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Descobertas recentes sugerem que o tecido celular subcutdneo pode sofrer
inflamacao crénica e consequente fibrose do tipo miofascial comprometendo a resposta
fisiologica deste tecido a estimulos mecéanicos e/ou inflamatérios. Tendo em conta que
o0 tecido conjuntivo subcutaneo possui elevada quantidade de recetores da dor e fibras
nociceptivas, facilmente se pode especular que a alteracédo das suas propriedades pode

alterar significativamente a percec¢ao dolorosa subjacente a episédios de dor miofascial.

Os nucledtidos e nucledsidos da adenina, designadamente o adenosina 5'-trifosfato
(ATP) e o seu metabolito adenosina (ADO), sédo importantes moduladores da atividade
nervosa e da resposta inflamatéria/imune. Os seus niveis aumentam drasticamente no
meio extracelular em situacdes de stresse celular, tal como fenémenos de

isquemia/reperfusdo, durante a resposta inflamatéria e apos estimulagédo mecénica.

Especificamente, 0 nosso grupo de trabalho demonstrou que os fibroblastos do
tecido celular subcutdneo humano respondem a estimulos mecéanicos e mediadores
inflamatorios, como por exemplo a bradicinina (1) e a histamina (2), através da libertacao
massiva de ATP. Uma vez no espaco extracelular, o ATP é rapidamente hidrolisado em
adenosina monofosfato (AMP) por NTPDases 1 e 2 e, subsequentemente, em ADO pela
ecto-5’-nucleotidase (Ecto-5’-NT). Curiosamente, a ADO tem tendéncia a acumular-se
na biofase em virtude destas células possuirem mecanismos de inativacao, recaptacao
celular e desaminacao pela adenosina desaminase (ADA) pouco eficientes. Este aspeto
particular caracteristico das células mesenquimatosas favorece a possibilidade de
ativacado dos recetores Axa (A2aR) e As (AsR) sensiveis a ADO, que se encontram

abundantemente expressos fibroblastos subcuténeos (3).

Contudo, existe ainda alguma controvérsia em torno do papel da ADO como
molécula sinalizadora na remodelagéo do tecido celular subcutdneo, nomeadamente em
contextos de fibrose dérmica e/ou dor miofascial. Por questdes de facilidade de
obtencdo e utilizagdo experimental, neste trabalho estudou-se o papel de analogos
estaveis da ADO na viabilidade/proliferacao (ensaio MTT) e na producéo de colagénio
(ensaio Sirius Red) em culturas de fibroblastos subcutaneos de ratazana na auséncia e
na presenca de histamina, um conhecido agente pré-inflamatério. Paralelamente, foram
realizados ensaios para estudar a sinalizacdo intracelular mediada pelo calcio (por

sonda fluorescente) e a libertacdo de ATP (por bioluminescéncia).

\%
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A semelhanca do que que foi observado nos fibroblastos subcutaneos humanos, as
células de ratazana também expressam em maior quantidade AzaR e AsR, exibindo

apenas quantidades residuais de recetores dos subtipos A: (A:iR) e Azs (A2sR).

O agonista seletivo dos AsR, 2-CI-IB-MECA, aumentou a proliferacdo celular sem
modificar significativamente a producédo de colagénio; o efeito pro-fibrotico da 2-Cl-IB-
MECA (1 uM) atingiu significado estatistico ao fim de 21 dias de incubacéo (p<0.05),
tendo sido o mesmo resgatado na presenca do antagonista dos AzR, MRS1191 (10 nM,
p>0.05). A ativagao seletiva dos A2aR com CGS21680 aumentou de forma dependente
da concentracao tanto a proliferacao celular como a deposicao de colagénio nas culturas
fibroblastos subcutaneos de ratazana. O efeito pro-fibrético do CGS21680 (30 nM)
também foi mais marcado ao 21° dia de cultura e o0 mesmo foi significativamente
atenuado pelo bloqueio seletivo dos A2aR com SCH442416 (10 nM).

De modo analogo ao verificado em culturas de fibroblastos do tecido subcutaneo
humano, a histamina (100 uM) promoveu o crescimento/viabilidade celular, aumentou
os niveis intracelulares de [Ca?*] e a libertacédo de ATP nos fibroblastos subcutaneos de
ratazana. A histamina (100 uM) causou um aumento rapido dos niveis intracelulares de
[Ca?*]i cuja sustentabilidade se deve ao influxo deste ido através da membrana
plasmatica, ja que este efeito foi abolido pela remoc¢éo do Ca?* do meio extracelular com
adicdo de EGTA a 100 uM. Contrariamente, a deplecao dos reservatorios intracelulares
de Ca* pela tapsigargina (2 pM), um inibidor da Ca%*-ATPase do reticulo
endoplasmatico, ndo alterou significativamente (p>0.05) o efeito da histamina (100 pM)

na acumulacdo [Ca?")i pelos fibroblastos subcutaneos de ratazana em cultura.

Considerando que a sustentacdo dos niveis intracelulares de [Ca?']i induzida pela
histamina (100 uM) se pode dever a cooperagao com o ATP libertado pelas células em
resposta ao mediador inflamatério, tal como foi demonstrado em fibroblastos
subcutédneos humanos em cultura (2), investigou-se a acdo de varios inibidores da
libertacdo de nucledtidos por hemicanais contendo conexinas (Cx) e panexinas (Panx)
sobre este fendmeno. Apenas a carbenoxolona (300 yM), um inibidor ndo-seletivo das
conexinas, Cx26, Cx30, Cx32, Cx43, e Cx46, também capaz de bloquear hemicanais
contendo Panxl1, logrou reduzir progressivamente os niveis intracelulares de [Ca?];
ap6s a resposta inicial rapida da histamina (100 uM) nos fibroblastos de ratazana
cultivados durante 7 dias. Nenhum dos outros inibidores testados, i.e. mefloquina (3 uM,

um inibidor de canais contendo Cx36 e Cx50), acido flufenamico (100 uM, bloqueador
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preferencial de hemicanais com Cx43), e o péptido inibitério da Panx1, 1°Panx (100 uM),

se mostraram eficazes nessa tarefa.

Considerando o efeito pro-fibrético do agonista seletivo para os A2aR, resolvemos
avaliar o seu papel na libertacdo de ATP e na acumulagdo intracelular de [Ca?];
promovidas pela histamina nos fibroblastos subcutaneos de ratazana cultivados durante
7 dias com CGS21680 (30 nM). O tratamento das células com o agonista dos AzaR
aumentou cerca de 9 vezes o efeito facilitatorio da histamina (100 uM) na libertacdo de
ATP a partir dos fibroblastos subcutaneos de ratazana. O efeito potenciador do
CGS21680 (30 nM) sobre a libertacdo de ATP promovido pela histamina foi prevenido
na presenca do antagonista dos AxaR, SCH442416 (10 nM). Do mesmo modo, o
bloqueio dos A:aR promoveu o declinio dos niveis intracelulares de [Ca?']i ap6s a
resposta inicial rapida da histamina (100 uM), de forma analoga a verificada na presenga

de carbenoxolona (300 pM).

Em concluséo, dos resultados experimentais mostram que o A;aR parece exercer
um efeito pro-fibrético e pré-inflamatério nos fibroblastos subcutaneos de ratazana, a
semelhanga do que se verifica noutros tecidos incluindo o tecido celular subcutdneo
humano. Neste contexto, demonstrou-se pela primeira vez neste trabalho que a ativagédo
sustentada do AR da adenosina exerce um efeito sinérgico com a histamina (e,
porventura, com outros mediadores inflamatérios) na acumulacéo intracelular de [Ca?"];
e na promocao da libertagcdo de ATP (sinalizador da iminéncia de dano celular). Resta,
no entanto, explorar o papel da adenosina, por via dos AzaR, (i) hos mecanismos de
libertacdo de ATP, incluindo na expressao e funcionamento dos hemicanais sensiveis a
carbenoxolona, e (ii) na interacdo proxima entre fibroblastos subcuténeos, terminais
nervosos sensitivos e células inflamatérias/do sistema imune que invadem o tecido
celular subcutaneo em contexto de doenca (e.g. fibrose dérmica, fibromialgia e dor

miofascial).

Palavras-chave: fibroblastos subcutaneos, adenosina, recetores Aon € Ag,
histamina, libertacdo de ATP, hemicanais, sinalizacdo mediada por calcio, dor

miofascial.
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Abstract

Recent findings suggest that fascia can undergo changes secondary to chronic
inflammation and consequent myofascial fibrosis, compromising its physiological
response to mechanical and/or inflammatory stimuli. Bearing in mind that the
subcutaneous connective tissue is richly innervated by pain receptors and nociceptive
fibers, one can easily speculate this tissue properties alteration can significantly modify

pain perception underlying myofascial pain episodes.

Adenine nucleotides and nucleosides, namely adenosine 5’-triphosphate (ATP) and
its metabolite adenosine (ADO), are important modulators of neural activity and
inflammatory/immune responses. Their levels drastically increase in the extracellular
milieu upon cellular stress, such as ischemia/reperfusion, during inflammatory response

and after mechanical stimulation.

Specifically, our group demonstrated that human subcutaneous fibroblasts respond
to mechanical stimuli and inflammatory mediators such as bradykinin (1) and histamine
(2) through massive ATP release. Once on the extracellular milieu, ATP is promptly
hydrolyzed into adenosine monophosphate (AMP) by NTPDases 1 and 2 and,
subsequently, into ADO by ecto-5-nucleotidase (Ecto-5’NT). Curiously, ADO tends to
accumulate in the extracellular milieu due to the fact that in these cells the ADO
inactivation mechanisms, cellular uptake and deamination by adenosine deaminase
(ADA) are deficient. This particular aspect of mesenchymal cells favors the possibility of
activation of ADO-sensitive Asa (A2aR) and As (AsR) receptors, which are abundantly

expressed in subcutaneous fibroblasts (3).

However, controversy still exists regarding the ADO role as a signaling molecule in
subcutaneous tissue remodeling, namely in the context of dermal fibrosis and/or
myofascial pain. Due to ease of obtaining and experimental use, this work focused on
studying the role of ADO stable analogs on the viability/proliferation (MTT assay) and
collagen production (Sirius Red assay) of rat subcutaneous fibroblasts cultures, either in
the absence or in the presence of histamine, a known pro-inflammatory agent. In parallel,
experiments were conducted to assess intracellular calcium signaling (by fluorescent

probe) and ATP release (by bioluminescence) under similar experimental conditions.

Similarly to what has been observed in human subcutaneous fibroblasts, rat
fibroblasts also express A;aR and AsR in greater quantities, displaying minute amounts
of the A1 (A1R) and Azs (A2eR) subtype receptors.
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The selective AsR agonist, 2-CI-IB-MECA, increased cell proliferation without
significantly modifying collagen production; the pro-fibrotic effect of 2-CI-IB-MECA (1 uM)
reached statistical significance after 21 days of incubation (p<0.05), having this effect
been rescued in the presence of the AsR antagonist, MRS1191 (10 nM, p>0.05). The
selective activation of the A>aR with CGS21680 concentration-dependently increased
both cell proliferation and collagen deposition in rat subcutaneous fibroblast cultures.
The pro-fibrotic effect of CGS21680 (30 nM) was also clearer at the 21 day of culture,
being significantly attenuated by selective blockage of the AzaR with SCH442416 (10
nM).

Like that observed in human fibroblast cultures, histamine (100 uM) promoted cell
growth/viability, increased intracellular [Ca?*]i accumulation and ATP release from rat
subcutaneous fibroblasts. Histamine (100 uM) caused a rapid rise in intracellular [Ca?],
whose maintenance was due to Ca?* influx through the plasma membrane, as this effect
was abolished by Ca?* removal from the extracellular medium with the addition of EGTA
(100 uM). Contrariwise, depletion of intracellular Ca?* reservoirs with thapsigargin (2
mM), an endoplasmic reticulum Ca?* inhibitor, did not alter significantly (p>0.05)

histamine (100 uM)-induced [Ca?*]i accumulation by rat subcutaneous fibroblasts.

