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The aim of this study was to investigate the physiological effects of increased angiotensin II type 2 receptor
(AT2R) expression in the solitary-vagal complex (nucleus of the solitary tract/dorsal motor nucleus of the
vagus; NTS/DVM) on baroreflex function in non-anaesthetised normotensive (NT) and spontaneously hyperten-
sive rats (SHR). Ten week old NT Holtzman and SHR were microinjected with either an adeno-associated virus
expressing AT2R (AAV2-CBA-AT2R) or enhanced green fluorescent protein (control; AAV2-CBA-eGFP) into the
NTS/DVM. Baroreflex and telemetry recordings were performed on four experimental groups: 1) NTeGFP, 2)
NTAT2R, 3) SHReGFP and 4) SHRAT2R (n = 4–7/group). Following in-vivo experimental procedures, brains
were harvested for gene expression analysis. Impaired bradycardia in SHReGFPwas restored in SHR rats overex-
pressing AT2R in the NTS/DMV. mRNA levels of angiotensin converting enzyme decreased and angiotensin
converting enzyme 2 increased in the NTS/DMV of SHRAT2R compared to SHReGFP. Increased levels of pro-
inflammatory cytokine mRNA levels in the SHReGFP group also decreased in the SHRAT2R group. AT2R overex-
pression did not elicit any significant change in mean arterial pressure (MAP) in all groups from baseline to
4 weeks post viral transfection. Both SHReGFP and SHRAT2R showed a significant elevation in MAP compared
to the NTeGFP and NTAT2R groups. Increased AT2R expression within the NTS/DMV of SHR was effective at im-
proving baroreflex function but notMAP.We propose possiblemediators involved in improving baroreflex are in
the ANG II/ACE2 axis, suggesting a potential beneficialmodulatory effect of AT2R overexpression in theNTS/DMV
of neurogenic hypertensive rats.
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1. Introduction

Neurogenic hypertension is a chronic disease involving a myriad of
factors resulting in the phenotypic elevation in sympathetic nerve
activity (SNA) and blood pressure (BP) (Primatesta and Poulter,
2006). Hypertension is a condition that leads to the predisposition of
cardiovascular diseases such as heart failure and stroke. The spontane-
ously hypertensive rat (SHR) displays an increased sympathetic tone
(Trippodo and Frohlich, 1981) making it an appropriate model for
investigating essential hypertension. Characteristically, SHR exhibit a
hyperactive renin-angiotensin system (RAS), including higher angio-
tensin II (ANG II) levels and turnover in several brain areas [reviewed
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by (Veerasingham and Raizada, 2003)] and also an impairment of the
baroreflex (Judy and Farrell, 1979).

The current standardised therapy for treating hypertension is the
use of angiotensin II type I receptor (AT1R) blockers together with an-
giotensin converting enzyme (ACE) inhibitors (Fisher and Fadel, 2010;
Grassi et al., 2010; Mann, 2003). Microinjecting angiotensin II (ANG II)
centrally can target AT1Rs in cardiovascular regulating nuclei that stim-
ulate cardiovascular pressor responses. This has been demonstrated in
the rostral ventrolateral medulla (RVLM) (Ito et al., 2002; Mayorov et
al., 2004), the nucleus of the solitary tract (NTS) (Casto and Phillips,
1984; Rettig et al., 1986), and the paraventricular nucleus of hypothala-
mus (Zhu et al., 2002).

However, ANG II can also act on the angiotensin II type 2 receptor
(AT2R). Similar to AT1R, AT2R is a seven-transmembrane receptor
showing over 90% homology across humans, mice and rats
(Mukoyama et al., 1993). Considering the discrete localization of AT2R
and surrounding important cardiovascular control regions of the adult
rodent brain (de Kloet et al., 2014), an intriguing question is the role
of AT2R in cardiovascular regulation. In fact, Ichiki and colleagues have
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found that basal systolic and diastolic BP is increased inmice lacking the
AT2R (Ichiki et al., 1995). However, discrepancies in the literature have
been highlighted by different studies showing that basal BP was unaf-
fected in the absence of AT2R in mice (Hein et al., 1995; Li et al.,
2003). Despite these differences in basal arterial BP, all of these studies
show that the pressor effects of peripheral or central ANG II infusion
were significantly enhanced in AT2R knockout mice compared to wild
type mice (Hein et al., 1995; Li et al., 2003). Moreover, recently, we
demonstrated using the 2-kidney, 1-clip (2K1C) hypertensive rat
model that increased expression of AT2R in the solitary-vagal complex
[NTS/dorsal motor nucleus of the vagus (DMV); NTS/DMV] restores
normal baroreflex function and attenuated hypertension (Blanch et al.,
2014).

