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The central and peripheral renin–angiotensin systems are known for playing a key role in cardiovascular control.
In thepresent study,we evaluated thehemodynamic effects produced bynanoinjections of angiotensin II (Ang II)
or angiotensin-(1–7) [Ang-(1–7)] into the rostral ventrolateral medulla (RVLM) of adult male normotensive
(Wistar—WT) and spontaneously hypertensive rats (SHR). Animals were anesthetized (urethane 1.2 g/kg) and
instrumented for recording blood pressure (BP), heart rate (HR) and blood flow (BF) in the femoral, renal or
mesenteric arteries. Afterwards, rats were positioned in a stereotaxic and prepared for nanoinjections (100 nl)
of saline (NaCl 0.9%), Ang-(1–7) (40 ng) or Ang II (40 ng) into the RVLM. The vascular resistance (VR)was calcu-
lated by ΔMAP/ΔBF ratio. In WT, Ang-(1–7) or Ang II caused equipotent pressor effects that were not accompa-
nied by changes in vascular resistance. However, MAP changes were greater in SHR. This strain also showed a
concomitant increase in relative vascular resistance (ΔVR/VRbaseline) of renal (0.31 ± 0.07 and 0.3 ± 0.07 vs.
0.02 ± 0.01; Ang-(1–7), Ang II and Saline, respectively) and mesenteric beds (0.3 ± 0.06 and 0.33 ± 0.04 vs.
0.05 ± 0.02; Ang-(1–7), Ang II and saline, respectively). We conclude that Ang II and Ang-(1–7) at the RVLM
control the vascular resistance of renal and mesenteric beds during hypertension.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

The rostral ventrolateral medulla (RVLM) is a major vasomotor
center in the brainstem, containing sympathetic premotor neurons re-
sponsible for generating and maintaining vasomotor tone and resting
levels of arterial blood pressure. RVLM is under modulatory influence
of the renin–angiotensin system (RAS). Several studies demonstrated
that some medullary areas are activated by injections of Angiotensin II
(Ang II) and Angiotensin (1–7) [Ang-(1–7)](Allen et al., 1988; Alzamora
et al., 2002; Andreatta et al., 1988; Fontes et al., 1997, 1994; Li et al.,
2012; Muratani et al., 1991, 1993; Silva et al., 1993). In normotensive
rats, injections of Ang II or Ang-(1–7) into the RVLM increases arterial
pressure and sympathetic nerve activity (Allen et al., 1988; Averill et al.,
1994; Du et al., 2013; Fontes et al., 1994; Hirooka et al., 1997; Li et al.,
2013, 2012; Oliveira et al., 2013; Potts et al., 2000; Silva et al., 1993;
Zhou et al., 2010). While Ang II effects are mediated by its type 1 (AT1)
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receptor (Averill et al., 1994; Hirooka et al., 1997), the G protein-
coupled MAS receptor, mediates those evoked by Ang-(1–7) (Santos
et al., 2003).

Spontaneously hypertensive rats (SHR) are a well-known model,
widely used to investigate the contribution of brain RAS to the develop-
ment and maintenance of primary hypertension. Several studies
showed changes in the activity and in the levels of RAS components of
SHR brains (Hirooka et al., 1997; Ito et al., 2000; Nakagaki et al., 2011;
Phillips and de Oliveira, 2008). Increases in central angiotensinogen ex-
pression precede the development of hypertension in SHR (Tamura,
1996). These animals also show increases in the diencephalic
angiotensinogen levels, likely evident from the fourth week of life
(Shibata et al., 1993). In addition, renin-like activity in the anterior hy-
pothalamus and in the nucleus tract solitarii (nTS) is higher during the
development of hypertension in SHR, when compared to its control,
Wistar rats (WT) (Ruiz et al., 1990). Ang II content aswell as its turnover
within the hypothalamus, and Ang II immunoreactivity within the
paraventricular hypothalamus (PVN) andwithin the supraoptic nucleus
(SFO) are substantially increased in adult SHR when compared to WT
(Ganten et al., 1983; Phillips and Kimura, 1986; Weyhenmeyer and
Phillips, 1982). SHR also exhibit increased density of Ang II binding
sites within the median preoptic nucleus (MnPO), SFO, PVN and nTS,
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and AT1 receptor mRNA within the preoptic area (Gutkind et al., 1988;
Komatus et al., 1996). Furthermore, it was demonstrated that the RVLM
of SHR show an increase in the ACE and AT1 receptor density, besides
showing greater pressor responses to intracerebroventricular (i.c.v.) in-
jection of Ang II and by nanoinjections of Ang II into the preoptic area,
nTS, RVLM and caudal ventrolateral medulla (CVLM) (Agarwal et al.,
2011; Du et al., 2013; Matsuda et al., 1987; Muratani et al., 1991;
Nakagaki et al., 2011; Phillips and de Oliveira, 2008; Wright et al.,
1987; Zhu et al., 1998). More recently, Agarwal et al. demonstrated
that levels of ACE2 and Mas receptor in the PVN and RVLM are reduced
in SHR (Agarwal et al., 2011). Besides the involvement of central RAS in
the pathophysiology of hypertension, Biancardi and colleagues sug-
gested that changes in peripheral levels of Ang IImodify the central per-
meability, which would facilitate its access to brain regions strongly
involved in the control of blood pressure (Biancardi et al., 2014).

