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A B S T R A C T

Numerous studies in the last decades have provided evidence for the existence of a local renin-angiotensin system
(RAS) in the central nervous system (CNS). Widespread distribution of the different RAS components in the brain
demonstrates the pleiotropic role of this system in the structure and function of CNS. With the advent of new
molecular techniques, a novel receptor has been identified within the beneficial arm of the RAS, the Mas-related
G-protein coupled receptor D (MrgD), which can be stimulated by two heptapeptides, Ala1-(Ang-(1-7), also named
alamandine, and Ang-(1-7). However, the biological and physiological relevance of this interaction remains
obscure. Since several recent studies hinted at a role of MrgD in the CNS, we determined the distribution pattern
of MrgD receptors in the adult mouse brain by using a genetic mouse model with tracers of MrgD expression.
MrgD-positive cells could be identified in some forebrain areas, including cortex, hippocampus, amygdala, hy-
pothalamus, habenular nuclei, striatum and pallidum, as well as in some mid-brain nuclei in a region-specific
manner. The specific localization of MrgD in the reward- and limbic-related areas can hint at a role of MrgD in
processes such as pain perception/modulation, synaptic plasticity, learning, memory and cognition.
1. Introduction

Aside from the systemic renin-angiotensin-system (RAS), a local in-
dependent RAS has been reported within the central nervous system
(CNS) (von Bohlen und Halbach and Albrecht, 2006; Wright and Har-
ding, 2013; Jackson et al., 2018). Widespread distribution of the mem-
bers of the RAS (e.g. angiotensin (Ang) II and Ang IV), as well as their
specific cognate receptors (e.g. Ang type-1 receptor [AT1R], AT2R, and
AT4R) has been reported in the CNS (von Bohlen und Halbach and
Albrecht, 2006). In addition, the expression of further RAS components,
such as e.g. pro-renin and its receptor have been recently identified, and
these members of the brain RAS seem to play a key role in adult hippo-
campal neurogenesis (Sch€afer et al., 2015). Several enzymatic pathways
have been shown to be involved in the generation of different members
of the RAS (Wright and Harding, 2013; Jackson et al., 2018). Apart from
the classical RAS cascade, in which the angiotensin-converting enzyme
(ACE) cleaves Ang I to the active Ang II, there is another enzymatic
pathway: This pathway, via ACE2, allows the formation of Ang-(1-7)
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(Hrenak et al., 2016). Ang-(1-7) signals through a specific receptor, the
G-protein coupled receptor Mas (Santos et al., 2003).

The ACE2/Ang (1-7)/Mas receptor signalling pathway is highly
expressed throughout the brain and is considered to play important roles
in the context of neuroprotection (Wright and Harding, 2013; Jackson
et al., 2018). Mas is expressed in various brain areas (Freund et al., 2012),
and signalling via Mas seems to have an impact on neuronal activity,
synaptic plasticity, learning and memory (von Bohlen und Halbach et al.,
2000; Freund et al., 2014).

Multiple studies have identified more than 20 functional members of
the Mas related G-protein coupled receptor family (Mrg) and based on
their sequence homology they have been grouped into several sub-
families: MrgA1-22, MrgB1-13, MrgC1-14, and MrgD-G. So far, these
subfamilies have only been identified in rodents, but they have human
orthologs (Dong et al., 2001; Choi and Lahn, 2003; Zhang et al., 2005).
Despite an increasing number of studies assessing the importance of the
expression of Mrg receptors in nervous system, their physiological
functions have been only partially elucidated so far. It is postulated that
lbach).

ber 2021
ticle under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

mailto:oliver.vonbohlen@med.uni-greifswald.de
http://crossmark.crossref.org/dialog/?doi=10.1016/j.heliyon.2021.e08440&domain=pdf
www.sciencedirect.com/science/journal/24058440
http://www.cell.com/heliyon
https://doi.org/10.1016/j.heliyon.2021.e08440
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.heliyon.2021.e08440


