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Abstract 

 
Disorganization of the subcutaneous tissue due to inflammation and fibrosis is a common feature in patients with myofascial pain. Dermal 

accumulation of adenosine favours collagen production by human subcutaneous fibroblasts (HSCF) via A2A receptors (A2AR) activation. 

Adenosine mimics the fibrogenic effect of inflammatory mediators (e.g. histamine, bradykinin), which act by promoting ATP release from 

HSCF via pannexin-1 (Panx1) and/or connexin-43 (Cx43) hemichannels. However, this mechanism was never implicated in the A2AR-mediated 

actions. NECA and CGS21680C, two enzymatically-stable A2AR agonists, increased Panx-1, but reduced Cx43, immunoreactivity in cultured 

HSCF. This effect was accompanied by increases in ATP release and collagen production by HSCF. Involvement of A2AR was verified upon 

blockage of NECA and CGS21680 effects with the selective A2AR antagonist, SCH442416. Inhibition of Panx1 hemichannels with probenecid 

also decreased ATP release and collagen production by HSCF under similar conditions. Superfluous ATP release by HSCF exposed to A2AR 

agonists overexpressing Panx1 hemichannels contributes to keep high [Ca2+]i levels in the presence of inflammatory mediators, like histamine. 

Adenosine A2AR-induced Panx1 overexpression was shown here for the first time; this feature indirectly implicates ATP release in the fibrogenic 

vicious cycle putatively operated by the nucleoside in subcutaneous tissue fibrosis and myofascial inflammatory conditions.  

 

 

Introduction 

The fascia is considered our largest sensory organ; it is densely innervated and plays relevant roles in scarring, tissue remodelling, 

inflammation, and pain perception 1-3. Fibroblasts are the most abundant cells in fascia where they form a functional syncytium. 

Gap junctional (GJs) communication is preferential among adjacent fibroblasts allowing direct passage of second messengers 

(e.g. cyclic AMP, IP3), metabolites, ions, and electrical signals. Fibroblasts may also interplay with each other, as well as with 

neuronal and inflammatory cells in the vicinity, by releasing danger molecules, like ATP, in response to noxious mechanical, 

inflammatory and/or neuroendocrine stimuli 4-7.  

ATP-releasing hemichannels containing connexin-43 (Cx43) or pannexin-1 (Panx1) afford tuned communication between the 

cytosol and the extracellular environment of functionally active fibroblasts 8 , but only those channels containing Cx43 integrate 

the macromolecular protein scaffold of GJ communication pores 9. Differences also exist among the two hemichannel pores 

concerning their regulation by phosphorylation, plasma membrane potential and extracellular calcium and magnesium 

concentrations; for instance, unlike Panx1-containing hemichannels, those including Cx43 are normally silent at physiological 

Ca2+ concentrations (e.g. 1.8 mM), thus requiring low external Ca2+ conditions to become operative 10. Apart from the Cx43 role 

in intercellular communication, the carboxy tail of this protein undertakes other biological functions, such as gene transcriptional 

regulation and crosstalk with multiple other proteins (e.g. ZO-1, caveolin-1, c-Src, β-catenin, tubulin) 11, which have been 

clinically implicated in wound scar mitigation by decreasing fibroblasts movement and improving collagen alignment 12. 

The cellular amounts of Cx43- and Panx1-containing hemichannels undergo substantial modifications under pathological 

conditions, which might have significant impact in intercellular communication 9,13-17. Downregulation of Cx43 has been 

associated with improvements in skin wound healing 13,15, while its overexpression is implicated in chronic pain 14,18 and delayed 

healing subsequent to inflammatory conditions 19 by favouring the efflux of high ATP amounts to the extracellular 

microenvironment. Regarding Panx1, it integrates the inflammasome activation and mediates secretion of pro-inflammatory 

mediators, like interleukin-1β and histamine 5,20. Panx1 also plays a role in the development and maintenance of chronic 

mechanical hypersensitivity 21, as well as in dermal fibrosis 22, most probably by releasing adenine nucleotides in response to 

inflammatory signal mediators 5,6. 



While previous studies agree that purines are important to fascial inflammation, nociception, and connective tissue remodelling 

through the activation of adenine nucleotides-sensitive P2 purinoceptor subtypes, namely metabotropic P2Y1, P2Y2, P2Y12 and 

ionotropic P2X7 5,6,23,24, very little attention has been given to the effects of their metabolite, adenosine, acting via P1 receptors, 

reviewed in 25 26. Pioneering data from our group indicates that adenosine originated from ATP breakdown tends to accumulate 

in the extracellular milieu of human subcutaneous fibroblast (HSCF) cultures because these cells lack extracellular adenosine 

deaminase (ADA) activity 5,6,27. The close proximity between the adenosine forming enzyme, ecto-5’-nucleotidase/CD73, and 

the A2A receptor (A2AR) subtype favours collagen production by HSCF 27, which may be relevant to normal wound healing 2,28-

31. Notwithstanding this, overexpression of the A2AR in fibroblasts has been implicated in the pathogenesis of skin fibrotic 

malignancies, such as dermal fibrosis and scleroderma, whose patients present excessive collagen deposition in the skin and 

visceral organs 32. 

Controversy however exists about the mechanism(s) underlying the fibrogenic actions of adenosine via A2AR activation, reviewed 

in 33, mostly because downstream production of cyclic AMP exerts paradoxical effects on collagen production via differential 

sensitivity of protein kinase A (PKA) and exchange protein activated by cyclic adenosine monophosphate (EPAC) to this 

intracellular messenger 27,30,34. Non-canonical, AKT-dependent, Smad2/3-independent signalling, may also explain the 

paradoxical shift in the effect of increasing concentrations of cyclic AMP on collagen production 26. Downstream interference 

with the equilibrium between transcription promoters and repressors of matrix-producing genes have additionally been 

hypothesized in this context. Activation of A2AR in human dermal fibroblasts suppresses friend leukemia integration-1 (Fli1), 

which is normally associated with increases in the synthesis of connective tissue growth factor (CTGF/CCN2) and of type I 

collagen 28.  