Although blood flow assessments show that different vascular beds
are involved in arterial pressure changes evoked from both CVLM
(Ferreira et al., 2008) and RVLM (Dampney, 1994; Dampney and
McAllen, 1988; de Paula and Machado, 2001; Dean et al., 1992; Lovick,
1987; Willette et al., 1987), the question that still remains open is
which peripheral vascular bed would be controlled by Ang II and Ang-
(1–7) signaling in the RVLM. Since RVLM and the peptides of RAS are
important players in cardiovascular regulation, the present study shall
evaluate whether nanoinjections of Ang-(1–7) and Ang II into the
RVLM are able to alter regional blood flow in hypertensive rats.

2. Materials and methods

2.1. General procedures

2.1.1. Surgeries
Experiments were performed in adult male Wistar and spontane-

ously hypertensive rats (260–300 g). All experiments conformed to
the regulation set forth by the Institutional Animal Welfare Committee
(CETEA, UFMG), which are in accordance with the National Institutes
of Health (NIH) Guidelines for the Care and Use of Laboratory Animals
(NIH publication 80-23, revised in 1996). After anesthesia with ure-
thane (1.2 g/kg i.p., Sigma Chemical Co) animals were submitted to sur-
gical procedures as described previously (Ferreira et al., 2008). Briefly,
all the animals underwent tracheotomy and catheterization of femoral
artery for arterial pressure measurement. Afterwards, animals were
placed in a stereotaxic head holder (David Kopf instruments, CA) with
the tooth bar−11 mmbelow the level of the interaural line. The dorsal
surface of the brainstemwas exposed by a limited occipital craniotomy.
A heating pad maintained a constant body temperature (35–37 °C).

2.1.2. Injections into RVLM
Injections into the RVLMwere performedwith a thin tip glassmicro-

pipette as previously described (Alzamora et al., 2006; Ferreira et al.,
2008). Unilateral injections of Ang-(1–7) (40 ng; Bachem), Ang II
(40 ng; Bachem) or sterile saline (vehicle — NaCl 0.9%) were made
into the RVLM (2.1 mm anterior, 1.8 mm lateral to the obex, and just
above pia mater in the ventral surface). For all experiments, only one
site of the RVLM was tested per animal and peptides were injected in
a random order.

Arterial pressure and heart rate changes produced by injections into
RVLMwere recorded continuously (MP150— AcqKnowledge Software/
Biopac System). Aminimum interval of 20minwaswaited between the
pipette positioning and first central injection. A period of 30 min was
waited among injections into RVLM.

2.1.3. Cardiac output measurements
Cardiac output (CO) was measured by the thermodilution method

using a CARDIOTHERM 500 apparatus (Columbus Instrument, Colum-
bus, OH). A thermistor (Fr1.5 microprobe, outer diameter of 0.64 mm)
was inserted into the aortic arch through the left carotid artery for
blood temperature measurement in WT (n = 6) and SHR (n = 4). A
polyethylene catheter (PE10) was placed into the right atrium via jugu-
lar vein for saline injection. COwasmeasured by rapidly injecting 0.1ml
of cold saline (18–20 °C)with a pump (HAMILTON,Microlab 500 series)
into the right atria as a thermal tracer indicator. Three to four
thermodilution curves were generated (minimum of 10 min interval)
in the control period to assure the reproducibility of the measurement.
The CO values obtained 5 min before and at the peak of the response
elicited by RVLM microinjections were used to express the baseline
and peptide-evoked responses, respectively. Total peripheral resistance
(TPR) was calculated from MAP and CO values (TPR = MAP/CO,
mm Hg × ml−1 × min−1).