Considering that maintenance of high [Ca?']; levels induced by histamine (100 uM)
may be due to ATP release by fibroblast cells in response to the inflammatory mediator,
as demonstrated in human subcutaneous fibroblasts (2), we investigated the action of
several modulators of nucleotide releasing hemichannels containing connexins (Cx) and
pannexins (Panx). Among these, only carbenoxolone (300 uM), a non-selective inhibitor
of connexins Cx26, Cx30, Cx32, Cx43 and Cx46, also capable of blocking Panx1-
containing hemichannels, was able to progressively reduce intracellular [Ca?'] levels
after the fast initial rise produced by histamine (100 uM) on rat subcutaneous fibroblasts
cultured for 7 days. None of the other modulators tested, e.g. mefloquine (3 uM, Cx36
and Cx50 inhibitor), flufenamic acid (100 uM, preferentially blocking Cx43-containing
hemichannels), and the Panx1 inhibitory peptide, 1°Panx (100 uM), proved to be effective

in this endeavor.

Given the pro-fibrotic effect of the selective A2aR agonist, we decided to evaluate its
role on ATP release and intracellular accumulation of [Ca?*]; favored by histamine (100
uM) on CGS21680 (30 nM)-treated rat subcutaneous fibroblasts cultured for 7 days. The

treatment with the AzaR agonist increased by 9-fold the facilitatory effect of histamine

IX
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(100 uM) on ATP release from rat subcutaneous fibroblasts. The potentiating effect of
CGS21680 (30 nM) on histamine-induced ATP release was prevented by the selective
Aza receptor antagonist, SCH442416 (10 nM). Similarly, blocking the AzaR favored the
decline of intracellular [Ca?']; levels after the initial fast histamine (100 uM) response, an

effect resembling the observed in the presence of carbenoxolone (300 uM).

In conclusion, data shows that the AaR seems to exert pro-fibrotic and pro-
inflammatory effects on rat subcutaneous fibroblasts, similarly to that observed in other
tissues, including in human subcutaneous fibroblasts. In this context, it was
demonstrated for the first time in this study that sustained activation of the A;aR subtype
exerts a synergistic effect with histamine (and, perhaps, with other inflammatory
mediators) favoring intracellular [Ca?']; accumulation and the release of ATP (danger
molecule). It remains, however, to be explored the role of the adenosine AzxR, (i) on the
mechanisms regulating the release of ATP, including the expression and function of
carbenoxolone-sensitive hemichannels, and (ii) on the crosstalk between subcutaneous
fibroblasts, sensory nerve endings and inflammatory/immune cells invading the
subcutaneous tissue under pathological contexts (e.g. dermal fibrosis, fibromyalgia and

myofascial pain).

Key words: subcutaneous fibroblasts, adenosine, A;x and Az receptors, histamine,

ATP release, hemichannels, calcium mediated signaling, myofascial pain.
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Abbreviation list

[Ca?*]i — intracellular calcium

AiR — adenosine A: receptor

A2aR — adenosine Aqa receptor

A2sR — adenosine Azg receptor

AsR — adenosine Az receptor

ABC — ATP-binding cassette

AC — adenylyl cyclase

ADA - adenosine deaminase

ADO — adenosine

ADP — adenosine diphosphate

AMP - adenosine monophosphate
ATP — adenosine 5'-triphosphate
cAMP - cyclic adenosine monophosphate
CBX — carbenoxolone

CGRP - calcitonin gene-related protein
CTGF — connective tissue growth factor
Cx — connexin

DRG - dorsal root ganglia

ECM - extracelular matrix

Ecto-5’-NT — ecto-5’-nucleotidase
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EGTA - ethylene-bis(oxyethylenenitrilo)tetraacetic acid
E-NTPDase/NTPDase — ecto-nucleoside triphosphate diphosphohydrolase
EPAC - exchange protein activated by cCAMP

FFA - flufenamic acid

GPCR - G-protein-coupled receptor

MFQ — mefloquine

Panx — pannexin

PGP 9.5 — protein gene product 9.5

PI3K — phosphoinositide 3-kinase

PKA — protein kinase A

PKB - protein kinase B

PLC — phospholipase C

SP - substance P

TGFB-1 — transforming growth factor -1

TH - tyrosine hydroxylase

THAPS - thapsigargin
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Introduction

1. Nociception, a necessary evil

Nociception is an evolutionary conserved process for survival, allowing both animals
and humans to sense and avoid potentially harmful stimuli. This process relies
immensely on nociceptors, nowadays regarded as the first line of defense against
noxious inputs (4). Nonetheless, the perception of pain was not always considered to be
this complex system comprising both peripheral and central nervous systems
contributions. During the 19" and early 20" century, this was a contested topic in pain
sensory biology — while some were arguing that pain is a specific sensation with its own
machinery, others claimed pain resulted from a central nervous system summation in
response to harmful stimuli. It was not until the 1970s that the debate reached its climax,
with contributions from Bessou & Perl (5) and Wall & Melzack (6) allowing to draw the
conclusion that nociception is, in fact, an intricate process dependent on a vast net of

mechanisms from different locations.

Nociceptors are high-threshold primary sensory neurons specialized in detecting and
responding to different forms of energy in the environment, including thermic, mechanical
and chemical stimuli (7). Based on their anatomical location, cell body diameter and fiber
function, nociception fibers were categorized into C and A-0 fibers. Although the majority
of pain afferent conducting fibers are unmyelinated and slow-conducting (C-fibers), there
can also be found thinly myelinated fibers (A-0 fibers) within the periphery. Nowadays, it
is widely accepted that whilst A-d fibers mediate first, acute or sharp pain, C-fibers
mediate delayed and diffuse pain (8). Regardless of their myelin constitution, conduction
speed or nature of the pain mediated, all body-innervating sensory neurons have their
cell bodies in dorsal root ganglia (DRG) and give rise to a single axon that bifurcates,
innervating both peripheral and central nervous systems (Figure 1). The synapse from
the branch innervating the central nervous system further allows the sensory stimulus to
reach the brain, where it may be perceived as painful, ultimately allowing a defense

response (4, 7).

Although this action-reaction process functions almost always efficiently on most
people, that does not seem to be the case of chronic pain patients. In this case, the
nervous system response is maladaptive (9), generating widespread pain without any

noticeable input — in essence, an ongoing false alarm.
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Figure 1 - Nociceptors. Schematic representation of the components of a nociceptor: a peripheral terminal
innervating a particular target tissue, an axon responsible for conducting the action-potential towards the central nervous
system, the DRG per se, containing all cell bodies, and a second branch, innervating the central nervous system.

a. Chronic pain syndromes

Chronic pain is a common, distressing condition that negatively impacts the life
quality of its patients. Even though it usually arises from a previous injury or disease,
chronic pain is considered a separate condition in its own right, easily distinguishable

from acute pain (10).

As chronic pain is a wide-ranging term, the World Health Organization came further
with a criterion to distinguish different types of chronic pain - from organs-related, visceral
pain to muscle-, joint-related myofascial pain. Regardless of the effort to categorize
different chronic pain types, pain molecular mechanisms are still unknown to date,
especially in myofascial pain syndromes. These particular syndromes are characterized
by the existence of sensitive points in the skin and muscles throughout the body,
commonly referred to as “knots” or “trigger points”, seemingly unrelated between them.
Fibromyalgia is an extreme example of such myofascial pain syndromes, where patients
present more than 10 widespread trigger points and complain of disturbed sleep,
stiffness, distress and fatigue (11). The muscle pain reported by fibromyalgia patients is
often described as fluctuating and with tenderness, the latter most likely depending on

increased peripheral and/or central nervous system responsiveness (12).

b. Peripheral and central sensitization

Increased responsiveness, sensitization or reverse tolerance, is a non-associative
learning process through which an organism becomes unusually sensitive to a particular

stimulus due to an amplified response (13).

In peripheral nervous system sensitization, the stimulus is mainly a set of
inflammatory mediators released from injured cells, capable of reducing threshold and

increasing responsiveness (4). In this scenario, a persistent and wrongful response may
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emerge through two distinct routes: via the peripheral fibers or via the DRG itself (9).
After being affected by metabolic damage due to cytokines or other inflammatory
mediators, peripheral terminals of pain-processing, such as C and A-b fibers, can fasten
the development of pain as a result of fiber density changes and heightened nociceptor
sensitivity. Further along the stimulus transduction path, axon fiber degeneration due to
trauma, compression or hypoxia can result in channel expression and composition
variations and, consequently, in a faulty signal transmission — DRG can also be exposed
to the above listed damage, resulting in an altered membrane composition and synapse
properties, culminating in a hyperexcitability of these cells (14). As a result of some of
these alterations, nociceptors change from being solely responsive to noxious stimulus
to also being detectors of low-intensity, innocuous input — the latter, a deep-rooted role

of proprioceptive fibers such as A-a and A-(3 fibers (8).

After repeated or intense stimulation, the central nervous system is also susceptible
to sensitization, which can occur at a spinal or a supraspinal level — involving the spinal
cord or the brain, respectively. With persistent input, there seems to be a synapse
enhanced efficiency due to changes in calcium permeability, receptor overexpression
and synapse location at the ascending afferent neurons located in the spinal cord (15,
16); these neurons may even release inflammatory intermediaries, activating microglia
cells which in its turn release pain-promoting mediators (e.g., chemokines, growth factor,
proteases) (17). At supraspinal regions, however, the main pathway of sensitization
occurs through a misbalance between descending facilitation and inhibition, in which

facilitation prevails (9).

Due to their polymodal nature, C fibers are more prone to suffer peripheral
sensitization, as its activation by chemical stimuli such as histamine and H* facilitates
the production of substance P (SP) and calcitonin gene-related protein (CGRP), pro-
inflammatory mediators (8). As a direct consequence, these fibers are responsible for
mediating delayed, diffuse pain, which may endure long after the inflammation process
has ceased. Recent findings from Coppi et al suggest the presence of nucleoside-
selective purinergic receptors in DRG neurons (18), opening a new chapter on chronic

pain syndromes drug development and treatment.

3
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2. Fascia, a nonspecialized connective tissue, and its

implications in pain perception

Upper mammalian animal bodies are predominantly formed by four types of biological
tissues, namely epithelial, muscular, nervous and connective tissues. Particularly, the
connective tissue is composed of specialized and non-specialized cells, both including
specific cells and extracellular matrix (ECM) as main components. Specialized
connective tissues comprise the adipose tissue, cartilage, bone and blood, whereas non-
specialized tissues, also referred to as fascia, are regarded as undifferentiated
mesenchymal tissues that surround other body structures (19, 20). Fibroblasts are the
most predominant cells in non-specialized tissues, being responsible for keeping the
ECM homeostasis (21, 22).

Due to its lack of compartmentalization, fascia is difficult to define. According to its
Latin origin, fascia means “bundle, unification or binding together” (23), but traditionally,
it has been defined as the “term applied to masses of connective tissue large enough to
be visible to the unaided eye” (24). Since 2007, fascia has been described as “the soft
tissue component of the connective tissue system that permeates the body” (25), but
consensus on this designation is yet to be accomplished by the medical community. This
soft tissue is part of all organ systems, including the cardiovascular, gastrointestinal,
neurological and musculoskeletal systems, to nhame a few. Since it is so widespread
among different systems, there is no surprise that several fascial structures exist, each

one with different densities and proportions of its main component — collagen.

a. Fascia as a sensory organ

So far, not much is known about the existence of sensory nerve fibers in non-
specialized connective tissue. One of the first discoveries in this field was accomplished
by Stilwell (26), and later Hirsch (27), whom identified large Pacinian corpuscles, one of
the main four types of mechanoreceptors, and free nerve endings in human fascia. Later,
Yabhia further demonstrated the existence of another type of mechanoreceptor in human
lumbar fascia, namely Ruffini corpuscles (28). Despite this interesting data, it was still
difficult to conclude whether the fascia was itself innervated or whether the nerve fibers

simply lied on fascia in association with it (20).

