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Abstract—The A2B adenosine receptor (A2BR) mediates biological responses to extracellular adenosine in a wide variety of
cell types. Adenosine deaminase (ADA) can degrade adenosine and bind extracellularly to adenosine receptors. Adenosine
modulates chloride secretion in gastric glands and gastric mucosa parietal cells. A close functional link between surface
A2BR and ADA has been found on cells of the immune system, but whether this occurs in the gastrointestinal tract is
unknown. The goal of this study was to determine whether A2BR and ADA are coexpressed at the plasma membrane of the
acid-secreting gastric mucosa parietal cells. We used isolated gastric parietal cells after purification by centrifugal elutria-
tion. The membrane fraction was obtained by sucrose gradient centrifugation. A2BR mRNA expression was analyzed by
RT-PCR. The surface expression of A2BR and ADA proteins was evaluated by Western blotting, flow cytometry and con-
focal microscopy. Our findings demonstrate that A2BR and ADA are expressed in cell membranes isolated from gastric pari-
etal cells. They show a high degree of colocalization that is particularly evident in the surface of contact between parietal
cells. The confocal microscopy data together with flow cytometry analysis suggest a tight association between A2BR and

ADA that might be specifically linked to glandular secretory function.
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Adenosine is a regulatory metabolite, a purine nucleo-
side that is continuously produced in intracellular and
extracellular locations, and it modulates a broad spec-
trum of physiological processes. Some injured tissues pro-
duce high levels of adenosine, which is further released by
cells in response to metabolic stress or during tissue
hypoxia or ischemia [1].

The effects of extracellular adenosine are mediated
by G protein-coupled proteins known as adenosine
receptors [2]. There are four subtypes of adenosine recep-
tors: Al, A2A, A2B, and A3. The A2B adenosine receptor
(A2BR) is the least studied and still remains the most
enigmatic adenosine receptor subtype because of the rel-
atively low potency of adenosine at this receptor (ECs,
value of 24 uM) [2] and the very few specific agonists that
have been described so far. However, there is a growing

Abbreviations: A2BR, A2B adenosine receptor; ADA, adeno-
sine deaminase; RT-PCR, reverse transcription-polymerase
chain reaction.

* To whom correspondence should be addressed.

interest in A2BR in recent years as it has been shown to
play a role in inflammation and cancer and is even con-
sidered a promising new pharmacotherapeutic target [3].
Of particular note is that during inflammatory ischemia
extracellular adenosine is elevated to levels sufficient for
A2BR activation, and A2BR is transcriptionally regulated
by factors implicated in inflammatory hypoxia [4], sug-
gesting that A2BR may contribute to control inflamma-
tion during tissue hypoxia [5].

Adenosine deaminase (ADA) is an enzyme present
in intracellular and extracellular compartments that cat-
alyzes the irreversible deamination of adenosine in ino-
sine. Extracellular ADA is capable of interacting with the
cell surface, whereby ADA may be found as an ectoen-
zyme [6, 7]. Surface ADA or ectoADA is a multifunc-
tional protein that, apart from degrading extracellular
adenosine, can act as a co-stimulating molecule in cer-
tain activation processes and as a communication bridge
between cells [8]. Four anchor proteins are known for
ADA: Al, A2A, and A2B adenosine receptors and the
broadly expressed protein CD26/dipeptidyl peptidase IV
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[9, 10]. On the other hand, ectoADA participates in sig-
nal transduction modulation by interacting with Al and
A2B adenosine receptors [9]. Some authors have
described a close functional relationship between A2BR
and ADA, especially when they are coexpressed on the
cell surface [11, 12].

Previous works have demonstrated that adenosine
and adenosine analogs stimulate the secretion of acid in
isolated glands and parietal cells from rabbit gastric
mucosa [13-15]. Gastric acid secretion by parietal cells
depends on the apical extrusion of CI™ ions, and it has
been demonstrated that the function of chloride carriers
is regulated by A2B receptor in other cell types. The bind-
ing of adenosine to A2BR in human intestinal epithelium
results in activation of electrogenic CI~ secretion during
inflammation [16]. In colonic epithelium cells, A2BR are
expressed in the luminal and basolateral membranes,
where they stimulate chloride secretion [17]. Adenosine
can act through apical A2BR to stimulate chloride secre-
tion directly through the cystic fibrosis conductance reg-
ulator protein in cell line mIMCD-K2, a murine model
of the renal inner medullary collecting duct [18].

In this context, we aimed to elucidate if the acid-
secreting parietal cells express A2BR in their membrane
and, if so, whether it colocalizes with ADA.

