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Ventrolateral Medulla AT, Receptors Support Blood
Pressure in Hypertensive Rats

Satoru Ito, Kazutoshi Komatsu, Kazuyoshi Tsukamoto, Katsuo Kanmatsuse, Alan F. Sved

Abstract—Angiotensin within the central nervous system appears to be important for the maintenance of hypertension in
spontaneously hypertensive rats. This study addresses the hypothesis that blockade of AT, receptors in the rostral
ventrolateral medulla would decrease blood pressure in spontaneously hypertensive rats and that this tonically active
AT, -mediated input to the rostral ventrolateral medulla arises from the hypothalamic paraventricular nucleus. Injection
of the nonpeptide AT, receptor antagonist valsartan bilaterally into the rostral ventrolateral medulla of choral ose-anes-
thetized adult spontaneously hypertensive rats produced a dose-related decrease in mean arterial pressure, with a
maximal effect of ~30 mm Hg. Inhibition of the paraventricular nucleus by local injection of muscimol elicited asimilar
response, which was inhibited by prior injection of valsartan into the rostral ventrolateral medulla. In contrast, in control
Wistar-Kyoto rats, neither valsartan injected into the rostral ventrolateral medulla nor muscimol injected into the
paraventricular nucleus had a substantial effect on arterial pressure. These data indicate that in spontaneously
hypertensive rats but not in Wistar-Kyoto rats, rostral ventrolateral medulla vasomotor neurons are tonically excited by
endogenous stimulation of AT, receptors, and this input is apparently driven from the hypothalamus. These results
suggest that the rostral ventrolateral medullais one site that the brain renin-angiotensin system acts to maintain elevated
blood pressure in spontaneously hypertensive rats. (Hypertension. 2002;40:552-559.)

Key Words: brain m receptors, angiotensin m central nervous system m hypertension, experimental
m hypothalamus m angiotensin

A ngiotensin 1l (Ang Il) acting within the brain can
influence arterial pressure (AP),22 and the central ac-
tions of Ang Il have been implicated in several forms of
experimental hypertension.3-> The data supporting of arole of
brain Ang Il in hypertension in the spontaneously hyperten-
sive rats (SHR) are particularly convincing. Specificaly,
pharmacological disruption of brain angiotensin signaling
decreases AP in SHR.6-1° Furthermore, there appear to be
dterations in SHR in the amount of angiotensin or its
receptors in discrete brain regions.34.1112

Despite thisimportant role of brain Ang Il in hypertension,
the site (or sites) within the brain at which Ang Il actsin this
regard is not fully worked out. Certainly, Ang Il can act
within the hypothalamus to influence cardiovascular regula-
tion.23 However, Ang |l can also act in the caudal brain stem
to increase AP and sympathetic outflow.4 One region in the
caudal brain stem that probably mediates some of the central
cardiovascular effects of Ang Il is the rostral ventrolateral
medulla (RVLM).1516 The RVLM appears to be the brain site
responsible for the maintenance of basal sympathetic vaso-
motor activity, and inhibition of RVLM neurons reduces AP
to the same extent as total inhibition of sympathetic vasomo-
tor activity. Conversely, stimulation of neuronsin the RVLM
increases AP. There is evidence that increased activity of the

RVLM supports the elevated AP in SHR.27-19 The RVLM
aso has a high density of angiotensin AT, receptors.2°
Furthermore, microinjection of Ang Il into the RVLM in-
creases AP and sympathetic nerve activity,2-24 and stimula-
tion of AT, receptors increases the activity of identified
RVLM spinal neurons studied in vitro.2526

There is evidence that the input to these RVLM AT,
receptors arises from the hypothalamic paraventricular nu-
cleus (PVN). Though injection of AT, receptor antagonists
into the RVLM has minimal effects on AP in normotensive
rats,212427-30 the increase in AP evoked by disinhibition of
the PVN can be attenuated by injection of AT, antagonists
into the RVLM .30 The existence of a projection from PVN to
RVLM containing angiotensin is supported by anatomic
data_31—34

Taken together, the data lead to the hypothesis that ele-
vated AP in SHR may result from increased stimulation of
AT, receptors in the RVLM, and this may reflect increased
activity of an AT,-mediated input to RVLM vasomotor
neurons derived from the hypothalamus. Indeed, it was
recently reported that injection of an AT, antagonist into the
RVLM decreased AP in SHR but not control Wistar-Kyoto
(WKY) rats.3> The current experiments sought to more fully
evaluate this hypothesis and to further examine this issue in
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the context of reportsthat (1) the injection of the nonselective
angiotensin antagonist sarthran into the RVLM markedly
decreases AP in normotensive control rats, though apparently
not as the result of an action on AT, receptors?”-28 and (2) that
the excitatory amino acid receptor antagonist kynurenic acid
(KYN) injected into the RVLM decreases AP in SHR but not
WKY .17

Methods

These studies were conducted with the use of adult male SHR/Izm
and WKY /lzm, 14 to 16 weeks of age and weighing between 280 and
350 g (Funabashi Farm, Chiba, Japan).l” For measuring AP, mean
AP (MAP), and heart rate (HR) during injections of substances into
the ventrolateral medulla, rats were prepared as previously de-
scribed,17:3¢ except that the RVLM was exposed through a ventral
approach.3” Rats were initially anesthetized with halothane, and
cannulas were inserted into a femoral artery and a femoral vein.
Then, rats were placed in a stereotaxic frame in a supine position
with the incisor bar positioned at the level of the interaural line. The
trachea was cannulated and the rat was paralyzed with tubocurarine
(0.5 mg/kg, supplemented hourly with 0.2 mg/kg) and ventilated
with 100% oxygen for the remainder of the experiment. After
completion of this surgery, the rat was injected with a-chloralose (60
mg/kg V) and the halothane was terminated; additional chloralose
(20 mg/kg 1V) was administered hourly. The upper trachea, larynx,
esophagus, and surrounding musculature were cut and retracted,
exposing the occipital foramen and occipital bone. The basal aspect
of the occipital bone was removed to expose the ventral surface of
the rostral medulla.3”

