
Targeting angiotensin type-2 receptors located on

pressor neurons in the nucleus of the solitary tract

to relieve hypertension in mice

Mazher Mohammed 1, Dominique N. Johnson 2, Lei A. Wang1, Scott W. Harden 1,

Wanhui Sheng 1, Eliot A. Spector 1, Khalid Elsaafien 1, Michael Bader3,4,5,6,

U. Muscha Steckelings7, Karen A. Scott1, Charles J. Frazier 1,8,9, Colin Sumners 2,8,9,

Eric G. Krause1,8,9, and Annette D. de Kloet2,8,9*

1Department of Pharmacodynamics, University of Florida College of Pharmacy, 1345 Center Dr. JHMHC Room P1-20, Gainesville, FL 32610, USA; 2Department of Physiology and
Functional Genomics, University of Florida College of Medicine, 1345 Center Drive, Room M552, Gainesville, FL 32610-0274, USA; 3Max-Delbrück Center for Molecular Medicine
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Aims These studies evaluate whether angiotensin type-2 receptors (AT2Rs) that are expressed on c-aminobutyric acid (GABA)
neurons in the nucleus of the solitary tract (NTS) represent a novel endogenous blood pressure-lowering mechanism.

....................................................................................................................................................................................................
Methods and
results

Experiments combined advanced genetic and neuroanatomical techniques, pharmacology, electrophysiology, and
optogenetics in mice to define the structure and cardiovascular-related function of NTS neurons that contain
AT2R. Using mice with Cre-recombinase directed to the AT2R gene, we discovered that optogenetic stimulation
of AT2R-expressing neurons in the NTS increases GABA release and blood pressure. To evaluate the role of the
receptor, per se, in cardiovascular regulation, we chronically delivered C21, a selective AT2R agonist, into the brains
of normotensive mice and found that central AT2R activation reduces GABA-related gene expression and blunts
the pressor responses induced by optogenetic excitation of NTS AT2R neurons. Next, using in situ hybridization,
we found that the levels of Agtr2 mRNAs in GABAergic NTS neurons rise during experimentally induced hyperten-
sion, and we hypothesized that this increased expression may be exploited to ameliorate the disease. Consistent
with this, final experiments revealed that central administration of C21 attenuates hypertension, an effect that is
abolished in mice lacking AT2R in GABAergic NTS neurons.

....................................................................................................................................................................................................
Conclusion These studies unveil novel hindbrain circuits that maintain arterial blood pressure, and reveal a specific population

of AT2R that can be engaged to alleviate hypertension. The implication is that these discrete receptors may serve
as an access point for activating an endogenous depressor circuit.

....................................................................................................................................................................................................
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1. Introduction

Hypertension is the leading risk factor for the development of cardiovas-
cular disease and stroke, which are the first and fifth leading causes of
death in the USA.1 Despite lifestyle changes and multi-drug based thera-
pies, nearly 20% of all hypertensive patients in the USA remain with high
blood pressure.2 The brain controls fluid consumption, neuroendocrine
secretion, and autonomic responses that maintain blood pressure and
osmolality at levels optimal for survival. Dysregulation of these
responses is requisite for the blood volume expansion and/or vasocon-
striction that promotes hypertension, and as such, it has been proposed
that the brain is complicit in the aetiology of the disease.3 Accordingly,
understanding the neuronal plasticity that underlies the onset of hyper-
tension may provide insight towards new and effective treatments.

The brain senses increased arterial pressure via baroreceptors that trans-
duce stretch exerted on the vasculature into neural signals that excite sec-
ond order neurons in the nucleus of the solitary tract (NTS). These second
order neurons integrate baroreceptor inputs with other neural, humoral,
and chemosensory signals, and subsequently, reduce cardiac output and vas-
cular resistance to lower blood pressure.4,5 Collectively, this is known as
the baroreflex. Chronically elevated blood pressure, as with hypertension,
requires its resetting such that higher pressures are maintained.6 The activity
of second order neurons is modulated by c-aminobutyric acid (GABA) neu-
rons also localized to the NTS and experimentally induced hypertension is
associated with enhanced GABAergic signalling that causes baroreflex re-
setting and increased blood pressure.7–9 The inference is that GABA actions

within the NTS contribute to the onset of hypertension; however, GABA
and its receptors are poor therapeutic targets because they are ubiquitous
in the CNS. Consequently, characterization of discrete NTS neurons that
influence arterial blood pressure may allow selective manipulation of
GABAergic neurons to relieve hypertension.

The intriguing presence of the angiotensin type-2 receptor (AT2R) on
a subset of GABAergic neurons in the NTS,10 in conjunction with
reports that central AT2R stimulation attenuates experimentally induced
hypertension in rodents,11,12 led us to hypothesize that the AT2R is a
phenotypic marker for GABAergic neurons in the NTS whose function
is coupled to the development of hypertension. Here, we implemented
an integrated circuit mapping approach to characterize the structure and
cardiovascular-related function of neurons in the NTS that express
AT2Rs. First, we generated a novel mouse line with the expression of
Cre-recombinase directed to the AT2R gene (Agtr2), which we used in
experiments designed to determine the impact of optogenetic manipula-
tion of neurons in the NTS that synthesize AT2R on GABA release and
arterial blood pressure. To evaluate the role of the receptor, per se, in
these processes, we chronically delivered Compound 21 (C21), a selec-
tive AT2R agonist,13 into the brains of normotensive and hypertensive
mice and assessed indices of GABA synthesis in the NTS, as well as car-
diovascular responses to optogenetic stimulation. Final experiments ex-
amined the necessity of AT2Rs on GABAergic neurons in the NTS for
the antihypertensive effects of C21. Taken together, our results suggest
that neurons within the NTS that express AT2Rs can be targeted to re-
verse the development of hypertension.
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2. Methods

Full details of Section 2 are described in the Supplementary material
online.

2.1 Animals
Studies were conducted in adult male wild-type C57BL/6J-, AT2R-eGFP
reporter- (Mutant Mouse Resource and Research Centers), Agtr2Cre/y

(AT2R-Cre)- or Agtr2loxp/y (AT2R-flox; Welcome Trust Sanger
Institute) x ROSA-stop-flox-tdTomato (Ai9; Jackson Laboratory Stock #
007909) mice that were 10–12 weeks old at the initiation of the experi-
ments and were approved by the University of Florida Animal Care and
Use committee. The principles governing the care and treatment of ani-
mals, as stated in the Guide for the Care and Use of Laboratory Animals
published by the National Academy of Sciences (eighth ed., 2011), were
followed at all times during this study.

