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Aims Activation of the angiotensin (Ang)-(1-7)/Mas receptor (R) axis protects from sympathetic overactivity. Endocytic
trafficking is an essential process that regulates receptor (R) function and its ultimate cellular responses. We investi-
gated whether the blunted responses to Ang-(1-7) in hypertensive rats are associated to an alteration in MasR
trafficking.

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

Brainstem neurons from Wistar-Kyoto (WKY) or spontaneously hypertensive rats (SHRs) were investigated for (i)
Ang-(1-7) levels and binding and MasR expression, (ii) Ang-(1-7) responses (arachidonic acid and nitric oxide re-
lease and Akt and ERK1/2 phosphorylation), and (iii) MasR trafficking. Ang-(1-7) was determined by radioimmunoas-
say. MasR expression and functionality were evaluated by western blot and binding assays. MasR trafficking was
evaluated by immunofluorescence. Ang-(1-7) treatment induced an increase in nitric oxide and arachidonic acid re-
lease and ERK1/2 and Akt phosphorylation in WKY neurons but did not have an effect in SHR neurons. Although
SHR neurons showed greater MasR expression, Ang-(1-7)-elicited responses were substantially diminished presum-
ably due to decreased Ang-(1-7) endogenous levels concomitant with impaired binding to its receptor. Through
immunocolocalization studies, we evidenced that upon Ang-(1-7) stimulation MasRs were internalized through
clathrin-coated pits and caveolae into early endosomes and slowly recycled back to the plasma membrane.
However, the fraction of internalized MasRs into early endosomes was larger and the fraction of MasRs recycled
back to the plasma membrane was smaller in SHR than in WKY neurons. Surprisingly, in SHR neurons but not in
WKY neurons, Ang-(1-7) induced MasR translocation to the nucleus. Nuclear MasR expression and Ang-(1-7) levels
were significantly greater in the nuclei of Ang-(1-7)-stimulated SHR neurons, indicating that the MasR is translo-
cated with its ligand bound to it.

....................................................................................................................................................................................................
Conclusion MasRs display differential trafficking in brainstem neurons from SHRs, which may contribute to the impaired

responses to Ang-(1-7).
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..1. Introduction

The brain renin–angiotensin system (RAS) plays an important role in
sympathetic nervous system activity and arterial blood pressure regula-
tion and hydrosaline homoeostasis. Central RAS hyperactivity and sym-
pathetic nervous system overactivity have been associated with
hypertension among other diseases.1 Centrally, angiotensin (Ang)-(1–7)/
Mas receptor (R) represents the protective arm of the RAS and some of
its protective actions may be attributed to its sympathoinhibitory
actions.2,3 The spontaneously hypertensive rats (SHRs) are a well-
established model for essential hypertension and brain disorders.4,5 Our
previous evidence indicates that activation of Ang-(1-7)/MasR axis
decreases sympathetic neurotransmission overactivity in SHRs.2,3

Ang-(1-7) is the endogenous ligand for MasR, a G protein-coupled re-
ceptor (GPCR) expressed in the brain, among other tissues.2,3 After ago-
nist binding, R activation and subsequent desensitization, several GPCRs
are known to undergo endocytosis via clathrin-dependent or indepen-
dent pathways.6,7 GPCRs are routed to the early endosome, where they
are differentially sorted between recycling and degradative/lysosomal
pathways, leading to signal re-sensitization or termination, respec-
tively.6,7 The potential to re-programme GPCR signalling by modulating
R trafficking or intracellular location is a key adaptive mechanism to
maintain appropriate cellular function and homoeostasis.6 Thus, R traf-
ficking is not a universal mechanism for every R, and it critically deter-
mines the ultimate cellular response. In human embryonic kidney (HEK)
cells 293T, MasR activation leads to b-arrestin2 recruitment followed by
endocytosis through clathrin-coated pits (CCP) and caveolae into early
endosomes and are then recycled back to the plasma membrane
through slow recycling vesicles.8,9 Considering that abnormal GPCR traf-
ficking leads to certain neurogenic disorders,6,10,11 we hypothesize that
altered MasRs trafficking in sympathoexcitatory neurons in the brain-
stem may contribute to the elevated sympathetic outflow and to blunted
responses to Ang-(1-7) in SHRs. The aim of this work was to investigate
MasR endocytic trafficking in brainstem neurons from SHRs.

2. Methods

2.1 Reagents
Goat anti-mouse antibody coupled to Alexa 594 and Alexa 488,
Dulbecco’s modified Eagle’s medium (DMEM) F12, B27, and
LysoTracker Red were purchased from Invitrogen. Mouse anti-Rab11
(cat. 610656 lot. 45316), anti-EEA1 (cat. 610457 lot. 40486), anti-caveo-
lin-1 (cat. 610406 lot. 2440), anti-AP50 (cat. 611350 lot. 30350), and
anti-Nup62 (610497 lot. 3200765) antibodies were purchased from BD
Biosciences. Ang-(1-7) was from Bachem. Rabbit anti-MasR was from
Novus (cat. NLS1-1531 lot. 5831/32AP3-2 for immunofluorescence
whose specificity was previously validated12 and cat. NBP1-78444 lot.
A-2 for western blot (antibody specificity presented in see Supplemen-
tary material online, Figure S1). (Rhod)-Ang-(1-7) was from Phoenix
Peptides. Monoclonal mouse anti-barrestin2 (sc-13140 lot. K1914) was
from Santa Cruz Biotechnology. Rabbit anti-ERK1/2-phosphoThr202/
Tyr204 (cat. 9101S lot. 26), rabbit anti-Akt-phospho Ser473 (9271S lot.
12), rabbit anti-ERK1/2 (cat. 9102S lot. 23), and rabbit anti-Akt (cat.
9272S lot. 27) were from cell signalling. All other chemicals were analyti-
cal grade reagents of the highest purity available.

