2.40, p = 0.078) or LM (F3,55 = 0.182, p = 0.908; not
shown). Although not significant, the greatest change in EDN1 was found in the RM of the A�40 group. We compared the median (c) EDN1
ratio of RM/LM in each group to the hypothetical median ratio (H0 = 1) by Wilcoxon signed-rank test. The median (1.30 (IQR 0.923–2.18))
was significantly elevated in the A�40 group (W = 188; p = 0.006) but not significantly altered in the other groups.

to the hypothetical median ratio (H0 = 1; no difference
between hemispheres) by Wilcoxon signed-rank test
in each group revealed a significant elevated ratio of
1.30 (97.7% CI 1.01–2.12) in the A�-infused group
(p = 0.0059; Fig. 2c) but no differences in the other
three groups.

Changes in VEGF with Zibotentan
administration

The level of VEGF in the brain was measured
in homogenates of the middle third of the left and
right hemispheres (LM and RM). One-way ANOVA
was used to compare the levels between groups. No
significant variation was found in RM (p = 0.117;
Fig. 3a). We did find significant variation in LM
(p = 0.0080; Fig. 3b). There were no significant differ-

ences between A� and saline groups in either RM or
LM (Sidak’s multiple comparison test). VEGF level
in the A�+zib group was, on average 961 pg/mL/mg
tissue/mL buffer lower (95% CI: 38.1–1884) in
RM, and 1,243 (410–2076) pg/mL/mg tissue/mL
buffer lower in LM, than VEGF level in the A�
group (p = 0.0398 and 0.0023 respectively). There
was no significant variation in the ratio of RM/LM
between groups (one-way ANOVA: p = 0.286; data
not shown).

No change in MAG:PLP1
MAG and PLP1 were measured in homogenates

of LM and RM. Kruskal-Wallis comparison of
the MAG:PLP1 ratio showed no significant vari-
ation between groups in either RM (p = 0.994;



1194 J.C. Palmer et al. / ERA Prevents Aβ-Induced Hypertension

Fig. 3. VEGF and MAG:PLP1 in brain tissue homogenates. VEGF and MAG:PLP1 in left middle (LM) and right middle (RM; infusion site)
homogenates. VEGF (pg/mL/mg tissue/mL buffer) measured by sandwich ELISA in (a) RM and (b) LM samples, with values, mean and 95%
CI shown. One-way ANOVA with Sidak’s multiple comparisons test compared VEGF in the groups. The variation in (a) RM between the 4
groups was not significant (F3,56 = 2.05, p = 0.117), and post-hoc analysis found no significant variation between the A�40 and saline groups.
VEGF in the A�+zib group was, on average 961 (95% CI: 38.1–1884) pg/mL/mg tissue/mL buffer lower than in the A� group (p = 0.0398).
We found significant variation between (b) LM homogenates (p = 0.0080), and although again there was no significant difference between
the A�40 and saline groups (p = 0.983), VEGF in the A�+zib group was, on average, 1243 (410–2076) pg/mL/mg tissue/mL buffer lower
than in the A�40 group (p = 0.0023). MAG:PLP1 in (c) RM and (d) LM samples, with the values, median and IQR shown, did not vary
significantly between the 4 groups for (c) RM (H = 0.0898, p = 0.993) or (d) LM (H = 0.697, p = 0.874) samples on Kruskal-Wallis analysis.

Fig. 3c), LM (p = 0.965; Fig. 3d), or RM/LM ratio
(p = 0.874).

Relationship between EDN1 and VEGF altered
by Zibotentan

We compared the relationship between EDN1 and
VEGF level in RM and LM homogenates. There
was significant positive linear correlation between
EDN1 and VEGF in RM (r2 = 0.124, p = 0.0063,
n = 59) but not LM samples (r2 = 0.0547, p = 0.0748,
n = 59) (data not shown). When we separated the sam-
ples by treatment group (i.e., without versus with
Zibotentan), we found EDN1 and VEGF to be signif-
icantly correlated in both hemispheres in animals not
given Zibotentan (RM: r2 = 0.221, p = 0.0038, n = 36;
Fig. 4a; LM: r2 = 0.128, p = 0.0320, n = 36; Fig. 4b),
but in neither hemisphere in the animals given Zibo-
tentan (RM: r2 = 0.0168, p = 0.556, n = 23; Fig. 4c;
LM: r2 = 0.0131, p = 0.604, n = 23; Fig. 4d).

Adverse events

Seven rats died due to an adverse reaction to anes-
thesia prior to or during surgery (A�: 3; saline: 3; 3;
saline+zib: 1). Twelve animals were excluded early
from the study due to failures of the telemetry equip-
ment (A�: 2; saline+zib: 1), infusion catheter (A�: 3;
saline+zib: 1; A�+zib: 2), or common carotid artery
blood flow probe (saline: 1; A�+zib: 1; saline+zib:
1). There were no adverse reactions to Zibotentan
administration.

