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Angiotensin II-induced changes in cochlear blood flow and blood pressure
in normotensive and spontaneously hypertensive rats
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Previous investigations in our laboratory have measured significant increases in the circulating levels of the potent vasoconstric-
tive hormone, angiotensin II (AlI; 26 and 64 pg,/100 ul plasma, normal and noise exposed, respectively), during and following noise
exposure in the alert rat (Wright et al,, 1981). In the present study, these levels were approximated through intra-arterial infusion in
the anesthetized spontaneously hypertensive rat (SHR) and normotensive Wistar-Kyoto (WKY) rat. Laser Doppler flowmeter
measurements of cochlear blood flow (CBF) indicated that despite equivalent All-induced elevations in systemic blood pressure,
CBF in the SHR did not increase to the levels measured in the WKY. Pretreatment with the specific angiotensin receptor antagonist
sarile, (Sar !,Ile®-All), reduced All-induced elevations in systemic blood pressure in members of both strains, but did not change the
overall pattern of CBF. These results indicate that SHRs may have a compromised cochlear circulation that is refractory to increases

in systemic blood pressure.
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Introduction

Certain otopathological conditions, such as
Meniere’s disease (Williams, 1965) and noise-in-
duced hearing loss (Borg, 1981) have been pro-
posed to be the result of altered blood flow through
the cochlear microvasculature. The decrease in
oxygen and nutrients transported to the cochlea,
and waste products removed from this organ, may
result in hair cell fatigue and damage (Borg, 1981).
The laser Doppler flowmeter is a promising tech-
nique currently being utilized to measure cochlear
blood flow (CBF). The application of the laser
Doppler flowmeter allows direct and dynamic
measurement of changes in CBF and is relatively
noninvasive (Goodwin et al., 1984; Miller et al.,
1983; Miller et al, 1984). Previously we have
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utilized the laser Doppler flowmeter to investigate
the effects of vasoactive substances such as angio-
tensin (Wright et al., 1985a) and nicotine (Deng-
erink et al., 1985), and therapeutic agents such as
mannitol (Goodwin et al., 1984; Quirk et al,
submitted) on CBF. These studies utilized
normotensive guinea pigs and rats and generally
indicated that increases in systemic blood pressure
were followed by increases in CBF. Less attention
has been given to the relationship between sys-
temic blood pressure and CBF in hypertensive
animal models.

The spontaneously hypertensive rat (SHR) has
been used as a model of human essential hyper-
tension (Yamori, 1983). These animals have been
shown to suffer greater hearing loss than normo-
tensive rats following exposure to noise (Borg,
1981; Pillsbury, 1986), and they reveal histological
changes consistent with decreased cochlear circu-
lation following noise exposure (Axelsson et al.,
1983). Some epidemiological studies concerned
with the relationship between noise exposure and
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hypertension have reported no significant relation-
ship (e.g. Drettner et al., 1975), while others have
found a significant correlation among hyperten-
sive factory workers (Johnsson and Hansson, 1977,
Parvispoor, 1976). We presently utilized the SHR
to test the hypothesis that hypertension produces
a compromised CBF that is less responsive to
elevations in systemic blood pressure as compared
with normotensive Wistar-Kyoto (WKY) rats. It
has been shown that during intense noise exposure
circulating AII levels are increased in humans
(Dengerink et al., 1982) and normotensive rats
(Wright et al., 1981). These elevations were suffi-
cient to increase systemic blood pressure and lead
to an increased CBF when approximated by exog-
enous infusion independent of noise (Wright et al.,
1981).

In the present study we questioned whether
CBF responsiveness in SHRs is similar to that
observed in normotensive animals. We chose to
experimentally alter the circulating levels of
angiotensin through intra-arterial infusion of
angiotensin. We predicted that CBF would in-
crease in both the SHR and normotensive animals
in response to increases in systemic pressure in-
duced by angiotensin infusion, but would not be
as great in the SHR. Moreover, pretreatment with
an angiotensin receptor antagonist was expected
to reduce systemic pressure and CBF in members
of both strains.

Method

Male SHR and WKY rats were derived from
stock obtained from Taconic Farms and were
maintained at 21-22°C in group cages under a
12:12 h light-dark cycle initiated at 07.00 h. Food
and water were available ad libitum.