The NTS is integral to the CNS control of cardiovascular function, re-
ceiving baroreceptor and chemoreceptor afferents from the periphery
and having direct and indirect pathways to the RVLM to modulate
SNA and BP (Guyenet, 2006). Therefore, the possibility that AT2R may
modulate the altered vagal/sympathetic tone in neurogenic hyperten-
sion has come to the forefront of our interest. In the present study, we
investigated; 1) baroreflex function in conscious, non-anesthetized nor-
motensive (NT) and SHRs; 2) the chronic effects of overexpressingAT2R
in the NTS/DMV complex on BP and heart rate (HR) of freely moving,
non-anesthetized NT and SHRs; and 3), given that studies show
crosstalk between renin-angiotensin system (RAS) components and
pro-inflammatory cytokines (PICs) in central cardiovascular regulatory
nuclei (Guggilam et al., 2008; Shi et al., 2010; Sriramula et al., 2013),
we also assessed the gene expression profile of different components
of the RAS and PICs within the NTS/DVM complex in these rats.

2. Methods

2.1. Animals

Tenweek old Holtzman rats and SHRwere used for all experimental
procedures. Post recovery, animals were housed individually with ac-
cess to water and rat chow (BioBase Rat Chow, Águas Frias, Brazil) ad
libitum. Room temperature was maintained at 23 ± 2 °C, humidity at
55 ± 10% and on a 12:12 h light-dark cycle. Experimental protocols
were approved by the Ethical Committee in Animal Use (CEUA) in the
School of Dentistry- UNESP (Proc. CEUA 07/2011). In addition, the prin-
ciples governing the care and treatment of animals, as stated in the
Guide for the Care and Use of Laboratory Animals published by the Na-
tional Academy of Sciences (eighth ed., 2011), were followed at all
times during this study.

2.2. Viral transduction of AT2R in the NTS/DVM

Adeno-associated viral vectors expressing either AT2R or eGFP
(AAV2-CBA-AT2R, 3.6 × 1011 genome copies [gc]/injection; AAV2-
CBA-eGFP, 1.5 × 1012 gc/injection)were used to induce the overexpres-
sion of the respective protein in the NTS/DVM. Rats were anesthetized
using ketamine (80 mg/kg body wt., IP) and xylazine (7 mg/kg body
wt., IP) and placed in a stereotaxic head frame (David Kopf Instruments,
Tujunga, CA). A partial craniotomyof the occipital bonewas implement-
ed, to expose the dorsal surface of the brainstem. A total of fivemicroin-
jections were made along the entire rostral-caudal axis with a distance
of 0.5 mm anterior from the calamus scriptorius and 0.5 mm lateral
from the midline using a glass micropipette coupled to a Picospritzer
microinjection system (Parker, Cleveland, OH, USA). The volume
microinjected (100 nl/site) was determined by viewing the movement
of the meniscus through a binocular microscope fitted with a
precalibrated eyepiece reticule with a 10 min interval between each
injection. Four groupswere used for the experiments as follows; 1) nor-
motensive rats injected with AAV2-CBA-eGFP (NTeGFP), 2) normoten-
sive rats injected with AAV2-CBA-AT2R (NTAT2R), 3) SHRs injected
with AAV2-CBA-eGFP (SHReGFP) and 4) SHRs injected with AAV2-
CBA-AT2R (SHRATR2). Proceeding the surgical procedure, rats were ad-
ministered with antibiotic IM, (benzylpenicillin – 80,000 IUs plus strep-
tomycin – 33 mg; Pentabiótico Veterinário –Pequeno Porte, Fort Dodge
Saúde Animal Ltda, Campinas, Brazil) and analgesic/anti-inflammatory
SC, (ketoprofen 1%; 0.03 ml/rat; Ketoflex, Mundo Animal, São Paulo,
Brazil). AAV2-CBA-eGFP or AAV2-CBA-AT2R were constructed as
described (Li et al., 2005) and these vectors elicit gene transduction
primarily in neurons of all different phenotypes (Zhang et al., 2013).
Our previous studies have demonstrated that AAV2-CBA-AT2R
microinjected as above elicits a significant increase in AT2R protein in
the NTS/DVM, based on receptor binding analyses (Blanch et al., 2014).