Interestingly, the pro-fibrotic effect of adenosine resembles the action of common inflammatory mediators (e.g. histamine, 

bradykinin), which indirectly favour the release of ATP via Panx1 and/or Cx43 containing hemichannels 5,6, but this association 

has never been explored so far. This prompted us to investigate the putative interplay between A2AR activation and the 

expression/function of ATP-releasing Panx-1 and Cx43 hemichannels in cultured HSCF, in order to uncover the role of adenosine 

in human fibroblast cells function vis a vis the putative implications of the nucleoside in subcutaneous tissue remodelling, 

scarring, inflammation, and nociception that may underlie chronic myofascial pain conditions. 

 

 

Results 

Human subcutaneous fibroblasts (HSCF) exhibit increasing amounts of Panx1 and Cx43 proteins along the time of the 
cells in culture. Cultured human subcutaneous fibroblasts (HSCF) are elongated cells showing a spindle-shape characteristic 

morphology. Their fibroblastic nature was confirmed by immunocytochemistry. All cells exhibited positive immunoreactivity 

against type 1 collagen and vimentin, the intermediate protein filament considered a reliable fibroblast-cell marker (Figure 1 Ai-

iii).  

Previously, we showed that cultured HSCF exhibit strong immunoreactivity against A2AR which co-localizes with the 

adenosine forming enzyme, ecto-5’-nucleotidase/CD73; yet, these cells lack the ability to inactivate adenosine to inosine as they 

are essentially devoid of adenosine deaminase (ADA) 27. By immunofluorescence confocal microscopy and Western blot analysis, 

we show here that HSCF express Panx1 (~48 kDa) and Cx43 (43 kDa) proteins (cf. [5,6]), which content increases with the time 

and differentiation of the cells in culture (Figure 1B, 1C and 1D). This feature compares with maturation increases in A2AR and 

ecto-5’-nucleotidase/CD73 immunoreactivity observed previously 27. It is however, worth noting that Cx43 expression was 

always higher than that of Panx1 at all culture time points.  

 Adenosine A2A receptor activation differently affects the expression of Panx1 and Cx43 in human subcutaneous 
fibroblasts (HSCF). Using two enzymatically-stable adenosine analogues, 5’-(N-ethylcarboxamide)-adenosine (NECA, 300 nM, 

a non-selective A2 receptor agonist) and CGS21680 (10 nM, a selective A2A receptor agonist), we show here that activation of 

A2A receptors in HSCF differently affects the expression of Panx1 and Cx43 (Figure 2). Using immunofluorescence confocal 

microscopy and Western blot analysis, we detected significant (P<0.05) increases in Panx1 immunoreactivity when cultured 

HSCF were exposure to NECA (300 nM) and CGS21680 (10 nM) for 7 days (Figure 2A and 2Ci), while the opposite was 

observed regarding the Cx43 protein content (Figure 2B and 2Cii). Involvement of the A2A receptor was confirmed using the 

selective A2A receptor antagonist, SCH442416 (10 nM), which fully prevented the dual modulation of Panx1 and Cx43 caused 

by NECA (300 nM) and CGS21680 (10 nM) in HSCF (Figure 2C).  

 Adenosine A2A receptor activation favours the release of ATP via Panx1-containing hemichannels in cultured human 
subcutaneous fibroblasts (HSCF). Considering that activation of A2A receptors significantly enhanced the expression of Panx1 

hemichannels in HSCF, we set to test the ability of challenged cells to release higher amounts of ATP into the extracellular 

microenvironment using the luciferin-luciferase bioluminescence assay. Figure 3 shows that 7-day incubations with NECA (300 

nM) and CGS21680 (10 nM) significantly (P<0.05) increased ATP levels in the culture medium normalized by the number of 

viable cells (MTT value) in each well. NECA (300 nM; Figure 3A)- and CGS21680 (10 nM; Figure 3B)-induced facilitation of 

ATP release by HSCF was prevented by application of these compounds together with the selective A2A receptor antagonist, 

SCH442416 (10 nM; P<0.05). 

To test whether Panx1-containing hemichannels were involved in the facilitatory effect of CGS2160C (10 nM) on ATP 



release by cultured HSCF, the selective A2A receptor agonist was applied together with probenecid (100 µM), a powerful inhibitor 

of Panx1 hemichannels without any action on connexin-containing channels 35. As a matter of fact, probenecid (100 µM) 

mimicked the preventive effect of the A2A receptor antagonist, SCH442416 (10 nM), on CGS21680C (10 nM)-induced facilitation 

of ATP release by HCSF (Figure 3B).  

Blockage of ATP-releasing Panx1 hemichannels prevents the fibrogenic effect of adenosine via A2A receptor activation in 
human subcutaneous fibroblasts (HSCF). Incubation with CGS 21680 (10 nM, for 7 days) increased (P<0.05) collagen 

production (Sirius Red assay; Figure 4B) by cultured HSCF without affecting cells growth/viability (MTT assay; Figure 4A), 

thus discarding any effect of the A2A receptor agonist on cells proliferation, apoptosis and senescence 36. The fibrogenic effect of 

CGS 21680 (10 nM) was fully prevented when this compound was applied together with the selective A2A receptor antagonist, 

SCH442416 (10 nM), as shown previously by our group 27. We show in Figure 4B that the inhibitory effect of the A2A receptor 

antagonist was mimicked by blockage of ATP-releasing Panx1 hemichannels with probenecid (100 µM), which on its own 

decreased collagen production by 10±2% (n=5) only from culture day 21 onwards without affecting HSCFs growth/viability 

(MTT assay). This feature is in keeping with the increase in Panx1 immunoreactivity along time of the cells in culture (see Figure 

1B and 1D).  

 Using AMP as an adenosine precursor, our group showed previously that the A2A receptor facilitates collagen production 

by coupling to the adenylyl cyclase (AC) / exchange protein activated by cyclic AMP (EPAC) pathway in HSCF 27. This 

hypothesis is strengthen by our results showing that selective inhibition of AC (with SQ22536; 30 µM), as well as inhibition of 

EPAC (with ESI-09, 10 µM), prevented the facilitatory effect of the selective A2A receptor agonist, CGS 21680 (10 nM), on 

collagen production by HSCF under similar experimental conditions (Figure 4B). 

