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Resumo

A adenosina € um potente mediador de inUmeras atividades biolégicas envolvendo, por
exemplo, os sistemas nervoso, imune e cardiovascular, crescimento celular, proliferacéo
e apoptose. Atualmente, sdo conhecidos quatro recetores de adenosina denominados
A1, Az, Azs € As, através dos quais a adenosina desencadeia variadas respostas em
células alvo. Estes recetores pertencem a diversificada familia de recetores acoplados

a proteinas G.

Nos ultimos anos ha uma crescente evidéncia de que a membrana plasmatica ja ndo
pode ser considerada o locus da sinalizacdo dos recetores acoplados a proteinas G,
havendo dados na literatura que apoiam a presenca de Vvarios recetores acoplados a
proteinas G funcionais (tais como os recetores da angiotensina Il e da endotelina 1) em
membranas intracelulares, particularmente no nucleo. Indo ao encontro desta ideia, e
sem haver evidéncias na literatura em relacdo a localizacao de recetores de adenosina
em estruturas intracelulares, estudos do nosso grupo, recorrendo a microscopia
confocal, sugeriram um padréo de sobreposicdo entre o DAPI, um marcador nuclear, e
a imunorreatividade dos anticorpos para os recetores da adenosina, compativel com a
presenca destes recetores no nucleo de células da camada adventicia de artérias
mesentéricas. Desta forma, o objetivo deste trabalho foi avaliar a presenca de recetores
de adenosina no ndcleo celular em artérias mesentéricas superiores. Para cumprir este
objetivo foi desenvolvido um protocolo para criacdo de culturas celulares primarias a
partir de artérias mesentéricas superiores de ratazana. As células foram submetidas a
fracionamento subcelular e as fragbes nuclear e membranar foram analisadas por
western blot utilizando anticorpos individuais seletivos para os recetores de adenosina.
Foram ainda realizadas técnicas de imunocitoquimica, bem como imunomarcacao de
nucleos isolados para avaliar a distribuicdo dos subtipos de recetores de adenosina.
Dados quantitativos demonstraram uma forte co-localiza¢éo entre o marcador nuclear e
a imunomarcacao dos recetores de adenosina, bem como uma menor expressao e
presenca nuclear do subtipo Azs. A presenca dos recetores A1, Axa € Azg foi sustentada

pela andlise feita por western blot.

Ensaios funcionais estdo em curso para tentar esclarecer a eventual funcionalidade dos
recetores nucleares de adenosina. Futuras investigagbes serdo necessarias para

aprofundar o papel fisiologico e possivel fisiopatoldgico de cada um destes recetores.
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Abstract

Adenosine is a potent mediator of innumerous biological activities involving the
cardiovascular, nervous and immune system, cell growth, proliferation and apoptosis, to
name a few. The four known adenosine receptors (ARs) named A1, Aza, Az and Az, from
which adenosine elicit its various responses on target cells, are G-protein-coupled
receptors (GPCRS).

Over the last few years it has become clear that the plasma membrane should no longer
be considered the exclusive signaling locus of GPCRs, and growing evidence supports
the presence of many functional GPCRs (such angiotensin Il or endothelin 1 receptors)
on intracellular membranes, particularly in the nucleus. In agreement with this idea, and
despite the lack of evidence in literature concerning ARs location in intracellular
structures, studies in our laboratory employing confocal microscopy suggested an
overlay pattern of DAPI, a nuclei marker, with ARs antibody immunoreactivities,
compatible with the presence of these receptors in the nuclei of adventitia layer cells
from mesenteric arteries. In this way, the aim of this work is to evaluate the presence of
ARs in the cell nucleus of rat adventitia mesenteric arteries. To accomplish that, a
protocol to develop primary adventitia cell cultures from rat superior mesenteric arteries
(SMAs) was created. Cells were submitted to subcellular fractionation and nuclear and
membrane fractions were analyzed by western blot (WB) using individual AR selective
antibodies. Immunocytochemistry as well as immunolabeling of isolated nuclei was
performed to evaluate ARs subtypes distributions. Quantitative data showed a strong
colocalization between the nuclear marker and ARs immunolabeling, and a less
expression and nuclear presence of the Azs subtype. A1, Aoa and Azg receptors presence

in the nucleus was supported by WB analysis.

Ongoing functional assays are being performed as an attempt to clarify nuclear ARs
functionality and future investigations will be necessary to deepen its physiological and

even pathophysiological roles.
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. Introduction

1. Adenosine

Adenosine is a purine nucleoside composed of a heterocyclic aromatic molecule of
adenine attached to a ribofuranose via a B-glycosidic bond (Figure 1). Quoting from
Eltzschig 1, purines are “among the oldest and most influential biochemical compounds
in evolutionary history” playing a central role in the energy metabolism 2, also working as

neurotransmitters/neuromodulators 2 and even autocrine and paracrine substances “.

NH,
> R
{ ]@
HO 2 N/
(o]

HO OH

Figure 1 - Adenosine molecule. Source: .

In 1929, Drury and Gyorgyi introduced the idea that purines could function as
extracellular signaling molecules, reporting the first physiological role for adenosine.
They found out that adenosine infusion, isolated from different tissue extracts, caused a
“definite and transient effect upon the mammalian heart* and had the ability to “lower
general arterial pressure [...] due in part to a general arterial dilation” 5. Since then,
adenosine has been implicated in numerous physiological processes including nervous

system modulation, immune response, vascular function and metabolism 7.

Uncharged at physiological pH, adenosine is primarily associated to nucleic acids
synthesis as well as a component of adenosine triphosphate (ATP), that is, an integral
part of cellular energy system 8. Nevertheless, adenosine, as a signaling molecule, works
as an alarm, a warning signal that triggers cellular and tissue adaptation under metabolic
stress, mainly hypoxia and ischemia. During several acute conditions, adenosine plays
a major protective role that aim homeostasis reestablishment and repair promotion °,
triggering several effects that comprise increasing in oxygen delivery, decreasing cell
energy consumption, attenuation of inflammatory process and angiogenesis promotion
1011 which indicates vast potential therapeutic approaches based on adenosine

molecule.
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2. Adenosine synthesis and metabolism

Adenosine is always present both within and outside cells *. Under normal physiological
conditions, its base line levels, both extracellular and intracellular, are in the nanomolar
range (of 30 to 200 nM) 213,

Intracellular formation can be mediated by a cytosolic-5"-nucleotidase, which catalyzes
the dephosphorylation of adenosine monophosphate (AMP), or can also be generated
from the reversible hydrolysis of S-adenosyl-homocysteine (SAH) by SAH hydrolase 4.

In the extracellular fluid, adenosine formation comes from the breakdown of precursor
nucleotides: ATP released into the extracellular space can be double dephosphorylated
by nucleotidase triphosphate diphosphohydrolase 1 (NTPDasel) to adenosine
diphosphate (ADP) and then to AMP, culminating in the formation of adenosine by a
ecto-5"-nucleotidase (Figure 2) *°. Another potential source of extracellular AMP is cyclic
adenosine monophosphate (cAMP), which can be transported out of cells upon
activation of adenylate cyclase (also known as adenylyl cyclase, AC) and converted by
extracellular phosphodiesterases 1. In the brain, extracellular adenosine levels seem
also to be regulated by glutamatergic agonists 6" and nitric oxide *. More recently, in

the nervous system and renal cells guanosine was proved to increase adenosine levels

19

Inosine

ADA E-NTPDases
CcD73 i

Adenosine €=— AMP <€ ADP € ATP

| |

b

ADA Cyto-5'NT
Inosine <€ Adenosine (—’ AMP (—i ADP €—— ATP

AK AMPK
SAH hydrolase

SAH

Figure 2 - Adenosine synthesis and partial schema of metabolic pathways inside and outside of a cell. Abbreviations:
Adenosine deaminase (ADA), adenosine diphosphate (ADP), adenosine kinase (AK), adenosine monophosphate (AMP),
adenosine monophosphate kinase (AMPK), adenosine triphosphate (ATP), Cytosolic-5"-nucleotidase (cyto-5'NT), nucleoside
transporters (NT), S-adenosyl-homocysteine (SAH). Source: 5.
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Adenosine has a short half-life due to its rapid and irreversible conversion into inosine
by adenosine deaminase (ADA) and the quick re-uptake by reversible nucleoside
transporters (NTs) into the cytoplasm 2°. Once inside the cells, adenosine is substrate of
several enzymes such as ADA, SAH hydrolase and adenosine kinase (AK), which

phosphorylates adenosine back into AMP (Figure 2) 2,

Adenosine can be released from intracellular stores 2723, However, under energy
depletion or metabolically-stressful conditions such as ischemia, hypoxia, inflammation,
trauma or tissue damage, interstitial levels of adenosine increase substantially reaching
the millimolar range 2* mainly due to the release of ATP from injured cells via
transmembrane protein channels including pannexins 2> or connexins 2% which then

follows the above-mentioned adenosine formation pathway.

3. Adenosine receptors

3.1. Classification and characterization

As it has been exploited, adenosine is an important signaling molecule present in all
tissues of a mammalian organism modulating a variety of processes comprising the
cardiovascular, nervous, immune, digestive, renal and respiratory systems, to name a
few 1. It elicit various responses on target cells by engaging four purinoceptors - P1 - or
adenosine receptors (ARs) both in physiological and pathological conditions, named as
A1, Aoa, Azs and Az according to the International Union of Pharmacology (IUPHAR)
nomenclature rules 27 Initially, A2a and Azs receptors were considered as only one
class, the A; receptors. The discrimination of A, ARs into two subtypes was later
proposed based on substantial differences observed for adenosine binding and affinity

as well as anatomical distribution 28:2°,

The existence of ARs was initially suggested in the 1970s *° but the idea was not widely
accepted until the first adenosine receptor were cloned in 1990 3. At present, all AR
subtypes have been cloned from rat, mouse and human and characterized using
pharmacological e biochemical techniques '. Each AR subtype has a cellular/tissue

specific distribution, distinct affinity for adenosine and different downstream signaling 2.

There is strong homology between respective ARs in different species with exception of
the As receptor that usually exhibits large differences in structure as well as tissue

distribution and functional and pharmacological properties between species 2.



FACULDADE DE FARMACIA
,)O r 1() UNIVERSIDADE DO PORTO
FCUP/FFUP/ICBAS l 1{ ]
Adenosine receptors in mesenteric arteries F FACULDADE DE CIENCIAS INSTITUTO DE CIENCIAS

adventitia: evidence for a nuclear location UNIVERSIDADE DO FORIO BIOMEDICAS ABEL SALAZAR
UMIVERSIDADE DO PORTO

18

Compared to rats (Table 1), human ARs have a sequence identity of 94.8 %, 84.3 %
and 86.1 % for Ai, Aza and Azs subtypes, respectively, prevailing a rather distant

relationship of 73.9 % in case of As receptor .

Table 1 - Brief characterization of rat adenosine receptors. Data from National Center for Biotechnology Information.

A1 receptor 34 Aza receptor 35 Azg receptor 36 Az receptor 7

Receptor structure

Heptahelical G-protein Heptahelical G-protein Heptahelical G-protein Heptahelical G-protein

coupled receptor coupled receptor coupled receptor coupled receptor
326 amino acids 410 amino acids 332 amino acids 320 amino acids
Mass = 36.7 kDa Mass = 45.0 kDa Mass = 36.4 kDa Mass = 36.6 kDa

Gene structure
Gene: Adoral Gene: Adora2a Gene: Adora2b Gene: Adora3

Gene location: 13913  Gene location: 20p12  Gene location: 10923  Gene location:; 2934

ARs are integral membrane proteins consisting of a single polypeptide chain forming
seven a-helical hydrophobic transmembrane (TM) domains connected by three
extracellular and three intracellular hydrophilic loops of unequal size (Figure 3). The
carboxyl-terminal (C-terminal) is facing the cytosol while the amino-terminal (N-terminal)
lies on the extracellular side. The four AR subtypes are asparagine-linked glycoproteins

and all but the Aza possess sites for palmitoylation near the carboxyl terminus 33,

A1, Az and Az ARs display identical protein mass. Though, Aza subtype manifest a
relatively large size corresponding to a much longer C-terminal tail (approximately more
80 amino acids than the other ARs) %° that is required for receptor’s interaction with

several accessory proteins 1.

3.2. Signaling pathways

ARs belong to the diverse superfamily of guanine (G)-protein-coupled receptors
(GPCRs), fitting into class 1 GPCRs according to IUPHAR nomenclature, defined by

sequence homology to Rhodopsin receptor 2.

The physiological responses mediated by class 1 GPCRs result from interactions of both
third intracellular loop and TM 2 of AR receptor with different heterotrimeric guanine (G)

nucleotide-binding proteins (G-proteins) composed of a, B and y subunits “3. When the
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GPCR is stimulated, the G-protein complex dissociates into two activated components:
a-GTP and By, both capable of stimulating downstream effectors 3. The specificity of
interaction between the receptor and a G-protein predominantly dictate the subsequent
cellular response triggered; and the array of potential connections is quite complex since
there are inumerous isoforms and a large range of G-protein subunits, and hence,
possible combinations. Besides that, one GPCR can couple several different G-proteins
44_In this way, activation of adenosine receptors is involved in multiple cellular functions
via multiple downstream signaling cascades, and only some of the major adenosine
pathways will be discussed.
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Figure 3 - Schematic rat ARs representation. Each transmembrane protein highlights the seven a-helical TM domains, N-
and C-terminus (N-term, and C-term, respectively) as well as the three extracellular (ECL) and three intracellular (ICL) loops.
Source_ GPCRdb (aalr_rat, aa2ar_rat, aa2br_rat and aa3r_rat in http://gpcrdb.org).

ARs have traditionally been classified based on their differential effects on AC and

accordingly its ability to regulate CAMP levels. A; and As receptors preferably couple with
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the inhibitory G-protein subunit Gajo and thereby inhibit AC, consequently lowering
intracellular levels of the second messenger cAMP decreasing protein kinase A (PKA)
activity. In contrast, A2a and Azs are commonly coupled to stimulatory Gas protein,
activating AC and, therefore, having opposite effects of those previously described for
A; and A; ARs 4% PKA can modulate a diversity of processes such as gene
transcription via CAMP response element binding protein (CREB) or ion channels/pumps

activation .