2.2 Anaesthesia and analgesia
For all surgical procedures, anaesthesia was induced using 100% oxygen/
4% isoflurane, USP (Patterson Veterinary; 1.5 L/min), and was maintained
throughout the surgeries by the administration of 100% oxygen/1.5–2%
isoflurane (1.5 L/min). During these surgeries/procedures, the level of
anaesthesia was monitored by checking the eye blink reflex and a reac-
tion to paw pinch, and was adjusted if necessary. For recovery surgery,
buprenorphine (0.1 mg/kg, sc) was administered immediately prior to
the surgical procedure and also during the post-surgical recovery period
(every 12 h for 48 h).

2.3 Euthanasia
For euthanasia, mice were administered a lethal dose of ketamine (ip,
10 mg/0.1 mL, KetaVed), followed either by decapitation or by transcar-
dial perfusion with isotonic saline and 4% paraformaldehyde.

2.4 Administration of viral vectors
Transfer of light-sensitive channel-2 rhodopsin (ChR2) or the control
eYFP into AT2R-containing NTS neurons was achieved through stereo-
taxic microinjection of Cre-dependent AAVs into AT2R-Cre mice.
Deletion of AT2R from neurons within the dorsal vagal complex (DVC)
was achieved by stereotaxic microinjection of AAV8-VGATp-iCre into
AT2R-flox x Ai9 mice; controls expressed only the Ai9 gene.

2.5 In vitro patch-clamp electrophysiology
Horizontal brain slices (300 mm) were prepared using a vibratome and
maintained in a recording chamber. Experiments were performed using
a MultiClamp 700B amplifier paired with a Digidata 1440 A digitizer
(Axon Instruments) and pCLAMP 10 software. Real-time and offline
analysis of electrophysiological data were performed using custom soft-
ware. Optogenetic activation evoked synaptic currents were recorded
from ChR2 negative NTS and dorsal motor nucleus of the vagus
(DMNX) neurons in the presence of bath applied ionotropic glutmate
receptor antagonists [6,7-dinitroquinoxaline-2,3-dion (DNQX; 20 mM)
and (2 R)-amino-5-phosphonovaleric acid; (2 R)-amino-5-phosphono-
pentanoate (AP5; 40 mM)], and using a high chloride K-gluconate internal
solution, were considered likely to be mediated by synaptic activation of
GABAergic receptors. A subset of such responses (n=7) was challenged
with bath application of the GABA receptor antagonists picrotoxin
(PTX; 100 mM) and CGP55845 (10 mM).

2.6 Millar catheter cardiovascular
recording
In anaesthetized mice, blood pressure and heart rate were measured us-
ing a Millar catheter (Model SPR1000) implanted into the aortic arch and
connected to a PowerLab signal transduction unit (AD Instruments).
Data were analysed using Labchart8 software (AD Instruments).

2.7 Telemetric cardiovascular recording
Catheters of the radiotelemetry transmitters (PAC-10; Data Sciences
International) were implanted into the distal left carotid artery.
Subsequently, the device itself was positioned subcutaneously in the left
flank region. Upon completion of the surgical procedure, mice recov-
ered for 2 weeks before initiating cardiovascular recordings that were
performed using DataQuest ART or Ponemah software (Data Sciences
International).

2.8 DOCA-Salt hypertension
Mice were rendered hypertensive via subcutaneous implantation of
100 mg DOCA pellets (Innovative Research of America) in the inter-
scapular region and subsequent ad libitum access to isotonic saline
drink.14

2.9 Chronic icv administration of C21
Some mice underwent stereotaxic surgery to implant osmotic mini-
pumps and brain infusion kits (Alzet, DURECT Corporation) to chroni-
cally deliver the selective AT2R agonist, C21 (7.5 ng/kg/h) or aCSF
vehicle into the lateral cerebral ventricle (icv). The dose of C21 used for
these studies is based on experience and on published studies that have
revealed selectivity of this non-peptide agonist for AT2R at comparable
doses.15,16 As seen in Supplementary Figure S2, this dose of C21 is indeed
AT2R-selective.

2.10 In vivo optogenetics
Mice injected with AAV-ChR2 and AAV-eYFP into NTS and/or implanted
with osmotic minipumps and brain infusion kits for the icv delivery of
C21 or saline were implanted with a Millar catheter and then fixed to the
stereotaxic frame. Fibre optic posts were positioned immediately dorsal
to the NTS. After a period of stable baseline recording, blue laser light
was turned on for 1 min at 1, 5, 10, and 15 Hz (20 ms pulses; 10 mW).

2.11 Tissue collection
For real-time (RT)–PCR studies, mice were euthanized and whole brains
were removed and flash frozen in dry ice-cooled isopentane for gene ex-
pression analysis. For in situ hybridization (ISH) and immunohistochemis-
try studies, mice were anaesthetized and perfused transcardially with
isotonic saline followed by 4% paraformaldehyde. Brains were then
post-fixed for 3–4 h, after which they were stored in 30% sucrose until
sectioning.

2.12 RNA isolation, cDNA synthesis, and
semi-quantitative RT–PCR
RNA extraction and DNase treatment were performed using RNeasy
columns (Qiagen) according to the manufacturer’s instructions.
Subsequently, iScript (Bio-Rad) was used to synthesize cDNA from
200 ng of total RNA. Finally, gene expression was assessed by RT–PCR
using a StepOne RT–PCR system, TaqMan Gene Expression Master Mix,
and validated TaqMan probes (Applied Biosystems).
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2.13 ISH (RNAscope)
Fluorescent RNAscope ISH studies were performed on brains collected
from reporter or AAV-injected mice as per the manufacturer’s instruc-
tions, using the same modifications that allow for visualization of mRNA
transcripts in the presence of preserved eGFP, eYFP, or tdTomato pro-
tein.10 Immunohistochemistry for reporter genes was conducted after
completion of ISH.

2.14 Immunohistochemistry
Immunohistochemistry was performed using standard procedures10

with Chicken IgY Anti-GFP (1:500) or anti-HuC/D (1:1000) as primary
antibodies.

2.15 Image capture and processing
Images were captured and processed using Axiovision 4.8.2 software
and a Zeiss AxioImager fluorescent Apotome microscope. For dual im-
munohistochemistry/RNAscope ISH, z-stacks of the proteins and tran-
scripts of interest were captured at 20� and 40� magnifications
throughout the NTS identified using neuroanatomical landmarks found
in a mouse brain atlas.17

For immunohistochemistry studies, that did not incorporate ISH,
images were captured at lower magnification (5–10�). Projection images
of the z-stacks were generated and all final figures were then prepared
using Adobe Photoshop, where brightness and contrast were adjusted
to provide optimal visualization.