In more recent years, a clear innervation of fascia has been demonstrated. Rat fascia

appears to be highly innervated by unmyelinated and myelinated afferents with different
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diameters and velocities, found to be within the range of C, A-6 and A-p fibers (29), and
proven to be sensitive to mechanical and chemical noxious stimulation (30, 31).
Moreover, some of these nerve fibers were demonstrated to be immunoreactive against
the neuronal marker protein gene product 9.5 (PGP 9.5), tyrosine hydroxylase (TH),
CGRP and SP (29) — the latter two being involved in nociception pathways (8, 32). While
evaluating sensory nerve fibers terminating within fascia, Corey and coworkers were the
first to identify “sensory fibers terminations within the collagen matrix of connective tissue
in the low back”. These fibers, which expressed positive CGRP immunoreactivity, were
then proven to be DRG cells (33). Altogether, these findings suggest there is sensory
innervation in non-specialized connective tissue, including mechanosensory and

nociceptive neurons, which may be partly responsible for one’s perception of pain.

b. Role in musculoskeletal pain

The wide spread nature of fascia throughout the body and its plasticity, alongside its
mechanical role and the ability of fibroblasts to communicate with each other via gap
junctions, suggests fascia is most likely to act as a body-wide mechanosensitive
signaling system, with an integration function equivalent to that of the nervous system
(34). This idea has been further supported by recent evidence in which it was found that
during pathophysiological states, for instance, myofascial pain syndromes, the
subcutaneous tissue is altered. In such conditions, tissue remodeling appears to lead to
an increased thickness and fibrosis, that is, a pathological accumulation of ECM proteins
(35). Despite recent developments, the mechanism by which this alteration occurs is not

yet fully understood.

In myofascial pain syndromes, the connective tissue that surrounds and infiltrates the
muscles might be remodeled in response to mechanical stress, including the lack of
movement or, contrariwise, its overuse (35). While the absence of movement promotes
tissue atrophy and disorganization, its overuse usually leads to injury and inflammation;
nevertheless, both types of mechanical stress inevitably end up with tissue fibrosis.
Regarding overuse, for example when muscles are under constant movement, fascia is
submitted to microinjuries. Consequently, subcutaneous fibroblasts secrete IL-6 (36) and
promote tissue inflammation, which includes transforming growth factor -1 (TGF(-1)
production, an anti-inflammatory cytokine and powerful inducer of collagen synthesis;
during this process, a few cells may undergo apoptosis. As a direct result of cell death,

several molecules are released into the extracellular space, namely ions (H*, K*),

5
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adrenaline, SP, CGRP, bradykinin and histamine — all known components of the so
called “inflammatory soup” (8). Histamine release further stimulates TGF3-1 production,

culminating in tissue fibrosis (Figure 2) (35).

Patients with myofascial pain syndromes have been shown to have hyperalgesia,
suggesting abnormal central pain processing (35, 37). However, this may be due to
nociceptive neurons constant activation and peripheral sensitization, which then
contributes to the development or worsening of the inflammation and, consequently,
fibrosis (35). Being aware of this, one should ask how can a nociceptor be peripherally
sensitized. Until now, it remains unclear whether myofascial “trigger points” are the cause
or the effect of injury and pain. Since these “knots” represent contracted muscle fibers,
it is possible that signaling molecules essential to the onset of inflammation wrongfully
accumulate and activate nearby nociceptors. In this scenario, myofascial pain
syndromes would arise from a miscommunication between subcutaneous fibroblasts and
sensory afferent fibers. Hence, fascia may hold one of the keys for understanding and

treating musculoskeletal pain.

Hypermobilization

12 Microinjury
IR M
‘ Inflammation |

|I r—3 'l

il \TGFB-1 He, K*

SP, CGRP

Figure 2 — Pathophysiological model for myofascial pain syndromes.
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3. Purines as versatile molecules and key life factors

Purines, a broader class of purine-derived molecules, are water-soluble ubiquitous
substances found in both prokaryotic and eukaryotic cells. Consisting of a heterocyclic
aromatic compound with joined pyrimidine and imidazole rings, purines are the most
commonly nitrogen-containing heterocycles found in nature. Apart from their role in DNA
and RNA, purines are important in other biomolecules’ synthesis, such as ATP and cyclic
AMP (CAMP).

Currently, it is well accepted that ATP can act as a signal molecule that affects cell
behavior besides its major role in providing energy for the cell. Yet, the “purinergic
signaling dynamics” hypothesis, where Geoffrey Burnstock proposed ATP as a
neurotransmitter (38), firstly met substantial resistance in the 1970s. This opposition was
mainly due to ATP being established as an intracellular-contained molecule whose sole
purpose was to provide energy for the cell to function. Later on, studies regarding this
possible new role of ATP increased, demonstrating its importance not only in phenomena
such as glial growth, proliferation and survival as an intracellular messenger (39), but
also in communication between nerve cells and muscle fibers as an extracellular
messenger (40). Nowadays, ATP is well-established as a neurotransmitter,
neuromodulator and co-modulator (41), present in both intra- and extracellular
compartments even if to a different extent. While in the intracellular compartment ATP
concentration is within the mM range, extracellular concentrations of this nucleotide are

maintained low at physiological conditions, specifically within the nM to uM range (42).

a. Nucleotide- and nucleoside-releasing pathways

Cellular release of endogenous nucleotides depicts a major component of the
purinergic signaling cascade. For many years, cell lysis due to damaged or dying cells
was thought to be the main mechanism through which cells released massive amounts
of nucleotides. However, we now know this is a nonspecific mechanism, being restricted

to injury, shock and inflammatory conditions (42, 43).

The diversity of conditions in which cells release ATP or adenosine diphosphate
(ADP) implicates multiple pathways. These cellular mechanisms include (1) electro
diffusional movement through plasma membrane ion channels, including Cx and Panx
hemichannels, (2) facilitated diffusion by nucleotide specific ATP-binding cassette (ABC)
transporters, and (3) cargo-vesicle trafficking and exocytotic granule secretion (42, 44,

45) (Figure 3). Besides their major role in nucleotide extrusion, Cxs are also implicated

7
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in intercellular communication through gap junctions, an essential process to coordinate
survival or death cellular responses not only on physiological, but also on pathological

scenarios (46).

A non-lytic method, namely vesicular exocytosis, often depends on Ca?* availability
in a wide range of both excitable (i.e., nerve cells) and non-excitable cells (e.g. fibroblasts
(40), epithelial cells, neutrophils, monocytes and macrophages) — the latter being
transiently promoted by stimuli such as shear stress, hypoxia and pharmacological

agents, like bradykinin and histamine.

Regarding smaller nucleotides, such as AMP, it remains uncertain whether this
nucleotide is directly released from stimulated-cells or if it accumulates as an

intermediate metabolite from more complex nucleotides (42).

Nucleosides such as ADO, however, can be found in the extracellular milieu either
via direct release by equilibrative nucleoside transporters or as a consequence of
extracellular ATP/ADP enzymatic breakdown. While stress, hypoxia and inflammation
increase extracellular adenosine levels up to micromolar concentrations, the catabolism

of adenine nucleotides is the main ADO source in the extracellular milieu (42).

ATP ATP
AVP  ADO J [ J
T L
RR Gl Cx/Panx Nucleotide ADP
hemichannels transporters ATP
Cell lysis
Vesicular
exocytosis

Figure 3 — Nucleotide- and nucleoside- releasing pathways. Besides heavy nucleotide leakage upon cell lysis or
damage, nucleotides can occur at the extracellular milieu via Cx/Panx hemichannels, nucleotide transporters and
vesicular exocytosis.

b. Extracellular nucleotide catabolism as an adenosine producer

Purinergic signaling appears to be far more complex than any other neurotransmitter,
as its signal transduction mechanisms are strictly dependent on the levels of its
messengers, which are, ultimately, modulated by the activity of colocalized nucleotide-
hydrolytic enzymes. ATP is not transported out of the synaptic cleft or extracellular

space, but it is instead hydrolyzed, producing other purine-derived molecules such as
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ADP, AMP and ADO. Consequently, ATP exerts a dual function, being able to directly
activate ATP-sensitive P2X and/or P2Y receptors and, after its breakdown into ADP and
ADO, further activate other P2Y as well as adenosine-sensitive P1 receptors,
respectively. General schemes for nucleotide hydrolysis and response termination
include a role for up to 4 enzymes, being the most relevant to this project E-
NTPDase/NTPDase and Ecto-5’-NT.

Once in the extracellular milieu, nucleotide breakdown to ADO is achieved by two
specific and consecutive ecto-nucleotidase reactions, in which E-NTPDase and ecto-5'-
NT enzymes are equally important. E-NTPDases 1, 2, 3 and 8 are large membrane-
bound enzymes with their catalytic side facing the extracellular milieu, which are
responsible for hydrolyzing 5-tri or diphosphates to their respective 5’-di- and
monophosphate nucleosides. Adenine nucleotides are therefore hydrolyzed as the

following:
ATP — ADP + P; and/or ADP — AMP + P;

For optimal catalytic activity, millimolar concentrations of Ca?* and Mg?* are required
(47). The second and final step in this chain-reaction of nucleotide hydrolysis is
accomplished by Ecto-5’-NT. While the majority of enzymes belonging to this family can
be found within the cell and have a low affinity for its substrate, there is a surface-

associated enzyme, else known as CD73 (48), capable of promptly hydrolyzing AMP:

AMP — ADO + P;

4. Adenosine-sensitive P1 purinoceptors

Only a few years later after Burnstock coined the “purinergic signaling” hypothesis, a
two-subfamily division of the receptors based on their different ligand binding was
proposed and accepted. From that moment on, purinergic effects were known to be
mediated via a series of nucleoside- (ADO) and nucleotide- (ATP, ADP, uracil-containing
nucleotides and some other dinucleotides) sensitive receptors, designated as P1 and P2
purinoceptors, respectively. Regarding the subject of the present thesis, only P1

receptors will be further addressed.

Adenosine-sensitive P1 purinoceptors are metabotropic receptors coupled to several

proteins of the heterotrimeric guanine nucleotide-binding family (GPCR), being divided

9
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into four already cloned subtypes - AiR, A2aR, A2sR and AsR - according to their distinct

functional and pharmacological characteristics.

All receptors are composed of 7 transmembrane a-helices, followed by an
extracellular N-terminus and a cytosolic C-terminus, as well as 3 extracellular loops and
3 intracellular loops. Although the overall sequence similarity is somewhat high among
these, each receptor subtype has its unique ligand binding profile, subcellular location
and G-protein binding preference, consequently suggesting different physiological

implications (49-51).

AxaR and AR are both positively coupled to adenylyl cyclase (AC), with the former
exhibiting much higher affinity for ADO (0,1 — 1,0 uM) than the latter (52). AiR is
negatively coupled to AC and is able to modulate K* channels activity; in some cases,
this receptor can even positively modulate phospholipase C (PLC). While AsR receptor

is able to diminish cAMP cell levels, this receptor can also positively couple to PLC (51).

a. Adenosine receptors role in pain and nociception

Over the past two decades, ADO has emerged as a dual molecule, capable of both
relieving and producing pain, depending on receptor specific-tissue expression and
activity (53). In this context, ADO or ADO receptor agonists are not presently being used
to treat chronic pain conditions, although they are being clinically studied to achieve this

goal.

First insights regarding the role of ADO in pain conditions focused on the activity of
the AiR, the smallest among P1 purinoceptors, given its abundance and widespread
distribution among pain-perceiving neuronal cells at the dorsal horn of the spinal cord
(54). When injected intrathecally in rodent models, it mediates antihyperalgesic and
antiallodynic effects - hyperalgesia being increased sensitivity to pain, and allodynia a
condition where pain is caused by no apparent stimulus (55) - even though some side
effects such as headaches and low back pain were reported. In light of this evidence,
efforts were made to develop a systemic method of drug delivery. Unfortunately, oral or
intravenous A:1R agonists delivery methods failed, as this receptor is highly expressed in
the atrioventricular and sinoatrial nodes of the heart and its activation leads to slower,
sometimes critical, heart rates (53). In 2010, the A:R popped-up again given its

antinociceptive effects on acupuncture (56), yet little attention has been paid since then.

Failing to prove AiR worth in treating chronic pain, researchers next turned to the low

affinity A2sR. Since this particular receptor has low expression levels in the central
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nervous system while it is abundant in immune and inflammatory cells (57), there was
not much hope about this receptor being involved in nociception. Despite late AxR
characterization, low affinity to ADO and lack of highly selective agonists have hampered
studies regarding its role in pain perception. Notwithstanding few preliminary findings
showing a possible antinociceptive effect when resorting to receptor antagonists (58),

the AzsR has been discarded mainly due to its promiscuity.

Later on, the AsR emerged as a possible pain-promoting receptor, regardless of its
low central nervous system expression (57). Early studies on AsR deficient rodents
emphasize that these animals showed less hyperalgesia and inflammation markers,
being consistent with a pronociceptive role of this receptor (59). However, administration
of a selective AsR agonist produced a spinal antinociceptive effect (60), leaving scientists
puzzled. The role of this particular receptor remained mysterious for several years, when
in 2019 it was reported that the AsR activation leads to a pronociceptive effect inhibition

on neuronal cells (18).