2.2 Animals
Newborn (1–3 days old) SHRs and their normotensive control Wistar-
Kyoto (WKY) (Charles River Laboratories, Wilmington, MA, USA) or
Sprague-Dawley (SD) rats were used in our study. The investigation con-
forms to the Guide for the Care and Use of Laboratory Animals published by
the US National Institutes of Health (NIH Publication No. 85-23, revised
1996). The animal research protocol was approved by the Institutional
Animal Care and Use Committee of the Faculty of Pharmacy and
Biochemistry, University of Buenos Aires, Argentina (33074/2014).

To evaluate whether the hypertensive phenotype has impacted MasR
and not simply strain difference, and because of a number of issues with
WKYs,13,14 a set of experiments was performed with SD rats. It has
been shown no difference between SD and WKY rats with regard to
Kþ-stimulated norepinephrine release from the paraventricular hypotha-
lamic nucleus,15 suggesting that neurons from both strains behave in the
same manner.

2.3 Cell culture
Neurons from the brainstem were obtained from newborn rats as previ-
ously described,16 with slight modifications. Newborn rats were sacri-
ficed by decapitation and the brainstem was dissected and dissociated in
papain 18 U/mL (Worthington) at 37�C for 30 min. After being centri-
fuged 5 min at 600�g, the resultant pellet was triturated in DMEM con-
taining DNAse I (0.01 mg/mL) and centrifuged at 800�g for 5 min. Cells
were resuspended in DMEM-F12 supplemented with B-27,
GlutaMAXTM-I (Gibco) and antibiotics and plated on poly-D-lysine pre-
coated dishes. After 24 h, cytosine arabinoside (10 lmol/L) was added
to avoid the growth of non-neuronal cells. After 48 h, the medium was
replaced by fresh medium, and neurons were allowed to complete dif-
ferentiation. Neurons were used after 14 days in culture. We and others
have previously shown that neurons are mature under this condition.17–

19 The treatment of cells was carried out in a 24-h serum-starved condi-
tion. Every experiment was carried out with neuronal cultures of both
strains for each period of incubation in parallel. Two to three newborn
rats render eight million cells. Data presented corresponds to indepen-
dent neuronal cultures submitted to 15 or 30 min stimulation with 1
mmol/L Ang-(1-7) and not to a pooled data.

2.4 Ligand concentration
Since we previously showed that 1 mmol/L Ang-(1-7) induced MasR in-
ternalization in HEK293T cells,8,9 1 mmol/L of Ang-(1-7) was employed
in all the experiments. In addition, through electrospray ionization-ion
trap mass spectrometry we previously showed that Ang-(1-7) is de-
graded in hypothalamic and brainstem neurons from rats.16 Thus, high
concentrations of this peptide were employed just to assure that they
reach the receptor in amount enough to measure a response.

2.5 Ang-(1-7) and Ang II levels
Ang-(1-7) and Ang II levels were measured in cells and nuclear lysates as
previously described.20,21 The number of cells employed was around 8
and 12 million to measure cellular and nuclear Angs levels, respectively.
Cells or nuclei were homogenized in acid ethanol (0.1 mol/L HCl/80%
ethanol) containing the renin inhibitor acetyl-His-Pro-Phe-Val-Statine-
Leu-Phe (3 mmol/L), 0.44 mmol/L o-phenanthroline, 1 mmol/L
Naþpara-chloromercuribenzoate, 0.12 mmol/L pepstatin A, 25 mmol/L
EDTA, and a cocktail of protease inhibitors (Calbiochem cat. 539134).
Homogenates were centrifuged at 20 000 �g for 30 min at 4�C.
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Proteins in the supernatant were quantified. The supernatant was subse-
quently lyophilized and Angs extraction and recovery was performed as
previously described.20 The recovery was around 90–95%. Each sample
was corrected for each recovery. Angs levels were quantified by radio-
immunoassay using Angs labelled in our laboratory as previously de-
scribed.22 Radioimmunoassay for Ang-(1-7) has been previously
validated.16 Results were expressed as pg/mg protein.

2.6 Ang-(1-7) binding
Ang-(1-7) binding using rhodamine (Rhod)-Ang-(1-7) was performed as
previously described.23 Briefly, cells were incubated in assay buffer
(phosphate-buffered saline 0.02 mol/L, pH 7.4, and containing 5% BSA
and a protease inhibitor cocktail) for 15 min at 4�C. Cells for non-specific
binding were incubated for 15 min at 4�C in the same assay buffer in the
presence of 10 lmol/L Ang-(1-7). Subsequently, the cells were incubated
with Rhod-Ang-(1-7) (6 nmol/L) in assay buffer for 1 h at 4�C. Cells
were then rinsed (three times for 1 min in assay buffer), fixed with 4%
paraformaldehyde and mounted on coverslips. Images were obtained
with an Olympus Fluoview FV1000 spectral laser scanning confocal mi-
croscope with a 60� oil-immersion lens, using a 559 nm excitation.
Fluorescence emission was collected between 650 and 750 nm and the
intensity was quantified using ImageJ software (NIH). The imaging param-
eters were the same across the WKY and SHR groups.

2.7 Nitric oxide measurement
Nitric oxide (NO) was measured using the fluorescent probe 4-amino-
5-methylamino-2’, 7’-difluorofluorescein (DAF-FM) (Invitrogen) accord-
ing to the manufacturer’s instructions. Cells were incubated in the dark
with 5 lmol/L DAF-FM in DMEM-F12 for 45 min at 37�C, washed with
PBS and incubated for 30 min with fresh media. Cells were then incu-
bated in the absence (control) or presence of 1 mmol/L Ang-(1-7) for 15
or 30 min. After the incubation time, the medium was discarded, and the
cells were washed with PBS and fixed with 4% paraformaldehyde. Images
were obtained by laser scanning confocal microscopy (Olympus
Fluoview FV1000) equipped with an oil-immersion objective lens (60�)
and fluorescence intensity was quantified using ImageJ software. The im-
aging parameters were the same across the WKY and SHR groups.