Many other G-protein interactions have been reported indicating that adenosine
signaling pathways are “multiple, parallel and interrelated” “°. In other words, ARs are
pleiotropic, coupling with several transduction mechanisms depending on their degree

of activation or cellular/subcellular localization °°.

Azs and Az subtypes also couple to Gag protein ! leading to phospholipase C (PLC) B
stimulation, which catalyzes the hydrolysis of phosphatidylinositol 4,5-bisphosphate to
generate diacylglycerol (DAG) and inositol 1,4,5-trisphosphate (IP3) followed by Ca?
release from internal stores and protein kinase C (PKC) activation °!. Through Gai
subunit, A; AR is also able to increase PLC activity 1. A,a AR was shown to activate the
PLC-PKC pathway as well *? and has also demonstrated to induce IP3 formation and

PKC activation via Gais and Gags proteins 3.

The four ARs are engaged in mitogen-activated protein kinases (MAPKS) activation 54,

even though mechanisms appear to differ substantially 4.

In some tissues, Axa AR can mediate its effects predominantly through Gaor activation,
which is similar to Gas coupling to AC *. Ras homolog gene family member A-
phospholipase D 1 pathway has been implicated in some important As AR functions 6.
A1 and As receptors can induce potassium (K*) channels, as well as Karp channels
opening °" and voltage sensitive calcium (Ca?") channels types Q, N and P inhibition 118,
Moreover, A, receptor subtypes are also known to promote N-type Ca?" channels

activation %°.

3.3. Oligomerization

ARs have been described to be able to form homo- and/or heterodimers and also
oligomeric structures %1, Particularly, they can interact with each other and with other
GPCRs.
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As a component of a macromolecular complex, the receptors may not activate and signal
simultaneously 2. Additionally, they could display different receptor pharmacology,
functional coupling, and intracellular signaling pathways from their monomeric
counterparts . This phenomenon has been studied using a variety of experimental
techniques, usually in cell lines. Thus, its relevance at the physiological or
pharmacological level in vivo is still to be clarified and further studies are required to fully

understand the interplay between them 54,

3.4. ARs signaling regulation

GPCRs signaling is negatively regulated by Ga intrinsic GTPase activity, sequestration
or metabolism of second messengers, desensitization, internalization and down-
regulation of receptors by regulators of G protein signaling proteins, G protein-coupled

receptor kinases (GRKs) and B-arrestins 3.

ARs appear to undergo desensitization, a regulation process commonly characterized
by a diminished GPCR responsiveness upon continued or repeated exposure to an
agonist ®. This mechanism involves AR uncoupling from G-proteins and usually
receptors’ internalization that, depending on agonist time exposure, can be recycled or
degraded *°. It has been shown that distinct AR subtypes undergo different
desensitization mechanisms *°: while A; receptor is believed to desensitize slowly and
incompletely, A, and Azs subtypes demonstrated a quicker desensitization response

and As subtype an even faster one 11,

3.5. Agonists and antagonists

As previously mentioned, adenosine has been implicated in several processes both in
health and disease and its outcome is triggered by its binding to ARs widely expressed.
The development and discovery of agonists and antagonists has been a fundamental
tool to elucidate how these receptors function, with special interest in compounds that
display high-affinity binding and receptor-subtype selectivity (Table 2). Site-directed
mutagenesis studies in parallel with molecular modeling approaches have been used as

powerful strategy to design selective and potent ARs ligands ©°.
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Both TMs and extracellular regions of ARs have been implicated in the formation of the
ligand-binding pocket 7, with exception of TM 4 whose mutations apparently do not affect
the ligand binding 1. Particularly, two histidine residues located in TMs 6 and 7 and
conserved among AR subtypes (with the exception of the As receptor that lacks the first
one) proved to establish the most important interactions required for recognition of
agonist and/or antagonist ¢, Nevertheless, there are other amino acids residues that
also seem to be important for ligand recognition, affinity or binding "*-"3. Some residues
are involved in species-related differences in ligands pharmacology, e.g. threonine 277
(TM7) residue in human A; AR ", It is also important to mention the distal region of the
second extracellular loop of ARs that has also a role in the binding of both agonists and

antagonists 5.

The lack of high-resolution information available for the ARs (with the exception of Aza
AR subtype) hinders molecular modelling techniques due to the lack of knowledge

regarding the entrance and definitions of the binding pocket between ARs 6.

The discovery for ARs agonists is mainly achieved through modifications of adenosine
itself 7”. Adenosine is a full agonist for all ARs. In 2001, Fredholm and colleges observed
that inosine could weakly bound to A; and As ARs in functional assays. However, they
concluded that inosine cannot be considered a natural agonist of A: receptors but might
be seen as a partial agonist of A; ARs 8. In the case of the ARs antagonists, it has been
accomplished by modifications of xanthines such as caffeine and theophylline ©°.

Currently, there are selective agonists and antagonist available for all four subtypes *-

84

The affinity of adenosine for ARs is exceedingly difficult to determine directly in binding
assays due to its rapid metabolization and formation in biological preparations, thus, truly
reliable binding data do not exist and, therefore, we must rely on functional assays . A;
and Axa receptors have high affinity to adenosine, requiring lower concentrations to be
activated than Azs and Az ARs (Table 2). Thus, these last two receptors are thought to
remain silent under physiological conditions and to be activated due to excess

accumulation of extracellular adenosine as in metabolic and stressful conditions 8°.
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Ligand . Kivalue for rat AR (nM)?
Abbreviation AR subtype References

type A1 Aza Az Az

Agonist ADO A1, Aza, Azs, Az 73b 150° 5100° 6500° 81
NECA A, Aza, Azs, A3z 51 9,7 1110 113 86-88
CPA A1 0,12 845 - 213 6
CCPA A1 1,3 950 6160 237 89,90
CGS 21680 Az 1800 19 >10000 584 89
BAY 60-6583 Az 514 >10000 100 2750 86
IB-MECA As 54 948 3340 1,1 86,91,92
2CI-IB-MECA Az 820 470 1210 0,33 86,92

Antagonist Teophylline A1, Aoa, A2g, Az 1400 22000 15100 85000 93-95
Caffeine A1, Azp, Az 44000 45000 30000 >100000 °6-9%8
DPCPX A1 1 500 186 43000 94,99
SCH 58261 Aza 121 2,3 - >10000 100
ZM 241385 Aza 684 1,25 373 >10000 86
MRS 1754 Az 16,8 612 13 570 101
MRS 1706 Azs 37,6 548 - - 101
MRS 1220 © As 305 52 - 0,65 102
MRS 1523 ¢ As 15600 2050 >10000 113,0 89

2 most data from binding experiments

b Data are from adenylate cyclase assay
¢ extremely potent in binding to the human but not rat A;AR receptors *
4 broad applicability to various species *

Abbreviations: ADO — Adenosine; NECA - 5'-N-Ethylcarboxamidoadenosine; CPA - N6-Cyclopentyladenosine; CCPA - 2-

Chloro-CPA; CGS 21680 - 2-p-(2-Carboxyethyl)phenethylamino-5'-N-ethylcarboxamidoadenosine hydrochloride; BAY
60-6583 - 2-[[6-amino-3,5-dicyano-4-[4-(cyclopropylmethoxy)phenyl]-2- pyridinyl]thio]-acetamide; IB-MECA - 1-Deoxy-1-

[6-[[(3-iodophenyl)methyl]amino]-9H-purin-9-yl]-N-methyl-b-D-ribofuranuronamide;

2CI-IB-MECA

2-Chloro-N6-(3-

iodobenzyl)-5'-(N-methylcarbamoyl)adenosine; Teophylline - 3,7-Dihydro-1,3-dimethyl-1H-purine-2,6-dione; Caffeine -
1,3,7-Trimethylpurine-2,6-dione; DPCPX - 1,3-Dipropyl-8-cyclopentylxanthine; SCH 58261 - 5-Amino-7-(2-phenylethyl)-

2-(2-furyl)-pyrazolo-[4,3-e]-1,2,4-triazolo[1,5-c]pyrimidine;
a][1,3,5]triazin-5-yl-amino]ethyl)phenol;

dipropyl-1H-purin-8-yl)phenoxy]acetamide;
yllbenzene acetamide; MRS 1523 - 2,3-Diethyl-4,5-dipropyl-6-phenylpyridine-3-thiocarboxylate-5-carboxylate.

MRS 1754

MRS 1220

ZM 241385 -

4-(2-[7-Amino-2-[2-furyl]-[1,2,4]triazolo[2,3-

N-(4-Cyanophenyl)-2-[4-(2,6-dioxo-1,3-dipropyl-2,3,4,5,6,7-
hexahydro-1H-purin-8-yl)-phenoxylacetamide; MRS 1706 - N-(4-Acetylphenyl)-2-[4-(2,3,6,7-tetrahydro-2,6-dioxo-1,3-
- N-[9-Chloro-2-(2-furanyl)[1,2,4]-triazolo[1,5-c]quinazolin-5-
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4. Adenosine clinical utility

Based on the omnipresence and beneficial effects attributed to adenosine, it has long
been considered that ARs regulation has substantial therapeutic potential such as neuro-
and cardioprotection, anti-inflammatory properties and even sleep promotion (see review
from Sachdeva & Gupta: ). Several pharmaceutical companies are developing
innumerous ARs ligands and consider ARs as promising targets for diverse diseases
(Figure 4), and a lot of them are currently in advanced clinical trials for different
therapeutic applications (as reviewed in Sousa & Diniz: 1°%). However, approvall faces a
major challenge due to adenosine and its receptors widespread distribution and actions,

hindering safety delivery and clinical effectiveness. Thence, practically only adenosine
itself was approved for clinical use.

Antagonists Agonists
A AR — cognitive disease y A AR —sleep disorder
ALAR — neurodegeneration, A AR — stroke, epilepsy. migraine

A AR — stroke

Parkinson’s disease, Huntington's 1
disease, migraine
A AR — glaucoma N A AR — pain

V- y. \

A, AR and A AR — asthma # —— A AR — respiratory disorders
\ \ A AR — lung injury
A AR — cardiac ischaemia, arrhythmia

A, AR — diagnostic, reperfusion injury,
A AR — diabetes
A AR — oedema ‘
A AR — renal failure

A AR — diarrhoea

thrombosis, hypertension

A AR — cardiac ischaemia

A AR — kidney ischaemia

| A Jeis T + A AR — cancer
| - )
[ A i ¢
{ \ ]
\ | ¢ |
ey ¢\ | | | | ¥ a3 A, AR and A AR — rheumatoid arthritis
! |l | )
| [
1 \ |
| \
\
\ I’ ‘l
\ \
| \ A \ 2 A, AR — inflammation
P\ A \ ¥
\ |
\
IVI ‘ \ ‘
| I‘. { A AR — wound healing, sepsis, sepsis syndrome

Figure 4 - Brief representation of promising disease targets for selective adenosine receptor ligands. Source: °.

5. Adenosine in the vasculature

Hemodynamic effects of adenosine comprise direct actions on heart and vasculature as

well as indirect neuroinhibitory activity °. Some examples of these actions will be
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addressed, with primary focus on the vasculature, the selected tissue used for the entire

scientific experiments discussed below.

The vascular walls of arteries and veins are similar basic structures. These structures
comprise three major concentric layers: intima, media and adventitia (Figure 5). The
intima layer includes the endothelium, the basement membrane (glycoproteins) overlying
some connective tissue fibers, and the internal elastic lamina. The media layer primarily
comprises smooth muscle cells and the external elastic lamina °. The adventitia layer
is composed of connective tissue that contains nerve terminals and several cell types

such as fibroblasts/fibrocytes, immune cells or mesenchymal stem cells 1%,

The main difference between the two blood vessels types is that arteries have more
smooth muscle cells than do comparably sized veins. Large arteries such as aorta are
considered elastic arteries due to the numerous layers of elastin fibers between smooth
muscle cells, providing the ability to expand and recoil according to hearts’ pumping
activity. In contrast, smaller arteries are named muscular arteries because of the thicker
layer of smooth muscle and narrow lumina, providing greatest resistance to blood flow
through the arterial system. The arterial system branches extensively in capillaries
composed of just one cell layer, the endothelium. Veins contain most of the total blood

volume, representative of high vascular capacitance .

ADVENTITIA

MEDIA

External elastic membrane

Smooth muscle

INTIMA
Internal elastic membrane

Endothelium

Figure 5 - Schematic representation of distinct layers of arterial wall. Source: %,

It has been reported the presence of ARs at the three layers of different blood vessels

such as coronary, mesenteric and pulmonary arteries, renal vasculature and aorta °7:°,
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5.1. Vascular functional effects mediated by adenosine

Adenosine is a potent regulator of vascular tone and blood flow 7. The functional
responses mediated by adenosine in vasculature can be either dilation or contraction 18,

depending on the location and basal blood vessel tone °°.

Adenosine exerts its effects either directly on vascular smooth muscle cells and
endothelial cells or through indirect prejunctional modulation of perivascular sympathetic

neurotransmission 107:110.111,

Generally, adenosine induces dilation of most vascular beds, with exception of renal and
pulmonary circulation and some other vascular beds, which constrictor effect is transient
and specie-dependent %4, This biphasic response mediated by adenosine is due to its

binding to Az or A2 ARs leading to smooth muscle contraction or relaxation, respectively
109

In smooth muscle cells, A2 ARs activation increases cAMP levels with consequent PKA
activation and Kare channels opening, which hyperpolarizes the smooth muscle
culminating in muscle relaxation 2. cAMP production might also inhibit myosin light
chain kinase, which decreases muscle contractile force. Adenosine can inhibit voltage
L-type calcium channels and, therefore, Ca?* entry into the cell 13, an ion responsible for
smooth muscle contraction, which presupposes that reduced intracellular Ca?* levels
causes relaxation. In arterioles, A; AR mediated vasodilation also seems to involve the

activation of ATP-dependent K* channels in smooth muscle cells 114,

There is no direct evidence on A; AR vasorelaxation/constriction in physiological
conditions, but it might be implicated in pathological conditions when adenosine levels
are high, such as hypertension *°, Indirectly, As AR activation in mast cells might lead

to arterioles vasoconstriction 6.