Adenosine A2A receptor-induced Panx1 overexpression contributes to sustain histamine-induced [Ca2+]i accumulation in 
human subcutaneous fibroblasts (HSCF). Mast cell-derived histamine plays an important role in painful fibrotic diseases, and 

that it may trigger the release of ATP from HSCF via Panx1-containing hemichannels resulting in sustained [Ca2+]i mobilization 
5. Therefore, we next set to investigate whether A2A receptor-induced Panx1 overexpression affected [Ca2+]i transients caused by 

histamine in 7-day cultures where normally cells express little amounts of this protein (see Figure 1B and 1D). Histamine (100 

µM) caused a fast (within seconds) [Ca2+]i rise in cultured HSCF which attained 68±9% (n=11) of the maximal calcium load 

produced by the calcium ionophore, ionomycin (5 µM; 100% response) (Figure 5A-C). Following this fast intracellular Ca2+ 

mobilization, a slow decay lasting about 2 min was observed; beyond that point, histamine-induced Ca2+ influx from the 

extracellular milieu keeps [Ca2+]i levels fairly constant until drug washout (Figure 5; cf. 5).  
Acute application of the selective A2A receptor agonist, CGS 21680C (10 nM), had a negligible effect on [Ca2+]i in HSCF 

when it was applied alone, i.e. in the absence of histamine (100 µM; data not shown). The kinetics of [Ca2+]i transients induced 

by histamine (100 µM) in HSCF pre-treated with CGS 21680 (10 nM, for 7 days) was kept almost unaltered compared to non-

treated cells (Figure 5A-C). Notwithstanding this, manipulation of Panx1 hemichannels permeability, with both probenecid (100 

µM; Figure 5A) and the Panx1 mimetic inhibitory peptide, 10Panx (100 µM; Figure 5B)37, as well as inactivation of extracellular 

ATP with apyrase (2 U/ml; Figure 5C), significantly (P<0.05) decreased the late component of histamine (100 µM) responses in 

CGS 21680C (10 nM)-treated cells, while keeping fairly conserved the initial [Ca2+]i rise. Notably, none of aforementioned drugs 

affected significantly (P>0.05) histamine (100 µM)-induced [Ca2+]i transients in non-treated HSCF at this culture stage (Figure 

5A-C). Involvement of the A2A receptor was confirmed given that selective blockage of this receptor with SCH442416 (10 nM) 

largely attenuated (P<0.05) the inhibitory actions of probenecid (100 µM; Figure 5A), 10Panx (100 µM; Figure 5B) and apyrase 

(2 U/ml; Figure 5C) in the late [Ca2+]i plateau response to histamine (100 µM) in CGS 21680C (10 nM)-treated cells. Overall, 

these findings suggest that overexpression of Panx1 hemichannels produced by persistent activation of adenosine A2A receptors 

may contribute to sustain histamine-induced [Ca2+]I responses in HSCF by fostering the release of ATP and, thereby, promoting 

the cooperation between H1 and P2 receptors 5. 

 

Discussion 

Considering that fascia is a mechano-sensitive organ bridging all parts of the body and that it is composed mainly by 

fibroblasts interacting with large number of neurons operating proprioception and nociception 38,39, one can easily understand that 

disorganization of this complex cellular network structure may affect health condition in many different ways 40. Therefore, we 

foresee that investigating the molecular mechanisms underlying fascial fibroblasts signalling role may contribute to unravel 

alterations of the whole body system in myofascial pain syndromes, like fibromyalgia.  

Data show here for the first time that adenosine, via prolonged activation of high affinity A2A receptors, promotes Panx-1 

overexpression while decreasing the amount of Cx43-containing channels in HSCF. The A2A receptor-induced Panx1 

overexpression favours the release of large amounts of ATP from these cells, thus creating a vicious cycle that (1) promotes 

synthesis and extracellular deposition of collagenous extracellular matrix, and (2) contributes to intracellular [Ca2+]I accumulation 

in response to common inflammatory mediators (e.g. histamine) (see Figure 6), which may be critical to the pathogenesis of 

adenosine-induced dermal fibrosis, skin radiation injury and chronic myofascial pain conditions (see below).  

Changes in the activity and expression of Cx43 and Panx-1 have been implicated in fibrosis, inflammation and chronic 

pain 14,18,19,21. Apparently, these two important components of transmembrane hemichannels exert differential, or even opposite, 

effects in dermal healing and fibrosis. Hemichannels containing Panx-1 are widely accepted as putative mediators of ATP 



translocation to the extracellular milieu in non-excitable cells, including fibroblasts 5,41. Panx-1 hemichannels have also been 

increasingly linked to inflammation 42, as they integrate inflammasome activation and promote secretion of pro-inflammatory 

mediators, like interleukin-1β and histamine 5,20. The launch of ATP release via Panx-1 hemichannels is additionally involved in 

neutrophil chemotaxis 43. These authors showed that autocrine stimulation of ATP-sensitive P2Y2 receptors contributes to the 

excitatory signals at the front of polarized neutrophils, while causing inhibitory signals at the back of these cells providing that 

ATP is broken down into adenosine favouring activation of backwardly redistributed A2A receptors 43. Likewise, the release of 

ATP via Panx1 hemichannels also plays a role in the development and maintenance of chronic mechanical hypersensitivity 21 and 

in dermal fibrosis 22.  