2.8 Arachidonic acid release
Arachidonic acid (AA) release was measured as previously described.9,23

Cells were labelled with [3H]AA (0.2 mCi/well) (Perkin Elmer) for 16 h.
Cells were then washed with DMEM containing 2% BSA and incubated
in the absence or presence of Ang-(1-7) (1 mmol/L) for 15 or 30 min at
37� C. Radioactivity in the supernatant was measured. For total cellular
radioactivity, cells in each well were solubilized with 1 mol/L NaOH and
counted. [3H]AA released into the medium was expressed as percent of
the total cellular radioactivity and referred to as fractional release.

2.9 Western blot
A western blot was performed as previously described.9,24 After treat-
ments, cells were homogenized in ice-cold buffer (pH 7.4) containing 24
mmol/L 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), 1
mmol/L EDTA, 2 mmol/L tetrasodium pyrophosphate, 70 mmol/L so-
dium fluoride, 1 mmol/L b-glycerophosphate, 1% Triton X-100, 1 mmol/
L phenylmethanesulfonyl fluoride (PMSF), 10 lg/mL aprotinin, and a
cocktail of protease inhibitors (Calbiochem cat. 539134). Equal amount
of proteins were subjected to 10% SDS-PAGE and transferred electro-
phoretically to polyvinylidene difluoride membrane. Non-specific binding

sites on the membrane were blocked by incubation with 5% milk in Tris-
buffered saline solution containing 0.1% Tween 20. Membranes were
subsequently probed with anti-MasR antibody (dilution 1:500; antibody
specificity is shown in see Supplementary material online, Figure S1).
Protein loading was evaluated by stripping and reblotting membranes
with anti-GAPDH antibody (dilution 1:1000) for cellular lysates or with
anti-nucleoporin 62 (Nup62) antibody, a nuclear marker (dilution 1:500)
for nuclear fraction lysates. To evaluate ERK1/2 and Akt activation, mem-
branes were subsequently probed with rabbit anti-ERK1/2-
phosphoThr202/Tyr204 (pERK1/2) (1/1000) or rabbit anti-Akt-phospho
Ser473 (1/1000) to measure ERK or Akt phosphorylation, respectively,
followed by incubation with goat anti-rabbit IgGs coupled to horseradish
peroxidase. Total protein content (non-phosphorylated) was evaluated
by stripping and reblotting membranes with anti-ERK1/2 (1/1000) or
anti-Akt (1/1000) antibodies. Immunoreactive bands were visualized by
chemiluminescence detection and quantified by densitometry. MasR ex-
pression was normalized to GAPDH in cell lysates and to Nup62 in nu-
clear fractions. Phosphorylated ERK1/2 or Akt was normalized to total
ERK1/2 and Akt, respectively, and to GAPDH.

2.10 Immunocytochemistry
MasR trafficking was evaluated by immunocytochemistry as previously de-
scribed.9,24 Cells were incubated in the absence or presence of 1 mmol/L
Ang-(1-7) for different lengths of time (stated in Section 3). After two
washes with PBS, cells were fixed with 4% paraformaldehyde, permeabi-
lized with 0.2% Triton X-100 in PBS and incubated in blocking solution
(PBS/0.2% Triton X-100/3% BSA) for 30 min at room temperature. Cells
were then incubated with different primary antibodies: anti-MasR rabbit
antibody (dilution 1:250) plus anti-EEA1 or anti-barrestin2 or anti-caveo-
lin-1 or anti-Rab11 or anti-Nup62 mouse monoclonal antibodies (dilution
1:150) overnight at 4�C. The samples were rinsed twice in PBS/0.2%
Triton X-100 and exposed to the secondary antibody (anti-mouse IgG
AlexaFluor 594 and anti-rabbit IgG AlexaFluor 488, dilution 1:200) for 2 h
at room temperature. Nuclei were stained with Hoechst 33258. Non-
specific immunostaining was determined in samples incubated in the ab-
sence of the primary antibody or with the primary antibody pre-absorbed
with 10 mmol/L Ang-(1-7).To evaluate MasR targeting to lysosomes,
colocalization between MasR and the lysosome marker LysoTracker Red
(Thermo Fisher Scientific USA) was evaluated. Cells were incubated in
the probe-containing growth medium for 45 min. The medium was
replaced by fresh medium, and cells were incubated in the absence or the
presence of 1 mmol/L Ang-(1-7) for 30 min. After two washes with PBS,
cells were fixed with 4% paraformaldehyde and incubated with rabbit
anti-MasR antibody (dilution 1:250). Anti-rabbit IgG AlexaFluor 488 (dilu-
tion 1:200) was used as the secondary antibody. Samples were mounted
and then imaged using an Olympus Fluoview FV1000 spectral laser scan-
ning confocal microscope with a 60� oil-immersion lens using dual excita-
tion (473 and 559 nm). Due to the spectral properties of the scan head,
fluorescence emission was collected between 520 and 550 nm for Alexa
488 and 600–660 nm for Alexa 594. Images were obtained using sequen-
tial scanning for each channel to eliminate cross-talk of the chromo-
phores. The imaging parameters were the same across the WKY and
SHR groups, that is, all the images were taken with the same laser potency,
gain, and HV parameters. The MasR fraction in different cell compart-
ments was quantified using the CellProfiler software (http://www.cellpro
filer.org/). Overlay methods help to generate visual estimates of colocali-
zation events in two-dimensional images; however, they neither reflect
the three-dimensional nature of the biological probe nor the restrained
resolution along the z-axis.25 For that reason, the best way is to quantify
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..colocalization.25–27 All the images were obtained with the same micro-
scope settings and all of them were used and analysed at the same time
by the CellProfiler programme, thus there was not a bias in the results.
The programme gives data about how much a signal colocalizes with
another one. Results were expressed as the fraction of MasR that
colocalizes with a particular marker, which is the ratio between the sig-
nals from MasR and the marker.