The Axa receptor is the major AR subtype responsible for coronary blood flow regulation
in endothelial or smooth muscle cell-dependent fashion 7. Marketed as Adenoscan,
adenosine is one of the most commonly used agents to induce coronary arterial
vasodilation for myocardial perfusion imaging !'®. The undesirable side effects
associated to this non ARs subtype selective agonist led to Food and Drug
Administration (FDA) approval of Regadenoson (CVT-3146, Lexiscan), a selective and

more potent Aza receptor agonist 118,
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A1 and Aza ARs on endothelial cells stimulates the vasodilator nitric oxide (NO)
production through indirect endothelial NO synthase (eNOS) activation 1°. Additionally,
via phosphatidylinositol 3-kinase (PI3K)-protein kinase B (PKB), Az receptors also
contributes to eNOS phosphorylation and further generates NO 120,

Neuromodulatory effects of adenosine are of major importance in vascular tonus
regulation. At the adventitia layer of blood vessels, perivascular symphatetic nerves
release vasocontrictor neurotransmitters such as noradrenaline and ATP. The four
prejunctional AR subtypes were reported to modulate postganglionic sympathetic
transmission in several vessels, including aorta 2!, pulmonary 22, renal and tail '*
arteries and mesenteric vessels 24, Adenosine can be generated from ATP co-released
with noradrenaline 2° and trigger neuro-inhibitory (via A; and As; ARs) or facilitatory (A2
ARs) effects. Additionally, endothelium-derived adenosine was found to activate
prejunctional ARs, mainly A: and Aza subtypes, influencing sympathetic
neurotransmission 126, Ultimately, NO predominantly derived from neuronal NO synthase
also plays a modulatory role on sympathetic transmission via activation of inhibitory A;
AR 127_

6. Mesenteric vessels

Mesenteric vasculature is linked to the “splanchnic circulation”, a term that describes the
blood flow to the abdominal gastrointestinal organs, and which comprises three major
unpaired branches of the abdominal aorta: the celiac trunk, the superior mesenteric

artery (SMA) and the inferior mesenteric artery (Figure 6) 128,

The splanchnic circulation plays a prominent role in the regulation of systemic blood
pressure and overall body hemodynamics 12°13°, |t receives around 60 % of the cardiac
output and contains about one third of the total blood volume 3!, therefore being the

mesenteric vessels frequently used in vascular experiments.

The mesenteric arteries and veins have significant resistance and capacitance functions
in the systemic circulation 31, The elasto-muscular SMA is the largest of the splanchnic
arterial vessels delivering more than 10 % of the cardiac output 2. When viewed in cross
section, it is possible to discriminate the three layers: the intima, the media (combined
by five to seven layers of smooth muscle cells separated by three to four medial elastic

fibers) and the adventitia 1°°,
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Inferior Caval Vein

Small
intestines

Figure 6 - Schematic representation of the splanchnic circulation. Source: %,

The tone of SMA is mainly regulated by sympathetic nerves through the release of
noradrenaline and the adrenergic cotransmitters neuropeptide Y and ATP, mediating
vasoconstriction by engaging postjunctional receptors on smooth muscle cells 128132, The
corelease of ATP from sympathetic nerves can also be judged as one source, but not
the only, of adenosine, as previously mentioned. This adenosine might access to the four
AR subtypes that have been identified in mesenteric arteries 133136 with special interest
in the ARs on sympathetic nerve fibers at adventitia *7-*°, initiating specific signaling

cascades modulating neurotransmitters release.

7. Nuclear GPCRs

The nucleus is typically the largest organelle within the cell and it is delimited by the
nuclear envelope (NE) comprising two phospholipid bilayers: the inner nuclear
membrane and outer nuclear membrane (contiguous with outer membrane of
endoplasmic reticulum [ER]), separated by the intermembrane space 4%'4l, Despite
being continuous, these membranes are perforated by nuclear pore complexes which
control trafficking of ions and macromolecules (greater than 40 kDa) 1°. Nevertheless, a
concentration gradient for some ions does exist between cytoplasm and nucleoplasm
142143 Additionally, NE contains a complex branched network of invaginations that reach
deep into the nucleoplasm and could even traverse the nucleus completely, which may

facilitate intranuclear cargo transport, increasing membrane surface area 4.
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It has long been suggested the presence of functional channels 44145 receptors 146147,
pumps and exchangers 8 at the nuclear level. Since 1987 %9 more than 30 GPCRs
have been detected by ultrastructural, immunohistochemistry, pharmacological and
molecular techniques at the nucleus 410 in species from Caenorhabditis elegans to

mammals, indicative of evolutionary preservation °1,

Traditional GPCRs signaling models believe these receptors are exclusively located on
cell surface membranes when outside ligand binds initiating various intracellular
signaling cascades, the so-called “outside-in model”’. However, as is becoming apparent
with the growing evidence from the literature, GPCRs are also present on intracellular
membranes, most notably the nucleus in a wide variety of different cell systems including
cardiac myocytes, endothelial cells, vascular smooth muscle cells, neurons,

hepatocytes, and kidney cells 3.

We may consider nuclear GPCRs as native resident nuclear membranes receptors or
translocated from plasma membrane 2. The first case can refer to receptors
synthesized within the nucleus, since protein synthesis in this organelle accounts for
approximately 10-15 % of total cell protein synthesis 1°3. Alternatively, it could refer to
lateral diffusion of newly rough ER synthesized proteins °**'% or even from vesicular
transport after ER and/or trans-Golgi network post-translational modifications 1°¢. The
second case could occur as part of an agonist-mediated internalization event °’.
Trafficking to the nucleus could be attributed to the presence of a nuclear localization
signal (NLS), a small peptide sequence consisting of basic aminoacid residues
(frequently lysine-arginine or glycine-arginine repeats) commonly found in the C-terminal

or in one intracellular loop 7719,

Nuclear GPCRs were reported to be located at either NE membranes or, in some cases,
within the nucleoplasm, possibly at the above mentioned invaginations, without
excluding the possibility of GPCRs being incorporated in nonmembranous lipophilic
domains and/or engulfed in lipid vesicular sheds within the nucleus °°1¢°, Regarding
GPCRs location at the NE, the receptor orientation remains a question largely
unanswered, but it is most believed they are likely positioned in a way signals would be

directed to the cytosol or nucleus.

Multiple functional members of class 1 GPCRs have been identified in the nucleus “3,
such as a1-, B1- and B3-adrenergic receptors 11162 angiotensin Il 162 and endothelin 1
(ET-1) receptors %4, These receptors may function in the same way as their cell surface

counterparts or they could have distinct signaling pathways and therefore mediated
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different biological responses #31%°, These functions include modulation of nuclear ionic
homeostasis which directly affects gene expression, apoptosis and/or the cell cycle 66,
Nuclear GPCRs functionality is supported by in vivo and in vitro experiments that
demonstrate the presence in the nucleus of most downstream signal transduction
components usually associated with cell surface GPCRs, such as various G protein
subunits, effector molecules and second messengers related to AC-cAMP-PKA and
PLC-PKC-IP3/DAG pathways or even MAPKs and PI3K-PKB signaling pathways, as

well as regulatory proteins (B-arrestins and GRKs) .
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Il.  Aim

The increased reported presence of several class 1 GPCRs in the cell nucleus, as well
as all the necessary signal transduction and regulatory mechanisms involved in the main
Ga pathways, has opened new research horizons for these receptors superfamily

beyond the commonly signaling studied from the cell surface.

With respect to ARs, there is still no knowledge regarding its location in other intracellular
structures besides the plasma membrane. In our research group, this hypothesis has
gained a greater support after previous confocal studies focusing on ARs in rat adventitia
SMAs. This inspired the begging of this work that first aim to investigate the presence of
each ARs subtype in the nucleus of adventitia cells from mesenteric arteries. Secondly,
regarding the receptor subtypes that demonstrate a plausible nuclear location, we also
intended to evaluate if they display similar proportions between them, and with the
respective counterparts in the cell surface. To accomplish that, different strategies have
been implemented, namely the initiation of primary adventitia cell cultures; the use of
intact culture cells and isolated nuclei to perform immunolabeling experiments; and also,
the use of culture cells for subcellular fractionation and subsequent analysis of nuclear

and plasma membrane fractions by western blot.
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l1l.  Materials and Methods

1. Animals

Adult (10-20 week-old) Wistar Han rats (Vivarium ICBAS, Porto, Portugal) were used
regardless of gender. Animals were kept under light/dark cycles of 12/12 hours (h) at
room temperature of 20-24 °C and had free access to food and water. Handling and care
of animals were conducted according to the European guidelines (Directive 2010/63/EU)
on the protection of animals used for scientific purposes in agreement with the NIH
guidelines. This study was carried out in strict accordance with the recommendations in

the Guide for the Care and Use of Laboratory Animals of the National Institutes of Health.

Rats were sacrificed and mesenteric vessels were dissected out and immediately placed
on cold oxygenated sterile Krebs-Henseleit solution of the following composition (in mM):
NaCl 118, KCI 4.8, CaCl; 2.5, MgSO4 1.2, NaHPO4 1.2, glucose 11, NaHCO3 and
ascorbic acid 0.3 (pH 7.4) in ultrapure water. SMAs were isolated and cleaned of fat.

2. Chemicals

Vectashield mounting medium was purchased from Vector Laboratories, United
Kingdom; fetal bovine serum (FBS) from ThermoFisher Scientific (Lisbon, Portugal);
glycerol from Himedia (Mumbai, India); coomassie blue from Bio-Rad (Lisbon, Portugal)
and NZY Protein Marker 1l (MB09002) from NZYTech (Lisbon, Portugal). All other

reagents were purchased from Sigma—Aldrich (Madrid, Spain).

Primary and secondary antibodies used and corresponding dilution are listed in table 3.

3. Experimental protocols

3.1. SMAs immunohistochemistry preparation for laser
scanning confocal microscopy (LSCM)
Immunohistochemistry procedures were previously described 3. Briefly, four tissue

preparations were obtained from each SMA and immediately placed in cold phosphate
buffer solution (PBS; in mM: NaCl 136.9, Na,HP0,4.2H-0 4.3, KCl 2.7, KH,PO4 1.4 (pH
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7.2). Each preparation was longitudinally opened and fixed (paraformaldehyde 4 % PBS;

50 min; room temperature). After two 15 min PBS washing cycles, artery segments were

incubated with primary antibodies raised against rabbit polyclonal individual adenosine

receptor subtypes. Thereafter, tissues were incubated with a species specific fluorescent

secondary antibody. Negative controls (NC) were performed by omitting primary

antibodies using serum instead and maintaining all other experimental conditions. After

two PBS washing cycles, tissue preparations were mounted with antifading agent

(Vectashield mounting medium with DAPI), with the adventitial side facing up.

Table 3 — Antibodies used for immunolabeling.

Protein Catalog N*  Brand Dilution

Primary antibodies

Rabbit polyclonal anti-Adenosine A1 Receptor ab82477 Abcam WB: 1pg/mL; IF: 5pg/mL
Rabbit polyclonal anti-Adenosine A2a Receptor  ab3461 Abcam WAB: 1:1000; IF/IH: 10pg/mL
Rabbit polyclonal anti-Adenosine A2b Receptor  ab229671 Abcam WAB: 1:2000; IF: 1:500
Rabbit polyclonal anti-Adenosine A3 Receptor ab203298 Abcam WB: 1:500; IF: 1:100
Rabbit polyclonal anti-A1 Adenosine Receptor A-268 Sigma-Aldrich  WB: 1:500; IF/IH: 1:200
Rabbit polyclonal anti-Adenosine A2b Receptor ~ AB1589P Millipore WAB: 1:1000; IF/IH: 1:200
Rabbit polyclonal anti-Adenosine A3 Receptor AB1590P Millipore WAB: 1:500; IF/IH: 1:200
Rabbit polyclonal anti-A1 Adenosine Receptor AAR-006 Alomone WAB: 1:500; IF: 1:200
Rabbit polyclonal anti-A2A Adenosine Receptor AAR-002 Alomone WAB: 1:500; IF: 1:200
Rabbit polyclonal anti-A2B Adenosine Receptor AAR-003 Alomone WAB: 1:500; IF: 1:200
Rabbit polyclonal anti-A3 Adenosine Receptor AAR-004 Alomone WAB: 1:500; IF: 1:200
Rabbit polyclonal anti-Histone H3 ab21054 Abcam WAB: 1:5000

Rabbit monoclonal anti-Lamin B1 ab133741 Abcam WAB: 1:5000

Rabbit polyclonal anti-Na+/K+ ATPase a-1 06-520 Millipore WB: 1:750; IF: 1:500
Phalloidin-iFluor 488 ab176753 Abcam IF: 1:1000

Hoechst 33342 14533 Sigma-Aldrich  IF: 1:200

Secondary antibodies

Goat anti-rabbit IgG-HRP sc-2004 Santa Cruz WAB: 1:5000

Goat anti-rabbit IgG Fc (Alexa Fluor 594) ab150092 Abcam IF: 1:1000

Goat anti-rabbit IgG H+L (Alexa Fluor 488) A-11034 ThermoFisher IF: 10pg/mL

Bovine anti-goat IgG-TR (Texas Red) sc-2786 Santa Cruz IF: 1:200

Abbreviations: HRP - horseradish peroxidase; IF — immunofluorescence; WB - western blot

Preparations were visualized with Leica SP5 laser scanning confocal microscopy system

(Leica Microsystems, Germany) fitted with an inverted microscope (x63 oil immersion

lens). Stacks of 1 um thick serial optical images were captured from the entire adventitial

layer, which was identified by the shape and orientation of the nuclei %’. Image
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acquisition was performed always under the same laser power, brightness and contrast
conditions. Adventitia was scanned along each mesenteric artery and the resulting
images were reconstructed separately for each wavelength: at 360 nm Ex/ 460 nm Em
(for location of cell nuclei) and at 488 nm Ex/525 nm Em (for location of individual

adenosine receptor subtypes containing cells).