Notwithstanding the fact that (1) adenosine A2A receptors activation simulates the fibrogenic actions of inflammatory 

mediators (e.g. histamine, bradykinin) by indirectly favouring ATP release via Panx1 hemichannels 5,6, and that (2) adenosine 

resulting from the breakdown of released ATP extensively accumulates in the extracellular milieu favouring activation of A2A 

receptors located in close proximity to the adenosine forming enzyme, ecto-5’-nucleotidase/CD73 27, this is the first study to 

show that the nucleoside (via a mechanism involving A2A receptors coupled to the AC/EPAC pathway) participates in a vicious 

cycle that fosters ATP release, intracellular [Ca2+]i oscillations and collagen production by HSCF. Thus, upon moderate adenosine 

A2A receptors activation, Panx-1 upregulation and ATP release from HSCF create an appropriate environment to increase collagen 

synthesis and to promote inflammation resolution and wound healing 2,27 Coincidently, Panx1 expression and function in HSCF 

paralleled the amounts of adenosine-forming enzyme, ecto-5’-nucleotidase, and of the A2A receptor in these cells along culture 

maturation 27. Though HSCF are relatively free of ADA in their plasma membranes, this adenosine-inactivating enzyme exists in 

large amounts at the surface of mononuclear cells in association with the multifunctional glycoprotein CD26 which exhibits 

dipeptidylpeptidase IV (DPP4) activity. Thus, mononuclear inflammatory cell infiltrates carry high surface amounts of CD26–

ADA complexes, which may negatively impact on adenosine mediated dermal nociception (via neuronal A1 receptors) and wound 

healing (via fibroblast A2A) 44, while increasing inosine-sensitive A3-mediated actions that are putatively involved in fibromyalgia 

patients 27,45.  

On the other hand, it has been shown that fibroblasts overexpressing adenosine A2A receptors may produce a hostile 

environment leading to dermal fibrosis 22 and scleroderma 32. Likewise, upon tissue destruction by ionizing radiation extracellular 

adenosine accumulation may promote skin fibrosis and scarring via A2A receptors activation 46. According to our data this might 

result from allocation of superfluous amounts of Panx1 hemichannels to the plasma membrane leading to unrestrained ATP 

release, which further increases [Ca2+]i mobilization, fibroblast cells growth and abnormal collagen deposition through the 

cooperation between inflammatory mediators (e.g histamine, bradykinin) and P2 purinoceptors activation 5,6; see also 47,48. In a 

recent paper, Panx1 overexpression has been implicated in a P2X7-independent inflammatory mechanism undertaken by 

activation of the TNF-α/IL-1β pathway in human umbilical vein endothelial cells 49, but involvement of adenosine via A2A 

receptors activation has not been ruled out. Interestingly, synergism between Panx1-mediated ATP release and ionotropic P2X3/4 

purinoceptors activation may mediate skin hypersensitivity commonly occurring in myofascial syndromes 50. Likewise, an 

interplay between Panx1-mediated ATP release and P2X7 receptors activation has been shown to modulate human dermal 

fibroblasts migration and cell surface actin dynamics 51.  

Contrariwise, Cx43 levels normally decay one day after skin injury returning to homeostatic levels after wound closure, 

both in humans and rodents 52. In view of this, blockage of Cx43 hemichannels has reach phase II clinical trials to accelerate 

healing of lower limb venous ulcers and diabetic foot lesions by reducing the scar area and the number of infiltrating inflammatory 

cells, which on their own favour recovery of dermal histoarchitecture and skin mechanical resistance 17. Though the mechanism 

by which inhibition of Cx43 channels stimulates wound healing is still controversial, blockage of Cx43 channels increases the 

proportion of fitted GJs in relation to their ATP-releasing hemichannel counterparts, thus promoting intercellular communication 

via GJs in HeLa cells 53. Moreover, acute downregulation of Cx43 at wounded sites tapers inflammatory responses, and increases 

fibroblasts migration and keratinocytes proliferation 15. Downmodulation of the expression and function of Cx43 may play a role 

against chronic neuropathic pain 14, in particular when this protein is overexpressed 18.  

In contrast to Panx1 overexpression, we show here that subacute activation of adenosine A2A receptors significantly 

downregulated Cx43 protein in cultured HSCF by about 50-75%. This finding prevented us to investigate the implication of Cx43 

in the facilitatory effect of A2A receptors on ATP release and histamine-induced [Ca2+]i accumulation by these cells, also because 

Cx43, unlike Panx1, hemichannels are usually inactive at normal extracellular Ca2+ concentrations (e.g. 1.8 mM CaCl2 in the 

Tyrode's solution) 10. Though it has been demonstrated that phosphorylation of multiple Cx43 amino-acid residues inhibits 

hemichannels assembly, gating, turnover and gap junctional communication (see, e.g. 54), it remains to be elucidated whether this 

mechanism is implicated in A2A receptor-induced downmodulation of Cx43 in HSCF and if it also affects other regulatory 

functions of this protein inside these cells. Additionally, implication of these mechanisms in myofascial inflammatory pain 

modulation is also worth to be investigated in the future. Yet, this venture requires more demanding experimental techniques 

which are beyond our actual expertise, like fluorescence recovery after photobleaching (FRAP) to follow fluorescent dyes transfer 

via GJs and/or the use of HSCF co-cultures with sensitive neurons or inflammatory cells, before going to decisive in vivo animal 

models. 

In conclusion, this study shows for the first time that extracellular adenosine, via A2A receptors activation, exerts a dual 

role on Panx1- and Cx43-containing hemichannels expression with significant functional repercussions on ATP release, 

histamine-induced [Ca2+]i mobilization and collagen production by HSCF (Figure 6). These findings, contribute to elucidate the 

mechanisms underlying the fibrogenic effect of the nucleoside in the pathogenesis of dermal malignancies associated with cellular 



overexpression of the A2A receptor. Data also strengthen the theory that uncovering the purinergic signalling complexities might 

unravel novel putative targets to control myofascial syndromes often associated with fascial fibrosis, connective tissue 

inflammation and pain perception at certain cutaneous trigger points 40.  