Angiotensin infusion

Eight rats from each strain were anesthetized
with Ketamine (Bristol-Myers, Inc.) and Rompun
(Haver, Inc.) (100 and 2 mg/ml respectively; 1
ml/kg i.m.) and prepared with a left carotid artery
catheter (PE 50, Clay Adams) for blood pressure
measurement and a right brachial artery catheter
(PE 10) for infusion. Details of these surgical
procedures have previously been described
elsewhere (Wright et al., 1985b). The right bulla

was exposed and opened for access to the cochlea.
The laser Doppler probe was placed on the basal
turn of the cochlea. Blood pressure was monitored
using a Statham transducer (Model P23AC) and a
Grass Instruments polygraph (Model 7B).
Baselevel measurements were obtained for blood
pressure and CBF. Dose-response curves were ob-
tained for 5 min infusions (50 pl/min) of 1, 10,
100, and 1000 pmol/kg/min of AIl (U.S. Bio-
chemical) in sterile 0.15 M NaCl only. The doses
were counterbalanced for ascending and descend-
ing order with a minimum of 15 min between
doses in order to recover baselevel values.

Fight additional animals from each strain were
prepared as previously described and were infused
with 10 nmol /kg/min of the angiotensin receptor
antagonist, sarile (Sar’,Ile®-AIl, U.S. Biochemical)
for 5 min (50 pl/min). Animals were allowed 5
min recovery and subsequently infused with either
100 or 1000 pmol /kg/min of AII (50 pl/min) for
S min.

Statistical analyses

Changes in blood pressure and CBF were
analyzed using a one way analysis of variance
(ANOVA). Pearson product moment correlation
coefficients were computed to determine whether
there was a linear relationship between change in
CBF or blood pressure, and dose of infused AIl.
Each set of slopes derived from the WKY and
SHR groups was then compared by repeated mea-
sures ANOVA.

Results

As expected there were pre-infusion differences
in anesthetized blood pressure, with the SHR
group revealing significantly higher levels than the
WKY animals (mean + SE: 119+ 5.8 and 77.5 +
6.7 mm Hg, respectively; ¢r=4.08, df=14, P <
0.01). During the infusion of 1, 10, 100, and 1000
pmol doses of AIl, mean blood pressure increases
for SHRs averaged 1.4, 12.2, 38.0 and 90.0 mm
Hg, respectively. The blood pressure increases for
WKYs averaged 8.0, 28.6, 29.8, and 76.5 mm Hg
during infusion of the same doses of AIL Al-
though SHRs evidenced greater blood pressure
increases than WKYs at the higher doses, these
changes were not significantly different (Fig. 1,
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Fig. 1. Mean changes in blood pressure (Panel A) and cochlear blood flow (Panel B) induced by a 5 min infusion of AIl (1000
pmol /kg/min) in anesthetized SHR and WKY normotensive control rats (eight animals per group).

panel A). However, there were strain differences
in CBF. The CBF increases for SHRs averaged
—3.1, 5.7, 13.6, and 17.3% during infusion of the
1, 10, 100 and 1000 pmol doses of AII, respec-
tively, while CBF increases observed for WKYs
averaged 8.1, 22.4, 20.2 and 55.5%, respectively.
The CBF increases observed for WKYs were sig-
nificantly greater than those observed for SHRs
(F=44.66, df=1,14, P <0.01; Fig. 1, Panel B).
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Thus, WKYs revealed a consistent pattern of sig-
nificant elevations in CBF concomitant with in-
creases in blood pressure which was sustained
until the last 30 s of the infusion. In contrast
SHRs initially responded with increased CBF but
then CBF slowly declined during the remainder of
the infusion.