3.2. Cell culture

A protocol was created to obtain primary adventitia cell cultures initiated from SMAs
dissected and cleaned as mentioned above. Individual arteries were incubated with an
enzymatic solution containing several types of collagenases in sterile Krebs-Henseleit
during 25 min at 37 °C with constant oxygenation. To detach the adventitia layer, the
artery was gently scraped and then removed. Adventitial cells suspension was
centrifuged at 300 g, 15 min at 4 °C and the pellet re-suspended in RPMI 1640 medium
supplemented with 20 % FBS and 1 % of penicillin/streptomycin. Centrifugation and re-
suspension was repeated twice and ultimately placed in a 25 cm? culture flask. Cell
preparations were kept at 37 °C in humidified atmosphere of 95 % air, 5 % CO,. Medium
was replaced twice a week and the primary cultures maintained until 80 % confluence
(15-25 days). When the desired cell density was reached, adherent cells were
enzymatically released with a 0.25 % trypsin-EDTA solution and distributed (10x) for new
flasks maintained in the same conditions mentioned above, except FBS medium

concentration that is decreased to 15 %.

3.3. Subcellular fractionation

Cells from the first subculture (P1) were submitted to a subcellular fractionation
procedure using Cell Fractionation Kit — Standard (Abcam, Cambridge, United Kingdom)
according to the manufacturer's instructions with minor modifications to separate nuclear
(N), cytosolic and mitochondrial/membrane (M) fractions. Briefly, filtered solution was
centrifuged at 300 g, 10 min at 4 °C and the pellet re-suspended in kit buffer A
supplemented with a protease inhibitor cocktail. Cell count was performed using trypan
blue dye in order to ensure a minimal of 6.6 x 10° cells/mL. Cell suspension was
incubated with Kit detergent | followed by two consecutive 1 min centrifuges at 5000 and
10000 g at 4 °C. The resulting supernatant was the cytosolic fraction. Pellets were re-

suspended in kit detergent Il and subsequently subjected to two more consecutive
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centrifuges at the same previous conditions. The resulting supernatant was the M
fraction and the pellets the N fraction. All fractions were stored at -80 °C until western

blot analysis.

3.4. Nucleus isolation

Viable isolated nuclei were obtained as Jong and O’Malley %8 described with minor
modifications for posterior immunolabelling performance. Briefly, cells from 80 %
confluence P1-subcultures were centrifuged at 1000 g 10 min, 4 °C, resuspended in a
hypotonic buffer and placed on ice. Cells were disrupted by repeated passages through
a 25 gauge needle and cells homogenization were evaluated by trypan blue staining.
The resultant suspension was submitted to sequential centrifugations using the same
previous conditions, resulting in a pellet containing the purified nuclei that were stored at

-80 °C until immunolabelling experiments.

3.5. Cell culture immunocytochemistry and isolated nuclei

immunolabelling

Primary adventitia cells from early stages (P0) and after the first three subcultures (P1,
P2 and P3) were seeded in a 96 multiwell plates at a density of 2x10* cells/mL for 72 h.
Cells were fixed at room temperature with 3.7 % paraformaldehyde solution for 15 min
and permeabilized/blocked with a solution containing 1 % BSA, 10 % FBS, 300 mM
glycine, and 0.1 % Triton X-100, 1 h at 37 °C. Washes were carried out using a PBS
solution with the following composition (mM): NaHPO4 100, NaCl 50, pH 7.4 in ultrapure

water.

Isolated nuclei were used for immunolabeling experiments performed in a poly-L-lysine
coated 96 multiwell plate at a density of 2x10° nuclei/mL. After a 10 min, 300 g at 4°C
centrifugation, samples were incubated with primary antibodies. Washes were carried
out by repeated centrifugations and resuspensions with a PBS solution supplemented

with 2 % FBS. The same procedure was performed with intact cell for comparison.

Preparations (cells and isolated nuclei) were incubated overnight at 4°C with the primary
antibodies against the four adenosine receptor subtypes and species specific fluorescent

secondary antibodies were next applied. Cell nuclei were stained, when required, with
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5mg/mL Hoechst 33342 dye for 1 min incubation in dark. In a set of experiments in
cultured cells, filamentous actin (F-actin) was labelled with phalloidin-iFluor 488
conjugated for 30 min at 37 °C in dark. Finally, mounting medium (glycerol/PBS) was
added directly to the wells, and fluorescent imagens were immediately acquired under
20x objective on Lionheart™ FX Automated Microscope (Biotek, United Kingdom) using

469, 337 and 586 nm excitation wavelengths.

3.6. Western blot analysis

Protein concentration of the subcellular fractions and culture cell lysates was determined
using the Bradford assay (Bio-Rad, Lisbon, Portugal). Molecular weight marker (NZY
Protein Marker II) along with samples (containing different protein amounts) diluted in
sodium dodecyl sulphate (SDS)-Polyacrylamide gel electrophoresis (PAGE) solution
from the Cell Fractionation Kit (4:1) were loaded on a homemade polyacrylamide gel
composed by a 12 or 8 % resolving gel (0.1 % SDS, 0.05 % ammonium persulfate —
APS, 0.05 % tetramethylethylenediamine — TEMED, and 25 % Tris-HCI 1.5 M solution,
pH 8.8 in ultrapure water) and a 4% stacking gel (0.1 % SDS, 0.05 % APS, 0.05 %
TEMED, and 25 % Tris-HCI 0.5 M solution, pH 6.8 in ultrapure water). Proteins were
separated by electrophoresis according to their molecular weight at the constant voltage
value of 100 V during stacking and then resolved at 150 V for approximately 30 min.
Proteins were subsequently electrotransferred onto polyvinylidene difluoride (PVDF)
membranes (P1620174, Bio-Rad, Lisbon, Portugal) using different conditions according
to protein molecular weight. Membranes were washed with 0.1 % bovine serum albumin
(BSA) in PBST (PBS + 0.5 % Tween-20, pH 7.2), blocked with 5 % BSA at room
temperature for 1 h and finally incubated at 4°C overnight with primary antibodies raised
against individual AR subtypes. Thereafter, the membranes were washed and incubated
with the corresponding horseradish peroxidase (HRP)-conjugated secondary antibody
at room temperature for 1 h. In negative controls, the primary antibodies were omitted.
Immunocomplexes were detected using Novex ECL Chemiluminescent kit (Invitrogen,
Life Technologies, Madrid, Spain) and ChemiDoc MP Imaging System (Bio-Rad, Lisbon,
Portugal).

To access subcellular fractionation quality, primary antibodies against the nuclear
markers Histone H3 and Lamin B1 and the plasma membrane marker Na+/K+ ATPase

a-1 were also used complemented with the same previously applied secondary antibody.
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4. Data Analysis

4.1. Fluorescent images quantification

Fluorescence quantitative analysis of confocal z-stacks and Lionheart images was
performed using the image analysis software FIJI (ImageJ). Background were subtracted
using BG subtraction from region of interest (ROI) plugin. Fluorescence was measured
(in the green channel) in cells/nuclei labeled using the following formula: Corrected Total
Cell Fluorescence (CTCF) = Integrated Density - Area of selected cell x Mean

fluorescence of background readings.

A ROI proximal to the nucleus was defined by thresholding the Hoechst 33342 for
colocalization analysis. Colocalization was obtained using the Colocalization
Threshold plugin that applies Costes method for auto threshold determination °. The
Manders’ split colocalization coefficient using threshold (tM1) was calculated analyzing
the proportion of signal from ARs immunoreactivity that colocalizes with Hoechst 33342

stain (values between 0-1, 1 indicating total colocalization).

4.2. Western blot quantitative analysis

Chemiluminescent protein signal and colorimetric signal of PVDF membranes stained
with Coomassie blue were measured using the image analysis software FIJI (ImageJ).
Quantification data reflects the relative amount as a ratio of areas of the immunolabeled

protein band relative to the total proteins in that lane stained with Coomassie blue.

4.3. Statistics

Results are expressed as mean * standard error of the mean (SEM), and n denotes the
number of independent experiments. Differences of means were compared for
significance using one-way ANOVA, followed by post-hoc Holm-Sidak’s multicomparison
t test. A P value lower than 0.05 was considered to denote statistically significant

differences.
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V. Results and Discussion

1. ARs localization in the SMAs adventitia layer from LSCM studies

Previous confocal microscopy studies in our laboratory focusing on ARs distribution in
rat SMAs adventitia layer raised the possibility that adenosine receptors could be located
at the cell nucleus %8, Indeed, A1, Az, Azs and As receptor staining profiles (green)
support the presence of the four AR subtypes in cells of SMA adventitia layer and further
suggest a nuclear location (highlighted by white arrows in the squares evidencing light
blue spots resulted from labeling overlay) for these receptors in addition to the well-
known plasma membrane position (Figure 7A). Quantitative analysis of immunolabels

revealed a lower Azs receptors expression comparatively to that obtained for the other

receptor subtypes (Figure 7B).
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Figure 7 - Laser scanning confocal microscopy of Wistar Han SMAs adventitia layer labeling the four individual AR
subtypes (green) and nuclei (blue). A - representative images exhibiting the overlay of immunoreactivities for adenosine
receptors Ai, Aza, Azs and Az with the nuclear marker (DAPI, Blue). Images are reconstructions from 9-28 serial optical
sections acquired under x63 oil immersion lens. Scale bar = 20 um. B - Quantitative analysis of immunofluorescence elicited
by immunolabeling of adenosine receptor subtypes, n = 3 rats per AR subtype, 3 cells per rat. C - Colocalization analysis:
quantitative analysis of co-expression levels by Manders” coefficient in SMA adventitia layer, analyzing the ratios between
AR subtypes/DAPI. * P < 0.05. Differences from Az values.
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Manders’ split overlap coefficients were measured between ARs and nuclear
fluorescence to evaluate signal colocalization between each AR subtype antibody and
the nuclear marker in order to confirm a putative location at the cell nucleus (Figure 7C).
High values obtained for A1, A2a and Az receptors point to a strong colocalization of these
AR subtypes with the nuclear marker. Also, Azs receptors revealed nuclear location,
however, the colocalization of Azs receptors in the nuclei was less extensive than that
obtained with the other AR subtypes (tM1 value of 0.33 + 0.09: Figure 7C).

These data reinforces the presence of the four ARs at adventitia layer cells from
mesenteric arteries as reported in the past 1¥7-13° and further reveals a minor expression
of Az AR compared to that obtained for the other AR subtypes. Surprisingly,
colocalization results corroborate the innovated hypothesis of the presence of ARs in the
nucleus, suggesting a stronger presence of Ai, Aza and A; ARs at the cell nucleus

compared to Azg receptors.

ARs have been detected in rat mesenteric adventitia layer: in sympathetic nerves, glial
cells *° and in other adventitia cells 1*. In vascular postganglionic sympathetic nerve
endings, presynaptic ARs display a functional role in neurotransmission modulation: A;
and As ARs exert an inhibitory effect and Aza and Azs subtypes facilitate noradrenaline
release 122133, Noteworthy, there are evidence in the literature indicating ARs presence
on immune cells 7° and cultured cardiac fibroblasts 171, suggesting the possibility of other
biological roles for ARs in the adventitia layer. The plausible ARs nuclear location in
adventitia cells raises the possibility that biochemical events that are mediated by cell
surface receptors may happen in a parallel manner at the nucleus, and in this way, we
could somehow extrapolate some of these functions to the nucleus. However, we should
not rule out the possibility of nuclear ARs evoke distinct responses and as such, the final
physiological effect mediated by ARs in the cell would result from the integration of their

actions trigged from the plasma membrane and the nucleus.

2. Primary adventitia cell cultures monitoring

New experiments were performed to complement and confirm the previous results since
the possibility of an intracrine ARs signaling beyond the plasma membrane, namely the
nucleus, would challenge the traditional way we see these receptors at present. An
innovative approach was carried out: a protocol was established to obtain primary

adventitia cell cultures initiated from rat SMAs, the same tissue used in the preceding
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immunohistochemistry study. Early cell culture stages (P0) and the first three subcultures
(P1, P2 and P3) were monitored. Culture changes over time were evaluated to select

the appropriate subculture to proceed with experiences.

In an adventitia cell culture, different cell morphologies are expected since adventitia
layer is composed by different cell types, such as fibroblasts, fibrocytes, macrophages,
lymphocytes, Schwann cells and neurons (nerve endings). In figures 8 and 9 it is possible
to observe cellular heterogeneity in the adventitia cultures with most cells presenting an
oval speckled nucleus (e.g., fibroblasts, fibrocytes, Schwann cells) and with some
presenting a central/rounded nucleus consistent with those of macrophages or
lymphocytes. These cells morphology contrasts with typical nuclei morphology of smooth
muscle cells, tunica media components, which exhibit a large fusiform shape . The
putative presence of smooth muscle cells in this culture was not evaluated by
immunocytochemistry, since an observation based on the shape of the nuclei helps its

identification and distinction from the adventitia cells, as previously established by others
167

Cells from adventitia layer have also a particular feature which is the ability to produce
matrix components that over time leads to collagen deposition and/or elastin formation
granting an irregular brunched morphology to the cells with a more extensive cytoplasm
130 which can be seen with culture time progression revealed by increased confluence

and passages (Figures 8 and 9).

F-actin, composed by monomeric actin that polymerizes in two long stable filaments that
turn around each other 172, form actin filaments (also known as microfilaments) that are
components of the cytoskeleton. They are particularly abundant beneath the plasma
membrane where they form a network that determines cell shape 3. Actin cytoskeleton
is reorganized during mitosis to form rounded cells, following the cell cycle progression
174 Moreover, in fibroblasts, actin filaments are of major relevance at focal adhesions,
where they serve as anchors between the cytoskeleton and the extracellular matrix 173.
The toxin phalloidin binds to actin filaments " and when labeled with a fluorescent dye,
provides an idea of the cell culture morphology, helps distinguish between fibroblasts

and other cell types and further evidence cell proliferation (Figure 9).

Primary adventitia cell culture monitoring allowed to conclude that the protocol to initiate
and maintain this primary culture was successfully established since it was obtained a
cell types’ mixture with morphologies and behavior compatible with the expected for

adventitia cells.
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Figure 8 — Phase contrast images of early (P0) primary adventitia cell culture and of the first three subcultures (P1, P2 and
P3). A, a, C, ¢, E, e G and g — cultures at approximately 50% confluence; b, d and f- cultures at near 80% confluence. n = 3. Images
acquired under 4x (capital letters) and 20x (smaller letters) objectives and white scale bars represent 1000 pym and 100 pm,
respectively.