2.11 Nuclear fractionation
Nuclear fractions were obtained as previously described.28 Cells were
homogenized in hypotonic media (pH 7.4, 10 mmol/L HEPES, 10 mmol/
L NaCl, 1 mmol/L KH2PO4, 5 mmol/L NaHCO3, 5 mmol/L EDTA, 1
mmol/L CaCl2, 0, 5 mmol/L MgCl2, and protease inhibitor cocktail).
After isotonic condition restoration with isotonic buffer (10 mmol/L
HEPES, 10 mmol/L NaCl, 1 mmol/L KH2PO4, 5 mmol/L NaHCO3, 5

Figure 1 MasR expression is increased while Ang-(1-7) endogenous levels and binding are decreased in SHR brainstem neurons. (A) MasR expression
measured by immunofluorescence. Representative images of MasR immunostaining (scale bar = 5 mm) and quantification of MasR immunofluorescence in
brainstem neurons from WKY and SHR (four to five images were analysed per independent neuronal culture; n = 4 independent neuronal cultures). Results
were expressed as fluorescence intensity per cell (a.u.). (B) MasR expression measured by western blot (n = 4 independent neuronal cultures). A represen-
tative blot is presented. (C) Endogenous Ang-(1-7) and Ang II levels measured by radioimmunoassay (n = 4 independent neuronal cultures). Results are
expressed as pg/mg protein. Data on Ang-(1-7) and Ang II levels were presented in separate graphs to make the difference in Ang-(1-7) levels in both strains
be easily seen, although the statistical analysis was performed with all the data. (D) Representative images of Rhod-Ang-(1-7) binding and quantification of
Ang-(1-7) binding expressed as fluorescence intensity per cell (a.u.) (four images were obtained per culture, n = 3 independent neuronal cultures). The
line in each scatter plot shows the mean ± SEM from independent neuronal cultures. WKY and SHR neuronal cultures were obtained in parallel. Each
experiment was carried out with 500 000 cells (A and D) and eight million cells (B and C). Scale bar = 5 mm. *P < 0.05 compared with the WKY group
(Mann–Whitney non-parametric test or Kruskal–Wallis non-parametric tests followed by Dunn’s multiple comparison test in C); #P < 0.05 compared with
Ang-(1-7) levels in WKY (one-way analysis of variance).
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mmol/L EDTA, 1 mmol/L CaCl2, 0, 5 mmol/L MgCl2, 250 mmol/L su-
crose, and protease inhibitor cocktail), the samples were centrifuged at
6300�g for 5 min at 4�C, and the pellet was stored as the nuclear frac-
tion. Nuclei were then lysed in a nuclear lysis buffer (pH 7.4, 24 mmol/L
HEPES, 1 mmol/L EDTA, 1% Triton X-100 and protease inhibitor cock-
tail) and centrifuged at 13 000�g for 5 min at 4�C. The supernatant was
collected, and proteins were quantified. Characterization of nuclear frac-
tion was performed by measuring the expression of Nup62 (nuclear
marker) and GAPDH (cytosolic marker) by western blot (see
Supplementary material online, Figure S2).

2.12 Statistical analysis
Mann–Whitney non-parametric tests were used when comparing WKY
rats and SHRs. Kruskal–Wallis non-parametric tests followed by Dunn’s
multiple comparison tests were used when comparing different Ang-(1-
7) treatments in a single strain. Prism 6 GraphPad software was used to
perform statistical analyses. The results were considered significant at
P-value of <0.05.

3. Results

3.1 MasR expression is increased and Ang-
(1-7) endogenous levels are decreased in
brainstem neurons from SHRs
MasR and Ang-(1-7) content in brainstem neurons derived from SHRs
and their normotensive control WKY rats were determined. SHRs
exhibited greater MasR expression compared with WKY (Figure 1A and
B). Endogenous Ang-(1-7) levels were decreased while Ang II levels
were increased in brainstem neurons from SHRs compared with those
from WKY animals (Figure 1C) (Ang-(1-7) levels: 17.5 ± 2.6 pg/mg pro-
tein in WKY neurons and 5.9 ± 1.1 pg/mg protein in SHR neurons; Ang II
levels: 45.7 ± 3.9 pg/mg protein in WKY neurons and 287.1 ± 64.0 pg/mg
protein in SHR neurons). In addition, Ang II levels in SHRs neurons were
significantly greater compared with those of Ang-(1-7). Regarding Ang-
(1-7) binding, brainstem neurons from SHRs showed decreased Ang-(1-
7) binding (Figure 1D).

3.2 Ang-(1-7) responses are decreased or
absent in brainstem neurons from SHRs
AA release, NO generation, and Akt and ERK 1/2 phosphorylation were
evaluated in neurons incubated in the absence or presence of Ang-(1-7)
for 15 or 30 min. As shown in Figure 2A, basal AA release was higher in
SHR neurons compared with WKY neurons. Ang-(1-7) induced a signifi-
cant increase in AA release in WKY neurons, while a decrease in AA re-
lease in Ang-(1-7)-treated SHR neurons was observed.