2.1.4. Blood flow measurements
In different groups of WT and SHR, femoral (n = 10 and 9), renal

(n= 6 and 4) ormesenteric (n=6 and 5) blood flowwere determined
according to the method of Welch and colleagues (Welch et al., 1995)
using a transit-time blood flowmeter (model T206; Transonics, NY,
USA). A midline laparotomy was performed and miniature ultrasonic
transit-time flow probe (0.5 or 0.7 mm V-series) was carefully placed
around the artery (mesenteric, renal or femoral). Blood flow was re-
corded in an acquisition system (MP150 — Acqknowledge Software/
Biopac System). After 20 min of stabilization period, injections into
RVLM were performed as described above (see section — Injections
into RVLM). Mean vascular resistance was calculated as the ratio be-
tween mean arterial pressure and mean blood flow (mm Hg/ml/min).

2.2. Histological verification of injection sites

At the end of the experiments, the animals were euthanized with an
overdose of anesthetic and the brain stem was carefully removed and
fixed in 10% phosphate-buffered formalin for histological examination.
Serial coronal sections (40–50 μm) of the medulla oblongata were per-
formed and stained with neutral red. The atlas of Paxinos and Watson
(Paxinos and Watson, 1986) was used as reference. Only experiments
with injections confined to the ventral part of the paragigantocellular
nucleus were used in this study.

2.3. Analysis

Values at the peak of the responses were considered for each
nanoinjection. All values were expressed as means ± SEM. Values
obtained before and after injections into RVLM were evaluated by
Student's t-test. Comparisons among different groups were made by
one-way ANOVA followed by Newman–Keuls. Significance was set at
p b 0.05.

3. Results

Tables 1 and 2 show the pre injection (baseline) values of cardiovas-
cular parameters measured in normotensive (WT) and hypertensive
(SHR) animals, respectively, used in current experiments.

3.1. Injections of Ang II and (1–7) into RVLM change heart rate and blood
pressure of normotensive and hypertensive rats

Fig. 1 is an example of coronal sections depicting injection site into
RVLM. Representative chart recordings (Fig. 2) show the typical re-
sponses caused by injections of vehicle, Ang II and Ang-(1–7) into
RVLM. In this case, the traces are from an experiment with SHR,
where the increases in MAP and BF evoked by injections of Ang II and
Ang-(1–7) were greater. Injections of Ang-(1–7) and Ang II into the
RVLM of SHR produced a higher pressor response when compared to
those evoked by the same injections in WT (ΔMAP: 17 ± 2 vs. 12 ±
1mmHg and ΔMAP: 21± 2 vs. 13 ± 1mmHg; p b 0.05, respectively).
Injections of saline into RVLM of SHR and WT induced small and



Table 1
Baseline values ofmean arterial pressure (MAP,mmHg), heart rate (HR, beats/min),mean
blood flow (BF, ml/min) and vascular resistance (VR, mm Hg/ml/min) of Wistar rats sub-
mitted to microinjection into the RVLM.

n Baseline values

MAP
(mm Hg)

HR
(beats/min)

BF
(ml/min)

VR
(mm Hg/ml/min)

Saline
Femoral artery 7 86 ± 4 329 ± 19 1.3 ± 0.2 72 ± 9
Renal artery 4 78 ± 11 333 ± 22 2.6 ± 0.4 33 ± 9
Mesenteric artery 5 65 ± 3 356 ± 15 3.4 ± 0.6 21 ± 3

Ang-(1–7)
Femoral artery 10 85 ± 5 335 ± 15 1.5 ± 0.2 62 ± 6
Renal artery 4 70 ± 6 322 ± 19 2.3 ± 0.6 33 ± 4
Mesenteric artery 6 67 ± 3 345 ± 12 3.5 ± 0.6 22 ± 2

Ang II
Femoral artery 5 98 ± 7 313 ± 32 1.5 ± 0.3 73 ± 12
Renal artery 6 81 ± 5 321 ± 14 2.5 ± 0.4 36 ± 6
Mesenteric artery 6 65 ± 2 349 ± 13 3.3 ± 0.3 21 ± 2

The values are expressed as means ± SEM; n = number of animals.