P3 subcultures were only kept until about 50 % confluence (Figure 8G and 8g) since
visible culture morphology changes has happened. Although no confirmation has been
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made in the present work, in primary cell cultures of coronary artery adventitial
fibroblasts, fibroblasts, crucial components of adventitia layer, have shown to
differentiate to myofibroblasts from the third culture passage ’°, a non-characteristic
phenomenon in physiologic conditions ’®. Thus, we excluded immediately P3

subcultures as inappropriate for future experiments.

To choose the best subculture, besides similarity with the initial culture (P0O), we also took
into account that the extracellular matrix hinders subsequent work and thus, it was
stipulated that the first subculture (P1) would be the one that would fit our experimental

purposes.

Figure 9 — Fluorescent images of actin (green) immunoactivity in primary adventitia culture cells of the first three
subcultures (P1, P2 and P3). n = 3. Images acquired under 4x (capital letters) and 20x (smaller letters) objectives and
white scale bars represent 500 pm and 100 pm, respectively.
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3. ARs located in the primary SMAs adventitia cell cultures

3.1. ARs distribution within adventitia cells

Immunofluorescence labelling of the four AR subtypes was evaluated to assess its

presence and distribution within the primary adventitia cell culture.

Independent antibody verification was applied to validate ARs antibodies !’’. Hence,
differentially raised (non overlapping epitopes) primary antibodies recognizing the same
protein target, the four individual ARs, were used revealing identical labeling (data not

shown), supporting the specificity of immunolabeling.

At this point we accomplished similar results through immunohistochemistry analyzing
rat SMA adventitia layer and immunocytochemistry performed in primary rat SMA
adventitia cell cultures. All four ARs demonstrated to be expressed and, in both
techniques, receptors labeling were not only restricted to the plasma membrane, but also
suggested to be located at the cell nucleus. Indeed, all AR subtypes revealed to be
present in adventitia cells cultured from rat SMAs (Figure 10). A closer observation of
ARs immunofluorescence, evidenced by the arrows, suggests these receptors seem to
be present in nuclear membranes since it is possible to visualize ARs immunoreactivity

in the nuclear location stained with the nuclear marker: Hoechst 33342.

3.2. Nucleus isolation

Taking into account all the evidences already demonstrated, we considered as major
relevance the isolation of P1-subculture cells’ nuclei either to obtain a more accurate
ARs labelling, or to carry out future functional assays. The emerging paradigm of nuclear
GPCRs can be studied using high-resolution electron microscopy that permit the
identification with great precision of receptors’ subnuclear distribution "8, However, to
overcome experimental and mainly functional limitations of this technique, alternative
methodologies, e.g. nuclei isolation, may be used to access receptors presence in this
cellular organelle, as long as isolation is successfully reached 8. Therefore, to ensure
the correct isolation, a double immunolabeling for a plasma membrane marker,
Na+/K+ATPase, and a nuclear marker, Hoechst 33342, was performed in isolated nuclei

and intact cells (Figure 11).
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Figure 10 — Adenosine receptors in culture cells from rat adventitia SMAs. P1-subculture cells showing double
immunolabeling for nuclear marker (Hoechst 33342 — blue) and for Ay, Aza, Az and A (primary rabbit polyclonal anti-Al,
A2A, A2B or A3 and a species-specific secondary Alexa 488 antibody: green). Arrows evidencing ARs immunoreactivity
coincident with nuclear location. n = 3. Images acquired under 20x objectives. Scale bar = 100 pm.

Results indicate the absence of staining for the membrane marker in isolated nuclei,
which contrast with the immunolabeling for Na+/K+ATPase observed in intact cells
(Figure 11). The lack of plasma membrane marker fluorescence suggests a remarkable
isolation of nuclei that, from contrast images, only seems to might have attached some
ER, which is acceptable since this intracellular structure is contiguous with nuclear

envelope, as described in introduction section 6.
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Figure 11 — Isolated nuclei of culture cells from mesenteric adventitia arteries. Isolated cell nuclei and intact cells
from SMAs adventitia subculture showing immunolabeling for nuclear marker Hoechst 33342 (blue) and plasma membrane
marker anti-Na+/K+ATPase (red). n = 3. Images acquired under 20x objectives. Scale bar = 100 um.

3.3. ARs presence in isolated nucleus

The presence of the receptors in isolated nuclei might be seen as an intermediate point
between protein synthesis and transport to the cell surface 1’°. However, data from
literature reported the presence of NLS sequences in some nuclear GPCRs (e.g. a1-,
B1- and B3-adrenergic receptors, angiotensin Il and ET-1 receptors %) which seems to
indicate that the nucleus are an alternative or even the preferred location for the
receptors. Concerning ARs, to my best knowledge, the occurrence of a NLS sequence

still has to be explored.

In isolated nuclei from adventitia cultured cells, ARs immunolabeling is depicted (Figure
12A) confirming the occurrence of Ai, Axa, As and As receptors in the nuclei. It is
important to denote that approximately only two thirds of the nuclei were labeled (data
not shown) and ARs fluorescence were measured for each labeled one and the values
for the four AR subtypes are graphically represented in Figure 12B. ARs expression in
the nucleus seems to follow a similar trend as immunohistochemistry results: all AR

subtypes are expressed and Azs receptors demonstrate the lowest presence.

In parallel, colocalization analysis of ARs immunoreactivity and the nucleus (stained with

Hoechst 33342) was performed by manually delimiting a ROI around total ARs
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fluorescence associated to each isolated nucleus. tM1 values demonstrate a similar

colocalization profile for all ARs with the nuclear marker used (Figure 12C).
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Figure 12 — Presence of the four AR subtypes in isolated nuclei from adventitia culture cells. A- colocalization of
nuclear marker Hoechst 33342 (blue) and ARs (green). B — Quantitative analysis of immunofluorescence elicited by
immunolabeling of AR subtypes. Scale bar = 10 um. C - Colocalization analysis; quantitative analysis of co-expression
levels by Manders’ coefficient in the isolated nuclei, analyzing the ratios between AR subtypes/Hoechst 33342. n = 3,
more than 20 nuclei evaluated for each AR. * P < 0.05, *** P < 0.005. Differences from A, values. NC = negative control.

Colocalization results differ slightly to the LSCM studies in intact cells regarding Azs
subtype. This could result from an easier permeabilization and access of antibodies to
the receptors present in isolated cells/nuclei compared to immunohistochemistry that

presents greater barriers in this regard.

The use of isolated nuclei, when compared to the prior immunolabelling techniques,
allow more clarified results and quantitative analysis restricting substantially the
receptors fluorescent signal to the nucleus, since isolation was successfully achieved,
clearly reinforcing nuclear ARs finding. Thus, all the four ARs can be found in SMAs

adventitia cells’ nuclei and, despite Azs receptors revealing minor expression, their
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immunoreactivity colocalizes with the nucleus in the same proportion as the other AR

subtypes.

4. Western Blot analysis of nuclear and membrane fractions

To reinforce the results obtained so far, ARs presence in the cell nucleus was ultimately
evaluated through western blot analysis of N and M fractions derived from SMAs
adventitia cultured cells.

Western blot optimization has only been completed for A1, A2a and Azs ARs so far (Figure
13A). Relative quantifications of the target proteins revealed the expression of these AR
subtypes in nuclear fractions, suggesting, once again, the presence of adenosine
receptors in the nucleus of SMA adventitia cells (Figure 13B). Higher ARs levels were
found in membrane fractions indicating that all receptor subtypes are more expressed at
the plasma membrane than the nucleus, although ARs could also be present in the

mitochondria, since there are other GPCRs that have been found in this organelle 1°,

B
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Figure 13 — Western blot analysis of nuclear and membrane fractions from adventitia cultured cells. A -
Representative images of A;, Aza and Azg ARS expression in nuclear and membrane fractions. (B) Relative quantifications
of ARs expression. * P < 0.05. Differences from membrane fractions. C - Representative images of the of expressions the
nuclear markers Histone H3 and Lamin B1 and the plasma membrane marker Na+/K+ATPase in nuclear (N) and membrane
(M) fractions to access subcellular fractionation quality. n = 3.

Quality control of these fractions was performed by the evaluation of nuclear protein

markers (Histone H3 8! and Lamin B1 #2) and the plasma membrane marker previously
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used to access nuclei isolation quality (Na+/K+ATPase). Subcellular fractionation was

successfully achieved (Figure 13C) validating these results.

5. Summary

In summary, we collect strong evidence suggesting, for the first time, ARs presence at
the cell nucleus. Immunocytochemistry, isolated nuclei immunolabelling as well as
western blot techniques were used to evaluate ARs expression at the nuclear level of
SMAs adventitia cells. Data from this work support the presence of the four ARs at
adventitia layer cells from mesenteric arteries *1%° and further reveals a minor
expression of Azs receptor when compared to the other AR subtypes. Surprisingly, all
ARs revealed a plausible nuclear location, and interestingly, as happened with the results

in the whole cell, Az receptors displayed the lowest expression.
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V. Conclusions and future perspectives

ARs display a broad distribution, in a way that there are no known tissue or organ
unresponsive to adenosine 81141, To the best of our knowledge, ARs only have been
described in cytoplasmic membranes so far. In fact, no evidence was found concerning
ARs presence in other intracellular structures, including the nucleus. In this regard, this

study is a pioneer for adenosine receptors.

The hypothesis emerged from LSCM studies in rat SMA adventitia layer, which
colocalization analysis between each AR subtype immunoreactivity and the nuclear
marker revealed a plausible nuclear location. To confirm and complement this
hypothesis, a protocol was established to initiate and maintain primary adventitia cell
cultures from rat SMAs. These cultures allowed the obtainment of a high number of

adventitia cells for subsequent experimental purposes reducing the animal sacrifice.

Successful nucleus isolation from these cultured cells was performed as described by
others %8, ARs immunolabelling and nuclear staining in this isolated cellular structure as
well as in intact cultured cells showed that ARs location should not only be restricted to
the plasma membrane, but they might also be found in the nucleus of SMAs adventitia
cells. Western blot analysis of nuclear fractions obtained from cultured cells reinforced
the expression of A1, A2a and Ags receptors at the nucleus. Therefore, in all the data
gather in this work, from immunohistochemistry, immunocytochemistry, isolated nuclei
immunolabelling as well as western blot analysis, we collect strong evidence suggesting
ARs presence in the nucleus of SMA adventitia cells. Since it was possible to obtain
similar evidence from the tissue, cultured cells and isolated nucleus, data seems to be
consistent with the occurrence of a nuclear location of ARs, which should have a

biological relevance that urges to study.

In recent years many functional GPCRs have been localized at intracellular membranes,
particularly the nucleus “3, such as ET-1 type B receptor that belong to the same GPCR
class as ARs, and has been reported to localize in nuclear membranes of several
cardiovascular cell types, including human cardiac 3, vascular smooth muscle *’ and
vascular endothelial cells 1% as revealed by studies of fluorescence microscopy including
in isolated nuclei. Moreover, most downstream signal transduction components and
regulatory proteins such as heterotrimeric G proteins, effector molecules, B-arrestins,
GRKs and a variety of ion channels usually associated with cell surface GPCRs have

also shown to be located in the nucleus #*. Nuclear GPCRs functionality has been
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demonstrated by its ability to increase nuclear calcium from perinuclear stores, CAMP
and NO production and protein kinases and CREB activation, to name a few %, Taking
this into account, the presence of ARs at the nucleus suggests a possible intracrine

signaling beyond the plasma membrane.

In this regard, future investigations are needed for an in-depth knowledge of the
biological role of nuclear ARs. Ongoing and future work comprise western blot
optimization for Az AR. Furthermore, since isolated nuclei demonstrated to be viable
(data not shown) and as has been done for other reported nuclear receptors &4,
fluorescent calcium assays are now being performed, and future cAMP assays will also
be made as an attempt to clarify if nuclear ARs are functional, and if so, which signaling
pathways are activated and which effects could adenosine trigger from these intracellular

receptors that will challenge novel pharmacological approaches.



FACULDADE DE FARMACIA
D
1 Ol}TO @ UNIVERSIDADE DO PORTO ECUP/EEUP/ICBAS

C

VI.

10.

11.

12.

13.

14.

15.

16.

53
E‘:\ICISERD;‘;E\DDE gg';g';fo INSTITUTO DE CIENCIAS Adenosine receptors in mesenteric arteries
BIOMEDICAS ABEL SALAZAR adventitia: evidence for a nuclear location
UNIVERSIDADE DO PORTO

Eltzschig, H. K. Extracellular adenosine signaling in molecular medicine. J. Mol.
Med. 91, 141-146 (2013).

Lohmann, K. ‘Uber die Pyrophosphatfraktion im Muskel’. Naturwissenschaften 17,
624—-625 (1929).

Burnstock, G. Historical review: ATP as a neurotransmitter. Trends Pharmacol.
Sci. 27, 166-176 (2006).

Fredholm, B. B. Adenosine, an endogenous distress signal, modulates tissue
damage and repair. Cell Death Differ. 14, 13151323 (2007).

Drury, A. N. & Szent-Gyorgyi, A. The physiological activity of adenine compounds
with especial reference to their action upon the mammalian heart. J. Physiol. 68,
213-237 (1929).

Jacobson, K. A. & Gao, Z.-G. Adenosine receptors as therapeutic targets. Nat.
Rev. Drug Discov. Drug Discov 5, 247-264 (2006).

Peyot, M., Gadeau, A., Belloc, I., Dupuch, F. & Desgranges, C. Extracellular
Adenosine Induces Apoptosis of Human Arterial Smooth Muscle Cells via A(2b)-
Purinoceptor. Circ. Res. 86, 76—85 (2000).

Sachdeva, S. & Gupta, M. Adenosine and its receptors as therapeutic targets: An
overview. Saudi Pharm. J. 21, 245-253 (2013).

Karmouty-Quintana, H., Xia, Y. & Blackburn, M. R. Adenosine signaling during
acute and chronic disease states. J. Mol. Med. 91, 173-181 (2013).