2.3. Baroreflex test

Rats were anesthetized using ketamine associated with xylazine as
described previously, and a polyethylene tube (PE-10 connected to a
PE-50) was inserted into the abdominal aorta through the femoral ar-
tery and another catheter was implanted into the femoral vein. Arterial
and venous catheters were tunneled subcutaneously and exposed on
the back of the rat. To record pulsatile arterial pressure, mean arterial
pressure (MAP) and heart rate (HR) in conscious unrestrained, freely
moving animals, the arterial catheter was connected to a Statham
Gould (P23 Db; El Segundo, CA, USA) pressure transducer coupled to a
preamplifier (model ETH-200 Bridge Bio Amplifier, Chicago, IL, USA)
that was connected to a Powerlab computer data acquisition system
(model Powerlab 16SP, ADInstruments, Colorado Springs CO, USA).
After a baseline period of cardiovascular recordings, rats received iv in-
jections of phenylephrine (5 μg/kg, body wt.) or sodium nitroprusside
(SNP; 30 μg/kg, body wt.) to test the HR reflex responses to pressor
and depressor stimuli, respectively. We analysed the one second mean
HR values in response to 10 mm Hg incremental changes in MAP,
starting at 5 mm Hg up to a maximal change of 35 mm Hg (Blanch et
al., 2014). The values were plotted, a linear regression was performed
for each animal, and the slope of each linear regression was used to cal-
culate the differences between groups.

2.4. Radio-telemetry recording of arterial pressure

Under ketamine associated with xylazine as described previously, a
laparotomy was made to expose the descending aorta, proceeded by
the implantation of a telemetry device (model TA11PA-C40; Data
Sciences Int., St. Paul, MN, USA) to record arterial pressure. Dataquest
4.31 software (Data Sciences Int.) was used to analyse raw data that
were expressed as MAP and HR. Recordings of arterial pressure were
programmed with the following conditions; 24 h/d, 5 min/h and 20 s
segments at a frequency of 1000Hz. Post surgical treatmentwas admin-
istered as described above.

2.5. Histology of injection sites

Rats were deeply anesthetized with sodium thiopental (70 mg/
kg b·wt, IP) and perfused transcardiallywith 0.1M PBS (pH 7.4) follow-
ed by 4% (w/v) paraformaldehyde. Brains were extracted and post fixed
in 10% (w/v) sucrose for 24 h. Brains were snap frozen and 40 μm thick
sections were cut using a cryostat (Leica CM1900, Wetzlar, Germany).
The sections were visualized using a Leica fluorescence microscope
(Leica, DM5500 B,Wetzlar, Hesse, Germany) with the appropriate filter
to visualize eGFP expression.

2.6. qRT–PCR analyses in the NTS/DMV

Rats were deeply anesthetized with isoflurane (5% in 100% O2), de-
capitated and the brains extracted for dissection. The NTS/DMV was
identified using the obex and central canal as landmarks for dissection.
The tissue was snap frozen at −80 °C until required for further use.
mRNAwas extracted by homogenising the tissue in 2-mercaptoethanol
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(Sigma, St. Louis, USA) and isolated using a PureLink®RNAmini kit (Life
technologies, Grand Island, USA). The isolated RNA was converted in
cDNA using a high-capacity cDNA reverse transcription kit (Life tech-
nologies, Grand Island, USA) and samples were run in duplicate using
a StepOne Real-time PCR system, Taqman Universal Gene Expression
Master Mix and validated Taqman probes (Applied Biosystems, Foster
City, CA, USA). Expression patterns of genes of interestwere normalized
to constitutively expressed 18s (Table 1) and relative expression was
quantified using the 2−ΔΔCt method (Livak and Schmittgen, 2001). All
primers used are listed in Table 1.

2.7. Statistical analysis

All data are expressed as the means ± SEM. One- or two-way
ANOVA followed by Student-Newman-Keuls post hoc were used for
comparisons. Differences were taken as significant at P b 0.05.

2.8. Experimental protocols

2.8.1. Baroreflex function test
In one group of rats, 4 weeks after the viral transduction, rats were

implanted with two catheters: one into the abdominal aorta through
the femoral artery for direct recordings of MAP and HR, and another
into the femoral vein for drug administration. The next day, MAP and
HR were recorded in conscious rats, followed by the analysis of barore-
flex function as described in theMethods. The day following these tests,
rats were deeply anesthetized, decapitated, the brains were collected
for qRT-PCR analyses.