 

 
Methods 
Cell cultures 
Human fibroblasts were isolated from subcutaneous tissue samples of male tissue donors (35 ± 6 years old, n = 18) with no 

clinical history of connective tissue disorders. This study and all its procedures were approved by the Ethics Committees of Centro 

Hospitalar Universitário do Porto (CHUP, University Hospital) and of Instituto de Ciências Biomédicas de Abel Salazar (Medical 

School) of University of Porto. All patients signed an informed consent approved by the Ethics Committee of CHUP for use of 

the biologic material. Regarding deceased tissue donation, the legal frame work allows the “Presumed Consent,” stating that 

residents in Portugal are consenting donors unless the individual previously objected during his or her life. The investigation 

conformed to the principles outlined in The Code of Ethics of the World Medical Association (Declaration of Helsinki).  

Subcutaneous tissues were maintained at 4-6ºC in M-400 transplantation solution (4.190 g/100 mL mannitol, 0.205 g/100 mL 

KH2PO4, 0.970 g/100 mL K2HPO4・3H2O, 0.112 g/100 mL KCl, and 0.084 g/100 mL NaHCO3, pH 7.4) until used, which was 

between 2 and 16 hours after being harvested 5,6,27. Cells were then obtained by the explant technique and cultured in Dulbecco’s 

Modified Eagle’s Medium (DMEM) medium supplemented with 10% fetal bovine serum (FBS), 2.5 µg/mL of amphotericin B 

and 100 U/mL of penicillin/streptomycin, at 37ºC in a humidified atmosphere of 95% air and 5% CO2. Medium was replaced 

twice a week. Primary cultures were maintained until near confluence (~3-4 weeks), then adherent cells were enzymatically 

released with 0.04% trypsin-EDTA solution plus 0.025% type I collagenase in phosphate-buffered saline (PBS). The resultant 

cell suspension was plated and maintained in the same conditions mentioned above. All the experiments were performed in the 

first subculture. 

 

Immunocytochemistry 
Human subcutaneous fibroblasts (HSCF) were seeded in chamber slides at a density of 1.0x104 cells/mL and allowed to grow for 

7 days in culture. Cultured cells were fixed in 4% paraformaldehyde (PFA) in PBS for 10 minutes, washed 3 times in PBS (10 

min each), and subsequently incubated with blocking buffer I (10% FBS, 1% bovine serum albumin (BSA), 0.1% Triton X, 

0.05% NaN3) for 1 h. Primary antibodies, diluted in blocking buffer II (5% FBS, 0.5% BSA, 0.05% Triton X, 0.05% NaN3), were 

applied [rabbit anti-human type I collagen 1:50 (#2150-0020; AbDSerotec, Kidlington, UK); mouse anti-porcine vimentin 1:75 

(#M0725; DAKO, Santa Clara, CA, EUA); rabbit anti-human Cx43 1:6000 (#ab11370; Abcam Plc, Cambridge, UK); rabbit anti-

human Panx1 1:250 (#710184; Novex, Life Technologies, Carlsbad, CA, EUA)] and the slides incubated overnight at 4ºC. After 

incubation, cells were washed 3 times in PBS 1X (10 min each). The donkey anti-rabbit Alexa Fluor 488 (#A-21206; 1:1500) 

and the donkey anti-mouse Alexa Fluor 568 (#A-10037; 1:1500) secondary antibodies (Molecular Probes, Invitrogen, Waltham, 

MA, USA) were diluted in blocking buffer II (5% FBS, 1% BSA, 0.1% Triton-X) and applied for 1 h protected from light. A last 

wash was performed with PBS 1X, and glass slides were mounted with VectaShield medium and stored at 4ºC. Negative controls 

were carried out by replacing the primary antibodies with non-immune serum; cross-reactivity for the secondary antibodies was 

tested in control experiments in which primary antibodies were omitted. Observations were performed and analysed with an 

Olympus FV1000 confocal microscope (Tokyo, Japan) 5,6,27. 

 
SDS–PAGE and Western blotting 
The methodology used in these experiments was as previously described by our group 5,6,27. In brief, HSCF were seeded in 

chamber slides at a density of 6.0 x104 cells/mL and allowed to grow for 7 and 28 days in culture. Cells were homogenized in a 

lysis buffer with the following composition: 50 mM Tris-HCl (pH 8.0), 150 mM NaCl, 0.5% sodium deoxycholate, 1% Triton-

X-100, 0.1% SDS and a protease inhibitor cocktail. Protein content of the samples was evaluated using the Pierce BCA protein 

assay kit according to the manufacturer’s instructions (Thermo Fisher Scientific, Waltham, MA, USA). Samples were solubilized 

in SDS reducing buffer (0.125 mM Tris-HCl, 4% SDS, 0.004% bromophenol blue, 20% glycerol, and 10% 2-mercaptoethanol, 

pH 6.8 at 70oC for 10 min), subjected to electrophoresis in 10% SDS-polyacrylamide gels and electrotransferred onto PVDF 

membranes (MilliPore, Burlington, MA, USA). Protein loads were 75 µg for Panx1 and 30 µg for Cx43. The membranes were 

blocked for 1 h in Tris buffered saline (TBS: 10 mM Tris-HCl, pH 7.5, 150 mM NaCl) containing 0.05% Tween 20 + 5% BSA. 

Membranes were subsequently incubated with rabbit anti-human Panx1 1:200 (#710184; Novex, Life Technologies, Carlsbad, 

CA, USA ) and rabbit anti-human Cx43 1:4000 (#ab11370; Abcam Plc, Cambridge, UK) in the above blocking buffer overnight 

at 4ºC. Membranes were washed three times for 10 min in 0.1% Tween 20 in TBS and then incubated with donkey anti-rabbit 

IgG (HRP) 1:70000 (#ab7083; Abcam Plc, Cambridge, UK) for 60 min at room temperature. For normalization purpose, 

membranes were also incubated with the GAPDH 1:200 (#sc32233; Santa Cruz, Dallas, TX, USA). Membranes were washed 

three times for 10 min in 0.1% Tween 20 in TBS and then incubated with donkey anti-mouse IgG (HRP) 1:20000 (#ab98799; 

Abcam Plc, Cambridge, UK) secondary antibody for 60 min at room temperature. Membranes were washed three times for 10 

min and antigen-antibody complexes were visualized by chemiluminescence with an ECL reagent using the ChemiDoc MP 

imaging system (Bio-Rad Laboratories, Hercules, CA, USA). Gel band image densities were quantified with ImageJ (National 

Institute of Health, Bethesda, MD, USA). 