Eltzschig, H. K. & Carmeliet, P. Hypoxia and inflammation. N. Engl. J. Med. 364,
656—665 (2011).

Fredholm, B. B., ljzerman, A. P., Jacobson, K. A., Klotz, K. & Linden, J.
International Union of Pharmacology. XXV. Nomenclature and Classification of
Adenosine Receptors. Pharmacol. Rev. 53, 527-552 (2001).

Liu, H. & Xia, Y. Beneficial and detrimental role of adenosine signaling in diseases
and therapy. J. Appl. Physiol. 119, 1173-1182 (2015).

Ballarin, M., Fredholm, B. B., Ambrosio, S. & Mahy, N. Extracellular levels of
adenosine and its metabolites in the striatum of awake rats: inhibition of uptake
and metabolism. Acta Physiol. Scand. 142, 97-103 (1991).

Broch, O. J. & Ueland, P. M. Regional and Subcellular Distribution of S-
Adenosylhomocysteine Hydrolase in the Adult Rat Brain. J. Neurochem. 35, 484—
488 (1980).

Dunwiddie, T. V, Diao, L. & Proctor, W. R. Adenine Nucleotides Undergo Rapid,
Quantitative Conversion to Adenosine in the Extracellular Space in Rat
Hippocampus. J. Neurosci. 17, 7673-7682 (1997).

Delaney, S. M., Shepel, P. N. & Geiger, J. D. Levels of Endogenous Adenosine in
Rat Striatum. I. Regulation by lonotropic Glutamate Receptors, Nitric Oxide and
Free Radicals. J. Pharmacol. Exp. Ther. 285, 561-567 (1998).



FACULDADE DE FARMACIA
D] T UNIVERSIDADE DO PORTO
FCUP/FFUP/ICBAS l Ol{ ] ()
Adenosine receptors in mesenteric arteries F FACULDADE DE CIENCIAS INSTITUTO DE CIENCIAS

adventitia: evidence for a nuclear location UNIVERSIDADE DO FORIO BIOMEDICAS ABEL SALAZAR
UMIVERSIDADE DO PORTO

54

17. Carswell, H. V, Graham, D. |. & Stone, T. W. Kainate-evoked release of adenosine
from the hippocampus of the anaesthetised rat: possible involvement of free
radicals. J. Neurochem. 68, 240-247 (1997).

18.  Fischer, H., Prast, H. & Philippu, A. Adenosine release in the ventral striatum of
the rat is modulated by endogenous nitric oxide. Eur. J. Pharmacol. 275, R5—R6
(1995).

19. Jackson, E. K. & Mi, Z. The Guanosine-Adenosine Interaction Exists In Vivo. J.
Pharmacol. Exp. Ther. 350, 719-726 (2014).

20. Thorn, J. A. & Jarvis, S. M. Adenosine Transporters. Gen. Pharmacol. 27, 613—
620 (1996).

21. Lovatt, D. et al. Neuronal adenosine release, and not astrocytic ATP release,
mediates feedback inhibition of excitatory activity. Proc. Natl. Acad. Sci. 109,
6265-70 (2012).

22. Fredholm, B. B. Rethinking the purinergic neuron—glia connection. Proc. Natl.
Acad. Sci. 109, 5913-5914 (2012).

23. Decking, U. K. M., Schlieper, G., Kroll, K. & Schrader, J. Hypoxia-Induced
Inhibition of Adenosine Kinase Potentiates Cardiac Adenosine Release. Circ. Res.
81, 154-164 (1997).

24. Phatarpekar, P. V, Wen, J. & Xia, Y. Role of Adenosine Signaling in Penile
Erection and Erectile Disorders. J Sex Med. 7, 3553-3564 (2010).

25. Zhou, X., Teng, B., Tilley, S. & Mustafa, S. J. A(1) adenosine receptor negatively
modulates coronary reactive hyperemia via counteracting A(2A)-mediated
H(2)O(2) production and K(ATP) opening in isolated mouse hearts. Am. J.
Physiol. - Hear. Circ. Physiol. 305, H1668—H1679 (2013).

26. Eltzschig, H. K. et al. ATP Release From Activated Neutrophils Occurs via
Connexin 43 and Modulates Adenosine-Dependent Endothelial Cell Function.
Circ. Res. 99, 1100-8 (2006).

27. Burnstock, G. & Verkhratsky, A. Receptors for purines and pyrimidines.
Pharmacol. Rev. 50, 413-492 (1998).

28. Daly, J. W., Butts-Lamb, P. & Padgett, W. Subclasses of adenosine receptors in
the central nervous system: interaction with caffeine and methylxanthines. Cell.
Mol. Neurobiol. 3, 69—80 (1983).

29. Bruns, R. F., Lu, G. H. & Pugsley, T. A. Characterization of the A2 adenosine
receptor labeled by [SBH]JNECA in rat striatal membranes. Mol. Pharmacol. 29,
331-346 (1986).

30. Cobbin, L. B., Einstein, R. & Maguire, M. H. Studies on the coronary dilator actions
of some adenosine analogues. Br. J. Pharmacol. 50, 25-33 (1974).

31. Maenhaut, C. et al. RDC8 Codes for an adenosine A2 receptor with physiological
constitutive activity. Biochem. Biophys. Res. Commun. 173, 1169-1178 (1990).

32. Klinger, M., Freissmuth, M. & Nanoff, C. Adenosine receptors: G protein-mediated
signalling and the role of accessory proteins. Cell Signal 14, 99-108 (2002).

33. Linden, J. Cloned adenosine A3 receptors: pharmacological properties, species



FACULDADE DE FARMACIA
D
1 Ol}TO @ UNIVERSIDADE DO PORTO ECUP/EEUP/ICBAS

C

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

55

FACULDADE DE CIENCIAS INSTITUTO DE CIENCIAS Adenosine receptors in mesenteric arteries
UNIVERSIDADE DO PORTO

BIOMEDICAS ABEL SALAZAR adventitia: evidence for a nuclear location
UNIVERSIDADE DO PORTO

differences and receptor functions. Trends Pharmacol. Sci. 15, 298-306 (1994).

Mahan, L. C. et al. Cloning and expression of an A1l adenosine receptor from rat
brain. Mol. Pharmacol. 40, 1-7 (1991).

Chu, Y.-Y. et al. Characterization of the rat A2a adenosine receptor gene. DNA
Cell Biol. 15, 329-337 (1996).

Stehle, J. H., Rivkees, S. A, Lee, J. J., Weaver, D. R. & Reppert, S. M. Molecular
cloning and expression of the cDNA for a novel A2-adenaosine receptor subtype.
Mol. Endocrinol. 6, 384—-393 (1992).

Zhou, Q. Y. et al. Molecular cloning and characterization of an adenosine receptor:
the A3 adenosine receptor. Proc. Natl. Acad. Sci. U.S.A 89, 7432—-7436 (1992).

Linden, J. Molecular Approach to Adenosine Receptors: Receptor-Mediated
Mechanisms of Tissue Protection. Annu. Rev. Pharmacol. Toxicol. 41, 775-787
(2001).

Sheth, S., Brito, R., Mukherjea, D., Rybak, L. P. & Ramkumar, V. Adenosine
receptors: expression, function and regulation. Int. J. Mol. Sci. 15, 2024—-2052
(2014).

Olah, M. E. & Stiles, G. L. The role of receptor structure in determining adenosine
receptor activity. Pharmacol. Ther. 85, 5575 (2000).

Gsandtner, I. & Freissmuth, M. A tail of two signals: the C terminus of the A(2A)-
adenosine receptor recruits alternative signaling pathways. Mol. Pharm. 70, 447—
449 (2006).

Foord, S. M. et al. International Union of Pharmacology. XLVI. G Protein-Coupled
Receptor List. Pharmacol. Rev. 57, 279-288 (2005).

Tadevosyan, A., Vaniotis, G., Allen, B. G., Terence, E. H. & Nattel, S. G protein-
coupled receptor signalling in the cardiac nuclear membrane: evidence and
possible roles in physiological and pathophysiological function. J. Physiol. 590.6,
1313-1330 (2012).

Smrcka, A. V. Fingerprinting G protein—coupled receptor signaling. Sci. Signal. 8,
fs20 (2015).

Cunha, R. A. Adenosine as a neuromodulator and as a homeostatic regulator in
the nervous system: different roles, different sources and different receptors.
Neurochem. Int. 38, 107-125 (2001).

Paes-de-Carvalho, R. Adenosine as a signaling molecule in the retina:
biochemical and developmental aspects. An. Acad. Bras. Cienc. 74, 437-451
(2002).

Nishat, S., Khan, L. A., Ansari, Z. M. & Basir, S. F. Adenosine A(3) Receptor: A
Promising Therapeutic Target in Cardiovascular Disease. Curr. Cardiol. Rev. 12,
18-26 (2016).

Yan, K., Gao, L.-N., Cui, Y.-L. & Zhou, X. The cyclic AMP signaling pathway:
Exploring targets for successful drug discovery. Mol. Med. Rep. 13, 3715-3723
(2016).

Feldman, A. M., Cheksis-Feiner, E., Hamad, E. & Chan, T. Adenosine receptor



FACULDADE DE FARMACIA
D] T UNIVERSIDADE DO PORTO
56 FCUP/FFUP/ICBAS l Ol{ ] () @
Adenosine receptors in mesenteric arteries F FACULDADE DE CIENCIAS INSTITUTO DE CIENCIAS

adventitia: evidence for a nuclear location UNIVERSIDADE DO FORIO BIOMEDICAS ABEL SALAZAR
UMIVERSIDADE DO PORTO

subtypes and the heart failure phenotype: translating lessons from mice to man.
Trans. Am. Clin. Climatol. Assoc. 122, 198-214 (2011).

50. Queiroz, G., Talaia, C. & Gonc, J. Adenosine A2A receptor-mediated facilitation
of noradrenaline release involves protein kinase C activation and attenuation of
presynaptic inhibitory receptor-mediated effects in the rat vas deferens. J.
Neurochem. 85, 740-748 (2003).

51. Sue Goo Rhee & Kang Duk Choi. Regulation of inositol phospholipid-specific
phospholipase C isozymes. J. Biol. Chem. 267, 12393-12396 (1992).

52.  Fresco, P., Diniz, C. & Gongalves, J. Facilitation of noradrenaline release by
activation of adenosine A(2A) receptors triggers both phospholipase C and
adenylate cyclase pathways in rat tail artery. Cardiovasc. Res. 63, 739-746
(2004).

53. Offermanns, S. & Simon, M. |. Ga(15) and Ga(16) couple a wide variety of
receptors to phospholipase C. J. Biol. Chem. 270, 15175-15180 (1995).

54.  Schulte, G. & Fredholm, B. B. Signalling from adenosine receptors to mitogen-
activated protein kinases. Cell. Signal. 15, 813-827 (2003).

55. Kull, B., Svenningsson, P. & Fredholm, B. B. Adenosine A(2A) receptors are
colocalized with and activate g(olf) in rat striatum. Mol. Pharmacol. 58, 771-777
(2000).

56. Mozzicato, S., Joshi, B. V, Jacobson, K. A. & Liang, B. T. Role of direct RhoA-
phospholipase D1 interaction in mediating adenosine-induced protection from
cardiac ischemia. FASEB J. 18, 406—408 (2004).

57. Liang, B. T. Direct preconditioning of cardiac ventricular myocytes via adenosine
Al receptor and KATP channel. Am. J. Physiol. 271, H1769-77 (1996).

58. Ambrosio, F., Malva, O., Carvalho, P. & Carvalho, C. M. Inhibition of N-, P/Q- and
other types of Ca(2+) channels in rat hippocampal nerve terminals by the
adenosine A(1) receptor. Eur. J. Pharmacol. 340, 301-310 (1997).

59. Li, S. N. & Wong, P. T. The adenosine receptor agonist, APNEA, increases
calcium influx into rat cortical synaptosomes through N-type channels associated
with A2a receptors. Neurochem. Res. 25, 457-459 (2000).

60. Franco, R. et al. Novel pharmacological targets based on receptor heteromers.
Brain Res. Rev. 58, 475-482 (2008).

61. Canals, M. et al. Adenosine A2A-dopamine D2 receptor-receptor
heteromerization: qualitative and quantitative assessment by fluorescence and
bioluminescence energy transfer. J. Biol. Chem. 278, 46741-46749 (2003).

62. Rovira, X., Pin, J. P. & Giraldo, J. The asymmetric/symmetric activation of GPCR
dimers as a possible mechanistic rationale for multiple signalling pathways.
Trends Pharmacol. Sci. 31, 15-21 (2010).

63. Chandrasekera, P. C., Wan, T. C., Gizewski, E. T., Auchampach, J. A. & Lasley,
R. D. Adenosine Al receptors heterodimerize with Bl-and (2-adrenergic
receptors creating novel receptor complexes with altered G protein coupling and
signaling. Cell. Signal. 25, 736742 (2013).

64. Fredholm, B. B., ljzerman, A. P., Jacobson, K. A., Linden, J. & Mu, C. E.



FACULDADE DE FARMACIA
1)0 l}TO @ UNIVERSIDADE DO PORTO FCUPIFFUPIICBAS | 57

C

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

FACULDADE DE CIENCIAS INSTITUTO DE CIENCIAS Adenosine receptors in mesenteric arteries
UNIVERSIDADE DO PORTO

BIOMEDICAS ABEL SALAZAR adventitia: evidence for a nuclear location
UNIVERSIDADE DO PORTO

International Union of Basic and Clinical Pharmacology . LXXXI . Nomenclature
and Classification of Adenosine Receptors — An Update. Pharmacol. Rev. 63, 1-
34 (2011).

Krupnick, J. G. & Benovic, J. L. The role of receptor kinases and arrestins in G
protein-coupled receptor regulation. Annu. Rev. Pharmacol. Toxicol. 38, 289-319
(1998).

Moro, S., Gao, Z., Jacobson, K. A. & Spalluto, G. Progress in the pursuit of
therapeutic adenosine receptor antagonists. Med. Res. Rev. 26, 131-159 (2006).

Olah, M. E. & Stiles, G. L. Adenosine receptor subtypes: characterization and
therapeutic regulation. Annu. Rev. Pharmacol. Toxicol. 35, 581-606 (1995).