The A2aR is perhaps the most extensively studied ADO receptor until today. It is the
biggest receptor of the P1 purinoceptor family comprising as much as 412 amino acids;
the A2aR shares about 80% of sequence homology between the human and mouse or
rat species (61). This receptor distribution to the plasma membrane appears to be
depended on the glycosylation of a specific residue, and receptor regulation depends on
Thr298 phosphorylation by receptor kinases (49, 61). Signaling through the AzaR relies
on its coupling to Gs and stimulation of AC, which then activates downstream effectors,
such as protein kinase A (PKA) and cyclic nucleotide-gated ion channels (49, 50, 62).
Other effects, including mobilization of intracellular calcium, have also been reported
(61), but the majority of downstream events are yet to be fully understood. Regarding
function, this receptor subtype is classically known to modulate postsynaptic neuronal
activity by regulating neurotransmitter release, especially in GABAergic neurons,
throughout both central and peripheral nervous systems. Apart from being selectively
expressed in certain brain regions, it is also expressed on glial cells, having showed a
potential beneficial or protective effect on several central nervous system disorders,
namely Parkinson’s (63) and Alzheimer’'s (64) diseases, when resorting to receptor
antagonists. Furthermore, the A2aR is also found in blood platelets and in most lymphoid
cells (e.g., lymphocytes and granulocytes), being considered a target for inflammatory
and immune conditions (65). Pertaining to pain, the role of this particular receptor has
been ambiguous, as studies have shown both pro- and antinociceptive roles. For

instance, the presence of the AxaR in both DRG neurons and peripheral endings,
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supports a pronociceptive role (66, 67); yet, A.aR antagonist administration abolished

antinociceptive effects of intrathecally administrated ADO in rats (60).

b. Adenosine receptors role in tissue healing and fibrosis

Tissue disorganization is a frequent element in patients with chronic pain, feasibly as
a result of tissue inflammation and fibrosis (35, 68, 69). Chronic deformation of the
myofascial system, namely increased deposition of collagen, causes mechanoreceptors
to convert into nociceptors, ultimately allowing the development of chronic pain.
Fibroblasts, the major component of the myofascial system (21, 22), play a key role in
transmitting nociceptive information, crucial for the appropriate functioning of a given

organism.

Evidence shows that activation of the same receptor subtype may cause opposing
effects depending on the tissue. For example, the adenosine AR promotes fibrosis in
the lung whilst inhibiting fibrosis in the heart (70). Furthermore, both AzaR and AR
appear to promote fibrosis in the skin, liver and lungs (as reviewed by (71)). Nonetheless,
ADO receptors expression and activation in pathophysiological states such as

inflammatory conditions and tissue remodeling/fibrosis are still dubious (72).

5. Previous Findings

Previous findings from our group demonstrated that human subcutaneous fibroblasts
release ATP in response to mechanical or noxious chemical stimuli, such as bradykinin
(1) and histamine (2). Once at the extracellular milieu, ATP is promptly converted to AMP
by NTPDasel/2 and, subsequently, into ADO by Ecto-5'-NT at the surface of human
subcutaneous fibroblasts. Moreover, ADA shows low extracellular activity under stressful
conditions resulting in extracellular ADO accumulation and P1 receptors activation.
Among these, the A2aR and AsR subtypes are the most expressed P1 receptors in human

subcutaneous fibroblasts (3).

Bearing in mind that controversy still exists regarding the role of ADO in
subcutaneous tissue healing and remodeling, as well as its implication in myofascial
pain, we decided to investigate the effects of P1 receptor subtypes on rat subcutaneous
fibroblasts under physiological and histamine-induced inflammatory conditions, given to
the fact that the nucleoside is generated and accumulates in the subcutaneous tissue

milieu under stressful conditions.
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The main goal of this study was to unravel the ADO role on growth and differentiation
of rat subcutaneous fibroblasts behavior under both physiological and histamine-induced
inflammatory conditions. The ultimate goal (yet to be undertaken) is to understand how
these cells might communicate with sensory nerve fibers involved in nociception

triggered by disturbances of the subcutaneous connective tissue.
Having this in mind, the following objectives were undertaken:

I. Assess the differential expression of P1 receptor subtypes in rat
subcutaneous fibroblasts;

Il.  Characterize the effects in growth and differentiation of the most expressed
P1 receptor subtypes, A2aR and AsR, on rat subcutaneous fibroblasts primary
cultures;

lll.  Evaluate whether activation of P1 receptor subtypes, namely the AR
receptor, on histamine-induced intracellular Ca?* oscillations and ATP
release, as readouts of the ADO influence on the inflammatory response

operated in subcutaneous fibroblasts.
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Materials and Methods

1. Drugs and Solutions

2-p-(2-Carboxyethyl) phenethylamino-5-N-ethyl carboxamido adenosine
hydrochloride hydrate (CGS21680), Direct Red 80, ethylene-bis(oxyethylenenitrilo)tetra
acetic acid (EGTA), N-(a,a,a-Trifluoro-m-tolyl)anthranilic acid, N-(3[Trifluoromethyl]
phenyl) anthranilic acid (FFA), 2-(4-imidazolyl)ethylamine (HIST), 2-Piperidinyl-2,8-
bis(trifluoromethyl)-4-quinolinemethanol monohydrochloride (MFQ), 3-[4,5-
dimethylthiazol-2-yl]-2,5-diphenyltetrasodium bromide (MTT), phosphate-buffered saline
solution (PBS), trypsin-EDTA, 2,4,6-Trinitrophenol (picric acid) and other cell culture
reagents such as amphotericin B, DMEM-high glucose medium (DMEM), fetal bovine
serum (FBS), gentamicin, penicillin/streptomycin and were obtained from Sigma-Aldrich
(St. Louis, MO, USA). (3B,20B)-3-(3-Carboxy-1-oxopropoxy)-11-oxoolean-12-en-29-oic
acid disodium (CBX), *Panx, 2-(2-Furanyl)-7-[3-(4-methoxyphenyl)propyl]-7H-pyrazolo
[4,3-€][1,2,4]triazolo[1,5-c]pyrimidin-5-amine (SCH442416), 6-(Acetyloxy)-2,3,3a,4,5,
6,6a,7,8,9bdecahydro-3,3a-dihydroxy-3,6,9-trimethyl-8-[[(22)-2-methyl-1-0x0-2-
butenyl]oxy]-2-oxo-4-oxobutoxy)azuleno[4,5b]furan-7-yl octanoate (Thapsigargin) were
purchased from Tocris BioScience (Bristol, UK). Bouin liquor was supplied by PanReac
AppliChem ITW Reagents (Barcelona, Spain). lonomycin was acquired from AbCam
(Cambridge, UK) and Fluo-4NW kit was purchased from Molecular Probes (Invitrogen,
California, USA). ATP bioluminescence assay kit HS Il was acquired from Roche Applied

Science (Penzberg, Germany).

2. Animals

Subcutaneous fibroblasts were obtained from male Wistar Han rats (3-6 months old,
Charles River™, Barcelona, Spain). Animal care and experimental procedures were
performed in consonance with the United Kingdom Animals (Scientific Procedures) Act
1986 and followed the European Communities Council Directive of 24 November 1986
(86/609/EEC) and the National Institutes of Health Guide for Care and Use of Laboratory
animals (NIH Publications No. 80-23) revised 1996. All studies involving animals are
reported in accordance with the ARRIVE guidelines for reporting experiments involving
animals. The study was approved by the Ethics Committee and the Animal Welfare
Responsible Organism of ICBAS-UP (Decision no 224/2017). Wistar rats were kept at a
constant temperature (21°C) and a regular light (06.30-19.30 h)—dark (19.30-06.30 h)
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cycle, with food and water ad libitum. All efforts were made to minimize animal suffering

and to reduce the number of animals used.

3. Cell cultures

Fibroblasts were isolated from the subcutaneous tissue of Wistar rats by the explant
technique. Cells were cultured in DMEM medium supplemented with 10% fetal bovine
serum (FBS), 2.5 pg/mL amphotericin B, 100 U/mL of penicillin/streptomycin and 50
ug/mL gentamicin; cell cultures were kept at 37°C in a humidified atmosphere of 95% air
and 5% CO.. Media were replaced twice a week. Primary cultures were maintained until
near confluence (3 to 4 weeks), after which adherent cells were enzymatically released
with 0.04% trypsin-EDTA solution. The resultant suspension was seeded (first
subculture) and maintained in the same conditions as mentioned above. All experiments

were performed using the first subculture.

4. Immunocytochemistry

Rat subcutaneous fibroblasts were seeded in chamber slides at a density of 3x10*
cellss/mL and allowed to grow for 7 days. Cultured cells were fixed in 4%
paraformaldehyde in PBS for 10 minutes, after which they were washed 3 times in PBS
for 10 minutes and incubated with blocking buffer | (10% FBS, 1% bovine serum albumin
(BSA), 0,1% Triton-X and 0.05% NaNs3) for 1h. Primary antibodies, diluted in blocking
buffer Il (5% FBS, 1% BSA, 0,1% Triton-X and 0.05% NaNs), were added and incubated
overnight at 4°C [rabbit anti-rat A; (1:50, Chemicon, CA, USA), rabbit anti-rat Aza (1:100,
Alpha Diagnostic, TX, USA), rabbit anti-rat Azs (1:50, Alomone, Jerusalem, Israel), rabbit
anti-rat Az (1:50, Alomone, Jerusalem, Israel)]. Cells were then washed 3 times in PBS
for 10 minutes. The anti-rabbit Alexa 488 secondary antibody (Molecular Probes, OR,
USA) was diluted (1:1000) in blocking buffer Il and applied for 1h at room temperature,
protected from light. One last wash using PBS was performed, after which glass slides
were mounted using VectaShield medium and stored at 4°C. Images were then acquired

in an Olympus FV1000 confocal microscope (Tokyo, Japan) at a 40x magnification.

5. Cell viability and proliferation

Viability and proliferation were assessed by the MTT assay (1, 2). This assay consists
on the reduction of 3-[4,5-dimethylthiazol-2-yl]-2,5- diphenyltetrasodium bromide (MTT)

to a purple formazan reaction product by viable cells. Rat fibroblasts were seeded in 96-
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well plates at a density of 3x10* cells/mL and cultured in supplemented DMEM medium,
as described above. Cell cultures were regularly monitored and characterized at days 1,
7, 14 and 21 of the first subculture. Cells were incubated with 0,5 mg/mL of MTT for 4h
in a humidified chamber, after which the medium was carefully removed, and the stained
product was dissolved using dimethyl sulfoxide (DMSO). Absorbance determination was
performed at 600 nm using a microplate reader spectrometer (Synergy HT, BioTek

Instruments).

6. Total collagen determination

Total collagen determination was performed using the Sirius Red assay. Rat
fibroblasts were cultured and monitored as described for the viability/proliferation assay.
This staining assay was performed using minor alterations to the protocol established by
Reinert et al (73). Cell layers were washed twice with PBS before fixation with Bouin for
1h. The fixation fluid was later removed, and the culture plates were washed by
immersion in running tap water for 15 minutes. Plates were then allowed to air dry before
adding the Sirius Red dye (Direct Red 80), after which the cells were stained for 2h under
mild shaking. To remove the non-bound dye, stained cells were washed with 0,01 M
hydrochloric acid, followed by distilled water. The bound dye was later dissolved in 0,1
M sodium hydroxide and absorbance was measured at 550 nm using a microplate reader

spectrometer (Synergy HT, BioTek Instruments).