2.16 Image analysis
The 20�magnification z-stacks of ROIs were used for the manual deter-
mination of the percentage of eGFP or eYFP neurons that contain

mRNAs of interest and also to quantify the total Agtr2 mRNA within the
intermediate NTS using ImageJ. Importantly, reporter gene-expressing
neurons were considered to contain the mRNA if at least three visible
transcripts, defined as an individual punctate dot, were observed within
the volume of the eGFP, eYFP, or tdTomato fluorescence. Data are
reported as the percentage of eGFP, eYFP, or tdTomato cells that con-
tain the mRNA within the NTS. ImageJ was used to ascertain the average
integrated density of Agtr2 mRNA within the entire intermediate NTS.
Zen Lite image analysis software (Zeiss) was used to determine the aver-
age quantity of Agtr2-mRNA transcripts per AT2R-eGFP þ Gad1
mRNA-containing cell.

2.17 Statistics
Statistical analyses were performed using GraphPad Prism Software. In
all cases, statistical significance was set at P < 0.05. Specific details of the
tests performed are included in the Supplementary tables.

3. Results

3.1 Development and validation of an
AT2R-Cre knock-in mouse line
Prior anatomical studies from our group and others determined that the
NTS contains a discrete population of neurons that express AT2Rs.10,18

To ascertain the function of these neurons, we engineered mice with the
expression of Cre-recombinase directed to the Agtr2 gene (AT2R-Cre)
(Figure 1A). Initial studies used a Cre-inducible AAV to direct eYFP to the
cells in the NTS that express AT2R (Figure 1B). After allowing 3 weeks
for stable transfection of the virus, we conducted RNAscope ISH for

Figure 1 Development and validation of AT2R-Cre knock-in mice. (A) AT2R-Cre mouse line schematic. (B) Procedure used to generate experimental
subjects that express eYFP in AT2R cells of the NTS. (C) Representative image of AT2R-containing cells expressing eYFP (green); the neuronal marker,
HuC/D is depicted in red. AP, area postrema; 4v, fourth cerebral ventricle; cc, central canal. (D–F) Representative images of (D) eYFP, (E) Agtr2 mRNAs,
and (F) their co-localization in the NTS of an AT2R-Cre mouse injected with the Cre-dependent AAV-eYFP. (G) Quantification of co-localization of eYFP
and Agtr2-mRNA (n=4). Bars=SEM.
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Agtr2 mRNA and immunohistochemistry for eYFP protein to assess the
fidelity of Cre direction to AT2R-expressing cells. Figure 1C depicts the
location of virus transfected neurons in a representative coronal section
through the intermediate NTS. We determined that Agtr2 mRNA was
present in �80% of eYFP-labelled NTS neurons that were surveyed, in-
dicating that Cre-recombinase activity faithfully follows Agtr2 mRNA ex-
pression within the NTS (536 of 670 neurons sampled from 4 mice)
(Figure 1D–G).

3.2 AT2R-expressing neurons in the NTS
increase arterial blood pressure and
release GABA onto post-synaptic neurons
To evaluate whether the activity of AT2R-containing neurons in the
NTS affects cardiovascular function, we used a Cre-inducible AAV to di-
rect the expression of the light-sensitive excitatory opsin, ChR2, and the
fluorophore, eYFP, to these cells (Figure 2A). Live brain slices through the
NTS were used for in vitro whole-cell patch-clamp recordings (Figure 2B
and C). All eYFP-expressing cells tested (n=9) demonstrated strong in-
ward currents in response to continuous blue light exposure in voltage-
clamp configuration (611.80±78.55 pA) and fired action potentials when
exposed to pulses of blue light in current-clamp configuration
(Figure 2C). These results validate functional opsin expression within
AT2R-eYFP-expressing neurons.19

To test the hypothesis that the activity of neurons in the NTS that ex-
press the AT2R is coupled to changes in vascular resistance and cardiac
output, we injected AAV-eYFP or AAV-ChR2-eYFP into the NTS of
AT2R-Cre mice. Three weeks later, mice were anaesthetized and a
Millar catheter was inserted into the carotid artery. Mice were then
placed into a stereotaxic frame, a micro-craniotomy was performed and
a fibre optic connected to a laser-light source was positioned dorsal to
the NTS, thereby allowing for optogenetic stimulation during cardiovas-
cular recordings. In this way, we were able to assess the effects of intrin-
sic (i.e. non-AT2R-mediated) activation of the AT2R-expressing neurons
on blood pressure. Relative to control mice given AAV-eYFP, mice with
ChR2 directed to AT2R-expressing neurons exhibited significant eleva-
tions in blood pressure, heart rate, and heart rate variability (HRV) upon
exposure to blue light (10 Hz, 1 min) (Figure 2D) that persisted after the
cessation of optical stimulation. That is, there was significant effect of
AAV condition, time, and a time by condition interaction for the cardio-
vascular parameters assessed (see Supplementary Tables S1 and S2 for
ANOVA results and absolute values for cardiovascular parameters, re-
spectively). Interestingly, these elevations in blood pressure were fre-
quency-dependent (Figure 2E and Supplementary Table S3). These
results suggest that intrinsic excitation of neurons in the NTS that ex-
press AT2Rs is sufficient to elevate blood pressure, and based on the
HRV data, the mechanism includes sympathoexcitation.

We next conducted additional neuroanatomical and electrophysio-
logical experiments to better understand how excitation of AT2R-
expressing neurons in the NTS affects blood pressure and heart rate.
Initial experiments investigated the phenotype of neurons in the NTS
that express AT2R. To accomplish this, AT2R-Cre mice that had re-
ceived the AAV-ChR2-eYFP were perfused, and then their brains were
extracted and processed for eYFP immunohistochemistry with
RNAscope ISH for vesicular GABA transporter (VGAT). Figure 2F–H
depicts the co-localization of VGAT mRNAs to AT2R-eYFP cells within
the NTS. Quantitative analysis of images obtained from four mice
revealed that �83% of the AT2R-eYFP neurons in the NTS express
VGAT mRNAs (556 of 665 cells from 4 mice) (Figure 2I). These results

are consistent with our published data, which demonstrate that AT2R-
expressing neurons in the NTS are by and large GABAergic.10 Further
examination of these images (Figure 2F–H; Supplementary Figure S1 for
additional representative images) reveals that although the majority of
AT2R-eYFP neurons express VGAT mRNA, not all neurons expressing
VGAT mRNAs also express AT2R-eYFP. The implication is that AT2Rs
are expressed on a subset of GABAergic neurons in the NTS.