Fig. 1. Histological section of the medulla (left side) and a diagrammatic representation
(right side) showing the center of the injections into RVLM (black arrows). Adapted
from the atlas of Paxinos and Watson (Paxinos G. and Watson, C., 1986). Amb, ambiguus
nucleus; py, pyramidal tractus; LPGi, lateral paragigantocellular nucleus.
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transient pressor effects (Fig. 2 — BP tracing). Although the pressor
effect produced by both Ang II and Ang-(1–7)was accompanied by a bi-
directional and transient chronotropy (Fig. 2 — HR tracing), there were
no differences in HR responses between SHR and WT.
3.2. Cardiac output responses caused by nanoinjections of Ang II and Ang-
(1–7) into RVLM of normotensive and hypertensive rats

Cardiac output was unaffected by injections of Ang-(1–7) and Ang II
into RVLM of WT, even with the pressor effects likely caused bymedul-
lary injection of both angiotensins [Ang-(1–7): 111 ± 7 ml/min vs
107 ± 4 ml/min; Ang II: 112 ± 13 ml/min vs 104 ± 9 ml/min]. Con-
versely, there was an increase in TPR of WT [Ang-(1–7): 0.75 ±
0.07 mm Hg/ml/min vs 0.69 ± 0.08 mm Hg/ml/min, p b 0.05; Ang II:
0.79 ± 0.05 mm Hg/ml/min vs 0.67 ± 0.06 mm Hg/ml/min, p b 0.05
(Fig. 3)]. Similarly, pressor effect of the peptides was not accompanied
by CO responses in SHR [Ang-(1–7):120 ± 14 ml/min vs 130 ±
10 ml/min; Ang II: 139 ± 12 ml/min vs 143 ± 13 ml/min] whereas
TPR was increased [Ang-(1–7): 0.95 ± 0.1 mm Hg/ml/min vs 0.77 ±
0.1 mm Hg/ml/min, p b 0.05; Ang II: 0.95 ± 0.1 mm Hg/ml/min vs
0.81 ± 0.1 mm Hg/ml/min, p b 0.05; Fig. 3).
Table 2
Baseline values ofmean arterial pressure (MAP,mmHg), heart rate (HR, beats/min),mean
bloodflow (BF,ml/min) and vascular resistance (VR,mmHg/ml/min) of SHR submitted to
microinjection into the RVLM.

n Baseline values

MAP
(mm Hg)

HR
(beats/min)

BF
(ml/min)

VR
(mm Hg/ml/min)

Saline
Femoral artery 4 108 ± 15 294 ± 22 1.2 ± 0.5 120 ± 32
Renal artery 4 100 ± 7 343 ± 26 2.1 ± 0.4 58 ± 16
Mesenteric artery 5 81 ± 6 338 ± 21 3.2 ± 0.4 27 ± 3

Ang-(1–7)
Femoral artery 8 109 ± 7 303 ± 12 1.3 ± 0.3 107 ± 19
Renal artery 4 105 ± 8 346 ± 18 2.4 ± 0.3 49 ± 12
Mesenteric artery 5 82 ± 7 338 ± 22 3.1 ± 0.2 27 ± 2

Ang II
Femoral artery 9 103 ± 4 302 ± 11 1.3 ± 0.2 102 ± 17
Renal artery 4 111 ± 8 336 ± 13 2.5 ± 0.3 49 ± 10
Mesenteric artery 5 77 ± 7 340 ± 22 3.2 ± 0.4 25 ± 4

The values are expressed as means ± SEM; n = number of animals.
3.3. Changes in vascular conductance inmesenteric, renal and femoral beds
caused by nanoinjections of Ang II and Ang-(1–7) into RVLM of normoten-
sive and hypertensive rats