MATERIALS AND METHODS

Isolation of parietal cells from rabbit gastric mucosa.
Male and female New Zealand rabbits weighing 2.5-4 kg
were used. Housing and experimental procedures were in
accordance with the Spanish (RD 1201/2005) and
European (2003/65/CE Directive and 2007/526/CE
Recommendation) guidelines for the use of laboratory
animals. The rabbits were euthanized by the administra-
tion of an anesthetic preparation of pentobarbital. The
gastric mucosa was isolated as described by Berglindh and
Obrink [19]. Briefly, the stomach was perfused with PBS,
and the mucosa was separated by blunt dissection. The
gastric mucosa cells were isolated following the method of
Fryklund et al. [20] as modified by Ainz et al. [13].
Parietal cells were purified by centrifugal elutriation as
reported previously [21]. Cell viability was measured by
the trypan blue exclusion test and averaged 90-95%. Cell
functionality was monitored in every preparation by
measuring hydrochloric acid secretion in response to 103
to 1077 M histamine stimulation as a surrogate index
(data not shown).

Isolation of adenosine-free plasma membranes. We
followed the method by Muallem et al. [22] with slight
modifications. Parietal cells (60-10° cells/ml in 20 mM
Tris-HCI1, pH 7.4, 250 mM sucrose, 0.5 mM EDTA,
0.54 mM dithiothreitol, 5 pg/ml leupeptin, 15.7 pg/ml
benzamidine) were homogenized in a Potter-Elvehjem
homogenizer. The 700g supernatant was layered over a
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47% sucrose solution and ultracentrifuged in a swinging-
bucket rotor (100,000g, 45 min, 4°C). Plasma membranes
were collected from the interphase, washed once
(120,000g, 20 min, 4°C) in 50 mM Tris-HCI, pH 7.4, and
incubated with ADA (2 U/ml, 1 h, room temperature) to
degrade endogenous adenosine. The washed membranes
were stored in the same buffer at —80°C until used.

Immunostaining experiments: flow cytometry and
confocal microscopy. The staining procedure was con-
ducted exactly as described by Mirabet et al. [11].
Nonpermeabilized isolated parietal cells (4-10° in PBS)
were fixed in 2% (w/v) paraformaldehyde, 60 mM
sucrose in PBS, pH 7.4, for 15 min at room temperature.
After washing with 20 mM glycine in PBS, the cells were
blocked with 1% BSA and immunostained using rabbit
anti-human A2BR [11] or anti-human ADA [23] and a
FITC-conjugated secondary anti-rabbit IgG antibody
(Boehringer Mannheim, Germany). Primary antibodies
were developed, characterized, and kindly provided by
Prof. Rafael Franco from the University of Barcelona
(Barcelona, Spain).

Flow cytometry analysis was done using an EPICS
Profile flow cytometer (Coulter Corporation, USA). The
parameters used to select cell subpopulations for analysis
were forward and side light scattering. Cell sorting was
performed using EPICS Profile equipment.

For confocal microscopy analysis, cells were
immunostained as for flow cytometry except that a
TRITC-conjugated secondary antibody (Boehringer
Mannheim) was used to visualize ADA. Cells were
mounted with Immuno-Fluore™ mounting medium and
were scanned using a Leica TCS 4D confocal scanning
laser microscope adapted to an inverted Leitz DMIRBE
microscope (Leica Lasertechnik GmbH, Germany).
Colocalization analysis was performed using Multi Color
software (version 2.0; Leica Lasertechnik GmbH).

mRNA analysis by reverse transcription polymerase
chain reaction (RT-PCR). Total RNA was extracted from
10-10° parietal cells using Trizol Reagent (Invitrogen,
Spain) and ¢cDNAs were obtained by retrotranscription
(SuperScript II RT, Invitrogen) following the manufac-
turers’ instructions. ADORA2B mRNA was detected by
end point analysis of PCR products using two pairs of
primers: 5'-CGTTCCATGCCATCAACTG/TTGACA-
TCCGTCTGGCAGAGA-3 and 5-TCGTCAACCC-
CATCGTGTATG/TCCTAGGTGGGCATGTGGAA-3'
(AY630339) at 0.6 uM. The PCR was run in 40 amplifi-
cation cycles (30 s at 94°C, 1 min at 60°C, and 1 min at
72°C, followed by a 10 min incubation at 72°C) using
activated (1 min at 95°C) recombinant HotStar Tag DNA
polymerase (Qiagen, Germany). The amplicons (202 and
251 bp) were visualized after electrophoretic migration in
a 1.5% agarose gel by ethidium bromide staining.