 



Cell viability/proliferation and total collagen determination 
HSCF were seeded in flat bottom 96 well plates at a density of 3x104 cells/mL and cultured in supplemented DMEM. 

Viability/proliferation studies included the 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide (MTT) assay, which 

was performed according to the manufacturer’s instructions as previously described 5,6,27. Collagen determination was performed 

using the Sirius Red staining assay that stains equally well collagen types I and III 55, which are the two main collagen types 

existing in the human skin, normally at a ratio of 4:1 34. Cell layers were washed twice in PBS before fixation with Bouin’s fluid 

for 1 h. The fixation fluid was removed by suction, and the culture plates were washed by immersion in running tap water for 15 

min. Culture dishes were allowed to air dry before adding the Sirius Red dye (Direct Red 80). Cells were stained for 1 h under 

mild shaking on a microplate shaker. To remove non-bound dye, stained cells were washed with 0.01 N hydrochloric acid and 

then dissolved in 0.1 N sodium hydroxide for 30 min at room temperature using a microplate shaker. Optical density was measured 

at 550 nm against 0.1 N sodium hydroxide as blank using a microplate reader spectrometer (Synergy HT, BioTek, Winooski, VT, 

USA) 55. Results were expressed as A/well. 

 

Extracellular ATP quantification by bioluminescence 
Extracellular ATP was detected with the luciferin-luciferase ATP bioluminescence assay kit HS II (Roche Applied Science; 

Penzberg, Germany) using a multidetection microplate reader (Synergy HT, BioTek Instruments, Winooski, VT, USA), as 

described elsewhere 5,6. Briefly, cells were cultured for 7 days in the absence or in the presence of 5′-(N-ethylcarboxamide)-

adenosine (NECA, 300 nM, a non-selective A2 receptor agonist) or of CGS21680 (10 nM, a selective A2AR agonist); the two 

agonists were either applied alone or together with the selective A2AR antagonist, SCH442416 (10 nM). Before measurements, 

cells were washed twice with Tyrode's solution (137 mM NaCl, 2.7 mM KCl, 1.8 mM CaCl2, 1 mM MgCl2, 0.4 mM NaH2PO4, 

11.9 mM NaHCO3, and 11.2 mM glucose, pH 7.4) at 37 °C and allowed to rest for 30 min.  

 
Measurement of intracellular [Ca2]i transients 
Changes in intracellular [Ca2+]i were measured at 37 °C in cells loaded with the calcium-sensitive dye Fluo-4 NW (Fluo-4 NW 

calcium assay kit; Molecular Probes, Invitrogen, Waltham, MA, USA) using a multidetection microplate reader (Synergy™ HT 

Multi-Mode Microplate Reader, BioTek Instruments, Winooski, VT, USA), as described previously 5,6. After seeding HSCF cells 

in flat bottom 96-well plates at a density of 3×104 cells/ml, they were allowed to grow for 7 days in the presence and in the 

absence of the selective A2AR agonist, CGS21680 (10 nM), applied alone or together with the selective A2AR antagonist, 

SCH442416 (10 nM). Before [Ca2+]i  measurements, cells were washed twice with Tyrode's solution to remove any traces of 

culture media and unloaded Ca2+ indicator. Fluorescence was excited at 485/20 nm, and emission was measured at 528/20 nm. 

Calcium measurements were calibrated to the maximal calcium load produced by ionomycin (5 µM; 100% response)56. 

 

Materials and reagents 
Amphotericin B, bovine serum albumin (BSA), Dulbecco’s Modified Eagle’s Medium (DMEM), ethylene diaminetetraacetic 

acid (EDTA), fetal bovine serum (FBS), trypsin-EDTA solution plus, Direct Red 80, ethylene-bis(oxyethylenenitrilo)tetra acetic 

acid (EGTA), 2-(4-imidazolyl)ethylamine (Histamine), 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrasodium bromide (MTT), 

5′-(N ethylcarboxamide) adenosine (NECA), penicillin/streptomycin, phosphate buffered saline system (PBS), and type I 

collagenase, 2-(2-Furanyl)-7-[3-(4-methoxyphenyl) propyl]-7H-pyrazolo[4,3-e][1,2,4]triazolo[1,5-c]pyrimidin- 5-amine (SCH 

442416), and 4-[2-[[6-Amino-9-(Nethyl-β-D-ribofuranuronamidosyl)- 9H-purin-2-yl]amino]ethyl]benzenepropanoic acid 

hydrochloride (CGS 21680),  α-[2-(3-Chlorophenyl)hydrazinylidene]-5-(1,1-dimethylethyl)-b-oxo-3-isoxazolepropanenitrile 

(ESI-09) and 9-(Tetrahydro-2-furanyl)-9H-purin-6-amine, (SQ22,536) were purchased from Sigma-Aldrich ( Saint Louis, MO, 

USA).  Dimethylsulphoxide (DMSO) and glacial acetic acid were obtained from Merck (Darmstadt, Germany). Probenecid, 
10Panx, 2-(2-Furanyl)-7-[3-(4-methoxyphenyl)propyl]-7H-pyrazolo [4,3-e][1,2,4]triazolo[1,5-c]pyrimidin-5-amine 

(SCH442416),  were  obtained from Tocris Cookson Inc (Southampton, UK.). Bouin liquor was supplied by PanReac AppliChem 

ITW Reagents (Barcelona, Spain). Ionomycin was acquired from Abcam (Cambridge, UK).  CGS 21680, NECA, SCH 442416, 

probenecid, ESI-09 and SQ22,536 were diluted in dimethyl sulfoxide (DMSO); all other drugs were prepared in distilled water. 

Regarding solutions storage (as frozen aliquots at -20ºC) and dilution, pH control and DMSO (maximum 0.05% v/v) testing, we 

followed that described in previous publications from our group 5,6,27.  