The pressor effect evoked by Ang-(1–7) into RVLM of normotensive
rats did not significantly alter blood flow inmesenteric or renal arteries.
However, there was a significant increase in the femoral blood flow
(ΔBF=0.24±0.10ml/min vs. 0.05±0.04ml/min, after saline). Vascu-
lar resistance (VR) was unchanged in vascular beds studied: femoral
(ΔVR = 0.11 ± 1 mm Hg/ml/min vs. 2.5 ± 3.4 mm Hg/ml/min, after
saline; ΔVR/VRbaseline=−0.004 ± 0.02 vs. 0.01 ± 0.03, after saline);
renal (ΔVR = −3.7 ± 5 mm Hg/ml/min vs. 1.3 ± 0.6 mm Hg/ml/min,
after saline or ΔVR/VRbaseline = −0.08 ± 0.12 vs. 0.04 ± 0.01, after
saline) and mesenteric (ΔVR = 1.2 ± 0.7 mm Hg/ml/min vs. 0.2 ±
1 mm Hg/ml/min, after saline or ΔVR/VRbaseline = 0.04 ± 0.04 vs.
−0.01 ± 0.06, after saline).

Differently, injection of Ang II into the RVLM of normotensive rats
caused significant increases in the renal artery blood flow (ΔBF =
0.20 ± 0.04 ml/min vs. 0.02 ± 0.03 ml/min, after saline) but did not
change femoral (ΔBF = 0.10 ± 0.10 ml/min vs. 0.05 ± 0.04 ml/min,
after saline) or mesenteric (ΔBF = 0.60 ± 0.2 ml/min vs. 0.05 ±
0.04 ml/min, after saline) artery blood flow. Similar to Ang-(1–7),
Ang II into the RVLM did not significantly alter vascular resistance in
any vascular beds studied: femoral (ΔVR = 6 ± 4.5 mm Hg/ml/min
vs. 2.5 ± 3.4 mm Hg/ml/min, after saline; ΔVR/VRbaseline = 0.06 ±
0.05 vs. 0.01 ± 0.03, after saline); renal (ΔVR = 3 ± 0.7 mm
Hg/ml/minvs. 1.3±0.6mmHg/ml/min, after salineorΔVR/VRbaseline=
0.1 ± 0.03 vs. 0.04 ± 0.01, after saline) or mesenteric (ΔVR = 1.4 ±
1.0 mm Hg/ml/min vs. 0.2 ± 1 mm Hg/ml/min, after saline or ΔVR/
RVbaseline = 0.06 ± 0.05 vs.−0.01 ± 0.06, after saline).

As shown in Fig. 4, the pressor effect of Ang-(1–7) in the RVLM of
SHR was due to increase in the vascular resistance of the renal and the
mesenteric arteries. No alteration in the resistance of the femoral artery
was observed. In addition, there were decreases in renal blood flow
(ΔBF = −0.2 ± 0.06 ml/min vs. 0.01 ± 0.01 ml/min, saline; Fig. 4)
while blood flow in femoral or mesenteric arteries was unchanged.

Similar to Ang-(1–7), the pressor effect produced by Ang II in SHR
was accompanied by increases in vascular resistance of the renal
(ΔVR = 16 ± 7 mm Hg/ml/min vs. 0.9 ± 0.7 mm Hg/ml/min, after sa-
line or ΔVR/VRbaseline = 0.3 ± 0.07 vs. 0.02 ± 0.01, after saline) and
the mesenteric arteries (ΔVR = 7.8 ± 0.7 mm Hg/ml/min vs. 1.04 ±
0.3 mm Hg/ml/min, saline or ΔVR/VRbaseline = 0.33 ± 0.04 vs.
0.05 ± 0.02, saline; Fig. 4), but resistance in femoral bed was not mod-
ified (ΔVR = 5.1 ± 3.7 mm Hg/ml/min vs. 4.6 ± 3.1 mm Hg/ml/min,
after saline or ΔVR/VRbaseline = 0.04 ± 0.03 vs. 0.02 ± 0.03, after
saline). Ang II also produced significant decreases in renal blood flow