2.8.2. Chronic recording of blood pressure in freely moving animals
In another group of rats, following a 10-day recovery period after

telemetry probe implantation, a 24 h basal recording of arterial pressure
was taken subsequently followed by microinjection of either AAV2-
CBA-eGFP or AAV2-CBA-AT2R into theNTS/DMVof NT and SHR. Follow-
ing this, recordings were taken once a week for a 4-week period post-
viral transduction (method described above). Rats were euthanized at
4 weeks post vector injection, brainstems removed, cut and mounted
on slides to check the eGFP fluorescence in the NTS/DMV and indicate
NTS/DMV injection site.

3. Results

3.1. Identification of the viral injection sites in the NTS/DMV

Viral microinjections of AAV2-CBA-eGFP were positively localized
within the confines of the NTS/DMV complex, including the intermedi-
ate NTS (iNTS, Fig. 1A, B and E), the commissural NTS (cNTS) and DMV
(Fig. 1C, D and E) with minimal spread into adjacent brain structures.
Hence, the viral transduction coverage occurred along the entire
Table 1
A list of all the primers (TaqManprobes, Applied Biosciences, USA)
used for RT-PCR analysis with corresponding sequence numbers.
Abbreviations; Agtr1a- angiotensin type 1 receptor, Agtr2- angio-
tensin type 2 receptor, ACE- angiotensin converting enzyme,
ACE2- angiotensin converting enzyme 2, TNFα- tumour necrosis
factor α, IL-6- interleukin 6, IL-1 β - interleukin 1β.

Primer name Sequence code

Agtr1a Rn01435427_m1
Agtr2 Rn005660677_s1
Mas1 Rn00562673_s1
ACE Rn00561094_s1
ACE2 Rn01416293_s1
TNFα Rn99999017_m1
IL-6 Rn01410330_m1
IL-1β Rn99999009_m1
18s Hs99999901_s1
rostro-caudal axis of the NTS/DMV complex involved in cardiovascular
regulation. These results are consistent with our previous findings
(Blanch et al., 2014).

3.2. Effects of AT2R overexpression in the NTS/DMV of NT and SHRs on the
baroreflex

The SHReGFP group showed an impaired bradycardia response com-
pared to the normotensive groups [−0.77± 0.35 vs. NTeGFP:−1.71±
0.24 and NTAT2R: −1.98 ± 0.52 bpm/mm Hg; F(3,19) = 3.774;
P b 0.05], (Fig. 2). Conversely, after AT2R transduction in the NTS/DMV
in SHR, the blunted bradycardia was restored (SHRAT2R: −1.84 ±
0.30 bpm/mm Hg) to the levels observed in normotensive rats
(NTAT2R: −1.98 ± 0.52 and NTeGFP −1.71 ± 0.24 bmp/mm Hg),
(Fig. 2). No significant difference was observed in the tachycardia reflex
between all groups [F(3,19) = 0.5557; P = 0.6506], (Fig. 2).

3.3. Effect of AT2R overexpression in the NTS/DMV of NT and SHRs on MAP
and HR

A sustained significant difference in MAP was observed between
SHR and NT groups throughout the 4 week recording period during
light and dark periods [F(3,78) = 192.4 and F(3,78) = 120.8, respec-
tively, both P b 0.0001]. However, no significant change in MAP in
SHRAT2R rats was observed from week 0 to week 4 (144 ± 6 vs.
146 ± 3 mm Hg respectively, P N 0.05) during the light period (Fig.
3A) and (148 ± 6 vs. 148 ± 5 mm Hg respectively, P N 0.05) during
the dark period (Fig. 3B), and no difference was observed compared to
the SHReGFP group (light period: 139 ± 3 and dark period: 146 ±
4mmHg, at 4 weeks post virus transduction). A similar findingwas ob-
served inNTAT2R rats fromweek 0 toweek 4 (95±2 vs. 97±6mmHg,
respectively, P N 0.05) in the light period (Fig. 3A) and (104 ± 3 vs.
109 ± 7, respectively, P N 0.05) in the dark period (Fig. 3B).