Western blotting and protein quantification. Protein
concentration was determined by the Bradford method
[24] using BSA as a standard. Protein denaturation and
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fractionation by 7.5% SDS-PAGE and immunodetection
of A2BR and ADA were performed on isolated plasma
membranes from gastric parietal cells as described by
Herrera et al. [12] using 20-25 pg protein per lane. The
same antibodies as for confocal microscopy and flow
cytometry and peroxidase-conjugated goat anti-rabbit
IgG (Boehringer Mannheim) were used as primary and
secondary antibodies, respectively. DDT1 MF-2 (DDT1)
hamster smooth muscle cells (ATCC, USA) and com-
mercially available pure ADA (ICN Biomedical Inc.,
USA) were used as positive control for A2BR and ADA
detection, respectively.

RESULTS AND DISCUSSION

Adenosine has been shown to play a significant role
in gastric function. It suppresses gastric acid secretion in
guinea pigs [25], dogs [26], and rats [27]. In mouse stom-
ach, adenosine has dual actions on regulating gastric
somatostatin release: stimulatory at high concentrations
through A2A receptor and inhibitory at low concentra-
tions through A1 receptor. Therefore, adenosine seems to
modulate gastric function by several mechanisms [28].

In addition, previous pharmacological studies have
shown that adenosine and some of its analogs stimulate gas-
tric secretion of acid in glands and parietal cells from rabbit
gastric mucosa [13-15]. As a first approach to the participa-
tion of A2BR in the regulation of acid secretion by gastric
parietal cells, here we analyze whether A2BR is expressed in
the parietal cell plasma membrane in rabbit gastric mucosa.
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Fig. 1. Expression of A2BR mRNA (a) and protein (b) in gastric
mucosa parietal cells. Four different preparations of purified pari-
etal cells were used without any further stimulation. a) Total RNA
was extracted from cells and RT-PCR analysis of A2BR mRNA
was performed as described in “Materials and Methods” using two
distinct sets of primers. The PCR products were separated by elec-
trophoresis in a 1.5% agarose gel. Consecutive lanes contain the
same RNA preparation probed with different pairs of primers.
Enrichment with parietal cells was higher in preparations 1 and 2.
b) Plasma membranes were isolated from parietal cells and sub-
jected to immunoblotting of A2BR as described in “Materials and
Methods” using 20-25 pg of protein per lane. DDT1 hamster
smooth muscle cells were used as a positive (+) control.

To know if parietal cells expressed the A2BR-encod-
ing ADORA2B gene, RT-PCR was performed in four dif-
ferent parietal cell preparations with two different primer
sets. Figure 1a shows that all the preparations were positive
for at least one of the amplicons, although preparation 3
showed lower amplification degree. Differences might be
related to the functional states of mucosal glands.

With the aim of analyzing A2BR protein localization
in plasma membrane and of testing its potential function-
ality, we isolated plasma membranes from gastric parietal
cells. Western blotting analysis revealed an immunoreac-
tive band of about 45 kDa in all the four parietal cell
preparations (Fig. 1b). DDT1 smooth muscle cells were
used as positive control. Some controversy exists about
the molecular weight of A2BR, and other authors have
reported it to be 34.8, 36, or 50 kDa [29-31]. On the other
hand, the faintness of the signal obtained in the Western
blot may be because the antibody used is not rabbit but
human A2BR specific and the recognition might be only
partial, or that during the resting state not all A2BR of
parietal cells are localized in the membrane [17].

As mentioned before, A2BR is one of the anchor
proteins of ADA [9, 10]. This enzyme deactivates adeno-
sine by deaminating it into inosine. Some authors have
described a tight functional relationship between the two
proteins; ectoADA can interact with A2BR when both are
expressed on cell surface [9, 11, 12]. Western blotting
showed that ADA was present in the isolated plasma
membrane of rabbit parietal cells (Fig. 2a). The molecu-
lar weight observed (40 kDa) agrees with that reported for
other species [32, 33]. No secondary immunoreactive
bands were observed.

The presence of A2BR and ADA in the plasma
membrane of parietal cells was also analyzed by confocal
microscopy of nonpermeabilized samples (Fig. 2b). Two
different cell types can be distinguished in the mucosal
cell preparations: parietal cells, which present surface
expression of both A2BR (in green) and ADA (in red),
and chief cells, which do not show significant surface
ADA or A2BR signal. The intracellular fluorescent signal
was probably due to spontaneous permeabilization.
Notably, A2BR and ADA expression levels were higher in
cell—cell contact areas, either parietal—parietal or pari-
etal—chief cells. The merge of both signals (in yellow)
shows that there is a high degree of A2BR and ADA colo-
calization in parietal cells, while chief cells only express
ADA. The cytofluorogram in the fourth panel in Fig. 2b
shows that the colocalizing areas correspond to the pixels
with the highest fluorescence intensity, indicating highly
specific neighboring of A2BR and ADA.