Fig. 2. Panel A: chart recordings exemplifying cardiovascular responses produced by injection of vehicle (100 nL), Ang-(1–7) (40 ng) or Ang II (40 ng) into the RVLM of an SHR. PAP —
pulsatile arterial pressure; BF — blood flow; PAP — pulsatile arterial pressure; MAP — mean arterial pressure; HR — heart rate. Panel B: mean maximal changes in MAP (mm Hg) and
HR (bpm) evoked by injections (100 nL) of vehicle, Ang-(1–7) (40 ng) or Ang II (40 ng) of the Wistar (n = 6) and SHR (n = 4). ⁎p b b 0.05 vs. saline; #p b 0.05 vs. WT of same group.
(ANOVA followed by Newman–Keuls).
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(ΔBF = −0.2 ± 0.06 ml/min vs. 0.01 ± 0.01 ml/min, saline), without
altering femoral (ΔBF= 0.2 ± 0.07 ml/min vs. 0.04 ± 0.06 ml/min, sa-
line) or mesenteric blood flow (ΔBF=−0.1± 0.08 ml/min vs. -0.06±
0.03ml/min, saline; Fig. 4). Therefore, in SHR, the hypertensive effect of
both Ang II and Ang-(1–7) were accompanied by increase in the renal
and mesenteric vascular resistance, and decrease in the renal blood
flow.

4. Discussion

Our main findings were: i) in normotensive rats, Ang-(1–7) into
RVLM increased femoral blood flow while Ang II increased renal blood
flow, without changing vascular resistance of the beds studied; and ii)
in hypertensive rats, both Ang-(1–7) andAng II increased vascular resis-
tance of renal and mesenteric beds, and reduced blood flow of renal ar-
tery. Altogether, these data indicate that angiotensinergic synapses in
rostral ventrolateral medulla may exert differential control of vascular
resistance and blood flow during hypertension.

Within plenty of experimentalmodels, SHR are awidely usedmodel
of primary hypertension. SHR present significant increases in the
sympathetic outflow, which affects vasomotion (Allen, 2002; Judy
et al., 1976; Li et al., 2013, 2012; Lundin et al., 1984). Several studies sug-
gest that the mechanisms involved in this excessive sympathoexcitation
include increases in Ang II levels in the brain, which would change the
activity of sympathetic supplies and cause vasoconstriction (Berecek
et al., 1984; Falcon et al., 1978; Gyurko et al., 1993; Phillips, 1983;
Phillips and Kimura, 1986; Wielbo et al., 1995). RVLM is one of the
main sympathetic premotor areas that exhibit increases in neuronal
excitability (Chan et al., 1991) and overexpression of AT1 receptors
(Gehlert et al., 1991; Gutkind et al., 1988) in SHR. In this regard, the
responses we found following injection of Ang II into RVLM of SHR are
consistent with several previous studies (Chan et al., 1990, 1991; Ito
et al., 2002; Seyedabadi et al., 2001; Zhu et al., 1998), with the exception
of contrasting findings (Averill et al., 1994; Muratani et al., 1991, 1993;
Tsuchihashi et al., 1999) likely attributed to differences in themethodol-
ogy. Even so, these authors also observed potentiation of the depressor
response produced by antagonism of AT1 in the RVLM of SHR (Averill
et al., 1994; Ito et al., 2002; Muratani et al., 1993; Zhu et al., 1998).

Two plausible hypotheses may explain the increases in the respon-
siveness of RVLM of SHR to angiotensins: i) changes in neuronal activity



Fig. 3.Meanmaximal changes inMAP, HR, cardiac output (CO, ml/min) and total peripheral resistance (TPR, mmHg/ml/min) obtained before and after injection of saline (vehicle) Ang II
and Ang-(1–7) into RVLM of normotensive and hypertensive rats. ⁎p b 0.05 vs. saline (ANOVA followed by Newman-Keuls); for TPR graphs ⁎p b 0.05 vs. before (paired Student's t-test).
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and excitability; and ii) increases in the density and/or affinity to angio-
tensin receptors. In fact, changes in firing rate of RVLMneurons seem to
play a key role in the development and maintenance of hypertension
(Chan et al., 1990, 1991; Ito et al., 2000; Kumagai et al., 2012; Kuo and
Yang, 2000; Matsuura et al., 2002; Minson et al., 1996). These changes
in the activity of RVLM neurons may be related to the modified
responsivity to excitatory input (Ito et al., 2000; Lin et al., 1995;
Tsuchihashi et al., 1994), besides the increases in the density of AT1 re-
ceptors in theRVLMof SHR (Gehlert et al., 1991;Gutkind et al., 1988;Hu
et al., 2002). The activity of RVLM neurons may be modified by
supramedullary sources of angiotensinergic inputs (Ganten et al.,
1983; Phillips and Sumners, 1998) and mediated by AT1 receptors, as
suggested by Ito and colleagues (Ito et al., 2002). The presence of Ang
II in nerve terminals (Lind et al., 1985) and binding siteswith high affin-
ity for Ang II in the RVLM provide further support to our hypotheses
(Allen et al., 1988; Gehlert et al., 1991; Song et al., 1992; Speth and
Kim, 1990).