Figure 1. Representative photomicrographs demonstrating the expression of
MrgD immunoreactivity in the (A) midbrain trigeminal nucleus and (B) hippo-
campal area CA1 of the mouse brain. Vibratome sections (30 μm thick) were
labeled with EGFP (Green), anti-GFP antibodies (visualized by Cy3, red) and
DAPI (blue). Abbreviations: CC, corpus callosum; Alv, alveus; SO, stratum
oriens; SP: stratum pyramidalis; SR: stratum radiatum; SLM: stratum lacuno-
sum moleculare.
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Mrg receptors are involved in pathways that contribute to the processing
of pain and analgesia as well as in itch sensation (Dong et al., 2001; Choi
and Lahn, 2003; He et al., 2014; Li et al., 2014; Liu and Dong, 2015; Li
et al., 2017; Meixiong and Dong, 2017; Zhu et al., 2017; He et al., 2018;
Schott et al., 2021; von Bohlen und Halbach, 2021).

Some years ago, a new member of RAS, Ala1-Ang-(1-7), also named
alamandine, which is a decarboxylated form of Ang (1-7), has been
identified (Villela et al., 2014; Hrenak et al., 2016; Shen et al., 2018;
Schleifenbaum, 2019). Although Ala1-Ang-(1-7), has been reported to act
mainly through binding to MrgD (Bader et al., 2014; Villela et al., 2014;
Hrenak et al., 2016; Tetzner et al., 2016; Jackson et al., 2018; Schlei-
fenbaum, 2019) it can also act through the Mas receptor (Tetzner et al.,
2018) and thus shows clear similarities to Ang-(1-7) (Tetzner et al.,
2016). Currently, the role of the Ala1-Ang-(1-7)/Ang-(1-7)/MrgD axis in
the nervous system is rather unknown, and mapping of the expression of
MrgD receptors on the protein level is hampered by the fact that specific
antibodies directed against MrgD are missing. To overcome this problem,
we mapped MrgD expression indirectly by taking advantage of a specific
transgenic mouse line, in which MrgD expressing cells are marked by
green fluorescence (Zylka et al., 2005).

2. Materials and methods

Amouse line has been generated by Zylka and coworkers (Zylka et al.,
2005) in which the MrgD coding sequence was left intact and followed by
an internal ribosomal entry site – farnesylated enhanced green fluores-
cent protein IRES-EGFPf cassette (MrgD IRES-EGFPf). Homozygous MrgD
IRES-EGFPf (MrgDEGF) and corresponding control mice were bred, and
adult female mice were used in this study. For analysis, mice were
euthanized and transcardially perfused with phosphate buffered saline
(PBS) and 4 % paraformaldehyde (PFA). The brains were explanted and
stored in 4 % PFA at 4 �C. All experimental procedures were conducted in
accordance with the protocols approved by the University College Cork
Animal Experimentation Ethics Committee (AEEC; AE19130, 2018/018).

Immunohistochemistry: Thirty μm coronal sections were made
using a vibration blade microtome (Type VT 1000 S, Leica, Germany).
Sections were mounted on superfrost slides (R. Langenbrinck GmbH,
Germany) and dried over night at 37 �C. Since the fluorescence signals
fromGFPwere sometimes weak and hard to distinguish from background
fluorescence in some brain areas, we performed immunohistochemical
labelling using a specific antibody against GFP (1:200, rabbit; Catalog #
A-11122; Thermo-Fisher, Germany). For visualization, sections were
incubated with goat anti-rabbit secondary antibody labelled with Cy3
(1:2000; Dianova, Germany) for 2 h at room temperature. Finally, the
sections were counterstained with 4,6-diamidino-2-phenylindole (DAPI,
to visualize cell nuclei) and cover-slipped with Mowiol (Merck KGaA,
Germany). Control mice did not show specific GFP signals, but sometimes
a weak green background fluorescence, but no labelling with Cy3 was
seen in these mice (data not shown).