Brainstem neurons from SHR exhibited lower basal NO levels com-
pared with WKY neurons. Ang-(1-7) induced an increase in NO produc-
tion only in WKY neurons but did not have an effect in neurons from
SHRs (Figure 2B).

Basal Akt phosphorylation was greater in SHR than WKY neurons,
while no difference in ERK1/2 phosphorylation between strains was ob-
served (Figure 2C and D, respectively). Ang-(1-7) increased both Akt and
ERK1/2 phosphorylation after 15 min stimulation in WKY neurons, but
did not induce any significant change in neurons from SHRs (Figure 2C
and D, respectively).

3.3 The internalized MasR fraction is
greater in neurons from SHRs
b-arrestins promote GPCR internalization via coated pits by recruiting
clathrin and clathrin adaptor protein-2.6,7 MasR immunostaining colo-
calized with b-arrestin2 in brainstem neurons from both WKY rats
and SHRs after 15 min of stimulation with Ang-(1-7) (Figure 3A), sug-
gesting a clathrin-mediated internalization. Quantification of colocaliza-
tion showed that the fraction of MasRs that colocalized with b-
arrestin2 was greater in neurons from SHRs compared with WKY
rats under basal conditions (Figure 3B) suggesting that the amount of
MasR being constitutively internalized through CCP was larger in SHR
than in WKY neurons. Ang-(1-7) induced an increase in the fraction
of MasRs that colocalized with b-arrestin2 in both strains and this ef-
fect was greater in WKY neurons compared with SHR (2.9- ± 0.2-
fold increase in WKY neurons and 1.4- ± 0.3-fold increase in SHR
neurons, P < 0.05; Figure 3B and see Supplementary material online,
Figure S3A).

We evaluated whether MasRs were also internalized by caveolae.
MasRs colocalized with caveolin-1, a specific marker for caveolae, in
brainstem neurons from both strains after 15 min of stimulation with
Ang-(1-7) (Figure 3C). Quantification of colocalization showed that
the fraction of MasRs that colocalized with caveolin-1 was higher in
the neurons from WKY animals than in those from SHRs under basal
conditions (Figure 3D) suggesting a higher constitutive caveolae-
mediated MasR internalization in WKY neurons. Ang-(1-7) induced
an increase in MasR colocalization with caveolin-1 and this effect was
greater in neurons from SHRs than from WKY animals(1.6- ± 0.2-
fold increase in WKY neurons and 2.3- ± 0.3-fold increase in SHR
neurons, P < 0.05) (Figure 3D and see Supplementary material online,
Figure S3B).

To investigate whether MasRs were internalized into early endo-
somes, neuronal cells were stimulated with Ang-(1-7) for 15 min, and
then colocalization of MasRs with the early endosome marker EEA1 was
investigated. MasRs colocalization with the early endosomes marker
EEA1 after 15 min Ang-(1-7) treatment was observed (Figure 3E). The
fraction of MasRs present in the early endosomes was greater in neurons
from SHRs than in neurons from WKY animals under basal conditions
(Figure 3F). Ang-(1-7) induced an increase in the MasR fraction targeted
to early endosomes and this increase was the same in both strains (2.4-
± 0.4-fold increase in WKY neurons and 2.3- ± 0.3-fold increase in SHR
neurons) (Figure 3F and see Supplementary material online, Figure S4) but
in the end the amount of MasR internalized was significantly greater in
SHRs neurons.

Once internalized into early endosomes, the Rs may be targeted to
lysosomes for complete degradation or be recycled back to the
plasma membrane.6,7 Neuronal cells were incubated with Ang-(1-7)
for 30 min, and colocalization of MasRs with the lysosome marker
LysoTracker was investigated. MasRs did not colocalize with the lyso-
some marker in either WKY animals or SHRs (Figure 4A), demonstrat-
ing that the R is not directed to lysosomes for degradation. To
investigate whether MasRs were recycled back to the plasma mem-
brane, MasR colocalization with the slow recycling vesicle marker
Rab11 was evaluated. As it is shown in Figure 4B, colocalization be-
tween MasR and Rab11 signals were observed. The fraction of MasRs
that colocalized with Rab11 was similar in neurons from WKY rats
and SHRs under basal conditions (Figure 4C). Ang-(1-7) induced an in-
crease in the fraction of MasRs that colocalized with Rab11 in brain-
stem neurons from WKY rats and SHRs after 30 min treatment, but
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.this increase was smaller in neurons from SHRs (Figure 4C) suggesting
that the fraction of MasR recycled back to the plasma membrane
upon agonist stimulation was lower in SHR neurons.

Altogether, these results demonstrated that in brainstem neurons
from WKY rats and SHRs, MasRs are internalized into early

endosomes upon agonist stimulation through CCP and caveolae and
then are slowly recycled back to the plasma membrane. However, in
the end, the fraction of internalized MasRs was greater and the num-
ber of Rs recycled back to the plasma membrane was smaller in neu-
rons from SHRs.