Drugs were microinjected into the RVLM in 100 nL of aCSF
(in mmol/L: 144 NaCl, 1.2 CaCl,, 2.8 KCI, 0.9 MgCl,; except for
KYN, which was first dissolved in 100 mmol/L sodium bicarbonate
and then diluted 10-fold in aCSF) with single-barrel glass micropi-
pettes (=50 um od tip). Coordinates for drug microinjections into
the RVLM were 3.5 to 45 mm rostral to the caudal tip of the
occipital foramen, 1.5 to 2.0 mm latera to the basilar artery, and
0.7 mm below the surface of the medulla3” In each rat, initial test
injections of 1 nmol of L-glutamate were made into the RVLM on
each side to confirm that the coordinates identified a functional
pressor site.3” Baseline MAP and HR were then recorded for 60
minutes before additional RVLM injections. All protocols involved
multiple injections into the same site (eg, the injections of glutamate
to localize the site followed by atest substance); all injectionsinto a
specific site used the same pipette. After the initia injection, the
pipette was removed, rinsed, refilled, and reinserted at the same
coordinates. In protocols requiring bilateral injections, these injec-
tions were made one side at atime, with ~30 seconds separating the
two injections. In experiments examining the effect of valsartan on
the response to Ang |, an initia injection of Ang Il was followed
approximately half an hour later by the injection of valsartan and a
second injection of Ang Il =8 minutes later. (In preliminary
experiments in Sprague-Dawley rats, injections of Ang Il into the
RVLM a 30-minute intervals elicited similar responses.) In the
experiment testing the combined effect of valsartan and KYN, these
two drugs were mixed together before injection. At the conclusion of
experiments, ~20 nL of 1% fast green dye was injected at the
coordinates used during the experiment to allow for histological
verification of the center of the microinjection site. All RVLM
injection sites were determined to be located in the rostral medulla,
just ventral to the nucleus ambiguus, similar to the injection sites that
we have published previously,38 except that the present injections
tended to be closer to the ventral medullary surface and the dye was
distributed more ventrally.

For experiments involving injections into the PVN, rats were
placed in aprone position in a stereotaxic instrument with the incisor
bar positioned 19 mm ventral to the interaural point. Holes were
drilled in the skull to allow pipettes to be inserted 1.8 mm posterior
and 0.5 mm lateral to bregma, to a depth of 7.8 mm below the
dura303 |f a pressor response of at least 10 mm Hg in response to
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TABLE 1. Effect of Ang Il and Glutamate Injected Into RVLM
of SHR and WKY

MAP (mm Hg) HR (bpm)

Treatment Group Baseline Change Baseline Change
Ang Il

WKY (n=4) 10410 162 36021 19+6

SHR (n=6) 167 +6* 35+5* 375*15 25+3
Glutamate

WKY (n=5) 9810 45+7 35011 33+6

SHR (n=7) 175+5* 51+3 38318 45+6

Ang Il (100 pmol) or glutamate (1 nmol) were injected unilaterally into the
RVLM of SHR or WKY anesthetized with chloralose. Baseline values were
the measurements taken just before injection, and change is expressed as the
maximal change following injection. Both Ang Il and glutamate increased MAP
and HR compared with baseline in each strain (P<<0.05).

*Indicates significant difference between SHR and WKY.

injection of bicuculline (100 pmol) was not obtained, the pipette was
moved 0.2 mm rostral or caudal. In these particular experiments, dye
was not included to allow for histological assessment of the injection
site. However, in other experimentsin Sprague-Dawley ratsin which
cardiovascular responses to bicuculline were observed at these
coordinates, the microinjection site was consistently found to be
located within the boundaries of the PVN, typically centered laterally
within the medial parvicellular division (unpublished observations).
Nonetheless, the assertion that injections from this experiment were
localized to the PVN is based only on the coordinates of the injection
and the functional response; therefore, the anatomic localization of
this response must be interpreted with caution.

In one set of experiments, injections were made into both the PVN
and the RVLM. Animals were prepared for injections into the PVN,
and then the dorsal surface of the medulla was surgically exposed.3®
Injections were made into the RVLM as described previously.36

All drugs used in these studies were purchased from Sigma
Chemical Co, except for valsartan, which was a gift from Novartis
Pharma AG (Basel, Switzerland). Doses of drugs were selected on
the basis of published studies, with the exception of valsartan, for
which dose data are presented.

Data are expressed as mean=SEM. Responses in SHR and WKY
rats were compared by t test or ANOVA, with the use of Systat 10
software (SPSS, Inc). The time course of the responses was analyzed
by repeated-measures ANOVA.