Image Analysis: The number of cells somata immunolabelled by
MrgDΔEGFPf in the mouse brain was quantitatively estimated within a
region of interest (ROI) selected from 4–6 sections. The cells were
considered as specifically positive for MrgDEGFPf, when they fulfill two
criteria: (1) due to the GFP-signal, the MrgD expressing cells must be
detectable by their green fluorescence, and, in addition, (2) the cells
positive for MrgDΔEGFPf must be identifiable by their red fluorescence due
to the Cy3-labelling. Images were acquired (magnification, 40�) by an
Olympus BX 63 fluorescence microscope (Olympus, Hamburg, Germany)
equipped with DP80 camera (Olympus, Germany) with the same expo-
sure time. The number of MrgDEGF reactive cells within the ROI was
counted within one focal plane. The total number of the cells immuno-
reactive for MrgD per ROI was calculated by using ImageJ and expressed
as mean number of cells per brain area (�SEM). In order to get further
insight in the expression level of MrgD protein in each specific ROI, the
intensity for each green and red fluorescence emission of the MrgD
positive cells was measured using ImageJ software for windows version
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1.51 (National Institutes of Health, rsb.info.nih.gov/ij). Thereafter,
measurements were adjusted by the "corrected total cell fluorescence"
(CTCF) method provided by Hammond (2014). The sum of the intensity
of each pixel and the CTCF were calculated as follows:

CTCF ¼ Integrated Density – (ROI area � mean gray value fluorescence of
background)

This process was repeated for all cells and images selected for anal-
ysis. The CTCF value represents the overall fluorescence intensity in each
ROI, calculated with the integrated density of fluorescence and corrected
for the surface area examined and the background (Hammond, 2014;
Ponnazhagan et al., 2016).

3. Results

We have examined the expression of MrgD- positive cells in the adult
mouse brain. Scattered MrgD-expressing cells were detected in different
brain areas, including cortical areas, limbic areas and e.g. basal ganglia
(Figures 1, 2, and 3). The quantitative analysis revealed a relatively high
fluorescence emission intensity of Cy3-labelled anti-GFP compared to
EGFPf, whereas only a little difference in fluorescence emission values
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Figure 2. Diagrams of coronal sections from Allen Mouse Brain Atlas at different levels (A–F: number in the lower right corner of the section) showing the localization
of MrgD expressing cell bodies in the mouse brain. Filled circles represent the presence of MrgDΔEGFP and Anti-GFP-immunoreactive somata. The densities of the filled
circles do not indicate the relative cells density in the brain regions. Abbreviations: AAA, Ant. amygdalar Ncl.; ACB, Ncl. accumbens; BL, basolateral amygdalar Ncl.;
BM, basomedial amygdalar Ncl.; CA1, hippocampal CA1 field; CA2, hippocampal CA2 field; CA3, hippocampal CA3 field; CEA, central amygdalar Ncl.; CoA, cortical
amygdalar area; DG, dentate gyrus; ENT, entorhinal cortex; EP, endopiriform Ncl.; IPN, Interpeduncular Ncl.; LH, lateral habenula.; LM, lateral mammilary Ncl.; LPN,
Lateral preoptic Ncl.; LSr, Lateral septal Ncl, rostral part; MEA, medial amygdalar Ncl.; MH, medial habenula.; MM, medial mammilary Ncl.; MPN, medial preoptic
Ncl.; MS, Medial septal Ncl.; N III, oculomotor Ncl.; NDB, diagonal band Ncl.; OT, olfactory tubercle; PA, posterior amygdalar Ncl.; PIR, piriform cortex; PV, peri-
ventricular hypothalamic Ncl.; RCH, retrochiasmatic Ncl.; RN, Red Ncl.; RSP, retrosplenial cortex; SCH, suprachiasmatic Ncl.; SI, substantia innominata; SNr, sub-
stantia nigra, pars reticulata; SSp, primary somatosensory cortex.
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has been found between the GFP- and Cy3-conjugated secondary anti-
bodies (Table 1), demonstrating a specific binding of primary anti-GFP
antibody.