Although the mechanisms involved in the differential neuronal
properties of sympathetic premotor neurons during hypertension re-
main poorly understood, some studies reported on the origin of the
angiotensinergic inputs to RVLM. Tagawa and Dampney (Tagawa and
Dampney, 1999) showed that blockade of AT1 but not glutamate



Fig. 4.Mean maximal changes in blood flow (ml/min) and in vascular resistance (ΔVR, mm Hg/ml/min; ΔVR/baselineVR) sampled in femoral, renal and mesenteric arteries produced by
injections of saline, Ang-(1–7) and Ang II into RVLM of SHR. ⁎p b 0.05 vs. saline (ANOVA followed by Newman–Keuls).
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receptors in the RVLM attenuated the responses evoked from para-
ventricular hypothalamus (PVN). Ito and colleagues (Ito et al., 2002)
showed that this PVN–RVLMangiotensinergic pathway is tonically active
in SHR, since the hypotension evoked by activation of GABAA receptors in
the PVH depends on an AT1-mediated relay in RVLM. It is noteworthy
that the hyperactive diencephalic neurons (Allen, 2002) may be the
source of angiotensinergic output to RVLM during hypertension.

The present study pioneered in the field in showing that theAng-(1–
7) also acts differentially inmedullary sympathetic premotor neurons of
SHR. While the greater pressor responses produced by Ang II and Ang-
(1–7) in the RVLM of SHR were unrelated to changes in cardiac output,
the pressor response caused by Ang-(1–7) is increased in SHR. The liter-
ature states that Ang-(1–7) produces central effects similar to those
evoked by Ang II (Campagnole-Santos et al., 1989, 1990, 1992; Diz
and Pirro, 1992; Du et al., 2013; Li et al., 2012; Oliveira et al., 2013;
Silva and Schreihofer, 2011; Zhou et al., 2010). The pressor responses
evoked by Ang-(1–7) in rostral areas (Fontes et al., 1997; Potts et al.,
2000) are opposite to those caused by the same injections in the caudal
ventrolateral medulla (Alzamora et al., 2002; Ferreira et al., 2008; Potts
et al., 2000; Silva et al., 1993).

To the best of our knowledge, there is no report on the modification
of Ang-(1–7) binding sites in medullary areas of different experimental
models of hypertension,whereas the literature provides robust evidences
for Ang II–AT1 axis. Transgenic rats with low brain angiotensinogen dis-
play an increase in the density of AT1 receptors at different brain areas
– including VLM (Monti et al., 2001) – and augmented pressor responses
to injections of Ang II or Ang-(1–7) into RVLM (Baltatu et al., 2001),
which is in agreement with current findings. These evidences suggest
simultaneous changes in AT1 and Mas (or other) receptors in the RVLM.
Although the cardiovascular effects triggered by Ang II and Ang-(1–7)
in the VLMare similar (Fontes et al., 1997; Potts et al., 2000),mechanisms
can be differential in the VLM(Alzamora et al., 2002; Oliveira et al., 2013).
While the pressor effect evoked from Ang II prominently results from a
sympathetically-mediated increase in vasomotion (Dampney, 1994;
Muratani et al., 1991), those evokedbyAng-(1–7)may result froma sym-
pathetic activation, vasopressin release and inhibition of cholinergic-
sensitive beds (Oliveira et al., 2013). Furthermore, consistent evidences
show that AT1 and Mas receptors are the mediators of Ang II and Ang-
(1–7) evoked responses, respectively. Furthermore, consistent evidences
show that AT1 andMas receptors are themediators of Ang II and Ang-(1–
7) evoked responses, respectively (Du et al., 2013; Li et al., 2012;
Nakagaki et al., 2011; Zhou et al., 2010).