Results

Ang Il Injected Into the RVLM Increases MAP in
SHR to a Greater Extent Than in WKY

Unilateral injection of Ang 11 (100 pmol) into the RVLM rapidly
increased MAP, and this response was significantly greater in
SHR compared with WKY (Table 1). In contrast, glutamate (1
nmol) injected into the RVLM dlicited a smilar increase in
MAP in the two strains (Table 1), as noted previoudy.t”

Valsartan Injected Into the RVLM Decreases
MAP in SHR But Not in WKY

Bilateral injection of valsartan (100 pmol) into the RVLM of
chloralose-anesthetized WKY rats had no effect on MAP or
HR ( Figures 1 and 2). In contrast, bilateral injection of this
dose of valsartan into the RVLM in SHR decreased AP by
~30 mmHg (Figures 1 and 2). This response developed
rather slowly; MAP began to decreasein 1.0==0.1 minute and
then gradually reached a peak response at 10.3+0.7 minutes
(Figure 2, bottom). The depressor response in SHR was
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Figure 1. Representative polygraph re-
cordings from SHR (top) and WKY (bot-

tom) in which 100 pmol of valsartan was
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injected bilaterally into the RVLM. Arrows
indicate points at which valsartan was
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consistently accompanied by a slight bradycardia (see legend
to Figure 2). A smaller dose of valsartan (10 pmol) in SHR
elicited a smaller decrease in MAP (Figure 2, top).

These dose-response data are consistent with the ability of
valsartan to block the pressor action of injection of Ang Il
into the RVLM. Bilateral injection of 100 pmol of valsartan
into the RVLM of SHR or WKY completely abolished the
response to injection of 100 pmol Ang Il ~8 minutes later
(Table 2). In contrast, injection of 10 pmol valsartan only
reduced the pressor response elicited by 100 pmol Ang |1 by
~50% (Table 2). The specificity of valsartan for blocking
AT, receptors is suggested by the lack of an effect of
valsartan on the pressor response produced by injection of
glutamate into the RVLM (Table 2).

Bilateral injection into the RVLM of Sprague-Dawley rats
of sarthran or sarile, peptide antagonists of angiotensin
receptors, reduces MAP to the same extent as total ganglionic
blockade,3840 though this action appears to be independent of
blocking AT, receptors.2”28 Injection of sarthran (1 nmol)
into the RVLM markedly decreased MAP in both SHR and
WKY (from 121+3 to 64=4 mmHg in WKY [n=5] and

1 min

from 1845 to 774 mm Hg in SHR [n=7]). The effect of
sarthran injected into the RVLM on MAP is considerably
larger than with valsartan. However, like valsartan, sarthran
eliminated the pressor response to RVLM injection of Ang |1
in SHR (344 mm Hg before, 52 mm Hg after; n=>5)
without altering the pressor response to glutamate
(503 mm Hg before, 523 mm Hg after; n=5). A fragment
of Angll, Ang 3-8, whichisinactive at the AT, receptor, can
reverse the decrease in MAP caused by injection of sarthran
into the RVLM .28 Therefore, we tested the ability of Ang 3-8
to reverse the effects of sarthran and valsartan injected into
the RVLM in SHR. Injection of valsartan bilaterally into the
RVLM of SHR decreased MAP by ~35 mm Hg, and thiswas
not altered by subsequent injection of Ang 3-8 (Table 3). In
contrast, bilateral injection of sarthran in SHR decreased
MAP by >100 mm Hg, and this was totally reversed by the
subsequent injection of Ang 3-8 (Table 3).

Inhibition of PVN Decreases MAP in SHR But
Not in WKY

Tagawa and Dampney3° previously reported that disinhibition
of the PVN by local injection of bicuculline produced an
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Figure 2. Effect of valsartan injected into the RVLM on MAP in
SHR and WKY. Groups of chloralose-anesthetized SHR (n=10)
and WKY (n=5) received bilateral injections of 100 pmol valsar-
tan into the RVLM. Baseline MAP in these rats was 118+3

mm Hg in WKY and 183=7 mm Hg in SHR. A separate group of
SHR (n=4) received bilateral injections of 10 pmol valsartan;
baseline MAP in this group was 1756 mm Hg. Other SHR
(n=4) and WKY (n=4) received bilateral injections of CSF into
the RVLM. Top, Maximal change from baseline. *Significant
change from baseline and significant difference from WKY rats;
#significant difference between 10- and 100-pmol dose in SHR.
Bottom, Full time course of response in SHR injected with 100-
pmol dose; at all time points between 2.5 and 35 minutes, MAP
is significantly different from baseline. In rats receiving 100 pmol
of valsartan, baseline HR was 390+7 bpm and 409+17 bpm in
SHR and WKY, respectively. HR did not change significantly in
WKY (+3*4 bpm) but decreased by 183 bpm in SHR (P<0.05
compared with baseline and WKY). In SHR injected with 10
pmol valsartan, HR decreased to a similar extent (—17=5 bpm).

increase in MAP that was attenuated by injection of losartan
into the ipsilateral RVLM. If the response to bicuculline
injected into PVN is mediated, at least in part by excitation of
AT, receptors in RVLM, and the response to excitation of
AT, receptorsin the RVLM is exaggerated in SHR compared
with WKY, then the response to bicuculline injected into
PVN should similarly be enhanced in SHR. Indeed, unilateral
injection of bicuculline (100 pmol) into the PVN increased
MAP by 332 mmHg in SHR (n=6; baseline
1702 mmHg), compared with 19+2 mmHg in WKY
(n=6; baseline 103+ 3 mm Hg; response different from SHR,
P<0.05). This difference between SHR and WKY is similar
to the difference between these strains in the response to Ang
Il injected into the RVLM (P>0.1 for the interaction term in
a 2-way ANOVA comparing Ang Il and bicuculline across
rat strains).