Several MrgD-positive (MrgDþ) cells have been identified through
the cortical layers in both neocortical and allocortical parts of mouse
cerebral cortex (Figure 2). Among all of the cortical areas, our analysis
3

has revealed that the highest fluorescence intensity and the highest
number of MrgDþ cells could be found in the primary somatosensory
cortex and in the cortical amygdala area, respectively (Table 1).

Within the neocortex, some MrgD expressing cells were seen in the
retrosplenial (RSP) and primary somatosensory (SSp) cortices (Figure 2;
Table 1). The MrgDþ cells were differentially distributed in these



Figure 3. Green fluorescent cells, due to MrgDΔEGFP, could be detected in different brain areas, as e.g. in the substantia nigra (overview in a lower magnification in A
and in a higher magnification in B), the nucleus accumbens (C) or the lateral globus pallidus (D). Images were made using an Olympus BX3, fitted for fluorescence. Z-
stacks were generated and the image-stacks were subjected to extended focus imaging (EFI) projection.
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cortices. The highest number of MrgDþ cells has been observed in middle
cortical layers of RSP, whereas in the SSp cortex, the deeper layers dis-
played higher densities of reactive cells (Table 1). Additionally, scattered
MrgD reactive cells have also been discovered in the three-layered allo-
cortical regions, such as piriform (PIR) and entorhinal (ENT) cortex as
well as in the cortical amygdala (CoA) and the olfactory tubercle (OT;
Figure 2). The highest MrgD expression level was seen in layers II and III
of the CoA and OT (Table 1).

Within the limbic system, some MrgDþ cells have been detected in
the hippocampus as well as in different nuclei of the amygdala (Figure 2).
Thus, MrgD-positive signals were found in all layers of the different
hippocampal subregions (CA1, CA2, CA3, and dentate gyrus (DG);
Figure 1). Concerning the amygdala, MrgD expression was mapped to the
basolateral (BL), basomedial (BM), medial (MEA), central (CEA), poste-
rior (PA) and anterior (AAA) amygdalar nuclei (Figure 2). Quantitative
analysis has demonstrated the higher density of MrgD expressing cells in
CEA and MEA nuclei, and the lowest number in AAA area (Table 1). In
addition, we found higher fluorescence intensities in the CEA and BL
nuclei, whereas lower intensities have been detected in BM and AAA
(Table 1). Furthermore, the MrgDþ signals have also been found in the
endopiriform nuclei (EP; Figure 2).

Some MrgD-expressing cells were detected in the nucleus accumbens
(Figure 3), as well as in the substantia innominata (SI), diagonal band
nucleus (NDB), medial (MS) and rostral part of lateral (LSr) septal nuclei
(Figure 2).

Among the thalamic nuclei analyzed, we only observed low MrgD
expression in the medial and lateral habenula (MH and LH; Figure 2).
MrgDþ signals were also identified in some hypothalamic nuclei,
including the lateral andmedial mamillary (LM andMM), periventricular
(PV), retrochiasmatic (RCH), suprachiasmatic (SCH), and medial and
lateral preoptic (MPN and LPN) nuclei (Figure 2; Table 1).
4

Some scattered MrgD positive cells were seen in the midbrain, as e.g.
in the lateral and anterior regions near the periaqueduct grey matter
(PAG; Figure 1), corresponding to the location of the mid-brain trigem-
inal nucleus (MEV) and oculomotor nucleus (NIII; Table 1).