HR was very variable during the 4-week recording period. There
were no major changes in HR after eGFP and AT2R overexpression in
the NTS/DMV complex of all groups of rats when comparing their levels
from week 0 to week 4 during the light period and at matched time
points (Fig. 3C). However, in the dark period, there was aminor but sig-
nificant decrease in the HR of SHRAT2R group compared to the NTAT2R
group from1 to 2weekspost-viral transduction into theNTS/DMV com-
plex [F(3,74) = 22.84; P b 0.0001] (Fig. 3D); suggesting the chronic
bradycardic potency of overexpressing AT2R in the NTS/DMV.

3.4. Effects of AT2R overexpression in the NTS/DMV of NT and SHRs on gene
expression levels of RAS components and PICs in the NTS/DMV

As expected, the successful microinjection of AAV2-AT2R was con-
firmed by quantifying that AT2R mRNA expression was significantly
higher in the NTAT2R and SHRAT2R groups compared to the NTeGFP
and SHReGFP groups [F(3,16) = 5.848; P = 0.007]; (Fig. 4A). The in-
creased levels of AT1R mRNA in the SHReGFP group were unchanged
after AT2R transduction in the NTS/DMV and AT1R mRNA levels of the
hypertensive groups were higher compared to both of the NT groups
[F(3,14) = 18.800; P b 0.001], (Fig. 4B). No significant change was ob-
served in Mas receptor mRNA levels between all groups [F(3,16) =
1.373; P = 0.287], (Fig. 4C). AT2R transduction in the NTS/DMV com-
plex of SHR decreased the preexisting elevated levels of ACE mRNA
found in the SHReGFP group to values comparable to the NT groups
[F(3,15) = 10.125; P b 0.001], (Fig. 4D). Conversely, ACE2 mRNA levels
were increased in the SHRAT2R group compared to all groups
[F(3,16) = 6.059; P = 0.006]; (Fig. 4E). Calculating the ratio of ACE/
ACE2 mRNA, we found that after transduction of AT2R in the NTS/
DMVof SHR, the higher ACE/ACE2 ratio observed in SHReGFPwas total-
ly abolished [F(3,15) = 42.016; P b 0.001], (Fig. 4F).

The SHReGFP group expressed a significantly higher level of PIC
mRNA levels compared to the NT groups, and AT2R transduction in



Fig. 1. The localization of AAV2-CBA-eGFPmicroinjected into the rostro-caudal axis of the solitary-vagal complex (NTS/DMV). (A–D) show representative fluorescencemicrographs taken
from coronal sections of the NTS/DMV (−13.80 to −14.52 mm from bregma) from rats that had received microinjections of AAV2-CBA-eGFP as described in the Methods; (E) the
schematic diagram indicates where, within the NTS/DMV, the photomicrographs were taken; iNTS (intermediate NTS); cNTS (commissural NTS), cc: central canal; DMV, dorsal motor
nucleus of the vagus; 12 N: hypoglossus nucleus; AP, area postrema. Schematic diagrams adapted from Paxinos and Watson (1986). Scale bar 100 μm.
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the NTS/DMV of SHR decreased mRNA levels of TNFα [F(3,15) =
23.769; P b 0.001], IL-6 [F(3,14) = 19.461; P b 0.001) and IL-1β
[F(3,15) = 9.486; P b 0.001], (Fig. 5A–C).

4. Discussion

In this study the following findings were obtained when overex-
pressing AT2R in the NTS/DMV complex of SHR; first, that a significant
improvement in the baroreflex response was observed at 4 weeks
post AT2R transfection; second, that mRNA levels of ACE2 was signifi-
cantly increased, with a synergistic decrease in ACE mRNA levels;
third, that corresponding reductions in PICs were synergistically re-
duced and fourth, thatMAPwas not significantly altered, but a transient
reduction in HR during the dark period was observed. The data suggest
beneficial modulatory effect AT2R overexpression in the NTS/DMV
complex on the cardiovascular system. AT2R transduction in the NTS/
DMV complex was effective since the levels of its mRNA significantly
increased compared to their corresponding basal endogenous levels.
Furthermore, the specificity of targeting the NTS/DMV complex via
viral vector transfectionwas confirmed by histological analysis showing
localized expression of eGFP within the boundaries of the solitary-vagal
complex.