Follow-up experiments evaluated the connectivity of neurons in the
NTS that express AT2R. AT2R-Cre mice were injected with AAV-ChR2-
eYFP into the NTS and, 3 weeks later, horizontal brain slices through the
NTS were used for in vitro whole-cell patch-clamp recordings. A combina-
tion of epifluorescence and differential interference contrast microscopy
was used to record from neurons that were in close proximity to eYFP-la-
belled fibres but that were themselves devoid of eYFP-labelling (Figure 2J–L).
These NTS neurons were voltage-clamped (-70 mV) in the presence of glu-
tamate receptor antagonists (DNQX and AP5) and subjected to a high
chloride internal solution. Notably, 18 of 19 non-eYFP-expressing NTS neu-
rons tested under these conditions demonstrated clear light-evoked inward
currents (Figure 2K), suggesting synaptic activation of GABAA receptors.
Consistent with this interpretation, light-evoked inward currents were ef-
fectively eliminated in all NTS neurons (3/3) directly challenged by bath ap-
plication of the GABA receptor antagonists (PTX and CGP55845,
P=0.001) (Figure 2L). Overall, these data indicate that AT2R-expressing
NTS neurons predominantly release GABA, and that they make synaptic
contacts with other NTS neurons.

A similar set of experiments was performed on neurons within the ad-
jacent DMNX that also did not express AT2R-eYFP and that were iden-
tified by their large soma and location proximal to the caudal end of the
fourth ventricle. Remarkably, 19 out of 19 DMNX motoneurons were
also responsive to optogenetic stimulation identical to that used to test
NTS neurons (Figure 2M–O). Also similar to results in the NTS, we found
that light-evoked responses in putative DMNX neurons were effectively
eliminated by bath application of GABAergic receptor antagonists in
four of five cells tested (P=0.0001, n=4, Figure 2O). Collectively, these
results establish that within the NTS, AT2Rs are expressed by
GABAergic neurons that form functional inhibitory synapses onto neigh-
bouring neurons residing in the NTS and DMNX.

3.3 Central delivery of C21 lowers basal
and light-evoked elevations in blood
pressure, effects that are accompanied by
decreased GABA-related gene expression
While the previous experiments revealed that intrinsic activation of
AT2R-expressing neurons in the NTS is coupled to increases in blood
pressure and heart rate, they did not address whether stimulation of the
AT2R itself using an AT2R agonist affects neuronal and cardiovascular func-
tion. Thus, our next experiments examined the effects of chronic central
administration of the selective AT2R agonist, C21 (7.5 ng/kg/h, icv), on
GABA-related gene expression in the NTS and on cardiovascular responses
to optical stimulation. Normotensive mice were outfitted with brain infu-
sion kits and osmotic minipumps that chronically infused aCSF control
(CON) or C21 (icv) (Figure 3A). Two weeks after the initiation of the exper-
iment, mice were euthanized, brains were extracted and the DVC, encom-
passing the NTS, area postrema, and DMNX, was micro-dissected for gene
expression analyses. Relative to CON, chronic delivery of C21 significantly
decreased mRNAs for GABA synthetic enzymes, glutamate decarboxylase
1 (Gad1) and glutamate decarboxylase 2 (Gad2), and GABAB receptor 2
(Gabbr2) in the DVC (Figure 3B). In contrast, the levels of mRNAs for VGAT,
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..for subunits 1, 3, and 5 of the GABAA receptor (Gabar1, Gabar3, and
Gabar5), for the GABAB receptor 1 (Gabbr1), for GABAA receptor gamma2
subunit (Gabrg2), and for the vesicular glutamate transporter 2 (VGlut2)

within the DVC (Figure 3B) were not affected by C21. Central infusion of
C21 affected neither the levels of mRNAs for Gad1-, Gad2-, and GABABR
nor those of arginine vasopressin (AVP) and corticotrophin releasing

Figure 2 AT2R-expressing neurons increase blood pressure and release GABA onto post-synaptic neurons residing in the NTS. (A) Schematic depict-
ing the experimental design. (B) ChR2-eYFP-containing AT2R neurons (arrow) were targeted for whole-cell recording using a combination of epifluores-
cence and differential interference contrast microscopy. (C) Blue light pulses elicited action potentials in all cells tested (n=9). (D) Time course of the
impact of optogenetic stimulation (10 Hz; 10 mW; 20 ms pulses; 60 s) in the NTS of AT2R-Cre mice that received AAV-ChR2-eYFP or AAV-eYFP on
changes in systolic blood pressure (DSBP), mean arterial pressure (DMAP), heart rate (DHR), and HRV; n=5/group. Bars=SEM. Two-way repeated meas-
ures ANOVA revealed an effect of AAV condition, time, and a time by condition interaction for the cardiovascular parameters assessed (see
Supplementary Table S1). (E) Frequency-dependent impact of optogenetic stimulation of AT2R neurons on DSBP, DMAP, DHR, and HRV (1, 5, 10, and
15 Hz; 10 mW; 60 s); n=5/group; *=slope different than AAV-eYFP, P<0.05, linear regression analysis. Bars=SEM. (F–H) Representative images of coronal
sections through the NTS of AAV-ChR2-eYFP mice that were processed for visualization of (F) eYFP immunofluorescence (green) and (G) VGAT mRNAs
(magenta); (H) the merged image. (I) Number of eYFP neurons containing VGAT mRNA. Bar=SEM. (J) NTS neurons were targeted for whole-cell record-
ings (arrow). Scale bar=20 mm. (K) Light-evoked IPSC in a representative NTS neuron. (L) Light-evoked IPSCs in NTS were attenuated by exposure to
PTX and CGP (n=3). (M) DMNX neurons were targeted for whole-cell recording (arrow). Scale bar=20 mm. (N) Light-evoked IPSC in a representative
DMNX neuron. (O) Light-evoked IPSCs in DMNX were greatly attenuated by exposure to PTX and CGP (n=4). Solid and shaded lines in (L) and (O) de-
pict mean and SEM. Effectiveness of bath applied antagonists tested against light-evoked synaptic responses observed in vitro was evaluated using a 1-sam-
ple Student’s t-test (null hypothesis: mean =1, for data normalized to the baseline mean). See Supplementary Tables S1–S3 for results of statistical
analyses.
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hormone (CRH) within a hypothalamic micro-dissection containing the para-
ventricular nucleus of the hypothalamus (Figure 3C). To verify that the effects
of C21 on gene expression were mediated by AT2R(s) expressed on
GABAergic neurons, we bred mice with a knock-in mutation of LoxP-sites
flanking the Agtr2 gene (AT2R-flox) with mice that have Cre-recombinase di-
rected to the VGAT (VGAT-ires-cre; 016962 JAX). These AT2R-GABA-KO
mice were chronically delivered aCSF or C21 as described but subsequent
RT–PCR analysis found that patterns of gene expression were similar be-
tween groups (Supplementary Figure S2). One the one hand, this result indi-
cates that C21 exerted effects on GABA-related gene expression via
selective activation of AT2R; on the other, it indicates that AT2Rs on
GABAergic cells are necessary for the decreased mRNA expression that was
observed.