SHR exhibit increases in immunoreactivity to AT1 receptors in gluta-
matergic and GABAergic RVLM neurons expressing tyrosine hydroxy-
lase (Hu et al., 2002). These results suggest that Ang II may be
putative in the balance between excitatory and inhibitory inputs con-
trolling the activity of RVLM neurons (Averill et al., 1994; Fontes et al.,
1997, 1994; Hirooka et al., 1997).We confirmed that changes in central
RAS indeed modify the amplitude of cardiovascular responses to block-
ade and to stimulation of GABAA hypothalamic receptors (da Silva et al.,
2011). Interestingly, the antagonism of AT1 receptor in rat strains with
hyperactive RAS (SHR, TGR (mREN2)27, Dahl-salt) causes hypoten-
sion (Fontes et al., 2000; Ito et al., 2003, 2002) whereas no change in
blood pressure is found in transgenic mice where synthesis of brain
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angiotensinogen is inhibited (Baltatu et al., 2001). Jointly, these data
suggest that the modulatory role of Ang II on the peripheral sympa-
thetic activity results from the balance between excitation and
inhibition.

Despite the absence of data on the distribution of Ang-(1–7) recep-
tors in different neurons of RVLM, it is possible that SHR showdifferential
activity of glutamatergic and GABAergic neurons and/or non-uniform
distribution of angiotensin receptors in these neurons, which may facili-
tate sympathoexcitation. Cardiac control might be similarly affected,
since the changes in the balance between excitatory/inhibitory inputs
produced by angiotensins in the RVLM result in pressor responses that
are accompanied by variable chronotropy. Baroreflex influences should
be considered, despite the responses to injections into RVLM seem to op-
pose the baroreflex patterns. Our results support this idea as the pressor
responses produced by angiotensins in the RVLM of SHRwere accompa-
nied by significant tachycardia. However, we cannot neglect that possi-
ble differences in the baroreflex responsiveness and in the RVLM
between Wistar and SHR rats may modify the function of pathways in-
nervating the heart. Since sympathetic outflow to different organs can
be governed independently, changes in the cardiovascular control may
result in different patterns of responses in the heart and different vascu-
lar beds, in order to set specific adjustments in the perfusion and cardiac
function (Dampney et al., 2002).

The RVLM contains sub-populations of neurons that change the ac-
tivity of specific vascular territories (Dean et al., 1992; Lovick, 1987;
McAllen and Dampney, 1990). Substantial evidences suggest a topo-
graphic distribution in the RVLM premotor neurons controlling differ-
ent vascular regions (Dampney, 1994; Dampney and McAllen, 1988;
Dean et al., 1992; Lovick, 1987; McAllen and Dampney, 1990; McAllen
and May, 1994; Willette et al., 1987). In spite of the probable overlap,
Dampney and McAllen (Dampney and McAllen, 1988) observed that
the increased activity of sympathetic supplies innervating skin and skele-
tal muscles are predominantly evoked frommedial and lateral aspects of
RVLM, respectively. On the other hand,mapping studies accomplished by
De Paula and Machado (de Paula and Machado, 2001) observed pressor
responses accompanied by equipotent increases in the vascular resistance
of renal, mesenteric and hind limb beds, which suggest a lack of topo-
graphical organization with respect to these territories. We hypothesize
that the different patterns of responses among vascular beds of SHR
may be attributed to a differential control of regional sympathetic sup-
plies. However, it is important to emphasize that other regional, vascular
and autonomic mechanisms may be involved in differential responses
observed in SHR (Kumagai et al., 2012; Safar et al., 2001).

In normotensive rats, the pressor responses produced by Ang-(1–7)
or Ang II into RVLM were not accompanied by changes in vascular resis-
tance of territories studied (femoral, renal or mesenteric), while a signif-
icant increase in femoral and in renal blood flows were found after
injection of Ang-(1–7) and Ang II respectively. These suggest that these
peptides in the RVLM may change the resistance of othervascular
bed(s) and the pressor responses result from small changes in different
territories. Our data, obtained from unilateral injections into RVLM, does
not indicate differences between the two peptides, as observed for bilat-
eral approaches in the CVLM (Ferreira et al., 2008). There is no doubt,
however, that pressor responses produced by angiotensins in the RVLM
are largely dependent on adjustments in peripheral vascular resistance,
since these responses were not accompanied by significant changes in
cardiac output. In conclusion, Ang-(1–7) and Ang II seem to govern the
changes in vascular resistance of renal and mesenteric beds, besides re-
ducing blood flow of renal artery during essential hypertension.Whether
or not the influence of these peptides in different brain areas plays a role
in the pathophysiology of hypertension remains to be unraveled.
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