It has been previously suggested that ADA might
modulate A2BR-ligand binding in other cell types [12].
As in gastric parietal cells, ADA expression level and
ADA—A2BR colocalization degree are higher in cell con-
tact areas in many cell types [10, 12]. A role has been sug-
gested for ADA in the modulation of cell adhesion in
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immune synapse, possibly working as a bridge between
A2BR and other plasma membrane proteins [10].
According to Pacheco et al. [9], ADA bound to A2BR on
the surface of dendritic cells can interact with CD26 on T
cell surface, enhancing T cell activation and proliferation.

Flow cytometry analysis (Fig. 3b) reflects the differ-
ences in morphology and size observed by transmission
microscopy (Fig. 3a) between different cell types present
in the mucosal cell suspensions. Parietal cells are bigger
[34, 35] and have a more granulated appearance [36] than
other stomach epithelial cells, probably due to the great
number of microvilli and tubulovesicles they have, which
is one of their main characteristics [37-39]. Chief cells are
smaller and non-granulated.

In our preparations, two cell subpopulations are
observed. According to cell size and cytoplasmic complex-
ity distribution, the R1 subpopulation comprises parietal
cells whereas the R2 subpopulation comprises small pari-
etal cells and contaminant chief cells. The distribution of
ADA and A2BR in immunostained R1 and R2 cell sub-
population is shown in Fig. 3c. In the lower panel, cell aut-
ofluorescence distribution is shown. The high level of aut-
ofluorescence of R1 cells is a typical feature of parietal
cells owing to the great number of mitochondria these cells
contain [36, 38]. However, chief cells do not have elevated
autofluorescence levels [40] and therefore these data con-
firm that cell separation was done according to cell type.

Cytometry was also performed using only the sec-
ondary antibody (none) to assess the fluorescence due to
unspecific binding; it accounts for 4.5% of the fluores-
cence emitted by immunostained R1 cells and for 39.4%
of that of R2 cells (data not shown). Those data were used

a Adenosine deaminase (ADA) protein

+control 1 2 3 4

b Colocalization of A, receptor and ADA

A, receptor
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Fig. 2. Immunodetection of cell surface ADA and A2BR in gastric
mucosa parietal cells. a) Plasma membranes, isolated from four
different preparations of parietal cells, were subjected to
immunoblotting of ADA as described in “Materials and
Methods” using 20-25 pg of protein per lane. Commercially avail-
able pure ADA was used as a positive (+) control. b) Parietal cells
isolated from rabbit gastric mucosa were used without any further
stimulation. Cells were processed for confocal microscopy analy-
sis as described in “Materials and Methods”. They were fixed and
labeled with 50 pg/ml FITC-anti-A2BR (upper left image, green)
and 50 pg/ml TRITC-anti-ADA (upper right image, red) anti-
bodies. The merge of the two images shows colocalization of cell
surface A2BR and ADA (lower left image, yellow). The lower right
image shows the confocal cytofluorogram in which yellow repre-
sents global colocalization of the two proteins.
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Fig. 3. Analysis of the cell subpopulations in isolated parietal cell preparations. a) Image of the transmitted light in the visual field shown in
Fig. 2b. b) Spot diagram of the flow cytometry analysis of a representative parietal cell preparation. The X-axis represents frontal dispersion
of light (FS), which indicates cell size, and the Y-axis represents lateral dispersion (SS), which indicates cell complexity. R1 and R2 cell sub-
populations were identified. Only fluorescence of cells in areas R1 and R2 was measured. ¢) Monoparametric representation of fluorescence
in R1 and R2 cell subpopulations. The minimum number of cells used was 20,500. The X-axis represents FITC fluorescence intensity (FITC
log, arbitrary units) and the Y-axis represents the number of cells that show fluorescence (events). About 75% of R1 cells and 50% of R2 cells
expressed A2BR, and 35% of R1 cells and 5.5% of R2 cells expressed ADA. Top down: anti-A2BR-FITC fluorescence, anti-ADA-FITC flu-
orescence, and autofluorescence. Histograms were analyzed with WinM DI 2.8.
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to calculate specific primary antibody binding to cell sur-
face. About 75% of R1 cells and 50% of R2 cells expressed
A2BR, while 35% of R1 cells and only 5.5% of R2 cells
expressed ADA.

In conclusion, resting gastric mucosa parietal cells
did express A2BR and ADA. The presence of potentially
functional, plasma membrane-associated A2BR and
ADA in isolated parietal cells is maximal in cell contact
areas where they showed the highest degree of colocaliza-
tion. It would be interesting to continue the investigation
on the functional relevance of this neighboring, especial-
ly to assess the relevance of A2BR in the physiology of
gastric acid secretion.
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