We next hypothesized that the down-regulation of GABAergic signal-
ling that accompanied chronic C21 administration would alter

cardiovascular function during optogenetic excitation of AT2R neurons
in the NTS. To test this hypothesis, AT2R-Cre mice were injected with
AAV-ChR2-eYFP into the NTS and, 3 weeks later, were implanted with
osmotic minipumps and brain infusion kits to chronically deliver aCSF or
C21 as above. The goal was to determine whether altered gene expres-
sion observed after chronic AT2R stimulation is predictive of blunted
cardiovascular responses to light-evoked excitation of AT2R-expressing
neurons in the NTS (Figure 3D). As above, optogenetic stimulation of
AT2R neurons within the NTS elicited frequency-dependent elevations
in blood pressure, heart rate, and HRV in control mice that were deliv-
ered aCSF vehicle into the brain (Figure 3E). Intriguingly, under these
anaesthetized conditions, baseline blood pressure was unaltered by
chronic central activation of AT2R with C21 (see Supplementary Tables
S4 and S5 for ANOVA results and absolute values for cardiovascular
parameters, respectively). However, C21 significantly blunted the

Figure 3 Stimulation of AT2R within the brain reduces blood pressure and indices of GABA release in the DVC. (A) Schematic depicting the experi-
mental design used to evaluate the impact of chronic C21 administration (icv; 7.5 ng/kg/h; 2 weeks) on GABA-related gene expression. (B and C) Gene ex-
pression within the (B) DVC or (C) hypothalamus (HYP) as assessed by qRT–PCR in mice given chronic icv C21 or controls (CON) given icv aCSF; VGAT,
Gad1, Gad2, Gabbr1, Gabbr2, GABAA receptor subunits 1, 3, and 5 (Gabar1, Gabar3, and Gabar5), GABAA receptor gamma2 subunit (Gabrg2), VGlut2, AVP,
and CRH; n=8/group; *=P<0.05; t-test. (D) Schematic depicting the experimental design used to evaluate the impact of chronic icv C21 on optical stimula-
tion of AT2R neurons within the NTS. (E) Time course of the impact of optogenetic stimulation of AT2R neurons in the NTS (10 Hz; 10 mW; 20 ms
pulses; 60 s) on DSBP, DMAP, DHR, and HRV; n=7–8/group. Two-way repeated measures ANOVA revealed an effect of C21, time and an interaction be-
tween C21 and time for the cardiovascular parameters assessed. (F) Frequency-dependent impact of optogenetic stimulation of AT2R neurons on DSBP,
DMAP, DHR, and HRV (1, 5, 10, and 15 Hz; 10 mW; 20 ms pulses; 60 s; n=5/group). *=slope is different than 0; and #=slope is different than AAV-eYFP,
P < 0.05, linear regression analysis. See Supplementary Tables S4–S6 for results of statistical analyses.
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increased blood pressure and heart rate responses to blue light stimula-
tion and these effects persisted across all patterns of stimulation
(Figure 3E and F; see Supplementary Table S4 for ANOVA results reveal-
ing significant effects of time, treatment, and time–treatment interac-
tions). Furthermore, linear regression analyses revealed that the impact
of optical stimulation on SBP and MAP was frequency-dependent for

both groups; however, this effect was significantly blunted in the mice
that received C21. Notably, the increase in HRV produced by blue light
stimulation was abrogated by C21, at all stimulation frequencies
(Figure 3E and F). Collectively, these results suggest that chronic icv ad-
ministration of C21, disrupts indices of GABAergic signalling within
the NTS to uncouple blood pressure and heart rate from the firing of

Figure 4 Experimentally induced hypertension augments the co-expression of Gad1 and Agtr2 mRNAs within the NTS. (A) Daily SBP during the estab-
lishment of DOCA-Salt hypertension. (B) A 24 h SBP trace of DOCA-Salt hypertensive vs. normotensive control (CON) mice. (C) Relative gene expres-
sion of Agtr2, Agtr1a, and Gad1 within the DVC of DOCA-Salt mice vs. CON as determined via RT–PCR (n=8/group). Representative projection images
through the NTS of (D–F) CON or (G–I) DOCA-Salt AT2R-eGFP mice depicting (D, G) eGFP, (E, H) Agtr2, and Gad1 mRNAs in magenta and cyan, re-
spectively, and (F, I) the merged images. Distribution of AT2R-eGFP cells (J) across various distances caudal to bregma and (K) throughout the entire
NTS. (L) Total Agtr2 mRNA levels, (M) percentage of AT2R-eGFP neurons containing Gad1 mRNA, and (N) level of Agtr2 mRNAs per Gad1þ AT2R-
eGFPþ cell throughout the NTS of DOCA-Salt mice vs. CON. n=4/group. *=P<0.05, t-test. Bars=SEM.
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AT2R-expressing neurons. Based on the HRV data, these effects of C21
appear to involve suppression of sympathetic activity.

3.4 Experimentally induced hypertension
augments the co-expression of Gad1 and
Agtr2 mRNAs within the NTS
Experimentally induced hypertension is associated with enhanced
GABAergic signalling within the NTS.20 Given that AT2R-expressing

neurons in the NTS are largely GABAergic and that their excitation is
coupled to elevated blood pressure, we hypothesized that hypertension
would modulate the expression of AT2R within the NTS. The prediction
is that this plasticity may then be exploited to treat the disease. To probe
for such alterations in AT2R expression, we first used wild-type mice
that were implanted with telemetry devices. After surgical recovery and
baseline recordings, mice were implanted with pellets containing DOCA
(100 mg, sc; DOCA-Salt) or sham (CON) and given ad libitum access to
isotonic saline. We selected the DOCA-Salt model of experimentally

Figure 5 DOCA-Salt induced elevations in blood pressure are reversed by chronic icv C21. (A) Schematic of experimental design used to evaluate the
ability of C21 (7.5 ng/kg/h; 8 days) to reduce blood pressure in mice rendered DOCA-Salt hypertensive. (B) Daily SBP (top), MAP (middle), and HR (bot-
tom) throughout the study for the CON and C21 groups. Two-way repeated measures ANOVA revealed significant main effects of time for both MAP
and SBP, and of treatment for MAP, P<0.05. (C) Average SBP (top), MAP (middle), and HR (bottom) of normotensive controls (n=12) and of the DOCA-
Salt mice given C21 (n=7) or vehicle (n=5) during the period post icv minipump implantation, *P<0.05, one-way ANOVA. Bars=SEM. See Supplementary
Table S7 for results of statistical analyses.