7. Extracellular ATP quantification by bioluminescence

Extracellular ATP was quantified by the luciferin-luciferase ATP bioluminescence
assay kit HS Il (Roche Applied Science), using a multi detection microplate reader
(Synergy HT, BioTek Instruments). Cells were seeded in a flat bottom 96 well plates at
a density of 3x10* cells/mL and allowed to grow for 7 days. At the beginning of each
experiment, cells were washed twice with gassed (95% 0O, and 5% CO,) Tyrode’s
solution containing (mM): NaCl 137, KCI 2.7, CaCl; 1.8, MgCl, 1, NaH,PO. 0.4, NaHCO3
11.9 and glucose 11.2, at 37°C, before collecting the first sample (T4, time zero). The
cells were, then, allowed to equilibrate with Tyrode’s solution for 30 minutes, after which
the second sample was collected (T; basal, time 30 min). This procedure was repeated
in the presence of histamine (100 uM); after a 30-min incubation with histamine a third
sample was collected (Ts histamine, time 60 min). Collected samples were immediately

stored at -80°C until ATP measurements.
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For ATP determinations, the samples were defrosted till 25°C and then, mixed with
the luciferin-luciferase ATP bioluminescence assay kit according to manufacturer
instructions. Bioluminescence of the samples was compared with that obtained using
high-purity external ATP standards within the 0.1 nM — 1 mM range; all measurements
were done in duplicate. Bioluminescence assays were done at room temperature; light
emission acquisition was performed 20 seconds after addition of the luciferin-luciferase

mixture to the collected sample.

8. Measurement of intracellular [Ca?*];

Changes in the intracellular Ca?* concentration ([Ca?']) were measured with the
calcium sensitive dye Fluo-4 NW (Fluo-4 NW calcium assay kit, Molecular Probes,
Invitrogen) in a multi detection microplate reader (Synergy™ HT Multi-Mode Microplate
Reader, BioTek Instruments) (74). Rat subcutaneous fibroblasts were seeded in flat
bottom 96 well plates at a density of 3x10* cells/mL. Cells were cultured for 7, 21 or 28
days (as required) in supplemented DMEM medium, as previously described. On the day
of the experiment, cells were washed twice with gassed (95% O and 5% CO;) Tyrode’s
solution containing (mM): NaCl 137, KCI 2.7, CaCl; 1.8, MgCl. 1, NaH:PO, 0.4, NaHCO3
11.9 and glucose 11.2 (pH 7.40), at 37°C for 30 minutes, with the cell-permanent calcium
fluorescent indicator Fluo-4NW (2,5 uM). After removing the fluorophore solution, cells
were once again washed twice with the Tyrode’s solution, after which 150 uL of this same
solution was added per well. For the recordings, temperature was set to and maintained
at 32°C and readings were obtained every 5 seconds, during roughly 30 minutes. Using
a tungsten halogen lamp, fluorescence was excited at 485/20 nm and emission was
measured at 528/20 nm. All calcium measurements were calibrated to the maximum
calcium response produced by the Ca?* ionophore, ionomycin (5 uM, 100% response)
(75).

9. Presentation of data and statistical analysis

Data are hereby shown as mean + SEM (Standard Error of Mean), with n
representing the number of animals used in each procedure. Statistical analysis was
performed using GraphPad Prism version 6.01 (GraphPad Software, California, USA).
Statistical significance was evaluated with student’s t-test and one-way ANOVA, with

statistically significant values defined by a p-value of less than 0.05.
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1. Characterization of rat fibroblast cells in culture

Figure 4A shows that rat fibroblast cultures grown for 21 days in control conditions
exhibited a gradual rise in cell viability/proliferation (MTT assay) throughout the test
period. Results concerning collagen production (Sirius Red assay) (Figure 4B) followed
a similar pattern to that obtained in the MTT assay, indicating that under the present
experimental conditions, the amount of extracellular matrix being produced depends

directly on the number of viable cells in the culture.
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Figure 4 - Viability/proliferation (A) and collagen production (B) by cultured fibroblasts of the rat
subcutaneous tissue. Isolated cells were grown in culture for 21 days. Each point represents pooled data from 24
individuals; 3-4 replicas were performed for each individual. Vertical bars represent SEM and are shown when they exceed
the symbols in size.

2. Pl receptors expression in rat subcutaneous tissue

Rat subcutaneous fibroblasts are elongated cells with a characteristic spindle-shaped
morphology (Figure 5). From the four adenosine receptor subtypes, rat subcutaneous
fibroblasts grown in culture for 7 days show strong immunoreactivity against A.aR and
AsR subtypes, with no evidence of the AiR being present in these cells (Figure 5).
Regarding the A;sR immunoreactivity, it shows a faint staining in the cytoplasm and
strong reactivity in the nucleus; functional meaning of this receptor localization remains
to be explored in future studies. The low immunoreactivity against AizR and AR
receptors could not be attributed to deficient quality of the antibodies, because positive
identification of the two receptors was previously demonstrated by our group in human

primary bone marrow stromal cells undergoing osteogenic differentiation (76).
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Figure 5 - Rat subcutaneous fibroblasts express high amounts of adenosine A;.R and A3R, with very little
amounts of A;R and AxR subtypes. Shown are immunofluorescence confocal micrographs using specific antibodies
against A;R, AR, AR and AsR receptor subtypes. Magnification: 40x; Scale bar is 50 pM.

3. Effects of A2a and As receptors activation on growth and

total collagen production by rat subcutaneous fibroblasts

Considering that A2aR and AsR were the most represented P1 receptors subtypes in
rat subcutaneous fibroblasts, we set out to evaluate their role on growth and total

collagen production by these cells.

Incubation of rat subcutaneous fibroblasts with the AsR agonist, 2-CI-IB-MECA (0.01-
1 uM), for 21 days concentration-dependently increased (p<0.05) cells growth/viability
(MTT assay; Figure 6A), without much affecting the collagen production (Sirius Red
assay; Figure 6B). The proliferating effect of 2-CI-IB-MECA (1 uM) at day 21 was
prevented by blockage of the AsR with MRS1191 (10 nM) (Figure 7).
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Figure 6 - Effects of the adenosine A3;R agonist, 2-CI-IB-MECA (0.01-1 pM), on proliferation/viability (MTT
assay, A) and collagen production (Sirius Red staining, B) by rat subcutaneous fibroblasts grown in culture for
21 days. Each bar represents pooled data from 6-7 animals; 3-4 replicas were performed for each individual. Vertical bars
represent SEM. * p<0.05 (one-way ANOVA) represent significant differences compared to control conditions.
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Figure 7 - Selective blockage of adenosine AzR with MRS1191 (10 nM) prevents 2-Cl-IB-MECA (1 puM)-induced
proliferation of rat subcutaneous fibroblasts grown in culture for 21 days. Each bar represents pooled data from 5-
7 animals; 3-4 replicas were performed for each individual. Vertical bars represent SEM. * p<0.05 (one-way ANOVA)
represents significant differences compared to control conditions and # p<0.05 (t-test) depicts differences compared to
the effect of 2-Cl-IB-MECA alone in the same experiments.

The selective AzaR agonist, CGS21680 (10-100 nM), concentration-dependently
increased (p<0.05) cells growth/viability (MTT assay; Figure 8A) by rat subcutaneous
fibroblasts at culture day 21. A similar tendency was also observed regarding collagen
production (Sirius Red assay; Figure 8B). The pro-fibrotic effect of CGS21680 (30 nM)
was prevented by co-application of the selective A;aR antagonist, SCH442416 (10 nM)
(Figure 9).
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Figure 8 - Effects of the adenosine A,sR agonist, CGS21680 (10-100 nM), on proliferation/viability (MTT assay,
A) and collagen production (Sirius Red staining, B) by rat subcutaneous fibroblasts grown in culture for 21 days.
Each bar represents pooled data from 6-7 animals; 3-4 replicas were performed for each individual. Vertical bars represent
SEM. * p<0.05 (one-way ANOVA) represents significant differences compared to control conditions.
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Figure 9 - Selective blockage of adenosine A;sR with SCH442416 (10 nM) prevents CGS21680 (30 nM)-
induced proliferation of rat subcutaneous fibroblasts grown in culture for 21 days. Each bar represents pooled data
from 5-7 animals; 3-4 replicas were performed for each individual. Vertical bars represent SEM. * p<0.05 (one-way
ANOVA) represents significant differences compared to control conditions and # p<0.05 (t-test) depicts differences
compared to the effect of CGS21680 alone in the same experiments.

4. Histamine favors cells growth, intracellular Ca?"
accumulation and ATP release by rat subcutaneous

fibroblasts

Previous reports from the literature demonstrate that the inflammatory mediator
histamine promotes fibrosis in a number of different tissues (e.g. lung and skin) (77, 78).
Our group provided compelling information that it also favors growth, intracellular [Ca?*];
accumulation and ATP release by human subcutaneous fibroblasts (2). Figure 10 shows
that histamine (100 uM) increased growth (p>0.05) (and collagen production) by rat
subcutaneous fibroblasts at culture day 21.
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Figure 10 — Effect of histamine (100 uM) on cells growth (MTT assay, A) and collagen production (Sirius Red
staining, B) by fibroblasts of the rat subcutaneous tissue grown in culture for 21 days. Each point represents pooled
data from 6 individuals; 3-4 replicas were performed for each individual. Vertical bars represent SEM and are shown when
they exceed the symbols in size.
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Incubation of rat subcutaneous fibroblasts with histamine (100 pM; n=7) caused a
fast (within seconds) [Ca?*]; rise attaining roughly 30% and 42% of the maximal calcium
loads produced by ionomycin (5 pM; 100% response) at culture days 7 and 28,
respectively (Figure 11). After the initial rise, intracellular [Ca?*)i levels were kept fairly
constant throughout time, with no decay occurring within the 5-min time of incubation
with histamine as indicated by signal-to-noise slopes near 1 (Figure 11).
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Figure 11 - Histamine (100 pM) produces fast and sustained intracellular Ca?" ([Ca?'];) rises in rat
subcutaneous fibroblasts grown in culture for 7 and 28 days. Cells were pre-incubated with the fluorescent calcium
indicator Fluo-4 NW; changes in fluorescence were detected in the time-lapse mode using a microplate reader. [Ca®),
transients were calibrated to the maximal calcium load produced by ionomycin (5 uM; 100% response). Shown are [Ca*");
oscillations produced by histamine (100 uM). Slopes for each day are depicted in B. Each data set represents pooled data
from 7 individuals; 2-3 measurements were made for each individual. Vertical bars represent SEM and are shown when

they exceed the lines in size.

Histamine (100 pM)-induced [Ca?'] accumulation in rat subcutaneous fibroblasts was
prevented (p<0.05) by removal of external Ca?* (Ca**-free medium plus EGTA; 100 pM,
n=4-6) (Figure 12A), but the same was not observed after depleting intracellular Ca?
stores with the selective inhibitor of the endoplasmic reticulum Ca?-ATPase,

thapsigargin (THAPS 2 uM, n=6) (Figure 12B), both at culture days 7 and 28.

Like that observed in human cells, histamine (100 uM) increased by 6-fold the release
of ATP from rat subcutaneous fibroblasts grown in culture for 7 days. This was
appreciated measuring the Ts/T» ratio in pmol of ATP normalized by the corresponding

MTT values (see Methods for details).
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Figure 12 - Histamine-induced intracellular Ca?" ([Ca?'])) accumulation in rat subcutaneous fibroblasts
depends on the influx of Ca?* from the extracellular milieu. Cells were allowed to grow in culture for 7 (leftward panels)
and 28 (rightward panels) days; then, the cells were pre-incubated with the fluorescent calcium indicator Fluo-4 NW and
changes in fluorescence were detected in the time-lapse mode using a microplate reader. [Ca?']; transients were calibrated
to the maximal calcium load produced by ionomycin (5 uM; 100% response). Shown are [Ca?"]; oscillations produced by
histamine (100 uM) applied after removal of extracellular Ca?* (Ca?*-free medium plus EGTA 100 uM; A) and in the
presence of the selective endoplasmic reticulum Ca?*-ATPase inhibitor thapsigargin (THAPS, 2 uM; B). The slope of
[Ca?"); decay for each condition is shown in Table C in comparison to the slope produced by histamine (100 uM) alone.
Each point represents pooled data from 4-7 animals; 2-3 measurements were made for each individual. Vertical bars
represent SEM and are shown when they exceed the lines in size. * p<0.05 (one-way ANOVA) represents significant
differences compared to the effect of histamine (100 uM) alone.
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5. Connexin-containing hemichannels sensitive to
carbenoxolone might play a role in histamine-induced

[Ca?*]i accumulation

Considering that histamine-induced [Ca?'] accumulation is sustained by the
cooperation with ATP release triggered by the autacoid in human subcutaneous
fibroblasts (2), we thought it was interesting to test the action of selective inhibitors of

nucleotide-releasing hemichannels on histamine [Ca?']; responses.