Manuscript, A. Cloning, expression, and characterization of the unique bovine
A(1) adenosine receptor. J. Biol. Chem. 267, 10764-10770 (1992).

Kim, J., Wess, J., Rhee, A. M. van, Schéneberg, T. & Jacobson, K. A. Site-directed
mutagenesis identifies residues involved in ligand recognition in the human A2a
adenosine receptor. J. Biol. Chem. 270, 13987-97 (1995).

Gao, Z., Jiang, Q., Jacobson, K. A. & ljzerman, A. P. Site-directed mutagenesis
studies of human A(2A) adenosine receptors: Involvement of Glul3 and His278
in ligand binding and sodium modulation. Biochem. Pharmacol. 60, 661-668
(2000).

IJzerman, A. P., Kiinzel, J. K. V. F. D., Kim, J., Jiang, Q. & Jacobson, K. A. Site-
directed mutagenesis of the human adenosine A(2A) receptor. Critical
involvement of Glu(13) in agonist recognition. Eur. J. Pharmacol. 310, 269-272
(1996).

Jiang, Q. et al. Hydrophilic side chains in the third and seventh transmembrane
helical domains of human A2A adenosine receptors are required for ligand
recognition. Mol. Pharmacol. 50, 512-521 (1996).

Townsend-Nicholson, A. & Schofield, P. R. A Threonine Residue in the Seventh
Transmembrane Domain of the Human A(1) Adenosine Receptor Mediates
Specific Agonist Binding. J. bBological Chem. 269, 2373-2376 (1994).

Tucker, A. L. et al. A1 adenosine receptors. Two amino acids are responsible for
species differences in ligand recognition. J. Biol. Chem. 269, 27900-27906
(1994).

Olah, M. E., Ren, H. & Stiles, G. L. Adenosine receptors: protein and gene
structure. Arch. Int. Pharmacodyn. Ther. 329, 135-150 (1995).

Glukhova, A. et al. Structure of the adenosine Al receptor reveals the basis for
subtype selectivity. Cell 168, 867-877 (2017).

Yan, L., Burbiel, J. C., Maass, A. & Miller, C. E. Adenosine receptor agonists:
from basic medicinal chemistry to clinical development. Expert Opin. Emerg.
Drugs 8, 537-576 (2003).

Fredholm, B. B., Irenius, E. & Schulte, G. Comparison of the potency of adenosine
as an agonist at human adenosine receptors expressed in Chinese hamster ovary
cells. Biochem. Pharmacol. 61, 443—-448 (2001).

Miiller, C. E. A(2A) adenosine receptor antagonists - future drugs for Parkinson’s



58

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

FACULDADE DE FARMACIA
)O r 1() UNIVERSIDADE DO PORTO
FCUP/FFUP/ICBAS l l{ l
Adeno_S|_ne re_ceptors in mesenteric artgrles F FACULDADE DE CIENCIAS INSTITUTO DE CIENCIAS
adventitia: evidence for a nuclear location

UNIVERSIDADE DO PORTO BIOMEDICAS ABEL SALAZAR

UNIVERSIDADE DO PORTO

disease? Drugs Future 25, 1043-1052 (2000).

Mdller, C. E. Adenosine receptor ligands - recent developments part |. Agonits.
Curr. Med. Chem. 7, 1269-1288 (2000).

Yan, L., Burbiel, J. C., Maas, A. & Miller, C. E. Adenosine receptor agonists: from
basic medicinal chemistry to clinical development. Expert Opin. Emerg. Drugs 8,
537-576 (2003).

Elzein, E. & Zablocki, J. A(1) adenosine receptor agonists and their potential
therapeutic applications. Expert Opin. Investig. Drugs 17, 1901-1910 (2008).

Mller, C. E. & Jacobson, K. A. Recent developments in adenosine receptor
ligands and their protential as novel drugs. Biochim. Biophys. Acta 1808, 1290—
1308 (2011).

Hinz, S., Lacher, S. K., Seibt, B. F. & Miiller, C. E. BAY60-6583 Acts as a Partial
Agonist at Adenosine A(2B) Receptors. J. Pharmacol. Exp. Ther. 349, 427-436
(2014).

Ryzhov, S. et al. Host A(2B) Adenosine Receptors Promote Carcinoma Growth.
Neoplasia 10, 987—995 (2008).

Alnouri, M. W. et al. Selectivity is species-dependent: Characterization of standard
agonists and antagonists at human, rat, and mouse adenosine receptors.
Purinergic Signal. 11, 389-407 (2015).

Daly, J. W., Padgett, W. L., Secunda, S. |.,, Thompson, R. D. & Olsson, R. A.
Structure-activity relationships for 2-substituted adenosines at A1 and A2
adenosine receptors. Pharmacology 46, 91-100 (1993).

van Galen, P. J. et al. A binding site model and structure-activity relationships for
the rat A3 adenosine receptor. Mol. Pharmacol. 45, 1101-1111 (1994).

Liang, B. T., Urso, R., Sambraski, E. & Jacobson, K. A. Adenosine A3 receptors
in muscle protection. in A3 Adenosine Receptors from Cell Biology to
Pharmacology (ed. Borea, P. A.) 257-280 (Springer, 2010).

Vittori, S. et al. N-cycloalkyl derivatives of adenosine and 1-deazaadenosine as
agonists and partial agonists of the A(1) adenosine receptor. J. Med. Chem. 43,
250-260 (2000).

Miiller, C. E. Adenosine receptor ligands-recent developments part I. Agon. Curr.
Med. Chem. 7, 1269-1288 (2001).

Jacobson, K. A. Adenosine A3 receptors: Novel ligands and paradoxical effects.
Trends Pharmacol. Sci. 5, 184-191 (1998).

Jacobson, K. A., Fischer, B. & Ji, X. D. A ‘cleavable trifunctional’ approach to
receptor affinity labeling: regeneration of binding to Al-adenosine receptors.
Bioconjug. Chem. 6, 255-263 (1995).

Kim, S. A. et al. Structure-activity relationships at human and rat A2B adenosine
receptors of xanthine derivatives substituted at the 1-, 3-, 7-, and 8-positions. J.
Med. Chem. 45, 2131-2138 (2002).

Mdller, C. E., Shi, D., Manning, M. J. & Daly, J. W. Synthesis of paraxanthine
analogs (1,7-disubstituted xanthines) and other xanthines unsubstituted at the 3-



FACULDADE DE FARMACIA
D
1 Ol}TO @ UNIVERSIDADE DO PORTO ECUP/EEUP/ICBAS

59

F FACULDADE DE CIENCIAS INSTITUTO DE CIENCIAS Adenosine receptors in mesenteric arteries

UNIVERSIDADE DO PORTO

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

BIOMEDICAS ABEL SALAZAR adventitia: evidence for a nuclear location
UNIVERSIDADE DO PORTO

position: structure-activity relationships at adenosine receptors. J. Med. Chem.
36, 3341-3349 (1993).

Brackett, L. E. & Daly, J. W. Synthesis of paraxanthine analogs (1,7-disubstituted
xanthines) and other xanthines unsubstituted at the 3-position: structure-activity
relationships at adenosine receptors. Biochem. Pharmacol. 47, 801-814 (1994).

Daly, J. W., Hide, I., Muller, C. E. & Shamim, M. Caffeine analogs: structure
activity relationships at adenosine receptors. Pharmacology 42, 309-321 (1991).

van der Klein, P. A., Kourounakis, A. P., ljzerman, A. P. & Soudijin, W. 1H-
imidazo[4,5-c]quinolin-4-amines: novel non-xanthine adenosine antagonists. J.
Med. Chem. 34, 1202-1206 (1991).

Auchampach, J. A,, Jin, X., Wan, T. C., Caughey, G. H. & Linden, J. Canine mast
cell adenosine receptors: cloning and expression of the A3 receptor and evidence
that degranulation is mediated by the A2B receptor. Mol. Pharmacol. 52, 846—860
(21997).

Wardas, J., Konieczny, J. & Lorenc-Koci, E. SCH 58261, an A(2A) adenosine
receptor antagonist, counteracts parkinsonian-like muscle rigidity in rats. Synapse
41, 160-171 (2001).

Kim, Y. C., Ji, X., Melman, N., Linden, J. & Jacobson, K. A. Anilide derivatives of
an 8-phenylxanthine carboxylic congener are highly potent and selective
antagonists at human A2B adenosine receptors. J. Med. Chem. 43, 1165-1172
(2000).

Jacobson, K. A. A3 adenosine receptors: novel ligands and paradoxical effects.
Trends Pharmacol. Sci. 19, 184-191 (2004).

Sousa, J. B. & Diniz, C. The Adenosinergic System as a Therapeutic Target in the
Vasculature: New Ligands and Challenges. Molecules 22, 1-27 (2017).

Biaggioni, I. Contrasting excitatory and inhibitory effects of adenosine in blood
pressure regulation. Hypertension 20, 457—-465 (1992).

Fox, S. I. Human Physiology. (The McGraw-Hill Companies, 2013).

Walker-Caprioglio, H. M., Trotter, J. A., Mercure, J., Little, S. A. & McGulffee, L. J.
Organization of rat mesenteric artery after removal of cells or extracellular matrix
components. Cell Tissue Res. 264, 63—77 (1991).

Olsson, R. A. & Pearson, J. D. Cardiovascular Purinoceptors. Physiol. Rev. 70,
761-845 (1990).

Li, J. et al. Adenosine A2a receptors increase arterial endothelial cell nitric oxide.
J. Surg. Res. 80, 357-364 (1998).

Tabrizchi, R. & Bedi, S. Pharmacology of adenosine receptors in the vasculature.
Pharmacol. Ther. 91, 133-147 (2001).

Burnstock, G. & Kennedy, C. A dual function for adenosine 5'-triphosphate in the
regulation of vascular tone. Circ. Res. 58, 319-330 (1986).

Li, J., Fenton, R. A, Cutler, B. S. & Dobson, J. G. Adenosine enhances nitric oxide
production by vascular endothelial cells. Am. J. Physiol. - Cell Physiol. 269, C519—
C523 (1995).



FACULDADE DE FARMACIA
D] T UNIVERSIDADE DO PORTO
60 FCUP/FFUP/ICBAS l Ol{ ] () @
Adenosine receptors in mesenteric arteries F FACULDADE DE CIENCIAS INSTITUTO DE CIENCIAS

adventitia: evidence for a nuclear location UNIVERSIDADE DO FORIO BIOMEDICAS ABEL SALAZAR
UMIVERSIDADE DO PORTO

112. Hein, T. W,, Belardinelli, L. & Kuo, L. Adenosine A(2A) receptors mediate coronary
microvascular dilation to adenosine: role of nitric oxide and ATP-sensitive
potassium channels. J. Pharmacol. Exp. Ther. 291, 655-664 (1999).

113. Leitdo-Rocha, A., Sousa, J. B. & Diniz, C. Adenosinergic System in the Mesenteric
Vessels. in The Cardiovascular System - Physiology, Diagnostics and Clinical
Implications (ed. Gaze, D. C.) 109-128 (InTech, 2012). doi:10.5772/38534

114. Danialou, G., Vicaut, E., Sambe, A., Aubier, M. & Boczkowski, J. Predominant role
of Aladenosine receptors in mediating adenosine induced vasodilatation of rat
diaphragmatic arterioles: Involvement of nitric oxide and the ATP-dependent
K+channels. Br. J. Pharmacol. 121, 1355-1363 (1997).

115. Ho, M. F,, Low, L. M. & RoseMeyer, R. B. Pharmacology of the adenosine A3
receptor in the vasculature and essential hypertension. PLoS One 11, e0150021
(2016).

116. Shepherd, R. K., Linden, J. & Duling, B. R. Adenosine-induced vasoconstriction
in vivo. Role of the mast cell and A3 adenosine receptor. Circ. Res. 78, 627-634
(1996).

117. Belardinelli, L. et al. A2A adenosine receptor mediates coronary vasodilation. J.
Pharmacol. Exp. Ther. 284, 1066-1073 (1998).

118. Jaroudi, W. Al & Iskandrian, A. E. Regadenoson: a new myocardial stress agent.
J. Am. Coll. Cardiol. 54, 1123-1130 (2009).

119. Ray, C. J. & Marshall, J. M. The cellular mechanisms by which adenosine evokes
release of nitric oxide from rat aortic endothelium. J. Physiol. 570, 85-96 (2006).

120. Wen, J. et al. A(2B) adenosine receptor contributes to penile erection via
PIBK/AKT signaling cascade-mediated eNOS activation. FASEB J. 25, 2823—
2830 (2011).

121. Leal, S., Sa, C., Gongalves, J., Fresco, P. & Diniz, C. Immunohistochemical
characterization of adenosine receptors in rat aorta and tail arteries. Microsc. Res.
Tech. 71, 703—-709 (2008).

122. Wiklund, N., Cedergvist, B. & Gustafsson, L. E. Adenosine enhancement of
adrenergic neuroeffector transmission in guinea-pig pulmonary artery. Br. J.
Pharmacol. 96, 425-433 (1989).

123. Diniz, C., Fresco, P., Leal, S. & Gongalves, J. Adenosine receptors involved in
modulation of noradrenaline release in isolated rat tail artery. Eur. J. Pharmacol.
504, 17-25 (2004).

124. Shinozuka, K. et al. Characterization of prejunctional purinoceptors inhibiting
noradrenaline release in rat mesenteric arteries. Jpn. J. Pharmacol. 85, 41-46
(2001).

125. Brock, J. A. & Tan, J. H. C. Selective modulation of noradrenaline release by a 2-
adrenoceptor blockade in the rat-tail artery in vitro. Br. J. Pharmacol. 142, 267—
274 (2004).

126. Sousa, J. B., Fresco, P. & Diniz, C. Endothelial dysfunction impairs vascular
neurotransmission in tail arteries. Neurochem. Int. 80, 7-13 (2015).