4. Discussion

In the present study, we provided evidence that the MrgD receptor is
expressed in the murine forebrain in a region-specific manner, although
on a very low level. MrgD expression was found in cortical and subcor-
tical structures, including the limbic system. However, MrgD is not
restricted to areas involved in the nociception, but can also be seen in
brain areas involved in reward or motor functions. Nevertheless, the
overall expression of MrgD in the brain is rather low and mainly only
some scattered cells were found per brain region. The most prominent
staining with the most intense stained cells could be seen in the tri-
geminal nucleus (Figure 1). Aside from the CNS, MrgD expression was
detected in vascular endothelium, arterial smooth muscle cells, and
cardiomyocytes (Habiyakare et al., 2014; Oliveira et al., 2019), demon-
strating a possible role of MrgD in blood pressure regulation and car-
diovascular function, as also supported by functional studies (Tetzner
et al., 2016). Furthermore, the identification of MrgD protein in the skin
epidermis and in a distinct subset of nociceptive neurons in the DRGs,
trigeminal ganglia, and dorsal horn of spinal cord has suggested a
modulatory role of this receptor in neuropathic pain and itch sensation,
as well as, in the mechanical and thermal nociception (Dong et al., 2001;
Zylka et al., 2003; Rau et al., 2009; Wang and Zylka, 2009; Liu and Dong,
2015; Tiwari et al., 2016; Meixiong and Dong, 2017). Along this line,
mice lacking MrgD gene (MrgD�/�) exhibit reduced excitability to
thermal and mechanical stimuli compared to their wildtype littermates
(Rau et al., 2009).



Table 1. Fluorescence intensity and the number of MrgD expressing cells in the mouse brain.

Area Region Intensity of Fluorescence
(Mean � SD)

Reactive cells per ROI
(Mean � SD)

MrgDΔEGFP Anti-GFP

Cortex Retrosplenial cortex (RSP) Layer I 39.98 � 14.06 48.47 � 5.96 0.62 � 0.22

Layer II/III 92.47 � 19.33 107.35 � 27.89 7.03 � 0.38

Layer IV–VI 82.58 � 22.61 94.17 � 33.71 4.70 � 0.53

Primary somatosensory cortex (SSp) Layer I – – –

Layer II/III 102.74 � 21.48 119.27 � 30.98 1.08 � 0.48

Layer IV–VI 96.11 � 25.49 104.64 � 37.46 3.85 � 1.08

Cortical amygdalar area (CoA) Layer I 40.85 � 7.43 76.47 � 13.38 5.00 � 3.30

Layer II 87.91 � 14.85 112.68 � 17.87 16.34 � 5.27

Layer III 54.90 � 11.97 105.16 � 15.25 7.72 � 2.99

Piriform cortex (PIR) Layer I 70.84 � 10.53 82.75 � 4.20 1.06 � 0.65

Layer II 58.40 � 8.03 71.64 � 6.41 4.80 � 1.21

Layer III 52.70 � 6.93 80.02 � 1.80 8.19 � 3.13

Entorhinal cortex (ENT) Layer I 73.18 � 11.46 84.15 � 4.27 5.11 � 0.86

Layer II 51.32 � 5.96 71.49 � 6.48 2.83 � 0.69

Layer III 58.02 � 7.92 79.10 � 3.92 3.47 � 1.25

Olfactory tubercle (OT) Layer I 56.19 � 7.07 98.06 � 8.49 0.78 � 0.32

Layer II 77.97 � 11.14 110.69 � 11.36 8.23 � 2.02

Layer III 62.67 � 8.55 101.11 � 10.76 3.11 � 1.32

Hippocampus CA1 SO 126.37 � 18.60 130.23 � 11.28 1.02 � 0.31

SP 92.90 � 13.70 122.31 � 18.68 3.12 � 0.55

SR 93.38 � 12.35 121.18 � 11.90 0.78 � 0.31

SLM 105.72 � 9.53 123.96 � 18.93 0.87 � 0.44

CA2 SO 85.33 � 22.33 91.59 � 9.82 0.82 � 0.28

SP 50.77 � 20.08 83.79 � 11.48 4.84 � 0.68

SR 73.97 � 9.16 92.85 � 8.14 0.71 � 0.27

SLM 74.20 � 19.42 93.32 � 6.08 0.83 � 0.34

CA3 SO 69.81 � 6.80 64.47 � 7.70 1.27 � 0.45

SP 65.24 � 10.60 61.86 � 18.42 3.98 � 0.54

SR 66.17 � 9.81 71.68 � 5.95 1.49 � 0.81

SLM 57.87 � 6.15 67.52 � 10.01 1.19 � 0.65

DG SM 116.51 � 9.08 140.22 � 8.97 0.50 � 0.18

SG 88.29 � 5.88 113.50 � 11.94 2.40 � 0.27

SPo 127.88 � 19.61 143.30 � 10.39 1.06 � 0.33

Amygdala Basolateral amygdalar nucleus (BL) 91.10 � 17.70 142.93 � 26.98 16.17 � 2.74