DISCUSSION

Zibotentan ameliorates Aβ-induced hypertension

In this study, we investigated the physiological
effects of parenchymal A�40 infusion in the Wistar
rat, and the extent to which they could be prevented
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Fig. 4. Relationship between EDN1 and VEGF in brain tissue homogenates. Relationship between EDN1 and VEGF in left middle (LM) and
right middle (RM; infusion site) homogenates. Tissue concentrations of VEGF versus EDN1 in animals given Zibotentan (+zib; n = 36) in
(a) RM and (b) LM and those without Zibotentan (-zib; n = 23) for (c) RM and (d) LM samples, showing best-fit (solid) regression line + 95%
CI (dotted) in all animals. There was a significant positive correlation between VEGF and EDN1 in both (a) RM and (b) LM homogenates on
analysis of those animals not given Zibotentan (RM r2 = 0.470, p = 0.0038; LM r2 = 0.128, p = 0.0320) but there was no correlation between
VEGF and EDN1 in either cerebral hemisphere in the Zibotentan-treated animals (RM r2 = 0.0168, p = 0.556; LM r2 = 0.0131, p = 0.604).

by administration of the EDNRA antagonist, Zibo-
tentan. Parenchymal infusion of A�40 in the absence
of Zibotentan induced progressive, significant eleva-
tion in BP, with maintained common carotid artery
blood flow (CF) and common carotid artery vascular
conductance (CVC). Zibotentan caused an immedi-
ate reduction in BP and prevented a hypertensive
response during infusion of A�40. Despite this, CF
and CVC remained normal; there was uncoupling of
the normal positive correlation between EDN1 and
VEGF, and no biochemical evidence of reduced cere-
bral oxygenation despite the decline in BP, suggesting
that Zibotentan maintained perfusion by preventing
EDN1-mediated cerebral vasoconstriction.

Aβ infusion altered autonomic responsiveness
and activity

A� infusion influenced several cardiovascular con-
trol mechanisms, producing elevation of the VLF
components of SBPV (LF and HF were unchanged)

and affecting the baroreceptor reflex. In our previous
study [35], A� infusion altered all three compo-
nents of SBPV, as well as the sensitivity of the
baroreflex response, in hypertensive animals. The
less pronounced changes to autonomic cardiovascu-
lar control mechanisms in the normotensive Wistars
are in keeping with the smaller changes in BP (a
mean increase of 3 mmHg compared to 21 mmHg in
high-salt Dahls) but, as in the high-salt Dahl rats,
presumably underlie the hypertensive effects of A�.

An increase in the VLF component of SBPV is
associated with elevated sympathetic activity and
consequent elevation of total peripheral resistance.
In our previous study, we observed an elevation in
all three component of SBPV after A� infusion [35].
However, in this study, we saw changes in VLF only.
An increase in VLF is also found in AD patients
compared to healthy controls [45]. The VLF compo-
nent of SBPV is largely mediated by L-type Ca2+
channel-dependent mechanisms [46]. The precise
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pathway through which A� peptides induce L-type
Ca2+ signaling in the brain is not known but ele-
vated sympathetic activity might be expected as part
of a homeostatic response to an abnormal reduction
in cerebral blood flow.

Retention of Aβ after parenchymal infusion

The level of A� in the brain after completion of the
parenchymal infusions varied, but was significantly
above control values, unlike after ICV infusion in our
previous study, in which A� had been largely cleared
by the time the animals were sacrificed [35]. In some
cases, the level of A� in parenchymally-infused ani-
mals was below our detection threshold, potentially
reflecting a failure of the osmotic pump to sustain
delivery of A� for the full 4 weeks. We did not find
(and would not expect to find) an effect of Zibotentan
on the level of residual A� in the parenchyma.

Elevated EDN1 around infusion site

A�40 induced elevation of EDN1 in brain tissue
in the vicinity of the infusion (i.e., the middle third
of right cerebral hemisphere compared to the left). In
our previous study, we did not find significant changes
EDN1 but that was not surprising given that A� was
no longer detectable after the end of the 28 d infusion
period [35]. In the present study, A� was measurable
in the parenchyma in most A�-infused animals.

Markers of hypoperfusion (VEGF, MAG:PLP1)

There is reduction of MAG:PLP1 and elevation
of VEGF in the cerebral cortex in AD, particularly
in early disease (Braak tangles stage III-IV) [47,
48]. Not surprisingly, given that the young adult rats
responded to A� by the development of hypertension
which would probably have maintained perfusion
even in the face of a local increase in vascular resis-
tance, the A� did not cause elevation of VEGF or
decline in MAG:PLP1. VEGF was significantly lower
in the A�+zib than the A� group. This may reflect
the fact that the rats compensate fully for the cere-
brovascular effects of A� infusion by increasing BP
to maintain CBF, but because, in addition, Ziboten-
tan blocks the action of EDN1 on cerebrovascular
EDNRA receptors the overall effect is one of over-
compensation, with downregulation of VEGF.

Within the brains of rats that were not on Ziboten-
tan, VEGF correlated positively with EDN1 level,
presumably reflecting reduced perfusion due to

enhanced vasoconstriction when EDN1 is higher. In
the brains of rats that are on Zibotentan, however,
the vasoconstrictive action of EDN1 appears to be
blocked by Zibotentan, preventing hypoperfusion, as
shown by the fact that EDN1 did not correlate with
VEGF in these animals.