Figure 2 Ang-(1-7) responses are blunted in SHR neurons. AA release (A), NO generation (B), Akt phosphorylation (C), and ERK1/2 phosphorylation (D)
were measured in brainstem neurons from WKY rats and SHRs incubated in the absence (basal) or presence of Ang-(1-7). Representative images of NO
(NO in green and nucleus in blue) generation and representative western blots of total and phosphorylated Akt and ERK1/2 are presented in panels (B–D),
respectively. The results are presented as changes in response relative to WKY neurons in the basal condition. The line in each scatter plot represents the
mean ± SEM of four independent neuronal cultures. Each experiment was carried out with 3.5 million (A), 500 000 (B) and eight million cells (C and D).
*P < 0.05 vs. basal WKY; #P < 0.05 vs. basal SHR (Kruskal–Wallis non-parametric tests followed by Dunn’s multiple comparison tests).
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..3.4 MasRs are translocated to the nucleus
after agonist stimulation in neurons from
SHRs
Several studies have demonstrated that GPCRs may localize and signal at
the nucleus or may even be translocated to this intracellular compart-
ment after agonist stimulation.29,30 MasR colocalization with a nuclear
marker in WKY and SHR brainstem neurons, incubated in the absence
or presence of Ang-(1-7) for 15 or 30 min, was analysed. MasRs colocal-
ized with the nuclear marker under basal conditions (Figure 4E),

demonstrating that the R was constitutively expressed in the nucleus.
The incubation of neuronal cultures with Ang-(1-7) for 30 min caused an
increase in MasR colocalization with the nuclear marker in the nuclei of
neurons from SHRs but not in those from WKY animals (Figure 4D), sug-
gesting that the peptide induced MasR translocation to the nucleus. Lack
of nuclear MasR translocation and the same MasR trafficking as in WKY
neurons upon agonist stimulation was observed in brainstem neurons
from SD rats (Figure 5) suggesting that the hypertensive phenotype has
impacted MasR trafficking and not simply strain difference.

Figure 3 The internalized MasR fraction is greater in neurons from SHRs compared with WKY. Representative images of immunostaining of MasR (green)
and b-arrestin2 (A), caveolin-1 (C), or the early endosome marker EEA1 (E; red) in brainstem neurons from WKY rats and SHRs stimulated with Ang-(1-7)
for 15 min. Scale bar = 5 mm. Quantification of MasR colocalization with b-arrestin2 (B), the caveola marker caveolin-1 (D), and the early endosome marker
EEA1 (F) in brainstem neurons from WKY rats and SHRs incubated in the absence (basal) or the presence of Ang-(1-7) for 15 min. The line in each scatter
plot represents the mean ± SEM of the ratio between the signal from MasR and each marker. Four independent experiments were analysed (four to five
images per experiment). Experiments were carried out with 500 000 cells for each condition. *P < 0.05 vs. basal WKY; #P < 0.05 vs. basal SHR (Kruskal–
Wallis non-parametric tests followed by Dunn’s multiple comparison tests).
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..To further confirm MasR translocation to the nucleus, MasR expres-
sion was determined by western blot in nuclei isolated from neuronal
cells previously incubated in the absence or presence of Ang-(1-7) for 30
min. MasR protein content in the nucleus increased after Ang-(1-7) stim-
ulation in SHR neurons but not in WKY neurons (Figure 6A). To investi-
gate whether MasRs were translocated to the nuclear membrane or
inside the nucleus, we evaluated MasR colocalization with Nup62, a nu-
clear membrane marker, in SHR neurons stimulated for 30 min with
Ang-(1-7). MasRs colocalized with Nup62, suggesting that the Rs were
present in the nuclear membrane (Figure 6B).

To reinforce the finding that MasRs were translocated to the nucleus
after agonist stimulation in neurons from SHRs, nuclear Ang-(1-7) levels
in cells previously incubated in the presence of Ang-(1-7) was deter-
mined. If MasR translocation to the nucleus occurs, then an increase in
nuclear Ang-(1-7) levels may be expected as a result of Ang-(1-7) inter-
nalization bound to the R. Under basal conditions, nuclear Ang-(1-7) en-
dogenous levels were greater in SHR neurons than in WKY neurons.
After 30 min of Ang-(1-7) stimulation, nuclear Ang-(1-7) levels increased
in neurons from SHRs but not in those from WKY rats (Figure 6C).
Altogether, these results demonstrate that MasRs are translocated to

Figure 4 The recycled back fraction of MasR to the plasma membrane is lower in SHR neurons. MasR is translocated to the nucleus in SHR neurons but
not in WKY neurons. Representative images of immunostaining of MasR (green) and a lysosome marker (A) or the slow recycling vesicle marker Rab11 (B;
red) or the nuclear marker Hoechst (blue; D) in brainstem neurons from WKY rats and SHRs stimulated with Ang-(1-7) for 30 min. Scale bar = 5 mm.
Quantification of MasR colocalization with the slow recycling vesicle marker Rab11 (C) or the nuclear marker Hoechst (E) in brainstem neurons from WKY
rats and SHRs incubated in the absence (basal) or the presence of Ang-(1-7) for 30 min (C) or 15 and 30 min (E). The line represents the mean ± SEM of the
ratio between the signals from MasR and Rab 11 (C) or the nuclear marker (E). Four independent experiments were analysed (four to five images per exper-
iment). Experiments were carried out with 500 000 cells for each condition. *P < 0.05 vs. WKY; #P < 0.05 vs. basal SHR; &P < 0.05 vs. Ang-(1-7) WKY
(Kruskal–Wallis non-parametric tests followed by Dunn’s multiple comparison tests).
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..the nucleus together with its ligand after agonist stimulation in brainstem
neurons from SHRs but not from WKY rats.