Angiotensin type-2 receptors on pressor neurons 891

https://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvab085#supplementary-data
https://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvab085#supplementary-data


..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

.
induced hypertension since it results in consistent increases in blood
pressure in mice and has a strong neurogenic component.21

Cardiovascular parameters were recorded for 3 weeks, after which
microdissections of the DVC were used to assess Agtr2, Agtr1a, and
Gad1 mRNAs via RT–PCR. As expected, DOCA-Salt significantly in-
creased daily SBP (Figure 4A) and this effect persisted across the light-
dark cycle as determined by mean hourly SBP (Figure 4B). Within the
DVC, DOCA-Salt hypertension significantly increased expression of
Agtr2, Agtr1a, and Gad1 mRNAs relative to normotensive controls
(Figure 4C). We have previously determined that DOCA-Salt does not
lead to a redistribution of AT2R from neurons to glia, indicating that the
rise is Agtr2 mRNAs are not likely due to increased expression on
microglia or astrocytes.14 Here, follow-up experiments evaluated
whether (i) DOCA-Salt hypertension altered the number or distribution
of neurons in the NTS that express Agtr2 and (ii) if augmented expres-
sion of Agtr2 occurred in NTS neurons that also express Gad1.

Mice genetically engineered to have the expression of eGFP driven by an
Agtr2 bacterial artificial clone gene (AT2R-eGFP)10 underwent DOCA-pel-
let implantation or sham surgeries and were provided access to isotonic sa-
line as described. Afterwards, sections through the NTS were processed
for immunohistochemistry for eGFP and dual RNAscope ISH for Agtr2 and
Gad1 mRNAs (Figure 4D–I). Cell counts throughout the NTS found no ef-
fect of DOCA-Salt on the overall number or distribution of eGFP-labelled
neurons (Figure 4J and K). Rather, ISH revealed that DOCA-Salt resulted in

elevated Agtr2 mRNA expression in the NTS (Figure 4L). Further quantifica-
tion revealed that DOCA-Salt hypertension is not associated with a shift in
the percentage of AT2R neurons that are GABAergic (Figure 4M), indicating
that DOCA-Salt does not shift the phenotype of AT2R neurons in the
NTS. Instead, DOCA-Salt increased the number of Agtr2 mRNA transcripts
specifically within NTS neurons that contain Gad1 mRNA and report Agtr2
gene transcription with the expression of eGFP (Figure 4N), an effect that
we hypothesize may represent an endogenous depressor mechanism that
can be engaged to reverse augmented GABA synthesis and the develop-
ment of hypertension. Taken together, these results suggest that chronic
elevations in blood pressure increase the synthesis of AT2R in NTS neurons
that express GABA.

3.5 Central delivery of C21 reduces
experimental hypertension and this effect
is abrogated by the selective deletion of
AT2R from GABAergic neurons in the NTS
Based on the localization and plasticity of AT2R in hypertension, we hy-
pothesized that activation of AT2R in the NTS would suppress increased
GABA production and thereby represent a depressor mechanism that can
be engaged to reverse hypertension. Consistent with this notion, elevations
in blood pressure that followed DOCA-Salt treatment in wild-type mice
were abolished with chronic central delivery of C21 using the same infusion
protocol as above, an effect that was absent in controls given the aCSF

Figure 6 Deletion of AT2R from GABAergic neurons in the NTS prevents the ability of C21 to reduce blood pressure in mice previously rendered hy-
pertensive. (A) Schematic of experimental design. (B–D) Validation of the specific deletion of Agtr2 from tdTomato neurons in the AT2R-cKO mice rela-
tive to Ai9 controls. Images through the NTS of (B) a control mouse and (C) an AT2R-cKO mouse depicting mRNAs for Agtr2 (Cyan) and thereby
highlighting the lack of Agtr2 mRNA within these neurons. (D) Quantification of the number of tdTomato neurons containing Agtr2 mRNA in CON (n=3
mice; 350 of 374 tdTomatoþ cells contain Agtr2 mRNAs) vs. AT2R-cKO mice (n=3 mice; 0 of 489 tdTomatoþ cells contain Agtr2 mRNAs). *P<0.05,
t-test. (E) Change in SBP (top), MAP (middle), and HR (bottom) subsequent to the initiation of icv C21 administration to AT2R-cKO mice and CON (rel-
ative to the baseline DOCA-Salt hypertensive levels). Two-way repeated measures ANOVA revealed significant main effects of time on all cardiovascular
parameters assessed, main effects of genotype on MAP and SBP, and a significant time by genotype interaction for SBP, P < 0.05. n=7/group. Bars=SEM.
See Supplementary Tables S8 and S9 for results of statistical analyses.
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.
vehicle (Figure 5A–C). Thus, a final series of experiments tested the hypothe-
sis that AT2Rs expressed on GABAergic neurons in the NTS are necessary
for the antihypertensive effects of centrally delivered C21.

An experimental timeline is depicted in Figure 6A. In order to visualize
and quantify cells undergoing Cre-recombination, we bred female mice
heterozygous for AT2R-flox with homozygous Ai9 reporter male mice.
This produced male offspring carrying: (i) the AT2R-flox gene and ROSA
driven expression of the tdTomato gene preceded by a stop codon
flanked by loxP-sites (AT2R-flox mice) or (ii) littermate Ai9 control mice
carrying only the tdTomato stop-flox manipulation. Mice were implanted
with telemetry devices to measure cardiovascular parameters. To target
Cre-recombination specifically to GABA-synthesizing cells in the NTS,
mice were injected with an AAV that expresses Cre-recombinase under
the control of the VGAT promoter (AAV8-VGAT-Cre). Mice were then
rendered hypertensive using the DOCA-Salt paradigm, afterwhich, they
were chronically delivered C21 icv using osmotic minipumps. Figure 6B
and C highlight the co-localization of tdTomato and Agtr2 mRNA in con-
trol and AT2R-flox mice administered AAV-VGAT-Cre into the NTS. In
control mice (n=3) �93% of tdTomato expressing cells (n=374) were
also found to express Agtr2 mRNA. In contrast, AT2R-flox mice (n=3)
given AAV-VGAT-Cre had no co-localization of tdTomato and Agtr2
mRNA in the cells examined (n=489). Importantly, Agtr2 mRNA was
detected in cells devoid of tdTomato that were presumably non-
GABAergic. Collectively, these results confirm that delivery of AAV8-
VGAT-Cre into the NTS has no effect on Agtr2 mRNA expression in con-
trol mice but deletes AT2R from GABAergic neurons within the NTS of
AT2R-flox mice. As expected, due to the overwhelming actions of en-
dogenous Ang-II at AT1aR during hypertension, the expression of which
we found also to be elevated in the DVC during DOCA-Salt (Figure 4C),
the deletion of AT2Rs specifically from GABAergic neurons in the NTS
had no effect on blood pressure during establishment of hypertension
(Supplementary Table S7). Rather, this deletion abolished the antihyper-
tensive effects of C21 (Figure 6E). That is, two-way ANOVA analyses
revealed a significant genotype–time interaction on SBP (Supplementary
Table S8). Main effects of genotype and time were also revealed for MAP
and SBP. Furthermore, analyses of mean SBP, MAP, and HR similarly
highlighted a blunted antihypertensive effect of C21, without an impact
on HR. Taken together, these results suggest that AT2Rs expressed on
GABAergic neurons residing within the NTS are required for the reduc-
tions in blood pressure that follow central administration of C21.