Pearson product-moment correlation coeffi-
cients were computed for blood pressure changes
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Fig. 2. Correlation of mean changes for each animal during 5 min infusion of AII (1, 10, 100 and 1000 pmol) or saline for blood
pressure (panel A, WKY: y =17.46x —23.72; SHR: y = 21.92x —37.67) and cochlear blood flow (panel B, WKY: y=-12.02x —
14.33; SHR: y = 6.03x —12.19).
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versus dose of AIl (Fig. 2A) yielding coefficients
of +0.92 and +0.91 for WKY and SHR groups,
respectively, with each significantly different from
the hypothesis that R =0 (T'=15.75 and 5.68, re-
spectively, df = 38, P < 0.01). Analysis of variance
indicated a dose-response relationship for blood
pressure across groups (F=102.05, df =456, P
< 0.001), and each dose of AIl induced equivalent
elevations in blood pressure in WKY and SHR
groups. Thus, the pattern of All-induced pressure
elevations did not differ between the two strains.
Similar Pearson product-moment correlation coef-
ficients were computed for the data sets concerned
with CBF versus dose of AIl for WKY and SHR
groups (Fig. 2B). The results indicated correlation
coefficients of +0.85 and +0.68 for WKY and
SHR groups, respectively, and each was signifi-
cantly different from the hypothesis that R=0
(T =5.31 and T = 4.25, respectively, df =38, P <
0.01). Analyses of variance indicated that the WKY
animals revealed significantly greater elevations in
CBF than SHRs over the doses examined (F=
44.66, df = 1,14, P <0.0001).

Fig. 3 illustrates the blood pressure (panel A)
and CBF (panel B) increases of SHR and WKY
rats during infusion of 1000 pmol of AIl following
sarile pretreatment. When pretreated with sarile
the blood pressure increases during subsequent
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1000 pm AII infusion were greater in SHRs (X=
64.7 mm Hg) than in WKY rats (X =49.8 mm
Hg;, F=6.27, df=1,14, P <(0.05). However, the
blood pressure response to AIl was reduced by
approximately 30% by sarile pretreatment in both
groups. The pattern of CBF change during infu-
sion in the SHRs was an initial increase followed
by a steady decline throughout the infusion period,
while the WKY rat revealed sustained elevations
until the infusion was terminated. Furthermore,
despite sarile inhibition of All-induced blood
pressure elevations, SHRs continued to evidence
smaller CBF increases (mean = 21.5%) than did
WKY rats (mean = 29.0%; F=890, df=114, P
< 0.05). The average increases in CBF for WKY
animals were 29.0% following sarile pretreatment
and 56.5% without pretreatment. In contrast, SHRs
evidenced slightly greater CBF increases after
sarile pretreatment (mean = 21.5%) than without
pretreatment (mean = 17.3%).

Discussion

Previous investigations in our laboratory have
supported the hypothesis that changes in CBF are
associated with changes in systemic blood pressure
(Dengerink et al., 1985; Miller et al., 1983). The
data presently obtained utilizing WKY normoten-
sive rats are consistent with this hypothesis in that
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Fig. 3. Mean changes in blood pressure (Panel A) and cochlear biood flow (Panel B) induced by a 5 min infusion of AIl (1000
pmol /kg/min) following 5 min infusion of sarile in anesthetized SHR and WKY normotensive controls (eight animals per group).



there was a dose dependent relationship between
All-induced increases in blood pressure and CBF.
However, the results concerning blood pressure
and CBF changes induced by AII infusion in
SHRs are not consistent with previous findings for
normotensive rats and guinea pigs. Specifically,
despite a higher baselevel blood pressure and simi-
lar increases in blood pressure induced by All,
CBF measured in SHRs was significantly lower
than CBF in WKY rats at each dose examined.
Furthermore, the pattern of CBF in SHRs dif-
fered from that observed in WKY in that an
initial increase was followed by a steady decline,
whereas CBF in WKY increased concomitant with
increases in blood pressure.