RVLM AT, Receptorsin Hypertension 555

TABLE 2. Effect of Valsartan Injected Into RVLM on the
Pressor Response to Ang Il or Glutamate Injected Into RLVM

Ang Il Pressor Response Glutamate Pressor Response

Rat Strain  Pre-Valsartan Post-Valsartan Pre-Valsartan Post-Valsartan

WKY 22+3 2+1t 45+7 46+4
(h=7)
SHR 36+4* 4x2t 51+4 49=2
(n=4)

Data represent change from baseline (in mm Hg). Ang Il (100 pmol) or
glutamate (1 nmol) were injected into the RVLM in WKY and SHR rats before,
and approximately 8 minutes after, injection of 100 pmol valsartan. Values are
the maximal change in MAP elicited by either Ang Il or glutamate. The baseline
MAP values for the SHR and WKY rats used in these experiments were
1786 mm Hg and 1087 mm Hg, respectively.

*Indicates significant difference between SHR and WKY, P<<0.05.

tindicates no significant change from baseline and significant difference
from before valsartan injection (P<0.05). In other SHR the pressor response to
Ang |l was tested after injection of 10 pmol valsartan; MAP increased 192
(n=4), which is significantly less than the control response to Ang Il in SHR
(P<0.05).

If the depressor response caused by injection of valsartan
into the RVLM of SHR results from blockade of an Ang
Il-mediated input arising from the PVN, then inhibition of
the PVN in SHR should produce a similar response. Bilateral
injection of muscimol (100 pmol) directed at the PVN
decreased MAP by ~40 mmHg in SHR compared with
~10 mmHg in WKY (Figure 3). In SHR, the response to
bilateral injection of valsartan into the RVLM was similar in
magnitude to the response to bilateral injection of muscimol
into the PVN (2-way ANOVA of treatment and rat strain).
Also like the response to valsartan, the decrease in MAP
elicited by injection of muscimol directed at the PVN in SHR
was slow to develop, with an onset latency of 1.0+0.2
minutes and a peak response at 12+1.2 minutes. The smaller
response in WKY had a similar onset (1.0+0.3 minutes), but
the maximal response occurred sooner (3.7+0.4 minutes).
Unilateral injection of muscimol directed at the PVN aso
significantly decreased MAP in SHR by approximately half
as much as bilatera injections (Figure 3).

If the depressor responses elicited by injection of valsartan
into the RVLM and muscimol into the PVN in SHR share a
similar mechanism of action, then one response should
occlude the other. Therefore, we tested the effect of injecting

TABLE 3. Effect of Ang 3-8 on the Decrease in MAP
Produced by Injection of Sarthran and Valsartan into RVLM
in SHR

MAP (mm Hg)
Treatment Group Baseline Post-Antagonist Post-Ang 3-8
Sarthran 190+6 78+3* 1879
Valsartan 19311 15812t 162+=14*t

Sarthran (1 nmol; n=4) or valsartan (100 pmol; n=4) were injected
bilaterally into the RVLM of SHR. Approximately 8 minutes later, Ang 3—8 was
injected bilaterally into the RVLM.

*Indicates significant difference from baseline value, P<0.05.

tindicates significant difference between the groups treated with sarthran
and valsartan, P<<0.05.
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Figure 3. Effect of muscimol injected into PVN on MAP in SHR
and WKY. Groups of chloralose-anesthetized SHR (n=4) and
WKY (n=4) received unilateral or bilateral injections of 100 pmol
muscimol or bilateral injections of CSF into the PVN. Baseline
MAP in these rats before bilateral injection of muscimol was
1033 mm Hg in WKY and 1783 mm Hg in SHR. Values rep-
resented are maximal change from baseline. *Significant change
from baseline; #significant difference between SHR and WKY. In
rats receiving bilateral injections of muscimol into the PVN,
baseline HR was 4166 bpm and 42512 bpm in SHR and
WKY, respectively. HR decreased in response to muscimol
injections in both strains; though the response tended to be
larger in SHR (—40=11 bpm), it was not significantly greater
than in WKY (—=20x4 bpm; P>0.05).

muscimol into the PVN after injection of valsartan into the
RVLM. In 5 SHR, injection of 100 pmol valsartan into the
RVLM (approached from the dorsal surface) reduced MAP
by 303 mm Hg from a baseline of 175+4 mm Hg. MAP
decreased slowly, with a latency of 1.3+£0.2 minutes and
reaching a peak response at 9.4+0.8 minutes. At ~10
minutes after injection of valsartan, when MAP was
144+6 mm Hg, muscimol was injected bilaterally into the
PVN. There was a small decrease in MAP, reaching a
maximum response of —9+2 mmHg at ~4 minutes after
injection. At 12 minutes after injection of muscimol directed
at the PVN, the time at which the depressor response was
greatest in rats just receiving muscimol directed at the PVN,
MAP was not different from that before injection of musci-
mol. Thus, after injection of valsartan into the RVLM, the
response to injection of muscimol into the PVN closely
mimicked the response seen in WKY in terms of magnitude
and time course.

Effect of Valsartan in RVLM Is Additive With
Kynurenic Acid

Injection of the excitatory amino acid antagonist KYN into
the RVLM of SHR but not WKY decreases MAP.2” To
determine whether these responses share a similar mecha-
nism, the two drugs were injected together into the RVLM in
SHR. Bilateral injection into the RVLM of vasartan plus
KY N decreased MAP by 66=6 mm Hg (n=4), asignificantly
larger response than €licited by either drug alone (val sartan:
28+1 mm Hg, see Figure 2; KYN: 405 mm Hg?"). In fact,
the response to the two drugs injected together was similar to
what would be expected from adding the responses of the
individual drugs.