In the present study, baroreflex responses were significantly im-
proved in SHRAT2R rats compared to SHReGFP rats. Themechanism in-
volved in the restoration of the baroreflex remains to be elucidated;
however, a possibility may involve the influence of ACE2. We observed
that ACE2 mRNA was increased in the NTS/DMV complex of SHRAT2R
rats. In fact, ACE2 overexpression in the NTS of SHR has been shown
to improve the baroreflex (Yamazato et al., 2011; Yamazato et al.,
2009). ACE2 has high catalytic activity converting ANG II to angiotensin
(Ang) 1–7 (Fraga-Silva et al., 2013), which has been shown to act in the
NTS to increase baroreflex sensitivity (Chaves et al., 2000; Diz et al.,
2008). Thus, it is plausible to consider that the increase in baroreflex
sensitivity observed in the present study in SHRAT2R might be partly



Fig. 2. Improved baroreflex response in hypertensive rats overexpressing AT2R in the
solitary-vagal complex (NTS/DMV). Four weeks after the overexpression of AAV2-CBA-
eGFP or AAV2-CBA-AT2R in the NTS/DMV of normotensive (NT) and spontaneously
hypertensive rats (SHR), the corresponding change in heart rate (HR) was analysed
when mean arterial pressure (MAP) was altered by boluses of phenylephrine (pressor)
or sodium nitroprusside (depressor). The results are presented as mean ± SEM;
NTeGFP, n= 7; NTAT2R, n= 4; SHReGFP, n= 5; SHRAT2R, n= 7. *P b 0.05 vs. all groups.
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due to an increased level of ACE2 in theNTS/DMV complex, and thus ac-
tivation of the ACE2/Ang 1–7/Mas receptor pathway. We also observed
that the higher ACE levels found in the SHReGFP group were decreased
Fig. 3. Effect of increased expression of AT2R in the solitary-vagal complex (NTS/DMV) on me
telemetry devices and microinjected with AAV2-CBA-eGFP or AAV2-CBA-AT2R in the NTS/
4 weeks post viral transfection during the light period (A and C) and the dark period (B and
matched time points; n = 5 for all groups. Arrows indicate time of viral microinjection into th
in the NTS/DMV complex in the SHRAT2R group. ACE also metabolizes
Ang 1–7 (Chappell et al., 1998), thus the decreased levels of ACE in
the NTS/DMV of SHRAT2R rats found in this study could also permit
an increase in Ang 1–7 levels. Although, the molecular mechanisms in-
volved the regulation of ACE2 and ACE expression in the NTS/DMV by
AT2R levels are yet to be determined, it has been demonstrated that
the lower expression levels and the activity of ACE2 in kidney cortex
of obese Zucker rats were restored after 2 weeks treatment with
CGP42112A, an AT2R agonist (Ali et al., 2013). Furthermore, the non-
peptide AT2R agonist Compound 21 (C21) reversed the increase in pul-
monary ACE and decrease in pulmonary ACE2 occurring in rats with
pulmonary hypertension induced by monocrotaline treatment (Bruce
et al., 2015). Therefore, it seems that the activation of AT2R leads to an
increase in ACE2 and a decrease in ACE expression, similar to that ob-
served in the present study.

Inhibiting PICs via intracerebroventricular infusion of pentoxifylline
significantly reduces hypothalamic AT1R and ACE protein levels, sug-
gesting cross-talk between PICs and the RAS (Kang et al., 2008). Con-
versely, peripheral treatment with C21 decreased the higher PIC levels
in the kidney of renovascular hypertensive rats (Matavelli et al.,
2011), a result similar to the one observed in the present study where
the higher PIC levels in the solitary-vagal complex were reduced by
AT2R overexpression. Therefore, considering that IL-6 microinjection
in the NTS reduces baroreflex bradycardia (Takagishi et al., 2010), the
reduction of IL-6 mRNA levels after overexpressing AT2R in the soli-
tary-vagal complex could also account for the improvement in the baro-
reflex response observed in the SHRAT2R group.

The AT2R and Mas receptors as well as ACE2 are collectively known
as the “protective axis” of the RAS, counteracting the effects of AT1R
(Iwai andHoriuchi, 2009). Indeed, recently published data fromour lab-
oratory demonstrated that overexpressing AT2R in the solitary-vagal
complex of 2K1C hypertensive rats slows the development of hyperten-
sion in secondary hypertensive models (Blanch et al., 2014). This effect
an arterial pressure (MAP) and heart rate (HR) of NT and SHR. Rats were implanted with
DMV as described in the Methods. MAP and HR were recorded from basal (week 0) to
D). The results are presented as mean ± SEM; *P b 0.05 vs. NT; #P b 0.05 vs. NTAT2R at
e NTS/DMV.