Basomedial amygdalar nucleus (BM) 78.70 � 15.29 138.21 � 18.12 18.12 � 2.41

Medial amygdalar nucleus (MEA) 86.17 � 9.60 127.34 � 12.53 21.62 � 3.12

Central amygdalar nucleus (CEA) 106.19 � 17.91 155.48 � 11.47 23.27 � 2.67

Posterior amygdalar nucleus (PA) 84.50 � 14.35 138.98 � 7.92 19.39 � 2.23

Anterior amygdalar nucleus (AAA) 82.42 � 14.33 135.15 � 15.16 12.38 � 2.29

Endopiriform nucleus (EP) 98.26 � 5.45 104.41 � 9.28 14.87 � 3.53

Nucleus accumbens (ACB) 61.81 � 9.59 94.31 � 7.47 10.86 � 1.69

Substantia innominata (SI) 86.94 � 9.79 111.66 � 6.74 12.78 � 2.75

Diagonal band nucleus (NDB) 62.40 � 13.27 91.36 � 20.58 9.48 � 2.34

Medial septal nucleus (MS) 77.00 � 17.48 91.21 � 20.86 10.02 � 2.44

Lateral septal nucleus, rostral (LSr) 70.91 � 13.32 92.49 � 12.65 7.40 � 1.45

Thalamus Medial habenular nucleus (MH) 83.15 � 17.19 91.46 � 11.68 17.68 � 1.89

Lateral habenular nucleus (LH) 90.22 � 14.51 96.45 � 12.89 16.66 � 2.32

Hypothalamus Medial mammilary nucleus (MM) 47.64 � 3.20 69.00 � 8.06 35.98 � 1.80

Lateral mammilary nucleus (LM) 48.19 � 3.32 71.74 � 3.63 33.11 � 2.95

Periventricular nucleus (PV) 91.83 � 14.26 116.21 � 17.77 7.08 � 1.21

Retrochiasmatic nucleus (RCH) 70.64 � 10.97 118.54 � 18.22 16.37 � 3.91

Suprachiasmatic nucleus (SCH) 74.17 � 11.51 132.04 � 10.45 21.29 � 5.08

Medial Preoptic nucleus (MPN) 66.90 � 12.57 87.25 � 11.94 11.84 � 2.32

Lateral Preoptic nucleus (LPN) 70.24 � 13.20 94.31 � 7.47 19.15 � 4.05

(continued on next page)
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Table 1 (continued )

Area Region Intensity of Fluorescence
(Mean � SD)

Reactive cells per ROI
(Mean � SD)

MrgDΔEGFP Anti-GFP

Mid-brain Midbrain trigeminal nucleus (MEV) 120.98 � 8.72 117.0 � 10.80 2.08 � 1.05