In the presence of carbenoxolone (CBX; 300 uM, n=6), a non-selective inhibitor of
connexins Cx26, Cx30, Cx32, Cx43, and Cx46, that also blocks Panxl-containing
hemichannels (46), histamine (100 uM) was unable to sustain intracellular [Ca?*)i levels
in rat subcutaneous fibroblasts grown in culture for 7 days; the decay started

approximately 1 min after the initial [Ca?*]; rise (Figure 13A).

The inhibitory effect of CBX (300 uM) on histamine-induced [Ca?*]; accumulation was
not reproduced by (i) mefloquine (MFQ; 3 puM, n=5), which has been described as
completely blocking Cx36- and Cx50-containing hemichannels (79, 80) (Figure 13B), (ii)
flufenamic acid (FFA; 100 uM, n=6), which blocks preferentially hemichannels containing
Cx43 (81) (Figure 13C), and (iii) the selective Panx1 mimetic inhibitory peptide, °Panx
(100 uM, n=6) (82) (Figure 13D). By yet unknown reason, histamine (100 uM) plus MFQ
(3 M) caused a higher initial [Ca?']; rise compared to the autacoid alone (Figure 13B).
Unexpectedly, °Panx (100 uM) progressively increased histamine-induced [Ca?'];

accumulation from the initial [Ca?']; rise onwards (Figure 13D).
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Figure 13 - Connexin-containing hemichannels sensitive to carbenoxolone might play a role in histamine-
induced [Ca?']; accumulation. Cells were allowed to grow in culture for 7 days; then, the cells were pre-incubated with
the fluorescent calcium indicator Fluo-4 NW and changes in fluorescence were detected in the time-lapse mode using a
microplate reader. [Ca?"); transients were calibrated to the maximal calcium load produced by ionomycin (5 pM; 100%
response). Shown are [Ca?"] oscillations produced by histamine (100 uM) applied after pre-incubation with Cxs and Panx1
hemichannels modulators, namely CBX (300 puM, A), MFQ (3 uM, B), FFA (100 puM, C) and *°Panx (100 uM, D). The slope
of [Ca?']; decay for each condition is shown in Table E in comparison to the slope produced by histamine (100 uM) alone.
Each point represents pooled data from 5-7 animals; 2-3 measurements were made for each individual. Vertical bars

represent SEM and are shown when they exceed the lines in size.
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6. Sustained adenosine Axa receptors activation favors
histamine-induced ATP release and intracellular [Ca?'];

accumulation

Taking into consideration the pro-fibrotic effect of the A2aR agonist, CGS21680, we
set to investigate their role on histamine-induced ATP release and intracellular [Ca?*];

accumulation by rat subcutaneous fibroblasts at culture day 7.

Using the luciferin-luciferase bioluminescence assay, data shows that CGS21680 (30
nM, n=3) (p>0.05) increased the amount of histamine (100 uM)-induced ATP release
from rat subcutaneous fibroblasts measured as increases in Ts/T- ratios in pmol of ATP
normalized by the corresponding MTT values (Figure 14). The potentiating effect of
CGS21680 (30 nM) was prevented if co-applied with the selective AaR antagonist,
SCH442416 (10 nM) (p<0.05) (Figure 14).

Control {(n=3)
=== Chronic CGS21680 30 nM {n=3)
=== Chronic CGS21680 30 nM + SCH442416 10 nM (n=3)
20+

15

1.1

54 "

T3/T2
[ATPYpmol (norm to MTT)

0

Figure 14 - Sustained adenosine A,s receptors activation favors histamine-induced ATP release in rat
subcutaneous fibroblasts grown in culture for 7 days. ATP was measured as the T3/T2 ratio in pmol normalized to
MTT content in control conditions (orange) and after treatment of the cells with CGS21680 (30 nM, red) or CGS21680 (30
nM) plus SCH442416 (10 nM, green) for 7 days. Each bar represents the mean + SEM of 3-4 replicates of 3 animals. #
p<0.05 (student’s t-test) represents significant differences compared to the effect of CGS21680 (30 nM) alone.

Treatment of rat subcutaneous fibroblast cultures for 7 days with the A2aR agonist,
CGS21680 (30 nM), did not significantly (p>0.05) modify the effect of histamine (100 uM)
on intracellular [Ca?*]; accumulation (Figure 15). Yet, when CGS21680 (30 nM) was used
together with the selective A;aR agonist, SCH442416 (10 nM), histamine (100 uM) was
unable to sustain the intracellular [Ca?*]i levels, which started to decay approximately 1
min after the initial [Ca?'] rise (Figure 15). This response pattern resembles that
observed after pretreatment with the hemichannels blocker, CBX (300 uM) (see Figure
13A).
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Figure 15 - Effect of A;aR activation on histamine-induced calcium accumulation. Cells were allowed to grow
in culture for 7 days either in the absence or in the presence of CGS21680 (30 nM) and CGS21680 30 nM plus
SCH442416 10 nM. The cells were, then, pre-incubated with the fluorescent calcium indicator Fluo-4 NW and changes in
fluorescence were detected in the time-lapse mode using a microplate reader. [Ca?']; transients were calibrated to the
maximal calcium load produced by ionomycin (5 uM; 100% response). Shown are [Ca?"]; oscillations produced by
histamine (100 uM) in control conditions (orange, A) and after treatment of the cells with CGS21680 (30 nM, red; A) or
CGS21680 (30 nM) plus SCH442416 (10 nM, green; A) for 7 days. The slope of [Ca?*"]; decay for each condition is shown
in Table B in comparison to the slope produced by histamine (100 uM) alone on untreated cells. Each line represents the
mean + SEM of 2-3 replicates of 4-7 animals. Statistical analysis was performed using one-way ANOVA.
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Discussion and Conclusion

Adenosine is present in most biological fluids. Under basal or physiological
conditions, this nucleoside can be found at higher extracellular concentrations when
comparing to its intracellular ones mainly due to the catabolism of nucleotides such as
ATP or ADP. Under stressful conditions, however, adenosine concentration may
increase up to the uM range, suggesting a possible role for this nucleoside in
pathophysiological conditions. Amongst numerous other features, an adenosine role in

tissue remodeling, often connected to nociception and chronic pain, has emerged (3).

Previous findings from our group demonstrated that the human subcutaneous tissue
releases ATP in response to inflammatory mediators, namely bradykinin (1) and
histamine (2). Once released, ATP is promptly converted to AMP by NTPDasel/2, which
is then dephosphorylated into ADO by Ecto-5-NT. Mesenchymal originated cells
typically exhibit low ability to inactivate ADO, due to their low expression levels of ADA
and nucleoside uptake capacity, thus allowing the nucleoside to accumulate in the
extracellular milieu, particularly under stressful conditions. These findings, together with
the fact that the A2aR and AsR are highly expressed in fascial fibroblasts ((3), see also
Figure 5), prompt the hypothesis that ADO may exert a critical role in tissue remodeling,

inflammation and myofascial pain perception.

Using rat subcutaneous fibroblast grown in culture for 21 days, we show here that
ADO acting on both A2aR and AsR increases cell viability and growth (MTT assay), with
the A2aR agonist also increasing collagen production (Sirius Red assay) by these cells,
at least at culture day 21. The pro-fibrotic effect of CGS21680 was significantly
attenuated upon selectively blocking the AzaR receptor with SCH442416. These findings
agree with those obtained by other authors suggesting that the A2aR favors fibrosis in
the skin, the liver, and the lungs (71). Data are also in accordance with the observations
by Herman-de-Sousa et al (3), suggesting that adenosine receptors expression in rat
subcutaneous fibroblasts does not differ much from those found in the Human. It
remains, however, to be explored the dynamics of this adenosine receptor’s expression
and activation profile in inflammatory conditions and whether it may influence pain

perception in these tissues.

Next, we took advantage of the fact that, the pro-inflammatory autacoid, histamine,
promoted cell growth/viability, increased intracellular [Ca?']i accumulation and ATP

release from rat subcutaneous fibroblasts, following a similar activation profile of the
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profibrotic effect of ADO, via A2aR activation, in these cells. Histamine-induced
intracellular [Ca?*]; rise was prolonged in time due to endurance of Ca?" influx through
the plasma membrane. This was demonstrated because histamine-induced [Ca?'];
accumulation was fully prevented by removal of Ca?* from the extracellular medium, but
not when Ca?* from intracellular reservoirs was depleted by inhibition of the endoplasmic
reticulum Ca?'/ATPase by thapsigargin.

Interestingly, 7-day sustained activation of ADO AxaR of rat subcutaneous fibroblasts
with CGS21680 increased by 9-fold the release of ATP induced by histamine in
comparison to untreated cells, an effect that was fully prevented by selectively blocking
these receptors with A2aR antagonist, SCH442416. Likewise, continuous blockage of the
AzaR offset the ability of histamine to sustain intracellular [Ca?*]i levels after the initial fast
rise, even when tested in the presence of the A2aR agonist, CGS21680. Surprisingly, the
inhibitory effect of the A;aR blockage on histamine-induced intracellular [Ca?'];
accumulation resembled the effect of carbenoxolone, a non-selective inhibitor of
connexins Cx26, Cx30, Cx32, Cx43 and Cx46, also capable of blocking Panx1-
containing hemichannels, under similar conditions. The lack of significant effects of
mefloquine, flufenamic acid and *°Panx on histamine-induced [Ca?*]; accumulation rule
out the involvement of Cx36, Cx43, Cx50 and Panx1 in this endeavor. Thus, data
suggest that adenosine, via A2aR activation, may exert a pro-inflammatory effect by
promoting histamine-induced ATP release and intracellular Ca?* signaling endurance.
Whether or not A;aR activation affects the nucleotide release via carbenoxolone-
sensitive hemichannels in histamine stimulated subcutaneous fibroblasts remains to be
investigated in the near future. One cannot, however, disregard the putative participation
of other nucleotide releasing mechanisms, such as the vesicular transport and facilitated
diffusion by nucleotide through specific ABC transporters and P2X7/P2X4 receptor
pores, to the facilitatory effect of adenosine A2aR on histamine-induced ATP release and

[Ca?")i signaling endurance in rat subcutaneous fibroblasts.

Although not described as a classical A2aR effect, calcium mobilization due to this
receptor activation was previously reported on pulmonary endothelial human cells as
part of an interplay between phosphoinositide 3-kinase (PI3K) and protein kinase B
(PKB), among other kinases, to promote cell growth (83). Despite promoting fibrosis and
histamine-mediated pro-inflammatory signals (this study), the idea that selective
activation of adenosine A;aR may lead to immunosuppression is widely known, as this
receptor has been shown to suppress responses in other immune-mediated diseases,

namely in Myasthenia gravis (84). It has also been shown that activation of the AzaR

29
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favors in vitro collagen production both in human and murine models of scleroderma
(85), an autoimmune disease affecting several body structures including the skin. The
mechanism underlying this feature was further unraveled using human skin fibroblasts.
Data suggest that it might involve the adenylyl cyclase/exchange protein activated by
cAMP (AC/EPAC) pathway (3, 86), including downstream suppression of the
transcription factor Flil, a constitutive repressor of matrix proteins synthesis, as well as
overexpression of the connective tissue growth factor (CTGF) (72). The results hereby
presented are promising due to the fact that this receptor often represents a target for

inflammatory processes, hopefully including musculoskeletal chronic pain.

In conclusion, data shows that the A2aR exerts pro-fibrotic and pro-inflammatory
effects on rat subcutaneous fibroblasts, similarly to that observed in other tissues,
including in human subcutaneous fibroblasts. In this context, it was demonstrated for the
first time in this study that sustained activation of the adenosine A2aR subtype exerts a
synergistic effect with histamine (and, perhaps, with other inflammatory mediators)
favoring intracellular [Ca?']i endurance and the release of ATP (danger molecule). It
remains, however, to be explored the role of the adenosine AzxR, (i) on the mechanisms
regulating the release of ATP, including the expression and function of carbenoxolone-
sensitive hemichannels, and (ii) on the crosstalk between subcutaneous fibroblasts,
sensory nerve endings and inflammatory/immune cells invading the subcutaneous tissue

under pathological contexts (e.g. dermal fibrosis, fioromyalgia and myofascial pain).