Discussion

The major finding of the current study isthat blockade of AT,
receptors in the RVLM decreases AP in SHR but not in
WKY. A similar response is evoked by injections of musci-
mol targeting the PVN, which is consistent with previous
reports that the PVN can excite RVLM sympathoexcitatory
neurons through an AT,-mediated input to the RVLM.%

Previous studies have demonstrated that Ang |1 can act on
AT, receptorsinthe RVLM to increase AP. AT, receptors are
present in RVLM,2° and the activity of RVLM spinal neurons
studied in vitro is stimulated by Ang Il in alosartan-sensitive
manner.2526 Previous studies have found that microinjection
of Ang Il into the RVLM, in the dose range of 10 to 100
pmol, increases AP.2-24 One notable exception to this action
of Ang Il inthe RVLM is a previous report in which we did
not observe an increase in AP in response to Ang Il
injection.28 The difference between the current study and our
previous results with Ang Il may be related to the precise site
of injection. Specificaly, in the prior study the RVLM was
approached from the dorsal side, whereas in the current study
it was approached from the ventral surface. In both studies,
functional pressor sites were identified by local injection of
glutamate, and the center of the microinjection site appears to
be located in a similar region in both studies. However, the
distribution of dye injected into the RVLM appears to be
different, depending on whether the pipette was inserted from
the dorsal surface or the ventral surface; with injections from
the dorsal side, dye was seen to run along the pipette track
toward the nucleus ambiguus, whereas in the current study
the dye spread along the rostral ventral medullary surface.
The possibility that Ang Il acts specifically in aventral region
of the RVLM is supported by studies showing that AT,
receptorsin the RVLM are localized very close to the ventral
medullary surface.2® Benarroch et a4t previously suggested
that the RVLM, identified through a dorsal approach, and the
rostral lateral region of the ventral medullary surface from
which cardiovascular responses can be evoked were essen-
tialy the same; however, one implication of the current data,
taken together with our previous studies, is that subtle
differences may exist in the site of action of different
substances in the RVLM. The increase in MAP evoked by
injection of Ang Il into the RVLM in the current study results
from stimulation of AT, receptors in this region, since it can
be antagonized in a dose-dependent manner by valsartan, a
selective AT, receptor antagonist.*2

The current data show that stimulation of AT, receptorsin
the RVLM causes a greater increase in AP in SHR than in
WKY . Specifically, we observed that the pressor response to
100 pmol Ang Il injected into the RVLM is potentiated by
~100% in SHR compared with WKY. Chan et a8 aso
reported that the RVLM of SHR is more sensitive to Ang |1
than in WKY . However, other previous studies?'-22 found no
difference between SHR and WKY in the response to
injection of Ang Il into the RVLM. The reason for these
conflicting results is unclear but may relate to technical
differences such as the anesthetic used (chloralose in the
current study versus halothane). In the current study, the
distinction that the pressor response to glutamate injected into
the RVLM is not different between SHR and WKY rats,
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whereas the response to Ang Il is larger in SHR than WKY,
suggests that the exaggerated response to Ang Il in SHR is
not a nonselective difference in vascular responsiveness
between these two strains.

A major finding of the current study is that valsartan
injected into the RVLM produced a dose-related decrease in
MAPin SHR but did not decrease MAP in WKY . The lack of
an effect of valsartan in WKY is consistent with previous
studies showing no effect on MAP of injecting other AT,
antagonists into the RVLM of normotensive Sprague-Dawley
rats,2’-2943 consistent with our own data that valsartan in-
jected into the RVLM in Sprague-Dawley rats has no effect
on MAP (unpublished observation). These results suggest
that AT, receptors in the RVLM are not activated under
baseline conditions in normotensive rats. In contrast, the
marked fall in AP after injection of valsartan into the RVLM
of SHR suggests that RVLM AT, receptors are tonically
stimulated and acting to support sympathetic vasomotor tone
under basal conditions in these animals. This finding is
similar to the data in the recent report by Allen,35 showing
that candesartan injected into the RVLM in SHR decreased
AP and lumbar sympathetic nerve activity by ~20%; the fact
that these studies were conducted in rats anesthetized with
urethane rather than chloralose, as in the current study,
suggests that this effect is not dependent on the specific
anesthetic used. Also, in the TGR(mREN2)27 hypertensive
rat, RVLM injection of an AT, antagonist, CV-11974, de-
creased AP, and we have observed similar results with
valsartan in Dahl salt-sensitive hypertensive rats.*4 Thus, in
models of hypertension that may be associated with increased
levels of angiotensin in the brain, blockade of AT, receptors
in the RVLM appears to decrease AP.