Oculomotor nucleus (NIII) 74.58 � 7.97 97.90 � 13.78 6.63 � 1.29

Red nucleus (RN) 98.41 � 4.73 104.95 � 9.60 7.65 � 0.94

Substantia nigra, pars reticulata (SNr) 77.85 � 5.31 102.51 � 10.37 9.35 � 1.76

Interpeduncular nucleus (IPN) 70.64 � 10.97 95.22 � 7.34 13.52 � 2.77

Abbreviations: SG: stratum granulare; SLM: stratum lacunosum moleculare; SM: stratum moleculare; SO: stratum oriens; SP: stratum pyramidalis; SPo: stratum
Polymorph; SR: stratum radiatum.
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Nevertheless, the detailed mechanisms of MrgD action are not fully
understood yet, but it has recently been shown that MrgD promotes the
activation of canonical NF-κB signalling pathway and enhances the
development of inflammatory pain in mouse DRGs and RAW 264.7 cells
(Lan et al., 2020). In consistence with the action of MrgD in the
perception andmodulation of pain (Guan et al., 2010; Tiwari et al., 2016;
Lan et al., 2020), populations of MrgDþ cells have observed through the
neocortical layers of RSP and SSp cortices, which are commonly activated
by noxious stimuli, as revealed in electrophysiological and imaging
studies (Apkarian et al., 2005; Gregory et al., 2013). Accordingly, the
multiple pain-related brain pathways are important for different aspects
of the pain experience. Thus, the somatosensory cortices encode infor-
mation about sensory features, such as the location and duration of pain
(Kenshalo and Isensee, 1983). Alternatively, the RSP (a limbic part of the
cortex), is more important for encoding the emotional and motivational
aspects of pain (Berthier et al., 1988). Moreover, MrgD immunoreactive
cells have also been detected in different nuclei of the amygdala and in
the nucleus accumbens, with extensive nociceptive inputs through spi-
noparabrachial–amygdala projections (Becerra et al., 2001; Baliki et al.,
2010). Furthermore, MrgD-positive cells were also found cortical and
subcortical elements of the reward circuity in the brain such as e.g. nu-
cleus accumbens, hippocampus and amygdala. The reward system is a
collection of brain structures that not only involves GABA and glutamate
neurotransmission, but is also modulated by dopamine (Mitsi and
Zachariou, 2016; DosSantos et al., 2017). The reward neural circuits
might play a significant role not only in decision making, pain perception
and/or modulation, but also in the transition from acute to chronic pain
(Borsook et al., 2016; Mitsi and Zachariou, 2016; DosSantos et al., 2017).
Interestingly, we have only discovered a small population of MrgD
reactive cells in the lateral and anterolateral portions of PAG, which is
described as a primary anatomical pathway mediating pain and
opioid-based analgesia in a wide range of vertebrate species (Behbehani,
1995; Loyd and Murphy, 2009). This part of midbrain receives noci-
ceptive input through the spinoreticular pathways (Basbaum and Fields,
1984; Dunckley et al., 2005). Beyond that, the lateral and ventrolateral
PAG heavily project to the rostral ventromedial medulla (RVM) and
dorsal horn of the spinal cord in rats (Loyd andMurphy, 2006). Above all,
the PAG is also involved in much more than just analgesia. For example,
the PAG appears to play roles in the regulation of heart rate and blood
pressure, and processing of emotional responses (i.e. fear, anxiety and
defensive reactions) by interacting with the amygdala (Walker and Car-
rive, 2003; Green et al., 2007). In addition, there is growing evidence that
the hippocampal formation is involved in pain processing (Liu and Chen,
2009; Mutso et al., 2012). Accordingly, chronic pain could lead to deficits
in learning/memory and emotional decision-making. A study by Mutso
and colleagues (2012) has reported that mice with nerve injury (a model
of neuropathic pain) show defects in hippocampal-mediated behaviours,
synaptic plasticity, and neurogenesis (Mutso et al., 2012).

The localization of MrgD in the reward- and limbic-related areas can
hint for a role of MrgD in processes such as pain perception/modulation,
synaptic plasticity, learning, memory and cognition. However, MrgD
expression in the adult murine brain is not as strong as the expression of
6

Mas. The Ang-(1-7)/Mas system is, among others, involved in mecha-
nisms related to learning and memory. Aside from these well-known
actions of Ang-(1-7)/Mas system, the roles of the Ang-(1-7)/MrgD sys-
tem in the brain is far from being understood. It would be of special in-
terest whether both, Mas and MrgD are activated mainly by Ang-(1-7)
and whether Mas andMrgDwould cooperate in intracellular signalling or
whether they induce antagonistic functions.
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