127. Sousa, J. B. et al. Endothelial and neuronal nitric oxide activate distinct pathways



FACULDADE DE FARMACIA
D
1 Ol}TO @ UNIVERSIDADE DO PORTO ECUP/EEUP/ICBAS

61

F FACULDADE DE CIENCIAS INSTITUTO DE CIENCIAS Adenosine receptors in mesenteric arteries

UNIVERSIDADE DO PORTO

128.
129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

BIOMEDICAS ABEL SALAZAR adventitia: evidence for a nuclear location
UNIVERSIDADE DO PORTO

on sympathetic neurotransmission in rat tail and mesenteric arteries. PLoS One
10, e0129224 (2015).

Harper, D. & Chandler, B. Splanchnic circulation. BJA Educ. 16, 66—71 (2016).

Takenaga, M. & Kawasaki, H. Endogenous calcitonin gene-related peptide
suppresses vasoconstriction mediated by adrenergic nerves in rat mesenteric
resistance blood vessels. Eur. J. Pharmacol. 367, 239—-245 (1999).

Ross, M. H. & Pawlina, W. Histology: a text and atlas with correlated cell and
molecular biology. (Susan Kartz, 2006).

Kreulen, D. L. Properties of the venous and arterial innervation in the mesentery.
J. Smooth Muscle Res. 39, 269-279 (2003).

Park, J., Galligan, J. J., Fink, G. D. & Swain, G. M. Differences in sympathetic
neuroeffector transmission to rat mesenteric arteries and veins as probed by in
vitro continuous amperometry and video imaging. J. Physiol. 584, 819-834
(2007).

Rocha-Pereira, C. et al. Differential inhibition of noradrenaline release mediated
by inhibitory Al-adenosine receptors in the mesenteric vein and artery from
normotensive and hypertensive rats. Neurochem. Int. 62, 399-405 (2013).

Hiley, C. R., Bottrill, F. E., Warnock, J. & Richardson, P. J. Effects of pH on
responses to adenosine, CGS 21680, carbachol and nitroprusside in the isolated
perfused superior mesenteric arterial bed of the rat. Br. J. Pharmacol. 116, 2641—
2646 (1995).

Rubino, A., Ralevic, V. & Burnstock, G. The P1-purinoceptors that mediate the
prejunctional inhibitory effect of adenosine on capsaicin-sensitive honadrenergic
noncholinergic neurotransmission in the rat mesenteric arterial bed are of the Al
subtype. J. Pharmacol. Exp. Ther. 267, 1100-1104 (1993).

Rubino, A., Ralevic, V. & Burnstock, G. Contribution of P1-(A2b subtype) and P2-
purinoceptors to the control of vascular tone in the rat isolated mesenteric arterial
bed. Br. J. Pharmacol. 115, 648—-652 (1995).

Sangsiri, S., Dong, H., Swain, G. M., Galligan, J. J. & Xu, H. Impaired function of
prejunctional adenosine Al receptors expressed by perivascular sympathetic
nerves in DOCA-salt hypertensive rats. J. Pharmacol. Exp. Ther. 345, 32-40
(2013).

Rocha-Pereira, C., Arribas, S. M., Fresco, P., Gonzalez, M. C. & Diniz, C. Impaired
inhibitory function of presynaptic A(1)-adenosine receptors in SHR mesenteric
arteries. J. Pharmacol. Sci. 122, 59-70 (2013).

Sousa, J. B. et al. Lack of endogenous adenosine tonus on sympathetic
neurotransmission in spontaneously hypertensive rat mesenteric artery. PL0oS
One 9, e105540 (2014).

Harris, J. R. The biochemistry and ultrastructure of the nuclear envelope. Biochim.
Biophys. Acta 515, 55-104 (1978).

Prunuske, A. J. & Ullman, K. S. The nuclear envelope: form and reformation. Curr.
Opin. Cell Biol. 18, 108-116 (2006).

Lui, P. P., Kong, S. K., Kwok, T. T. & Lee, C. Y. The nucleus of HeLa cell contains



62

143.

144,

145.

146.

147.

148.

149.

150.

151.

152.

153.

154,

155.

156.

157.

158.

FACULDADE DE FARMACIA
)O r 1() UNIVERSIDADE DO PORTO
FCUP/FFUP/ICBAS l l{ l
Adeno_S|_ne re_ceptors in mesenteric artgrles F FACULDADE DE CIENCIAS INSTITUTO DE CIENCIAS
adventitia: evidence for a nuclear location

UNIVERSIDADE DO PORTO BIOMEDICAS ABEL SALAZAR

UNIVERSIDADE DO PORTO

tubular structures for Ca2+ signalling. Biochem. Biophys. Res. Commun. 247, 88—
93 (1998).

Garner, M. H. Na,K-ATPase in the nuclear envelope regulates Na+:K+ gradients
in hepatocyte nuclei. J. Membr. Biol. 187, 97-115 (2002).

Tabares, L., Mazzanti, M. & Clapham, D. E. Chloride channels in the nuclear
membrane. J. Membr. Biol. 123, 49-54 (1991).

Mazzanti, M., DeFelice, L. J., Cohn, J. & Malter, H. lon channels in the nuclear
envelope. Nature 343, 764—-767 (1990).

Bkaily, G., D’Orléans-Juste, P., Pothier, P., Calixto, J. B. & Yunes, R. Nuclear
membrane receptors and channels; potentiel therapeutical targets for drug action.
Drug Dev. Res. 42, 211-222 (1997).

Bkaily, G., Hassan, G., El-Bizri, N., Jacques, D. & Orleans-Juste, P. Presence of
functional endothelin-1 receptors in nuclear membranes of human aortic vascular
smooth muscle cells. J. Cardiovasc. Pharmacol. 36, S414-S417 (2000).

Masuda, A., Oyamada, M., Nagaoka, T., Tateishi, N. & Takano, T. Regulation of
cytosol-nucleus pH gradients by K+/H+ exchange mechanism in the nuclear
envelope of neonatal rat astrocytes. Brain Res. 807, 70—77 (1998).

Omary, M. B. & Kagnoff, M. F. Identification of nuclear receptors for VIP on a
human colonic adenocarcinoma cell line. Science (80-. ). 238, 1578-1581 (1987).

Joyal, J.-S., Bhosle, V. K. & Chemtob, S. Subcellular G-protein coupled receptor
signaling hints at greater therapeutic selectivity. Expert Opin. Ther. Targets 19,
717-721 (2015).

Boivin, B., Vaniotis, G., Allen, B. G. & Hébert, T. E. G protein-coupled receptors
in and on the cell nucleus: A new signaling paradigm? J. Recept. Signal
Transduct. 28, 15-28 (2008).

Bkaily, G., Avedanian, L. & Jacques, D. Nuclear membrane receptors and
channels as targets for drug development in cardiovascular diseases. Can. J.
Physiol. Pharmacol. 87, 108—-119 (2009).

Iborra, F. J., Jackson, D. A. & Cook, P. R. Coupled transcription and translation
within nuclei of mammalian cells. Science (80-. ). 293, 1139-1142 (2001).

Schindler, M., Holland, J. F. & Hogan, M. Lateral diffusion in nuclear membranes.
J. Cell Biol. 100, 1408-1414 (1985).

Ungricht, R., Klann, M., Horvath, P. & Kutay, U. Diffusion and retention are major
determinants of protein targeting to the inner nuclear membrane. J. Cell Biol. 209,
687-703 (2015).

Duvernay, M. T., Filipeanu, C. M. & Wu, G. The regulatory mechanisms of export
trafficking of G protein-coupled receptors. Cell Signal 17, 1457-1465 (2005).

Ferguson, S. S. G. Evolving concepts in G protein coupled-receptor endocytosis:
The role in receptor desensitization and signalling. Pharmacol. Rev. 53, 1-24
(2001).

Robbins, J., Dilworth, S. M., Laskey, R. A. & C, D. Two interdependent basic
domains in nucleoplasmin nuclear targeting sequence: identification of a class of



FACULDADE DE FARMACIA
D
1 Ol}TO @ UNIVERSIDADE DO PORTO ECUP/EEUP/ICBAS

63

F FACULDADE DE CIENCIAS INSTITUTO DE CIENCIAS Adenosine receptors in mesenteric arteries

UNIVERSIDADE DO PORTO

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174,

175.

BIOMEDICAS ABEL SALAZAR adventitia: evidence for a nuclear location
UNIVERSIDADE DO PORTO

bipartite nuclear targeting sequence. Cell 64, 615-623 (1991).

Zimmermann, H., Braun, N., Kegel, B. & Heine, P. New insights into molecular
structure and function of ectonucleotidases in the nervous system. Neurochem.
Int. 32, 421-425 (1998).

Wells, A. & Marti, U. Signalling shortcuts: cell-surface receptors in the nucleus?
Nat. Rev. Mol. Cell Biol. 3, 697-702 (2002).

Huang, Y. et al. An alA-adrenergic-extracellular signal-regulated kinase survival
signaling pathway in cardiac myocytes. Circulation 115, 763-772 (2007).

Boivin, B. et al. Functional B-adrenergic receptor signalling on nuclear membranes
in adult rat and mouse ventricular cardiomyocytes. Cardiovasc. Res. 71, 69-78
(2006).

Tadevosyan, A. et al. Nuclear-delimited angiotensin receptor-mediated signaling
regulates cardiomyocyte gene expression. J. Biol. Chem. 285, 22338-22349
(2010).

Boivin, B., Chevalier, D., Villeneuve, L. R., Rousseau, E. & Allen, B. G. Functional
endothelin receptors are present on nuclei in cardiac ventricular myocytes. J. Biol.
Chem. 278, 29153-29163 (2003).

Cattaneo, F., Parisi, M., Fioretti, T., Esposito, G. & Ammendola, R. Intranuclear
Signaling Cascades Triggered by Nuclear GPCRs. J. Cell Signal. 1, 1000128
(2016).

Bkaily, G. et al. Nuclear membrane receptors for ET-1 in cardiovascular function.
Am. J. Physiol. - Regul. Integr. Comp. Physiol. 300, R251-R263 (2011).

Arribas, S. M., Daly, C. J., Gonzalez, M. C. & McGrath, J. C. Imaging the vascular
wall using confocal microscopy. J. Physiol. 584, 5-9 (2007).

Jong, Y.-J. I. & O’Malley, K. L. Functional G protein-coupled receptors on nuclei
from brain primary cultured neurons. Methods Mol. Biol. 1234, 113-121 (2015).

Dunn, K. W., Kamocka, M. M. & McDonald, J. H. A practical guide to evaluating
colocalization in biological microscopy. Am. J. Physiol. - Cell Physiol. 300, C723-
C742 (2011).

Haskd, G. & Cronstein, B. Regulation of inflammation by adenosine. Front.
Immunol. 4, 1-8 (2013).

Epperson, S. A., Brunton, L. L., Ramirez-sanchez, I. & Villarreal, F. Adenosine
receptors and second messenger signaling pathways in rat cardiac fibroblasts.
Am. J. Physiol. - Cell Physiol. 296, C1171-C1177 (2009).

Roberto Dominguez and Kenneth C. Holmes. Actin structure ans function. Annu.
Rev. Biophys. 40, 169-186 (2011).

Cooper, G. M. Structure and organization of actin filaments. in The Cell, A
Molecular Approach (ed. University, B.) (Sinauer Associates, 2000).

Heng, Y. W. & Koh, C. G. Actin cytoskeleton dynamics and the cell division cycle.
Int. J. Biochem. Cell Biol. 42, 1622-1633 (2010).

Jenkins, C. et al. A cell culture model using rat coronary artery adventitial
fibroblasts to measure collagen production. BMC Cardiovasc. Disord. 7, 1-10



64

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

FACULDADE DE FARMACIA
,)O r 1() UNIVERSIDADE DO PORTO
FCUP/FFUP/ICBAS l 1{ l
Adeno_S|_ne re_ceptors in mesenteric artgrles F FACULDADE DE CIENCIAS INSTITUTO DE CIENCIAS
adventitia: evidence for a nuclear location

UNIVERSIDADE DO PORTO BIOMEDICAS ABEL SALAZAR

UNIVERSIDADE DO PORTO

(2007).

Baum, J. & Duffy, H. S. Fibroblasts and myofibroblasts: what are we talking
about ? J. Cardiovasc. Pharmacol. 57, 376-379 (2011).

Uhlen, M. et al. A proposal for validation of antibodies. Nat. Methods 13, 823-827
(2016).

Gobeil, F. et al. G-protein-coupled receptors signalling at the cell nucleus: an
emerging paradigm. Can. J. Physiol. Pharmacol. 84, 287-297 (2006).

Jong, Y.-J. |, Harmon, S. K. & O’Malley, K. L. GPCR signaling from within the cell.
Br. J. Pharmacol. (2017). doi:10.1111/bph.14023

Bénard, G. et al. Mitochondrial CB1 receptors regulate neuronal energy
metabolism. Nat. Neurosci. 15, 558-564 (2012).

Wei, W., Chua, M. S., Grepper, S. & So, S. K. Soluble Frizzled-7 receptor inhibits
Wnt signaling and sensitizes hepatocellular carcinoma cells towards doxorubicin.
Mol. Cancer 10, 1-12 (2011).

Bononi, A. et al. BAP1 regulates IP3R3-mediated Ca(2+) flux to mitochondria
suppressing cell transformation. Nature 546, 549-553 (2017).

Bkaily, G., Massaad, D., Choufani, S., Jacques, D. & D’'Orléans-Juste, P. Role of
endothelin-1 receptors in the sarcolemma membrane and the nuclear membrane
in the modulation of basal cytosolic and nuclear calcium levels in heart cells. Clin.
Sci. 48, 141S-147S (2002).

Bkalily, G. et al. G-protein-coupled receptors, channels, and Na+-H+ exchanger
in nuclear membranes of heart, hepatic, vascular endothelial, and smooth muscle
cells. Can. J. Physiol. Pharmacol. 84, 431-441 (2006).

Ham, J. & Evans, B. A. J. An emerging role for adenosine and its receptors in
bone homeostasis. Front. Endocrinol. (Lausanne). 3, 113 (2012).

Fortier, A., Gullapalli, V. & Mirshams, R. A. Review of biomechanical studies of
arteries and their effect on stent performance. IJC Hear. Vessel. 4, 12-18 (2014).

Gelman, S. & Mushlin, P. S. Catecholamine-induced changes in the splanchnic
circulation affecting systemic hemodynamics. Anesthesiology 100, 434-439
(2004).