4. Discussion

These experiments reveal an unique population of GABAergic neurons
residing within the NTS whose firing is coupled to changes in blood pres-
sure. These neurons express AT2Rs and form dense inhibitory synapses
onto other neurons residing in the NTS and DMNX. Experimentally in-
duced hypertension up-regulates Agtr2 transcription within these
GABAergic NTS neurons; and chronic central activation of these ele-
vated AT2R with the selective agonist, C21, reverses hypertension.
Moreover, AT2Rs on GABAergic neurons in the NTS appear to be re-
quired for these actions because their selective deletion prevents the
lowered blood pressure that follows central delivery of C21. The collec-
tive implication is that neurons in the NTS that express AT2R may serve
as an access point for reversing hypertension. Whether or not activation
of these NTS AT2R also reverses the hypertension-induced damage to
target organs, such as the kidney and heart, remains to be investigated.

The expression of AT2R on discrete neurons in the NTS that are inti-
mately linked to blood pressure regulation is a discovery that is both
novel and intriguing. Prior neuroanatomical studies determined that
AT2R are localized to the NTS,18 and over a decade later, the advent of
genetic reporting revealed that they are mostly distributed on
GABAergic neurons.10 The present results functionally link the activity
of these neurons to changes in blood pressure. Specifically, optogenetic
excitation of neurons in the NTS that express AT2Rs increases blood
pressure in a frequency-dependent manner and these elevations persist
for minutes after blue light illumination ceases. The mechanisms by which
these neurons regulate blood pressure are unknown; however, insight
can be gained from their connectivity and responsiveness. The brain
monitors arterial pressure, in part, via baroreceptor afferents that make
excitatory synapses onto second order neurons in the NTS. Canonically,
second order neurons are depicted as glutamatergic neurons whose ex-
citatory projections to the caudal ventrolateral medulla form a portion
of the efferent limb of the baroreflex arc. However, electrophysiological
recordings from brain slices obtained from GABA reporter mice indicate
that �70% of GABAergic neurons in the NTS receive visceral sensory
afferents,22 suggesting that some portion of second order neurons are
GABAergic. Therefore, it is possible that AT2R-expressing neurons in
the NTS, which are also GABAergic, sense arterial pressure via direct
connections from primary baroreceptor afferents. While our studies do
not probe for conditions that acutely activate or inhibit these neurons,
they do reveal that chronic elevations in blood pressure, lead to plasticity
in the expression of the AT2R, implying that elevations in blood pressure
may change their functionality. Furthermore, our findings clearly indicate
that once excited, these neurons prompt a robust rise in arterial pres-
sure, suggestive of a prominent role in the neural circuits that regulate
blood pressure.

When considering the ubiquitous actions of GABA within the NTS,
there is clear evidence for a pressor action of the inhibitory neurotrans-
mitter. For example, microinjections of GABA receptor agonists into
the NTS increase blood pressure,7 an effect mediated by augmented
sympathetic outflow.23 The current thinking is that application of GABA
to the NTS inhibits second order neurons, which elevates blood pres-
sure by liberating sympathetic outflow from tonic inhibition, thus damp-
ening the impact of baroreflex stimulation. Despite the general
acceptance that GABA exerts pressor actions within the area, the spe-
cific circuitry underlying these pressor actions has not been defined. The
NTS contains an abundance of GABAergic interneurons that may medi-
ate these effects; however, the transmitter also arises from projections
from forebrain areas like the central amygdala.24 Our in vitro optogenetic
experiments determined that AT2R-expressing neurons within the NTS
form dense inhibitory synapses onto neighbouring neurons in the NTS
and DMNX. Thus, it is likely that excitation of AT2R-expressing neurons
increases blood pressure by inhibiting second order neurons to augment
sympathetic outflow. Indeed, this notion is supported by our HRV data
in Figures 2 and 3, which suggest that optogenetic activation of AT2R-
expressing neurons increases sympathetic activity. Alternatively, or in ad-
dition, AT2R-expressing neurons in the NTS may increase blood pres-
sure via connections to the forebrain,25 that regulate release of
hormones like AVP into the systemic vasculature.7 Ultimately, cardiovas-
cular disorders, like hypertension, result from autonomic and humoral
dysregulation that chronically increases blood pressure.26 Given that
AT2R-expressing neurons in the NTS appear to play a role in the aetiol-
ogy of hypertension, it is likely that such neurons also engage autonomic
and humoral nodes to couple their activity to hemodynamic status.
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Collectively, our optogenetic studies reveal a specific population of