[MPORTO PORTO FCUP/ICBAS

INSTITUTO DE CIENCIAS T Ut or et Adenosine exerts a pro-fibrotic and pro-inflammatory effect on
BIOMEDICAS ABEL SALAZAR UNIVERSIDADE DO PORTO . . . -
UNIVERSIDADE DO PORTO rat subcutaneous fibroblasts via A receptors activation

1. Pinheiro AR, Paramos-de-Carvalho D, Certal M, Costa C, Magalhdes-Cardoso MT,
Ferreirinha F, et al. Bradykinin-induced Ca2+ signaling in human subcutaneous
fibroblasts involves ATP release via hemichannels leading to P2Y12 receptors
activation. Cell Communication and Signaling. 2013;11(1):70.

2. Pinheiro AR, Paramos D, Certal M, Costa M, Costa C, Magalh&es-Cardoso M, et al.
Histamine Induces ATP Release from Human Subcutaneous Fibroblasts, via
Pannexin-1 Hemichannels, Leading to Ca 2+ Mobilization and Cell Proliferation. The
Journal of biological chemistry. 2013;288.

3. Herman-de-Sousa C, Pinheiro AR, Paramos-de-Carvalho D, Costa MA, Ferreirinha F,
Magalhdes-Cardoso T, et al. Opposing Effects of Adenosine and Inosine in Human
Subcutaneous Fibroblasts May Be Regulated by Third Party ADA Cell Providers.
Cells. 2020;9(3):651.

4. Woolf CJ, Ma Q. Nociceptors—Noxious Stimulus Detectors. Neuron. 2007;55(3):353-
64.

5. Bessou P, Perl ER. Response of cutaneous sensory units with unmyelinated fibers
to noxious stimuli. J Neurophysiol. 1969;32(6):1025-43.

6. Melzack R, Wall PD. Pain mechanisms: a new theory. Science (New York, NY).
1965;150(3699):971-9.

Tracey WD. Nociception. Current Biology. 2017;27(4):R129-R33.
Julius D, Basbaum Al. Molecular mechanisms of nociception. Nature.
2001;413(6852):203-10.

9. Meacham K, Shepherd A, Mohapatra DP, Haroutounian S. Neuropathic Pain: Central
vs. Peripheral Mechanisms. Current pain and headache reports. 2017;21(6):28.

10. Grichnik KP, Ferrante FM. The difference between acute and chronic pain. The
Mount Sinai journal of medicine, New York. 1991;58(3):217-20.

11. Staud R. The Role of Peripheral Input for Chronic Pain Syndromes like Fibromyalgia
Syndrome. Journal of Musculoskeletal Pain. 2008;16(1-2):67-74.

12. Staud R. Peripheral pain mechanisms in chronic widespread pain. Best Pract Res
Clin Rheumatol. 2011;25(2):155-64.

13. Shettleworth SJ. Cognition, evolution, and behavior. 2nd ed. New York: Oxford
University Press; 2009. 715 p.

14. Latremoliere A, Woolf CJ. Central sensitization: a generator of pain hypersensitivity
by central neural plasticity. The journal of pain : official journal of the American Pain
Society. 2009;10(9):895-926.

31



32 | FCUP/ICBAS [APORTO [APORTO

Adenosine exerts a pro-fibrotic and pro-inflammatory effect on rat | S e nd INSTITUTO DE CIENCIAS
- . . . UNIVERSIDADE DO PORTO BIOMEDICAS ABEL SALAZAR
subcutaneous fibroblasts via A,4 receptors activation UNIVERSIDADE DO PORTO

15. Woolf CJ, Shortland P, Coggeshall RE. Peripheral nerve injury triggers central
sprouting of myelinated afferents. Nature. 1992;355(6355):75-8.

16. Fields HL, Rowbotham M, Baron R. Postherpetic neuralgia: irritable nociceptors and
deafferentation. Neurobiology of disease. 1998;5(4):209-27.

17. Ji RR, Berta T, Nedergaard M. Glia and pain: is chronic pain a gliopathy? Pain.
2013;154 Suppl 1(0 1):S10-28.

18. Coppi E, Cherchi F, Fusco |, Failli P, Vona A, Dettori I, et al. Adenosine A3
receptor activation inhibits pronociceptive N-type Ca2+ currents and cell excitability
in dorsal root ganglion neurons. Pain. 2019;160(5):1103-18.

19. Abu-Hijlen MF, Roshier AL, Al-Shboul Q, Dharap AS, Harris PF. The
membranous layer of superficial fascia: evidence for its widespread distribution in the
body. Surg Radiol Anat. 2006;28(6):606-19.

20. Benjamin M. The fascia of the limbs and back--a review. J Anat. 2009;214(1):1-
18.

21. Kalluri R, Zeisberg M. Fibroblasts in cancer. Nat Rev Cancer. 2006;6(5):392-401.

22. Bordoni B, Bordoni G. Reflections on osteopathic fascia treatment in the
peripheral nervous system. J Pain Res. 2015;8:735-40.

23. Findley T. Fascia Research II: Second International Fascia Research Congress.
Int J Ther Massage Bodywork. 2009;2(3):4-9.

24. Stranding S e. Gray's Anatomy: the anatomical basis of clinical practice. 40th ed.
Edinburgh (UK): Churchill Livingstone 2009; 2008. 1576 p.

25. Findley TW. Second international fascia research congress. Int J Ther Massage
Bodywork. 2009;2(2):1-6.

26. Stilwell DL, Jr. Regional variations in the innervation of deep fasciae and
aponeuroses. Anat Rec. 1957;127(4):635-53.

27. Hirsch C, Ingelmark B-E, Miller M. The Anatomical Basis for Low Back Pain:
Studies on the presence of sensory nerve endings in ligamentous, capsular and
intervertebral disc structures in the human lumbar spine. Acta Orthop Scand.
1963;33(1-4):1-17.

28. Yahia L, Rhalmi S, Newman N, Isler M. Sensory innervation of human
thoracolumbar fascia. An immunohistochemical study. Acta Orthop Scand.
1992;63(2):195-7.

29. Tesarz J, Hoheisel U, Wiedenhofer B, Mense S. Sensory innervation of the

thoracolumbar fascia in rats and humans. Neuroscience. 2011;194:302-8.



[MPORTO PORTO FCUP/ICBAS

INSTITUTO DE CIENCIAS T Ut or et Adenosine exerts a pro-fibrotic and pro-inflammatory effect on

BIOMEDICAS ABEL SALAZAR UNIVERSIDADE DO PORTO

UNIVERSIDADE DO PORTO rat subcutaneous fibroblasts via A receptors activation

30. Bove GM, Light AR. Unmyelinated nociceptors of rat paraspinal tissues. J
Neurophysiol. 1995;73(5):1752-62.

31. Budgell B, Noda K, Sato A. Innervation of posterior structures in the lumbar spine
of the rat. J Manipulative Physiol Ther. 1997;20(6):359-68.

32. Carr DB, Lipkowski AW. Neuropeptides and pain. Agressologie. 1990;31(4):173-
7.

33. Corey SM, Vizzard MA, Badger GJ, Langevin HM. Sensory innervation of the
nonspecialized connective tissues in the low back of the rat. Cells Tissues Organs.
2011;194(6):521-30.

34. Langevin HM. Connective tissue: a body-wide signaling network? Med
Hypotheses. 2006;66(6):1074-7.

35. Langevin HM, Sherman KJ. Pathophysiological model for chronic low back pain
integrating connective tissue and nervous system mechanisms. Med Hypotheses.
2007;68(1):74-80.

36. Liptan GL. Fascia: A missing link in our understanding of the pathology of
fibromyalgia. J Bodyw Mov Ther. 2010;14(1):3-12.

37. Giesecke T, Gracely RH, Grant MAB, Nachemson A, Petzke F, Williams DA, et
al. Evidence of augmented central pain processing in idiopathic chronic low back pain.
Arthritis Rheum. 2004;50(2):613-23.

38. Burnstock G. Purinergic nerves. Pharmacol Rev. 1972;24(3):509-81.

39. Fields RD, Burnstock G. Purinergic signalling in neuron-glia interactions. Nature
reviews Neuroscience. 2006;7(6):423-36.

40. Gerasimovskaya EV, Ahmad S, White CW, Jones PL, Carpenter TC, Stenmark
KR. Extracellular ATP is an autocrine/paracrine regulator of hypoxia-induced
adventitial fibroblast growth. Signaling through extracellular signal-regulated kinase-
1/2 and the Egr-1 transcription factor. The Journal of biological chemistry.
2002;277(47):44638-50.

41. Abbracchio MP, Burnstock G, Verkhratsky A, Zimmermann H. Purinergic
signalling in the nervous system: an overview. Trends in neurosciences.
2009;32(1):19-29.

42. Yegutkin GG. Nucleotide- and nucleoside-converting ectoenzymes: Important
modulators of purinergic signalling cascade. Biochim Biophys Acta.
2008;1783(5):673-94.

33



34 | FCUP/ICBAS [BAPORTO [APORTO

Adenosine exerts a pro-fibrotic and pro-inflammatory effect on rat | S e nd INSTITUTO DE CIENCIAS
- . . . UNIVERSIDADE DO PORTO BIOMEDICAS ABEL SALAZAR
subcutaneous fibroblasts via A,4 receptors activation UNIVERSIDADE DO PORTO

43. Bours MJ, Swennen EL, Di Virgilio F, Cronstein BN, Dagnelie PC. Adenosine 5'-
triphosphate and adenosine as endogenous signaling molecules in immunity and
inflammation. Pharmacol Ther. 2006;112(2):358-404.

44, Burnstock G. Purinergic signalling: past, present and future. Brazilian Journal of
Medical and Biological Research. 2009;42:3-8.

45, Fausther M, Sévigny J. Les nucléosides et nucléotides extracellulaires régulent
les fonctions hépatiques par le biais d'un systéeme complexe de protéines
membranaires. Comptes Rendus Biologies. 2011;334(2):100-17.

46. D'Hondt C, Ponsaerts R, De Smedt H, Bultynck G, Himpens B. Pannexins, distant
relatives of the connexin family with specific cellular functions? BioEssays : news and
reviews in molecular, cellular and developmental biology. 2009;31(9):953-74.

47. Plesner L. Ecto-ATPases: identities and functions. International review of
cytology. 1995;158:141-214.

48. Zimmermann H. 5'-Nucleotidase: molecular structure and functional aspects.
Biochem J. 1992;285 ( Pt 2)(Pt 2):345-65.

49. Piirainen H, Ashok Y, Nanekar RT, Jaakola V-P. Structural features of adenosine
receptors: from crystal to function. Biochim Biophys Acta. 2011;1808(5):1233-44.
50. Sachdeva S, Gupta M. Adenosine and its receptors as therapeutic targets: An

overview. Saudi Pharm J. 2013;21(3):245-53.

51. Sheth S, Brito R, Mukherjea D, Rybak LP, Ramkumar V. Adenosine receptors:
expression, function and regulation. International journal of molecular sciences.
2014;15(2):2024-52.

52. Daly JW, Butts-Lamb P, Padgett W. Subclasses of adenosine receptors in the
central nervous system: interaction with caffeine and related methylxanthines.
Cellular and molecular neurobiology. 1983;3(1):69-80.

53. Zylka MJ. Pain-relieving prospects for adenosine receptors and
ectonucleotidases. Trends Mol Med. 2011;17(4):188-96.

54, Schulte G, Robertson B, Fredholm BB, DelLander GE, Shortland P, Molander C.
Distribution of antinociceptive adenosine al receptors in the spinal cord dorsal horn,
and relationship to primary afferents and neuronal subpopulations. Neuroscience.
2003;121(4):907-16.

55. Sawynok J. Adenosine and ATP receptors. Handbook of experimental
pharmacology. 2007(177):309-28.



[MPORTO PORTO FCUP/ICBAS

INSTITUTO DE CIENCIAS T Ut or et Adenosine exerts a pro-fibrotic and pro-inflammatory effect on
BIOMEDICAS ABEL SALAZAR UNIVERSIDADE DO PORTO

UNIVERSIDADE DO PORTO rat subcutaneous fibroblasts via A receptors activation

56. Goldman N, Chen M, Fujita T, Xu Q, Peng W, Liu W, et al. Adenosine Al
receptors mediate local anti-nociceptive effects of acupuncture. Nature neuroscience.
2010;13(7):883-8.