 

Presentation of data and statistical analysis 
Data are expressed as mean ± SD from an n number of experiments/cells/individuals. Statistical analysis was carried out using 

Graph Pad Prism 9.1.0 software (La Jolla, CA, USA). One-way ANOVA, either corrected or uncorrected for multiple 

comparisons using the Bonferroni’s or the Fisher’s LSD tests, respectively; few outliers were identified using the ROUT method 

with a Q = 1%. P<0.05 (two-tailed) values were considered statistically significant.  
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Figure legends 
 
Figure 1. Human subcutaneous fibroblasts (HSCF) exhibit increasing amounts of Panx1 and Cx43 proteins along the time of the 

cells in culture. Shown are confocal micrographs of HSCF stained against (A) type I collagen (i) and vimentin (ii), (B) Panx1 and 

(C) Cx43 obtained at culture days 7 (i) and 28 (ii). Nuclei are stained in blue with DAPI. Micrographs are representative of at 

least three different individuals and were obtained with a laser scanning confocal microscope using the same acquisition settings. 

Bar scale: 50 µm. In D, shown are representative immunoblots to document the relative amounts of Panx1 (Di) and Cx43 (Dii) 

normalized by the glyceraldehyde 3-phosphate dehydrogenase (GAPDH) in HSCF cultured for 7 and 28 days. Each bar represents 

pooled data from three different individuals; three replicas were performed in each individual experiment. Vertical bars represent 

SD. *P<0.05 (one-way ANOVA) represent significant differences compared to culture day 7. 

 

Figure 2. Adenosine A2A receptor activation differently affects the expression of Panx1 and Cx43 in human subcutaneous 

fibroblasts (HSCF). Panels A and B, show the immunoreactivity against Panx1 and Cx43, respectively, exhibited by HSCF 

cultured for 7 days either in the absence (i) or in the presence of NECA (300 nM, ii) or CGS21680C (10 nM, iv); reversion of the 

NECA (300 nM) effect in the presence of the A2A receptor antagonist, SCH442416 (10 nM, iii), is also shown for comparison. 

Nuclei are stained in blue with DAPI. Micrographs are representative of at least three different individuals and were obtained 

with a laser scanning confocal microscope using the same acquisition settings. Bar scale: 50 µm. Panel C, show representative 

immunoblots to document the relative expression of Panx1 (Ci) and Cx43 (Cii) normalized by the glyceraldehyde 3-phosphate 

dehydrogenase (GAPDH) in 7-day HSCF cultures. Each bar represents pooled data from three to five distinct individuals; three 

replicas were made in each individual experiment. Vertical bars represent SD. *P<0.05 and **P<0.01 (one-way ANOVA) 

represent significant differences compared to control (CTRL) conditions; ns, non-significant. 

 

Figure 3. Adenosine A2A receptor activation favours the release of ATP via Panx1-containing hemichannels in cultured human 

subcutaneous fibroblasts (HSCF). Panels A and B, show the amount of ATP in the culture medium normalized by the number of 

viable cells (MTT value) per well when HSCF were cultured for 7 days in control conditions (CTRL) or in the presence of NECA 

(300 nM, A) and CGS21680C (10 nM, B); the effects of the A2A receptor antagonist, SCH442416 (10 nM), and of the Panx1 

hemichannels blocker, probenecid (PBN, 100µM), are also shown for comparison. Each bar represents pooled data from three to 

five distinct individuals; three replicas were made in each individual experiment. Vertical bars represent SD. **P<0.01 and 

***P<0.001 (one-way ANOVA) represent significant differences compared to control (CTRL) conditions; ns, non-significant. 

 

Figure 4. Blockage of ATP-releasing Panx1 hemichannels prevents the pro-fibrotic effect of adenosine via A2A receptor 

activation on 7-day cultures of human subcutaneous fibroblasts (HSCF). The adenosine A2A receptor agonist, CGS21680 (10 

nM), increases collagen production (Sirius Red staining, panel B) while having no effect on HSCF growth (MTT assay, panel 

A). The pro-fibrotic effect of CGS21680 (10 nM) was prevented upon blockage of Panx1 hemichannels with probenecid (PBN, 

100µM), as well as by inhibiting adenylate cyclase and the exchange protein activated by cyclic AMP (EPAC) with SQ22536 

(30 µM) and ESI-09 (10 µM), respectively. Boxes and whiskers represent pooled data from five different individuals; 4–6 replicas 

were performed for each individual. Black dots represent outliers located outside the 90% confidence interval. ****P<0.0001 

(one-way ANOVA) represent significant differences compared either to control (CTRL) conditions or to the effect of CGS21680 

in the same set of experiments. 

 

Figure 5. Adenosine A2A receptor-induced Panx1 overexpression contributes to sustain intracellular [Ca2+]i accumulation caused 

by histamine (Hist) in human subcutaneous fibroblasts (HSCF). Shown are fluorescence [Ca2+]i transients subsequent to Hist (100 

µM) application in HSCF grown in culture for 7 days either in control conditions or in the presence of the selective A2A receptor 

agonist, CGS21680C (10 nM); treatment with CGS21680C (10 nM) plus the A2A receptor antagonist, SCH442426 (10 nM), is 

also shown for comparison. The effect of Hist (100 µM) was tested in the presence of inhibitors of Panx1-containing 

hemichannels, namely probenecid (PBN, 100 µM, A) and 10Panx (100 µM, B), as well as of the ATP hydrolysing enzyme, apyrase 

(2 U/mL, C). Cells were pre-incubated with the fluorescent calcium indicator Fluo-4 NW (see “Experimental Procedures”); [Ca2+]i 

transients were calibrated to the maximal calcium load produced by ionomycin (5 µm; 100% response). None of the inhibitors 

significantly changed baseline fluorescence when applied alone. Each point represents pooled data from n experiments (shown 

in brackets). Vertical bars represent SD and are shown when they exceed the symbols in size. *P<0.05 (one-way ANOVA) 

represent significant differences compared to the effect of Hist alone obtained in the same culture conditions. 