The present findings can be explained on the
basis of known anatomical changes in the vascula-
ture of the SHR and regulatory mechanisms
governing blood flow in the cerebral vessels. It has
been shown that adult SHRs have smaller diame-
ter vessels and thicker vessel walls than normoten-
sive age matched rats due to hypertrophy of the
arterial walls (Harper et al., 1984). Thus, although
cerebral blood flow has been reported to be within
normal limits at resting blood pressure in SHRs
(Barry et al., 1982), during large increases in sys-
temic blood pressure these vessels with smaller
lumen and less elastic thicker walls may not per-
mit the same increases in flow allowed by the
larger diameter vessels of normotensive animals.
The expected effect due to these anatomical dif-
ferences would be an initial increase followed bya
plateau in CBF during sustained blood pressure
elevations in the SHR. However, the present re-
sults indicate an initial peak in CBF followed by a
slow persistent reduction despite sustained eleva-
tions in systemic blood pressure. These findings
are more consistent with the interpretation that
there may be an active mechanism that is reducing
vascular perfusion of the cochlea despite per-
sistent blood pressure elevations (reviewed by
Hultcrantz and Nuttall, 1987). It is conceivable
that this relative reduction of CBF is an adaptive
response by vessels supplying blood to the cochlea.
During large elevations in blood pressure this
response may serve to protect the small vessels of
the cochlea from large increases in perfusion pres-
sure, thereby representing a form of vascular auto-
regulation.
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There are several pieces of evidence from the
present investigation in agreement with this vascu-
lar autoregulation interpretation. At the three
highest doses of AII utilized there was an initial
increase followed by a sustained reduction in CBF
in SHRs. Additionally, although increases in blood
pressure generally led to increases in CBF in
WKYs, at the highest dose utilized there was a
sharp reduction in CBF at 4.5 min of the 5 min
infusion despite a sustained elevation in blood
pressure. Therefore, an active mechanism may be
evident in members of both strains with the onset
of the response occurring earlier in SHRs. Fur-
thermore, when WKY rats were pretreated with
sarile, blood pressure elevations in response to All
infusions were reduced as were CBF changes. Pre-
treatment with sarile in SHRs also reduced All-
induced elevations in blood pressure, but overall
elevations in CBF were somewhat greater than
those observed to AIl infusions without sarile
pretreatment. However, the pattern of reduced
CBF over the infusion period was still present.
Thus, sarile pretreatment inhibited All-induced
blood pressure elevations in members of both
strains but had no effect on SHR CBF responses.
These results are consistent with previous findings
that SHRs have more vascular angiotensin II re-
ceptors than normotensive rats (Shiffrin, 1984), in
that there are more potential receptor sites in the
SHR than WKY animals making maximum recep-
tor occupancy by the antagonist more likely in the
WKY.

Additional evidence in favor of a vascular auto-
regulatory mechanism can be found in investiga-
tions of cerebral blood flow which support the
existence of an autoregulatory response in cerebral
vessels (Baumbach and Heistad, 1985). This mech-
anism is described as the adaptive reaction of
blood vessels to maintain blood flow at relatively
constant rates despite variations in perfusion pres-
sure (Bayliss, 1902). Cerebral autoregulation has
been demonstrated in normotensive (Coyle and
Heistad, 1986) and spontaneously hypertensive
rats (Baumbach and Heistad, 1985; Harper and
Bohlen, 1981; Sadoshima et al., 1985), cats (Chang
et al., 1985), newborn canine puppies (Pasternak
and Groothuis, 1985) and baboons (Strandgaard
et al, 1975). Since the cochlear vasculature is a
branch of the cerebral circulation, it is not surpris-
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ing to find evidence for the presence of autoregu-
lation in this system.

In sum, the present results identify a persistent
difference in CBF between SHR and WKY rats as
induced by intra-arterial infusion of AIl that may
be representative of a larger phenomenon in-
volving the entire cerebral vasculature. At this
time it is not clear whether an increase in CBF
equivalent to the increase in systemic blood pres-
sure, as measured in WKY rats, is a physiologi-
cally more appropriate response than the adjust-
ment in CBF observed in the SHR. It is also
important to point out that the laser Doppler
probe, in its present configuration, measures
changes in CBF only at the basal turn of the
cochlea; thus blood flow changes in the remainder
of the cochlea are not monitored. However, Nut-
tall (1987) has recently utilized intravital mi-
croscopy to determine that the flow velocities of
fluorescently-labeled red blood cells are constant
throughout the lateral wall of the cochlea. If we
accept the assumption that cochlear blood flow is
similar to cerebral blood flow (Lawrence et al.,
1977), then it may be appropriate to suggest that
the reduced CBF presently measured in the spon-
taneously hypertensive rat could prevent necessary
perfusion of the cochlea during times of high
metabolic need, such as the increases in blood
pressure that accompany exposure to noise, and
thus contribute to the noise-induced hearing loss
previously reported in members of this strain.
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