4. Discussion

Our study showed that MasRs were internalized into early endosomes
in response to agonist stimulation by CCP and caveolae endocytic

pathways and then recycled back to the plasma membrane in brainstem
neurons. Importantly, MasRs underwent a different trafficking pattern
upon agonist stimulation in SHR neurons: the fraction of MasRs internal-
ized into early endosomes was greater and the fraction of the Rs being
recycled back to the plasma membrane was smaller compared with
those of the WKY rats. An unpredicted, yet interesting observation is
that a fraction of ligand-bound MasRs was translocated to the nucleus
only in neurons from SHRs (Figure 7). To our knowledge, this is the first

Figure 5 MasR displays the same trafficking in neurons from SD rats as those from WKY rats. Representative images of immunostaining of MasR (green)
and the CCP marker AP50 (red; A), the caveolin marker (red; B), the early endosome marker EEA1 (red; C), the slow recycling vesicle marker Rab11 (red;
D) or the nuclear marker Hoechst (blue; E) in brainstem neurons from WKY rats and SHRs stimulated with Ang-(1-7) for 15 min (A–C) or 30 min (D and E).
Scale bar = 5 mm. Right graphs represent quantification of MasR colocalization with each marker in brainstem neurons from WKY rats and SHRs incubated
in the absence (basal) or the presence of Ang-(1-7) for 15 min (A–C), 30 min (D), or 15 and 30 min (E). The line represents the mean ± SEM of the ratio be-
tween the signals from MasR and the corresponding marker. Four independent experiments were analysed (four to five images per experiment).
Experiments were carried out with 500 000 cells for each condition. *P < 0.05 vs. basal (Mann–Whitney non-parametric test for A–D; Kruskal–Wallis non-
parametric tests followed by Dunn’s multiple comparison tests for E).
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..report showing agonist-mediated MasR translocation to the nucleus in
neurons.

Brainstem neurons from SHRs also showed an increased MasR ex-
pression but decreased cellular Ang-(1-7) levels and binding to a putative

Ang-(1-7) receptor (present results). In contrast, AT1R mRNA expres-
sion and Ang II binding were reported to be increased in these neu-
rons.31,32 Furthermore, Ang II levels increased in SHR neurons and were
significantly higher than those of Ang-(1-7) (present results). Altogether,

Figure 6 MasR is translocated to the nucleus bound to its agonist. (A) MasR expression in the nuclei from brainstem neurons of WKY rats and SHRs incu-
bated in the absence (basal) or the presence of Ang-(1-7) for 30 min. A representative western blot of MasR and the nuclear pore marker Nup62 is pre-
sented. The results are expressed as the fold-change compared with the responses elicited by WKY neurons in the basal condition. The line represents the
mean ± SEM from four independent neuronal cultures (12 million cells per experiment). *P < 0.05 compared with the WKY group; #P < 0.05 compared
with basal SHR (Kruskal–Wallis non-parametric tests followed by Dunn’s multiple comparison tests). (B) Representative images of immunostaining of MasR
(green) and Nup62 (nuclear membrane marker) (red) in brainstem neurons of SHRs incubated with 1 mmol/L Ang-(1-7) for 30 min. The last panel corre-
sponds to a representative colocalization map of MasR and Nup62 in the nucleus of one single cell of SHR. The output image produced by the programme
contains a map of correlations between pairs of corresponding pixels in two original input images (MasR and Nup62), thereby offering quantitative visualiza-
tion of colocalization. White dots in the map represent positive correlation (colocalization). This map showed that most of MasRs were present in the nu-
clear membrane, where every white spot is indicative of a positive colocalization of MasR with the nuclear membrane marker. Scale bar = 5 mm. (C) Nuclear
Ang-(1-7) levels from brainstem neurons of WKY rats and SHRs incubated in the absence (basal) or the presence of Ang-(1-7) for 30 min. Results are
expressed as pg/mg protein. The line represents the mean ±SEM from four independent neuronal cultures (12 million cells per experiment). *P < 0.05 vs.
basal WKY; #P < 0.05 vs. basal SHR (Kruskal–Wallis non-parametric tests followed by Dunn’s multiple comparison tests).
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these data reinforce the concept of an imbalance between the two arms
of the RAS in SHRs. The increased MasR expression observed in SHRs
neurons may be due to compensate RAS imbalance.

The presence of Ang I, Ang II, renin, angiotensinogen, and Ang II-spe-
cific receptors have been shown in cultured neuronal and glial cells from
rat brain.33–35 An intracellular RAS has also been reported in striatal neu-
rons, astrocytes and microglial cells of rats and monkeys36 and in

dopaminergic neurons in both the monkey and the human substantia ni-
gra.37 Altogether these reports support our finding of endogenous pro-
duction of Ang-(1-7) in brainstem neurons.

This study was carried out with neuronal cultures obtained from neo-
nates. Although newborn SHRs do not have an established hypertension,
this strain has the genetic background to develop hypertension.4,38

Ferrari et al.38 found 376 genes differentially expressed between

Figure 7 Schematic representation of MasR trafficking in brainstem neurons from WKY and SHR rats. In neurons from WKY rats, MasRs were internal-
ized upon agonist stimulation, targeted to early endosomes and recycled back to the plasma membrane. In neurons from SHRs a greater number of MasRs
were internalized, a fraction of MasRs was targeted to the nucleus, whereas a smaller number were recycled back to the plasma membrane. denotes
CCP; denotes caveolin; and denotes cavin, which works together with caveolins to regulate caveolae formation.
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pre-hypertensive newborn SHR and WKY brainstem neuronal cells that
preferentially map to 17 metabolic/signalling pathways. Some of the
pathways and regulated genes identified were related to cardiovascular
regulation. In fact, ACE mRNA levels are >20-fold higher in cultured
neurons from neonatal SHR than in those from WKY,39 the electrophys-
iological properties of rostral ventrolateral medulla neurons and their
responses to Ang II differ between neonatal WKY and SHR neurons40

and the neuronal RAS from the brainstem and hypothalamus of SHR dif-
fer from WKY rats.31 Altogether these results showed that despite the
fact that neurons from neonates were used, that is when hypertension is
not yet established, the differences observed between both strains were
due to the differential genetic background reported for these strains.