Therapeutic potential of Zibotentan in AD

EDNRA and dual EDNRA/B receptor antagonists
have proved useful for the treatment of pulmonary
hypertension (PH), a disease that shares hemody-
namic similarities with AD, in that the increase in
(pulmonary rather than cerebral) vascular resistance
is associated with upregulation of EDN1, ECE-1
and changes to EDN1 receptors [49]. Patients with
PH can show impaired cognitive function, associ-
ated with abnormal cerebrovascular regulation and
lower cerebral oxygenation. A recent small study
demonstrated cognitive improvement in PH patients
receiving disease-targeted medication, of which the
majority received EDNRAs [50].

The effects of EDN1 are mediated through
EDNRA and EDNRB receptors. Under normal
conditions, EDNRA receptors are expressed in
vascular smooth muscle cells where they medi-
ate the vasoconstrictor effects of EDN1. EDNRB
receptors in endothelial cells mediate vasodilata-
tion via the release of nitric oxide but EDNRB
receptors are also expressed by vascular smooth
muscles cells and can mediate vasoconstriction.
Marked changes to the expression and function of
EDN1 receptors have been observed under patho-
logical conditions [51]. Our choice of a selective
EDNRA antagonist was partly based on the assump-
tion that blockade of EDNRB receptors might
be counterproductive in our attempt to increase
CBF. However, recent evidence suggests that dual
EDNRA/B receptor blockade may have advantages
over EDNRA-selective antagonism [52]. Bosentan
attenuated effects of experimentally-induced dia-
betes on impairments of learning, memory, and
endothelial function in rats [53]. In diseases such as
hypertension (systemic, pulmonary), diabetes mel-
litus, and hypercholesterolemia, vasoconstriction-
mediating endothelial EDNRA is downregulated and
vasodilatation-mediating smooth muscle EDNRB
upregulated. Clinical data suggest that EDNRA-
selective antagonists pose a greater risk of peripheral
edema. EDNRA-selective antagonism may increase
vascular permeability via overactivation of EDNRBs
[54]. Also, there is evidence that selective agonists
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which stimulate central EDNRB receptors may them-
selves have therapeutic potential in AD [55].

Limitations of the current study

As in our previous study [35], we used supra-
physiological levels of A�40 to model the effects
of chronic A�-induced cerebral hypoperfusion over
a much shorter period than would apply in human
AD, although the measured levels of parenchymal A�
at the end of the study were only mildly increased.
The short time-frame precludes the meaningful deter-
mination of any potential cognitive benefits of
Zibotentan and will also have severely limited the
sensitivity of MAG:PLP1 as an indicator of reduced
cerebral oxygenation, as both of these myelin proteins
have half-lives of over 3 months. Finally, both CVC
and CF were measured in only a subgroup of rats
during Zibotentan infusion, and the method we used
to determine CF and CVC yielded global measures
of hemodynamic function across relatively large per-
fusion territories, whereas the infusion of A� was
localized to part of a single cerebral hemisphere. In
healthy young adult rats, it is likely that vasoconstric-
tion within part of the infused hemisphere will have
induced compensatory changes in the surrounding
tissue. It was noteworthy, however, that irrespective
of the infusate (whether A�40 or saline), Ziboten-
tan tended to ameliorate changes to CVC and CF,
suggesting that EDNRA receptor blockade has the
potential to increase CBF.

In this study, we used saline as the vehicle for
the A�1-40 peptide and for the control infusions. It
is possible that by dilution of bicarbonate this may
have caused changes in local pH, accounting for the
slight decreases in MBP, SBP, HR, and RR after
saline infusion, as shown in Supplementary Figure 1.
For future studies, an ideal control would be arti-
ficial cerebrospinal fluid containing mutant A�1-40
which can bind to RAGE but does not increase
EDN1. A further limitation of this study is that we
were not able to determine whether A�1-40 produced
hypertensive effects directly via vascular actions of
EDN1, or indirectly, e.g., through EDN1-mediated
ischemic damage to neurons involved in the regula-
tion of blood pressure. We speculate that A�42 would
probably have similar cerebrovascular and hemody-
namic effects to A�40, as it also induces elevation
of cerebral EDN1 (although through upregulation of
ECE-2 rather than ECE-1) [28]. However, a differ-
ent methodological approach would be required to
test this, as A�42 aggregates too readily for effec-

tive delivery by infusion pump. Finally, there were
several animals that were unable to complete all the
protocols, reducing statistical power for some of the
analyses. A different methodological approach (prob-
ably involving a different animal model) is needed for
detailed analysis of the actions of EDN1 and EDN1
receptor antagonists on regional cerebral perfusion in
relation to A� accumulation.

Conclusions

In conclusion, we have shown that parenchymal
infusion of A� causes progressive elevation of sys-
temic BP in Wistar rats (that do not have pre-existing
hypertension), and this effect is abrogated by admin-
istration of the specific EDNRA receptor antagonist
Zibotentan, without any adverse effect on common
carotid artery blood flow or cerebral oxygenation, as
measured indirectly.
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