57. Sawynok J. Adenosine receptor targets for pain. Neuroscience. 2016;338:1-18.

58.  Abo-Salem OM, Hayallah AM, Bilkei-Gorzo A, Filipek B, Zimmer A, Muller CE.
Antinociceptive effects of novel A2B adenosine receptor antagonists. The Journal of
pharmacology and experimental therapeutics. 2004;308(1):358-66.

59. Wu WP, Hao JX, Halldner-Henriksson L, Xu XJ, Jacobson MA, Wiesenfeld-Hallin
Z, et al. Decreased inflammatory pain due to reduced carrageenan-induced
inflammation in mice lacking adenosine A3 receptors. Neuroscience.
2002;114(3):523-7.

60. Yoon MH, Bae HB, Choi JI. Antinociception of intrathecal adenosine receptor
subtype agonists in rat formalin test. Anesthesia and analgesia. 2005;101(5):1417-
21.

61. Fredholm BB, Cunha RA, Svenningsson P. Pharmacology of adenosine A2A
receptors and therapeutic applications. Current topics in medicinal chemistry.
2003;3(4):413-26.

62. Milne GR, Palmer TM. Anti-inflammatory and immunosuppressive effects of the
A2A adenosine receptor. TheScientificWorldJournal. 2011;11:320-39.

63. Marcellino D, Lindqvist E, Schneider M, Miller CE, Fuxe K, Olson L, et al. Chronic
A2A antagonist treatment alleviates parkinsonian locomotor deficiency in MitoPark
mice. Neurobiology of disease. 2010;40(2):460-6.

64. Dall'lgna OP, Fett P, Gomes MW, Souza DO, Cunha RA, Lara DR. Caffeine and
adenosine A2a receptor antagonists prevent -amyloid (25-35)-induced cognitive
deficits in mice. Experimental Neurology. 2007;203(1):241-5.

65. Haské G, Linden J, Cronstein B, Pacher P. Adenosine receptors: therapeutic
aspects for inflammatory and immune diseases. Nature Reviews Drug Discovery.
2008;7(9):759-70.

66. Doak GJ, Sawynok J. Complex role of peripheral adenosine in the genesis of the
response to subcutaneous formalin in the rat. European journal of pharmacology.
1995;281(3):311-8.

67. Kaelin-Lang A, Lauterburg T, Burgunder J-M. Expression of adenosine A2a
receptor gene in rat dorsal root and autonomic ganglia. Neuroscience Letters.
1998;246(1):21-4.



36 | FCUP/ICBAS [APORTO [APORTO

Adenosine exerts a pro-fibrotic and pro-inflammatory effect on rat | S e nd INSTITUTO DE CIENCIAS
- . . . UNIVERSIDADE DO PORTO BIOMEDICAS ABEL SALAZAR
subcutaneous fibroblasts via A,4 receptors activation UNIVERSIDADE DO PORTO

68. Langevin HM, Stevens-Tuttle D, Fox JR, Badger GJ, Bouffard NA, Krag MH, et
al. Ultrasound evidence of altered lumbar connective tissue structure in human
subjects with chronic low back pain. BMC Musculoskelet Disord. 2009;10:151.

69. Langevin HM, Fox JR, Koptiuch C, Badger GJ, Greenan- Naumann AC, Bouffard
NA, et al. Reduced thoracolumbar fascia shear strain in human chronic low back pain.
BMC Musculoskeletal Disorders. 2011;12(1):203.

70. Bessa-Goncalves M, Braganca B, Martins-Dias E, Correia-de-Sa P, Fontes-
Sousa AP. Is the adenosine A(2B) 'biased' receptor a valuable target for the treatment
of pulmonary arterial hypertension? Drug discovery today. 2018;23(6):1285-92.

71. Cronstein BN. Adenosine receptors and fibrosis: a translational review. F1000
Biol Rep. 2011;3:21-.

72. Chan ESL, Liu H, Fernandez P, Luna A, Perez-Aso M, Bujor AM, et al. Adenosine
A(2A) receptors promote collagen production by a Flil- and CTGF-mediated
mechanism. Arthritis Res Ther. 2013;15(3):R58-R.

73. Tullberg-Reinert H, Jundt G. In situ measurement of collagen synthesis by human
bone cells with a sirius red-based colorimetric microassay: effects of transforming
growth factor beta2 and ascorbic acid 2-phosphate. Histochemistry and cell biology.
1999;112(4):271-6.

74. Orriss IR, Knight GE, Ranasinghe S, Burnstock G, Arnett TR. Osteoblast
responses to nucleotides increase during differentiation. Bone. 2006;39(2):300-9.
75. Henriksen Z, Hiken JF, Steinberg TH, Jgrgensen NR. The predominant
mechanism of intercellular calcium wave propagation changes during long-term

culture of human osteaoblast-like cells. Cell calcium. 2006;39(5):435-44.

76. Costa MA, Barbosa A, Neto E, Sa-e-Sousa A, Freitas R, Neves JM, et al. On the
role of subtype selective adenosine receptor agonists during proliferation and
osteogenic differentiation of human primary bone marrow stromal cells. J Cell Physiol.
2011;226(5):1353-66.

77. Jordana M, Befus AD, Newhouse MT, Bienenstock J, Gauldie J. Effect of
histamine on proliferation of normal human adult lung fibroblasts. Thorax.
1988;43(7):552-8.

78. Garbuzenko E, Nagler A, Pickholtz D, Gillery P, Reich R, Maquart FX, et al.
Human mast cells stimulate fibroblast proliferation, collagen synthesis and lattice
contraction: a direct role for mast cells in skin fibrosis. Clinical and experimental
allergy : journal of the British Society for Allergy and Clinical Immunology.
2002;32(2):237-46.



[MPORTO PORTO FCUP/ICBAS

INSTITUTO DE CIENCIAS T Ut or et Adenosine exerts a pro-fibrotic and pro-inflammatory effect on

BIOMEDICAS ABEL SALAZAR UNIVERSIDADE DO PORTO

UNIVERSIDADE DO PORTO rat subcutaneous fibroblasts via A receptors activation

79. Cruikshank SJ, Hopperstad M, Younger M, Connors BW, Spray DC, Srinivas M.
Potent block of Cx36 and Cx50 gap junction channels by mefloquine. Proceedings of
the National Academy of Sciences of the United States of America.
2004;101(33):12364-9.

80. Juszczak GR, Swiergiel AH. Properties of gap junction blockers and their
behavioural, cognitive and electrophysiological effects: animal and human studies.
Progress in neuro-psychopharmacology & biological psychiatry. 2009;33(2):181-98.

81. Willebrords J, Maes M, Crespo Yanguas S, Vinken M. Inhibitors of connexin and
pannexin channels as potential therapeutics. Pharmacol Ther. 2017;180:144-60.

82. Wang J, Ma M, Locovei S, Keane RW, Dahl G. Modulation of membrane channel
currents by gap junction protein mimetic peptides: size matters. American journal of
physiology Cell physiology. 2007;293(3):C1112-9.

83. Ahmad A, Schaack JB, White CW, Ahmad S. Adenosine A2A receptor-dependent
proliferation of pulmonary endothelial cells is mediated through calcium mobilization,
P13-kinase and ERK1/2 pathways. Biochem Biophys Res Commun. 2013;434(3):566-
71.

84. Oliveira L, Correia A, Cristina Costa A, Guerra-Gomes S, Ferreirinha F,
Magalhdes-Cardoso MT, et al. Deficits in endogenous adenosine formation by ecto-
5'-nucleotidase/CD73 impair neuromuscular transmission and immune competence
in experimental autoimmune myasthenia gravis. Mediators of inflammation.
2015;2015:460610.

85. Chan ES, Fernandez P, Merchant AA, Montesinos MC, Trzaska S, Desai A, et
al. Adenosine A2A receptors in diffuse dermal fibrosis: pathogenic role in human
dermal fibroblasts and in a murine model of scleroderma. Arthritis Rheum.
2006;54(8):2632-42.

86. Scheibner KA, Boodoo S, Collins S, Black KE, Chan-Li Y, Zarek P, et al. The
adenosine a2a receptor inhibits matrix-induced inflammation in a novel fashion. Am J
Respir Cell Mol Biol. 2009;40(3):251-9.

37



38 | FCUP/ICBAS [AMPORTO [BAPORTO

Adenosine exerts a pro-fibrotic and pro-inflammatory effect on rat T DicusAne oE CIENCIAS INSTITUTO DE CIENCIAS
. . . . UNIVERSIDADE DO PORTO BIOMEDICAS ABEL SALAZAR
subcutaneous fibroblasts via A,4 receptors activation UNIVERSIDADE DO PORTO

1. IJUP 13" Edition 2020 — Encontro de Investigacdo Jovem

da Universidade do Porto

UNRAVELLING ADENOSINE RECEPTORS SIGNALING IN RAT
SUBCUTANEOUS FIBROBLASTS: A NOVEL APPROACH TO MYOFASCIAL PAIN
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Chronic myofascial pain is associated to inflammation-induced subcutaneous tissue
disorganization and continuous stimulation of sensory nerves. Subcutaneous fibroblasts
release ATP in contact with inflammatory mediators (e.g. bradykinin, histamine)
(Pinheiro et al, 2013, Cell Commun Signal 11:70; Pinheiro et al, 2013 J Biol Chem
288:27571). ATP is promptly converted into adenosine by ecto-NTPDases1/2 and ecto-
5’-nucleotidase acting in tandem to promote extracellular accumulation of the
nucleoside. Adenosine is a powerful modulator of inflammation and neuronal activation,
but controversy still exists regarding its role in tissue fibrosis. Understanding the
mechanisms by which subcutaneous fibroblasts respond to adenosine and ultimately
communicate with sensory neurons may be paramount to discover new drug targets for
myofascial pain. Cultured fibroblasts from the rat subcutaneous tissue were monitored
for viability/proliferation (MTT assay) and collagen production (Sirius Red assay) for 28
days. Adenosine receptors expression was assessed by immunofluorescence confocal
microscopy. Rat subcutaneous fibroblasts exhibit high As; receptor amounts, followed by
Aoa and Ags receptors, with the A; receptor being less expressed. The adenosine
analogue, NECA (10 and 100 uM, n=3), progressively decreased fibroblast cells growth
and collagen production up to day 21 in culture. Selective activation of the A.a receptor
with CGS21680 (1 nM, n=3), decreased collagen production from day 14 onwards, with
almost no effect on fibroblast cells proliferation. Activation of the As receptor subtype with
2-CI-IB-MECA (10 and 100 nM, n=4) showed a late pro-fibrotic effect only observed at
culture day 28. The predominant anti-fibrotic effect exert by activation of the A,a receptor
subtype is promising given to the fact that this receptor also suppresses responses in
other immune-mediated conditions (Oliveira et al, 2015, 2015: 460610).
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Chronic myofascial pain is associated to diffuse subcutaneous inflammation, tissue
disorganization and sensory nerves stimulation. Subcutaneous fibroblasts release huge
amounts of ATP when challenged by inflammatory mediators (Pinheiro et al, 2013 J Biol
Chem 288:27571). ATP is rapidly converted into adenosine by ecto-NTPDases1/2 and
ecto-5-nucleotidase. Extracellular adenosine is a powerful modulator of inflammatory
and neuronal responses. Understanding the mechanisms by which subcutaneous
fibroblasts respond to adenosine and communicate with sensory neurons may be
paramount to discover new drug targets for myofascial pain. Using immunofluorescence
confocal microscopy, we show here that rat subcutaneous fibroblasts exhibit high As
receptor amounts, followed by Aza and Azs receptors, with only minute amounts of the A;
receptor being detected. The adenosine analogue, NECA (10 and 100 uM, n=3),
progressively decreased fibroblast cells growth (MTT assay) and collagen production
(Sirius Red assay) up to day 21 of the cells in culture. Selective activation of the Aza
receptor with CGS21680 (1 nM, n=3) decreased collagen production from day 14
onwards. Activation of the A; receptor subtype with 2-CI-IB-MECA (10 and 100 nM, n=4)
showed a late pro-fibrotic effect only observed at culture day 28. The predominant anti-
fibrotic effect exert by activation of the Aza receptor subtype is promising given to the fact
that this receptor also suppresses responses in other immune-mediated conditions
(Oliveira et al, 2015, 2015: 460610).

This abstract was chosen among the best poster presentations in Health Sciences at
the 1IJUP 2020 Porto Meeting.
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