These observations that stimulation of AT, receptors elicits
a greater increase in AP in SHR and that blockade of AT,
receptors decreases AP in SHR may relate to an increase in
the number of AT, receptors in the brains of SHR. Though
previous studies have not focused specifically on the RVLM,
a least in some brain regions the number of angiotensin
binding sites is increased in SHR.11.12

The input to the RVLM AT, receptors appears to arise
from the PVN, as suggested by the observation that the
increase in MAP resulting from disinhibition of the PVN was
attenuated by prior injection of losartan into the RVLM .30
This is also consistent with anatomic evidence of angioten-
sin-immunoreactive neurons in the PVN,3132 in the region
that can be retrogradely labeled from the RVLM.32 If this
PVN-to-RVLM angiotensinergic pathway is tonically active
in SHR but not WKY, and the response to Ang Il at the level
of the RVLM is enhanced in SHR, then the response to
disinhibition of the PVN should be enhanced in SHR and
inhibition of the PVN should decrease AP in SHR. Indeed,
both predictions are supported by the current data. Bilateral
injection of muscimol directed at the PVN, using a dose of
muscimol that has been shown previously to inhibit activity
of thisregion,*546 decreased MAP by =35 mm Hgin SHR. In
contrast, injection of muscimol into the PVN evoked only
small responses in WKY, in agreement with previous studies
in normotensive rats.#5-47 Further evidence that the exagger-
ated depressor response to injection of muscimol directed at
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the PVN of SHR results from inhibition of an AT,-mediated
input to the RVLM comes from the observation that it is
eliminated by pretreatment of the RVLM with valsartan. A
decrease in AP after injection of muscimol into the PVN has
also been observed in rena hypertensive rats.4” Thus, the
PVN, through an angiotensin-mediated input to the RVLM,
may contribute to the maintenance of baseline AP in certain
models of hypertension.

Injection into the RVLM of sarthran, or similar peptide
antagonists of angiotensin receptors, markedly decreases
AP,3840 though this action is unrelated to blockade of AT1
receptors.27.28 |nterestingly, the decrease in AP caused by
sarthran injection into the RVLM can be reversed by frag-
ments of Ang |1, for example Ang 3—8, which have minimal
activity on AT, receptors.28 In SHR, as in normotensive rats,
injection of sarthran into the RVLM decreased AP to approx-
imately the same extent as does total autonomic blockade.
Also in SHR, the decrease in AP caused by sarthran was
totally reversed by injection of Ang 3-8, whereas the
decrease in AP caused by injection of the AT, receptor
selective antagonist valsartan was not influenced by Ang 3-8.
We have previously noted that this dose of Ang 3-8 (1 nmol)
has no effect on AP in Sprague-Dawley rats,28 and this is
supported in the current study by the observation that Ang
3-8 did not increase AP in SHR pretreated with valsartan.
Presumably, the dose of sarthran used in these studies (1
nmol) effectively blocks AT, receptors; thisis consistent with
blockade of the Ang Il response. However, this raises the
question as to why sarthran plus Ang 3-8 does not decrease
MAP to the same degree as valsartan, since AT, receptors
should still be blocked. Though the answer to this question is
unclear at present, it may simply reflect the very large
changes in AP elicited by sarthran and the subsequent
injection of Ang 3-8.

The time course of the response to valsartan injected into
the RVLM compared with that of sarthran also deserves
comment. Sarthran injected into the RVLM dlicits a rapid
decrease in MAP, wheress the response elicited in SHR by
injection of either valsartan or candesartan3s is considerably
more gradual. This slowly developing depressor response to
blockade of AT, receptorsinthe RVLM is consistent with the
time course of the action of Ang Il on RVLM spinal neurons
studied in vitro.26 Interestingly, injection of muscimol di-
rected at the PVN elicits a similarly slow decrease in AP in
SHR, consistent with the hypothesis that the PV N input to the
RVLM is mediated by AT, receptors in the RVLM. Thus, it
appears that removing excitation of AT, receptors in the
RVLM in SHR resultsin aslowly developing disexcitation of
RVLM sympathoexcitatory neurons.

We have previously reported that injection of KY N into the
RVLM of SHR but not WKY reduces baseline AP.2” The
similarity of the magnitude of the response to KYN and
valsartan prompted the question of whether they might
represent a single mechanism. To address this issue, we
combined amaximally effective dose of KYN with valsartan.
The response to the two drugs together was markedly greater
than either drug alone. The apparently additive interaction
between these two responses indicates that they represent
distinct, independent mechanisms. Because the response to
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each drug appears to be enhanced in SHR, either both
excitatory amino acid—mediated and Ang |l-mediated exci-
tation of RVLM sympathoexcitatory neurons are enhanced in
SHR, or a single mechanism results in enhancement of both
of these inputs.

In summary, the current data demonstrate that blockade of
AT, receptorsin the RVLM or inhibition of neuronal activity
in the PV N substantialy decreases AP in SHR but not WKY .
These data are consistent with the possibility that an input to
the RVLM arising from the PVN and mediated by Ang Il is
enhanced in SHR and contributes to the maintenance of
elevated AP in this model of hypertension.

Per spective

Data from a variety of sources suggest that in most models of
experimental hypertension, as well as clinical primary hyper-
tension, sympathetic vasomotor activity is inappropriately
high and contributes to the elevation in blood pressure.
Angiotensin within the central nervous system has been
suggested to be involved in this central neurogenic compo-
nent of hypertension and may partially underlie the efficacy
of inhibitors of the renin-angiotensin system in the treatment
of hypertension. Our observation that selective injection of an
AT, antagonist into the RVLM of SHR produces a marked
decrease in MAP, which may be due to blockade of an
angiotensin input to the RVLM arising from the PVN,
focuses attention on this pathway as a possible major sub-
strate of central neurogenic hypertension.

Acknowledgments
These studies were supported by Kimura Memorial Heart Founda-
tion Grant for Research on the Autonomic Nervous System and
Hypertension (to S. Ito) and the Nationa Institutes of Health
(HL-55687 to A.F. Sved).