Fig. 4. AAV-CBA-AT2R microinjection in the solitary-vagal complex (NTS/DMV) differentially changes the levels of mRNAs of the renin-angiotensin system (RAS) components in
spontaneously hypertensive rats (SHR). Real time RT-PCR was used to analyse the mRNA levels in the NTS/DMV of (A) AT2R, (B) AT1R, (C) Mas receptor, (D) angiotensin converting
enzyme (ACE), (E) angiotensin converting enzyme 2 (ACE2), (F) ACE/ACE2 ratio. The results are presented as mean ± SEM; & P b 0.05 vs. eGFP groups; *P b 0.05 vs. NT; #P b 0.05 vs.
SHReGFP. The number of animals are between parenthesis; NT, normotensive.
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was associated with a decreased low frequency of the systolic pressure
and a concomitant increase in ACE2mRNA levels compared to 2K1C rats
overexpressing eGFP (Blanch et al., 2014). However, in the present
study we demonstrated that similar viral vector-mediated overex-
pression of AT2R in the solitary-vagal complex was not able to re-
verse the established hypertension in SHR. Possible explanations
for BP being significantly reduced in the 2K1Cmodel of hypertension
while remaining unaltered in SHR might be due to several factors.
First, lesion studies show that ablating the excessive excitatory path-
ways emanating from the commissural NTS to the RVLM in SHR rats is
not sufficient to permanently decrease BP (Sato et al., 2001). However,
simultaneously ablating the commissural NTS and the anteroventral
third ventricle region in the forebrain chronically reduces hypertension
(Moreira et al., 2009). This suggest that in the SHRmodel, hypertension
is dependent on several mechanisms involving multiple cardiovascular
areas of the brain. Targeting several brain regions simultaneously
with AT2R overexpression might be necessary to yield a greater
physiological effect on BP in SHR. For instance, Gao et al. (2008)
blocked the increase in nocturnal arterial pressure and a reduction
in noradrenaline excretion in conscious normotensive rats overexpress-
ing AT2R in the RVLM, the main brain area containing the pre-motor
sympathetic neurons. Second, it has been shown that I.V. infusion of
C21 (AT2R agonist) in SHRs requires a combined treatment with low
dose AT1R blocker candesartan to unmask and augment the BP-lower-
ing effect of AT2R (Bosnyak et al., 2010). Recently published data re-
vealed that AT2R vasodilator effects are unmasked by the concomitant
use of ACE inhibitors in SHRs in vivo (Brouwers et al., 2013). Hence, it
is possible to speculate that the lack of a potent AT1R blocker or ACE
inhibitor concomitantly administered with AT2R may initiate a physio-
logical change in BP, suggesting that within the NTS/DMV complex
AT2R alone is unable to alter the pre-existing BP set point in SHR.
Translationally, AT2R activation/overexpression may be used as a



Fig. 5. AAV-CBA-AT2Rmicroinjection in the solitary-vagal complex (NTS/DMV) decreases
the mRNA levels of proinflammatory cytokines (PICs) in spontaneously hypertensive rats
(SHR). Real time RT-PCR was used to analyse the mRNA levels in the NTS/DMV of (A)
tumour necrosis factor α (TNFα), (B) interleukin-6 (IL-6) and (C) interleukin-1 β (IL-
1β). The results are presented as mean ± SEM; *P b 0.05 vs. NT; #P b 0.05 vs. SHReGFP.
The number of animals are between parenthesis; NT, normotensive.
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concomitant therapy and not as a monotherapy for the treatment of
hypertension.

5. Conclusion

Chronic elevation of arterial pressure can change baroreflex function
as observed in different animal models of hypertension (Blanch et al.,
2014; Judy and Farrell, 1979), including in the SHR, and an impairment
of baroreflex function has been shown to be a predictor of cardiac mor-
tality (La Rovere et al., 1998; La Rovere et al., 2013). Therefore, impaired
baroreflex function should also be a target for neurogenic hypertension
treatment. To this end, the present data, which is the first study to over-
express AT2R in the NTS/DMV of SHR, suggest a cardiovascular role for
the AT2R in rectifying the impaired baroreflex response typically seen
in SHR, providing evidence of a physiological effect of AT2R in cardio-
vascular regulation.
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