GABAergic neurons that are involved in the central control of blood
pressure and suggest that AT2R serve as a phenotypic marker for target-
ing this specific neural circuit. To determine the role of AT2R, per se, in
the central regulation of blood pressure, we combined the use of the
AT2R agonist, C21, with optogenetics and with the Cre-loxP-mediated
deletion of AT2Rs. Our initial experiments indicated that central infusion
of C21 attenuated the increase in blood pressure elicited by optogenetic
stimulation of AT2R-expressing neurons in the NTS (Figure 3), and HRV
analyses of the data revealed that this C21 effect involved abrogation of
the sympathetic component of the optical stimulation. While AT2R has
been considered a potential therapeutic for cardiovascular disease for
decades,27 the central site of action and mechanism(s) underlying its pro-
tective effects have remained an enigma. Whole body deletion of AT2Rs
in mice results in heightened pressor responses to systemically delivered
angiotensin II.28,29 Follow-up studies implicated the CNS as a potential
site of action by demonstrating that central administration of angiotensin
II to AT2R KO mice also produces augmented pressor responses30 and
virally mediated overexpression of AT2Rs within the baroreflex circuit
reduces blood pressure and improves baroreflex sensitivity.31 The devel-
opment of C21 as a selective agonist13 provides a pharmacological tool
to probe the effects of AT2R activation. Indeed, consistent with our
results, central administration of C21 lowers blood pressure during ex-
perimentally induced hypertension.11,12 However, recent studies using
microdialysis revealed that acute application of C21 to the NTS has no
effect on levels of GABA sampled from the same nucleus, which casts
uncertainty on AT2R and GABA interactions that affect blood pres-
sure.32 This contrasts with our results showing that chronic administra-
tion of C21 elicits robust and consistent decreases in mRNAs for GABA
synthetic enzymes and blood pressure that counteract the development
of hypertension; these effects of chronically administered C21 require
the presence of the AT2R on GABAergic neurons in the NTS. An expla-
nation for the differences between our current findings and those of
Legat et al.32 may reside in the time course of C21 administration. Our
results indicate that the blood pressure-lowering action of chronic
AT2R activation is associated with reduced levels of GABA synthetic en-
zyme mRNAs. If the antihypertensive action of C21 requires a decrease
in GABA synthesis in AT2R neurons, reductions in GABA levels would
not be achieved by an acute perfusion protocol as employed by Legat
et al.32 Regardless of the mechanism, our collective results reveal novel
pathophysiology that can be reversed with chronic stimulation of brain
AT2Rs and this discovery may be exploited to develop and improve
therapeutics aimed at relieving resistant hypertension. While our data
strongly suggest that the locus of this AT2R-mediated antihypertensive
effect is the NTS (Figure 6), at this point, we are unable to completely
rule out an involvement of other AT2R-containing brain regions. In addi-
tion, we cannot rule out that C21 influences neurohormonal processes,
which may decrease blood pressure. For example, even though our data
indicate that icv infusion of C21 does not alter hypothalamic AVP
mRNA levels (Figure 3C), our previous studies demonstrated that icv in-
fusion of C21 lowers circulating AVP.33

An interesting facet of our data is the differing effects of C21 on blood
pressure and heart rate. For example, central C21 infusion attenuated
the increase in blood pressure produced by optogenetic stimulation of
AT2R-expressing neurons in the NTS, but at the same time completely
blocked the tachycardia induced by optical stimulation, and even low-
ered heart rate. An explanation may reside in the phenotype(s) of cells
in the NTS that contain AT2R. As discussed above, the majority of the
AT2R-containing neurons in the NTS are GABAergic, and we believe

that C21 lowers blood pressure through reducing GABA synthesis. A re-
duction in GABA synthesis may lead to reduce optogenetic-stimulation
induced GABA release onto DMNX neurons that provide parasympa-
thetic input to the heart, thereby contributing to reduced/abrogated
blood pressure/heart rate responses. Another layer of complexity is that
in addition to being expressed on GABA neurons, there is also a subset
of AT2R neurons in the DMNX itself that are cholinergic,10 and optoge-
netic stimulation of DMNX cholinergic neurons, in general, is known to
reduce heart rate.34 While the particular cholinergic neurons that ex-
press AT2R were not directly adjacent to the fibre optic post in our sub-
jects, the close proximity of the area to the NTS, combined with the
known contribution of the area to the parasympathetic innervation of
the heart, as well as the observed bradycardic response to C21 adminis-
tration (Figure 3), bring up the possibility that the removal the
GABAergic influence of AT2R neurons in the NTS by way of chronic
C21 administration, effectively ‘unmasks’ a direct effect of the DMNX
neurons to reduce heart rate.

Another thing that is apparent from our data is that deletion of AT2R
from NTS GABAergic neurons does not alter baseline blood pressure
or the development of DOCA-Salt hypertension. These findings were
not unexpected, for a number of reasons. Hypertension is a multi-facto-
rial disease and it is doubtful that removing one protective factor, such as
the AT2R would provide a significant influence over baseline blood pres-
sure. This is especially true as the levels of AT2R in the NTS are low to
begin with,18 and even though their levels increase in hypertension
(Figure 4), their endogenous activity is likely overridden by the pro-hy-
pertensive AT1R, which are expressed at higher levels in the NTS and
also increase in hypertension (Figure 4). A lack of changes in baseline
blood pressure after deletion of brain angiotensin receptors has also
been demonstrated in other studies. Namely, while deletion of AT1R
from catecholaminergic neurons in the rostral ventrolateral medulla at-
tenuated angiotensin II-induced hypertension, it did not alter baseline
blood pressure.35 The key points are that the endogenous AT2R-de-
pressor mechanism that we have discovered to exist in the NTS is likely
to be a failed compensatory mechanism during high blood pressure;
however, it can be taken advantage of by using a selective AT2R-agonist
to decrease BP in hypertension, something that is clearly demonstrated
by our data. Furthermore, combining an AT2R agonist with an AT1R
blocker may result in an enhanced antihypertensive strategy.

Increasing evidence implicates the nervous system in the development
or reversal of resistant hypertension. Accordingly, emerging therapies
are using medications,36 devices,37 or surgical approaches38 that alter
neural and humoral control of circulation to lower blood pressure. For
example, firibastat, a new class of drug that targets the brain renin-angio-
tensin system by suppressing production of angiotensin III and thus de-
creasing its interaction with AT1Rs, was recently found to be efficacious
at lowering blood pressure in patient populations that have historically
suffered from resistant hypertension.36,39 Here, we propose that the an-
tihypertensive effects of centrally acting therapies, especially those tar-
geting the brain renin-angiotensin-system, likely engage subsets of
GABAergic neurons in NTS, possibly via activation of AT2Rs, to reverse
the neuronal plasticity underlying the autonomic and neuroendocrine
dysfunction that promotes the development of resistant hypertension.
This might be taken advantage of in the clinical setting by developing
means (including drugs) that would produce selective- and long-lasting
activation of the AT2R on GABAergic neurons in the NTS. This is a rea-
sonable suggestion, as it has been demonstrated that certain blood ves-
sels in the dorsomedial NTS lack a blood-brain barrier (BBB),40 and that
during hypertension the BBB in the NTS becomes leaky.41 Alternatively,
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.
as these NTS GABAergic neurons appear to be an important compo-
nent of the mechanisms that contribute to resistant hypertension, strate-
gies that dampen their activity, with or without AT2R agonists, might
prove useful in this disease.

Supplementary material

Supplementary material is available at Cardiovascular Research online.
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Translational perspective
Hypertension is a widespread health problem and risk factor for cardiovascular disease and stroke. Although treatment options exist, many patients
suffer from resistant hypertension, which is associated with enhanced sympathetic drive. Thus, many available therapeutics focus on dampening pres-
sor mechanisms. The present studies take the alternative approach of treating hypertension by exploiting an endogenous depressor mechanism.

896 M. Mohammed et al.