References
. Phillips MI, Sumners C. Angiotensin Il in central nervous system phys-
iology. Regul Pept. 1998;78:1-11.

2. Phillips MI. Functions of angiotensin in the central nervous system. Annu
Rev Physiol. 1987;49:413—-435.

3. Phillips MI. Brain angiotensin: in vitro studies and a unifying hypothesis
of hypertension. In: Buckley JP, Ferrario CM, Lokhandwala MF, eds.
Brain Peptides and Catecholamines in Cardiovascular Regulation. New
York, NY: Raven Press, 1987:273-287.

4. Phillips MI, Kimura B. Brain angiotensin in the developing sponta-
neously hypertensive rat. J Hypertens. 1988;6:607-612.

5. Kagiyama S, Varela A, Phillips MI, Gali SM. Antisense inhibition of
brain renin-angiotensin system decreased blood pressure in chronic
2-kidney, 1 clip hypertensive rats. Hypertension. 2001;37:371-375.

6. Phillips MI, Kimura B. Converting enzyme inhibitors and brain angio-
tensin. J Cardiovasc Pharmacol. 1986;8(suppl 10):S82—-S90.

7. Phillips MI. New evidence for brain angiotensin and for its role in
hypertension. Fed Proc. 1983;42:2667—2672.

8. Berecek KH, Nagahama S, Oparil S. Effect of central administration of
MK-422 (the diacid form of enalapril) on the development of hyper-
tension in the spontaneously hypertensive rat. J Hypertens Suppl. 1984;
2:563-566.

9. Gyurko R, Wielbo D, Phillips MI. Antisense inhibition of AT1 receptor
mRNA and angiotensinogen mRNA in the brain of spontaneously hyper-
tensive rats reduces hypertension of neurogenic origin. Regul Pept. 1993;
49:167-174.

10. Wielbo D, Sernia C, Gyurko R, Phillips MI. Antisense inhibition of
hypertension in the spontaneously hypertensive rat. Hypertension. 1995;
25:314-319.

[y

11.

12.

13.

14.

15.

16.

17.

18.

10.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

Gutkind JS, Kurihara M, Castren E, Saavedra JM. Increased concen-
tration of angiotensin Il binding sites in selected brain areas of sponta-
neously hypertensive rats. J Hypertens. 1988;6:79—84.

Heay DP, Zhang N. Angiotensin |1 receptorsin the solitary-vagal area of
hypertensive rats. Hypertension. 1992;19:355-361.

Yang RH, Jin H, Chen SJ, Wyss JM, Oparil S. Blocking hypothalamic
AT1 receptors lowers blood pressure in salt-sensitive rats. Hypertension.
1992;20:755-762.

Head GA, Mayorov DN. Central angiotensin and baroreceptor control of
circulation. Ann N Y Acad Sci. 2001;940:361-379.

Dampney RAL. The subretrofacial vasomotor nucleus: anatomical,
chemical and pharmacological properties and role in cardiovascular reg-
ulation. Prog Neurobiol. 1994;42:197-227.

Sved AF. Cardiovascular system. In: Zigmond MJ, Bloom FE, Landis SC,
Roberts JL, Squire LR, eds. Fundamental Neuroscience. San Diego,
Calif: Academic Press; 1999:1051-1062.

Ito S, Komatsu K, Tsukamoto K, Sved AF. Excitatory amino acids in the
rostral ventrolateral medulla support blood pressure in spontaneously
hypertensive rats. Hypertension. 2000;35:413-417.

Chan RKW, Chan Y'S, Wong TM. Responses of cardiovascular neurons
in therostral ventrolateral medulla of the normotensive Wistar Kyoto and
spontaneously hypertensive rats to iontophoretic application of angioten-
sin Il. Brain Res. 1991;556:145-150.

Minson J, Arnoldal, Llewellyn-Smith I, Pilowsky P, Chalmers J. Altered
c-fos in rostral medulla and spinal cord of spontaneously hypertensive
rats. Hypertension. 1996;27:433-441.

Allen AM, Moeller |, Jenkins TA, Zhou J, Aldred GP, Chai SY,
Mendelsohn FA. Angiotensin receptors in the nervous system. Brain
Res Bull. 1998;47:17-28.

Averill DB, Tsuchihashi T, Khosa MC, Ferrario CM. Losartan, non-
peptide angiotensin Il-type 1 (AT1) receptor antagonist, attenuates
pressor and sympathoexcitatory responses evoked by angiotensin Il and
L-glutamate in rostral ventrolateral medulla. Brain Res. 1994;665:
245-252.

Muratani H, Averill DB, Ferrario CM. Effect of angiotensin Il in ven-
trolateral medulla of spontaneously hypertensive rats. Am J Physiol.
1991;260:R977-R984.

Silva LCS, Fontes MAP, Campagnole-Santos MJ, Khosla MC, Campos
RR, Guertzenstein PG, Santos RAS. Cardiovascular effects produced by
micro-injection of angiotensin-(1-7) on vasopressor and vasodepressor
sites of the ventrolateral medulla. Brain Res. 1993;613:321-325.
Fontes MAP, Pinge MCM, Naves V, Campagnole-Santos MJ, Lopes OU,
Khosla MC, Santos RAS. Cardiovascular effects produced by microin-
jection of angiotensins and angiotensin antagonists into the ventrolateral
medulla of freely moving rats. Brain Res. 1997;750:305-310.