 

Figure 6. Adenosine A2A receptors activation exerts a dual role in the expression of Panx1- and Cx43-containing hemichannels 

with significant functional repercussions on ATP release, histamine-induced [Ca2+]i mobilization and collagen production by 

HSCF, which might be critical to the pathogenesis of highly-disabling myofascial inflammatory syndromes. 

 

 



Figures

Figure 1

Human subcutaneous �broblasts (HSCF) exhibit increasing amounts of Panx1 and Cx43 proteins along
the time of the cells in culture. Shown are confocal micrographs of HSCF stained against (A) type I
collagen (i) and vimentin (ii), (B) Panx1 and (C) Cx43 obtained at culture days 7 (i) and 28 (ii). Nuclei are



stained in blue with DAPI. Micrographs are representative of at least three different individuals and were
obtained with a laser scanning confocal microscope using the same acquisition settings. Bar scale: 50
μm. In D, shown are representative immunoblots to document the relative amounts of Panx1 (Di) and
Cx43 (Dii) normalized by the glyceraldehyde 3-phosphate dehydrogenase (GAPDH) in HSCF cultured for 7
and 28 days. Each bar represents pooled data from three different individuals; three replicas were
performed in each individual experiment. Vertical bars represent SD. *P<0.05 (one-way ANOVA) represent
signi�cant differences compared to culture day 7.



Figure 2

Adenosine A2A receptor activation differently affects the expression of Panx1 and Cx43 in human
subcutaneous �broblasts (HSCF). Panels A and B, show the immunoreactivity against Panx1 and Cx43,
respectively, exhibited by HSCF cultured for 7 days either in the absence (i) or in the presence of NECA
(300 nM, ii) or CGS21680C (10 nM, iv); reversion of the NECA (300 nM) effect in the presence of the A2A
receptor antagonist, SCH442416 (10 nM, iii), is also shown for comparison. Nuclei are stained in blue
with DAPI. Micrographs are representative of at least three different individuals and were obtained with a
laser scanning confocal microscope using the same acquisition settings. Bar scale: 50 μm. Panel C, show
representative immunoblots to document the relative expression of Panx1 (Ci) and Cx43 (Cii) normalized
by the glyceraldehyde 3-phosphate dehydrogenase (GAPDH) in 7-day HSCF cultures. Each bar represents
pooled data from three to �ve distinct individuals; three replicas were made in each individual experiment.
Vertical bars represent SD. *P<0.05 and **P<0.01 (one-way ANOVA) represent signi�cant differences
compared to control (CTRL) conditions; ns, non-signi�cant.



Figure 3

Adenosine A2A receptor activation favours the release of ATP via Panx1-containing hemichannels in
cultured human subcutaneous �broblasts (HSCF). Panels A and B, show the amount of ATP in the culture
medium normalized by the number of viable cells (MTT value) per well when HSCF were cultured for 7
days in control conditions (CTRL) or in the presence of NECA (300 nM, A) and CGS21680C (10 nM, B); the
effects of the A2A receptor antagonist, SCH442416 (10 nM), and of the Panx1 hemichannels blocker,
probenecid (PBN, 100μM), are also shown for comparison. Each bar represents pooled data from three to
�ve distinct individuals; three replicas were made in each individual experiment. Vertical bars represent
SD. **P<0.01 and ***P<0.001 (one-way ANOVA) represent signi�cant differences compared to control
(CTRL) conditions; ns, non-signi�cant.



Figure 4

Blockage of ATP-releasing Panx1 hemichannels prevents the pro-�brotic effect of adenosine via A2A
receptor activation on 7-day cultures of human subcutaneous �broblasts (HSCF). The adenosine A2A
receptor agonist, CGS21680 (10 nM), increases collagen production (Sirius Red staining, panel B) while
having no effect on HSCF growth (MTT assay, panel A). The pro-�brotic effect of CGS21680 (10 nM) was
prevented upon blockage of Panx1 hemichannels with probenecid (PBN, 100μM), as well as by inhibiting
adenylate cyclase and the exchange protein activated by cyclic AMP (EPAC) with SQ22536 (30 μM) and
ESI-09 (10 μM), respectively. Boxes and whiskers represent pooled data from �ve different individuals; 4–
6 replicas were performed for each individual. Black dots represent outliers located outside the 90%
con�dence interval. ****P<0.0001 (one-way ANOVA) represent signi�cant differences compared either to
control (CTRL) conditions or to the effect of CGS21680 in the same set of experiments.



Figure 5

Adenosine A2A receptor-induced Panx1 overexpression contributes to sustain intracellular [Ca2+]i
accumulation caused by histamine (Hist) in human subcutaneous �broblasts (HSCF). Shown are
�uorescence [Ca2+]i transients subsequent to Hist (100 μM) application in HSCF grown in culture for 7
days either in control conditions or in the presence of the selective A2A receptor agonist, CGS21680C (10
nM); treatment with CGS21680C (10 nM) plus the A2A receptor antagonist, SCH442426 (10 nM), is also



shown for comparison. The effect of Hist (100 μM) was tested in the presence of inhibitors of Panx1-
containing hemichannels, namely probenecid (PBN, 100 μM, A) and 10Panx (100 μM, B), as well as of the
ATP hydrolysing enzyme, apyrase (2 U/mL, C). Cells were pre-incubated with the �uorescent calcium
indicator Fluo-4 NW (see “Experimental Procedures”); [Ca2+]i transients were calibrated to the maximal
calcium load produced by ionomycin (5 μm; 100% response). None of the inhibitors signi�cantly changed
baseline �uorescence when applied alone. Each point represents pooled data from n experiments (shown
in brackets). Vertical bars represent SD and are shown when they exceed the symbols in size. *P<0.05
(one-way ANOVA) represent signi�cant differences compared to the effect of Hist alone obtained in the
same culture conditions.

Figure 6

Adenosine A2A receptors activation exerts a dual role in the expression of Panx1- and Cx43-containing
hemichannels with signi�cant functional repercussions on ATP release, histamine-induced [Ca2+]i
mobilization and collagen production by HSCF, which might be critical to the pathogenesis of highly-
disabling myofascial in�ammatory syndromes.