In SHR neurons MasR underwent constitutive internalization which
was greater when it was mediated through CCP but smaller when it was
mediated through caveolae compared with WKY neurons (present
results). The increased constitutive R internalization may be due to a
greater endogenous Ang-(1-7) tone, but we disregard this hypothesis
because Ang-(1-7) levels and its binding to the R were lower in SHR neu-
rons compared with WKY neurons. On the other hand, in SHR neurons
the Ang-(1-7)-induced MasR internalization was greater when MasRs
were internalized through caveolae but smaller when internalized
through CCP. In the end, Ang-(1-7)-mediated MasR internalization in
SHR neurons equals to that in WKY neurons. Thus, Ang-(1-7) may com-
pensate the differences in MasR internalization pathways observed in
basal conditions in SHR neurons. However, MasR internalization into
early endosomes was greater in SHR neurons compared with those
from WKY rats, suggesting that another pathway apart from CCP and
caveolae may be involved. Together with the fact that the fraction of
MasR recycled back to the plasma membrane is lower in SHR neurons,
in the end, the amount of MasR inside the cell is greater in SHRs com-
pared with WKY rats.

The Ang-(1-7) reduced binding observed in SHR neurons may explain
in part the lack of responses of Ang-(1-7) on NO generation and ERK1/2
and Akt activation in neurons from SHRs. However, the lifetime (or resi-
dence time) of the binary drug-target complex, and not the binding affin-
ity per se, dictates much of the in vivo pharmacological activity.41 In
addition, altered receptor trafficking may contribute as well. Receptor
trafficking is pivotal for the temporal and spatial control of GPCR signal-
ling and is regulated by multiple cellular proteins.42 Thus, Ang-(1-7)-
blunted responses observed in SHRs neurons may result not only from a
diminished binding to the R but also from alterations in MasR trafficking.
It has been reported that deficiencies in Ang-(1-7) that contribute to au-
tonomic dysfunction were apparent in hypertension and aging.43 The
fact that Ang-(1-7) elicits opposite effects on AA release in both strains
may be due to different prostaglandins generated in this strain. That is,
Ang-(1-7) may induce a decrease in pro-hypertensive prostaglandins as a
compensatory mechanism.

Ang-(1-7) was also detected in the nucleus of neurons of both strains,
and its levels were higher in SHR neurons compared with those from
WKY rats. Nuclear Ang-(1-7) may result in part from the trafficking of
the Ang-(1-7)-MasR complex from the plasma membrane to the nucleus
(present results) but also from endogenous de novo synthesis. Renin,
angiotensinogen, ACE2, ACE, Ang II, and Ang-(1-7) were shown to be
present in the nucleus of different cellular types.44–47 Nuclear Ang-(1-7)
content averaged 57 ± 22 fmol/mg in NRK-52E renal epithelial cells,47

which was near 25-fold higher than those observed in brainstem neu-
rons, and this may be due to differences in the cell type.

Our study showed that MasRs were expressed in the nuclei of neu-
rons. MasR expression has been described to be present in the nuclei of

renal cortical cells in sheep,44 in NRK-52E renal epithelial cells,47 and in
different neuronal and glial cell types.46 Neither of these reports has
shown MasR translocation to the nucleus upon agonist stimulation.
Nuclear GPCRs participate in nuclear signalling and can alter gene ex-
pression.29,30 It has been reported that nuclear Ang-(1-7) stimulates NO
and this response is reduced in aged animals or those with foetal pro-
grammed hypertension.43,44 In rat nigral isolated nuclei MasR activation
by Ang-(1-7) induced an increase in nuclear NO production, counter-
acted the increase in Ang II-derived nuclear superoxide generation and
decreased the expression of mRNA for AT2Rs.46 Since Ang-(1-7) indu-
ces NET gene expression through MasR stimulation in hypothalamic and
brainstem neurons of SHRs,48 we cannot disregard that this effect may
result from MasR translocation to the nucleus. The implications of MasR
nuclear trafficking in SHR neurons remains to be clarified. Our ongoing
experiments are focused to elucidate nuclear MasR-mediated responses.

Many theories have been proposed to explain GPCR translocation to
the nucleus,29,30 but still, little is known about the exact mechanisms.
MasRs are thought to be localized, at least in part, to the outer nuclear
membrane in sheep renal cortex nuclei because of their rapid response
to Ang-(1-7) stimulation in isolated nuclei .44 This study showed that af-
ter agonist stimulation, nuclear MasRs were mostly colocalized with
Nup62, a nuclear pore complex protein. This suggests that the Rs are us-
ing this pathway to enter the nucleus, as it was previously shown for
AT1Rs.49

In conclusion, our report showed that upon Ang-(1-7) stimulation,
MasRs were internalized, targeted to early endosomes and recycled
back to the plasma membrane in brainstem neurons from WKY rats and
SHRs. However, MasRs displayed a differential trafficking in neurons
from SHRs rats: a greater number of MasRs were internalized into early
endosomes while a smaller number were recycled back to the plasma
membrane, which may result in a smaller number of re-sensitized Rs pre-
sent in the plasma membrane. This may explain in part the blunted or ab-
sent responses of Ang-(1-7) in SHR neurons. Furthermore, a fraction of
MasRs was targeted to the nucleus only in neurons from SHRs and in
this case, cells internalized the R together with its ligand (Figure 7). The
differential trafficking of MasRs in SHR neurons may be a compensatory
mechanism to overcome hypertension.

Supplementary material

Supplementary material is available at Cardiovascular Research online.
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Translational perspective
R trafficking is not a universal mechanism for every R and it critically determines the ultimate cellular response. Alterations in R trafficking have been
associated with several diseases, hypertension and neurodegenerative diseases among others. We provide evidence, for the first time, about MasR
trafficking in brainstem neurons from SHRs. This work opens the way in comprehending the mechanisms underlying MasR regulation in a pathological
situation. The differential MasR trafficking in neurons from SHRs may contribute to the impaired responses of Ang-(1-7) and to hypertension
development.
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