Li Y-W, Guyenet PG. Neurona excitation by angiotensin Il in the rostral
ventrolateral medulla of the rat in vitro. Am J Physiol. 1995;268:
R272-R277.

Li YW, Guyenet PG. Angiotensin || decreases aresting K+ conductance
in rat bulbospina neurons of the C1 area. Circ Res. 1996;78:274-282.
Potts PD, Allen AM, Horiuchi J, Dampney RAL. Does angiotensin Il
have asignificant tonic action on cardiovascular neuronsin the rostral and
caudal VLM? Am J Physiol Regul Integrative Comp Physiol. 2000;279:
1392-1402.

I1to S, Sved AF. Pharmacological profile of depressor response elicited by
sarthran in rat ventrolateral medulla. Am J Physiol Heart Circ Physiol.
2000;279:H2961-H2966.

DiBona GF, Jones SY. Sodium intake influences hemodynamic and
neural responses to angiotensin receptor blockade in rostral ventrolateral
medulla. Hypertension. 2001;37:1114-1123.

Tagawa T, Dampney RAL. AT1 receptors mediate excitatory inputs to
rostral ventrolateral medulla pressor neurons from hypothalamus. Hyper-
tension. 1999;34:1301-1307.

Lind RW, Swanson LW, Ganten D. Organization of angiotensin Il immu-
noreactive cells and fibers in the rat central nervous system. Neuroendo-
crinol. 1985;40:2-24.

Heay DP, Printz MP. Distribution of immunoreactive angiotensin I,
angiotensin |, angiotensinogen and renin in the central nervous system of
intact and nephrectomized rats. Hypertension. 1984;6(suppl 1):I-
130--136.

. Shafton AD, Ryan A, Badoer E. Neurons in the hypothalamic paraven-

tricular nucleus send collaterals to the spina cord and to the rostral
ventrolateral medulla in the rat. Brain Res. 1998;801:239—243.

. Pyner S, Coote JH. Identification of an efferent projection from the

paraventricular nucleus of the hypothalamus terminating close to spinally

Downloaded from hyper.ahajournals.org at University of Pittsburgh--HSLS on June 30, 2009


http://hyper.ahajournals.org

35.

36.

37.

38.

39.

Ito et al

projecting rostral ventrolateral medullary neurons. Neuroscience. 1999;
88:949-957.

Allen AM. Blockade of angiotensin AT1-receptors in the rostral ventro-
lateral medulla of spontaneously hypertensive rats reduces blood pressure
and sympathetic nerve discharge. J Ren Angiotensin-Aldosterone System.
2001;2(suppl 1):S120-S124.

Ito S, Sved AF. Tonic glutamate-mediated control of rostral ventrolateral
medulla and sympathetic vasomotor tone. Am J Physiol. 1997;273:
R487-R494.

Madden CJ, Ito S, Rinaman L, Wiley RG, Sved AF. Lesions of the C1
catecholaminergic neurons of the ventrolateral medulla in rats using
anti-DbetaH-saporin. Am J Physiol. 1999;277:R1063-R1075.

Ito S, Sved AF. Blockade of angiotensin receptors in rat rostral ventro-
lateral medulla removes excitatory vasomotor tone. Am J Physiol. 1996;
270:R1317-R1323.

Paxinos G, Watson C. The Rat Brain in Sereotaxic Coordinates. San
Diego, Calif: Academic Press; 1986.

. Tagawa T, Horiuchi J, Potts PD, Dampney RAL. Sympathoinhibition

after angiotensin receptor blockade in the rostral ventrolateral medullais
independent of glutamate and gamma-aminobutyric acid receptors. J
Autonom Nervous Syst. 1999;77:21-30.

41.

42.

45.

46.

47.

RVLM AT, Receptorsin Hypertension 559

Benarroch EE, Granata AR, Giuliano R, Reis DJ. Neurons of the C1 area
of rostral ventrolateral medulla mediate nucleus tractus solitarii hyper-
tension. Hypertension. 1986;8(suppl 1):1-56—-60.

Burnier M. Angiotensin Il type 1 receptor blockers. Circulation. 2001;
103:904-912.

. Fontes MA, Baltatu O, Caligiorne SM, Campagnole-Santos MJ, Ganten

D, Bader M, Santos RA. Angiotensin peptides acting at rostral ventro-
lateral medulla contribute to hypertension of TGR(MRENZ2)27 rats.
Physiol Genomics. 2000;2:137-142.

. 1to S, Hiratsuka M, Komatsu K, Tsukamoto K, Kanmatsuse K, Sved AF.

Ventrolateral medulla AT1 receptors support arterial pressure in Dahl
salt-sensitive rats. Hypertension. Abstract. In press.

Stotz-Potter EH, Willis LR, DiMicco JA. Muscimol acts in dorsomedial
but not paraventricular hypothalamic nucleus to suppress cardiovascular
effects of stress. J Neurosci. 1996;16:1173-1179.

Stotz-Potter EH, Morin SM, DiMicco JA. Effect of microinjection of
muscimol into the dorsomedia or paraventricular hypothalamic nucleus
on air stress-induced neuroendocrine and cardiovascular changes in rats.
Brain Res. 1996;742:219-224.

Martin DS, Haywood JR. Reduced GABA inhibition of sympathetic
function in renal-wrapped hypertensive rats. Am J Physiol. 1998;275:
R1523-R1529.

Downloaded from hyper.ahajournals.org at University of Pittsburgh--HSLS on June 30, 2009


http://hyper.ahajournals.org

