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Abstract
Placental hypoxia as a result of impaired trophoblast invasion is suggested to be involved in the
pathophysiology of preeclampsia. Hypoxia is a potent stimulus for the release of adenosine, and the
actions of adenosine are mediated through four adenosine receptors, A1, A2A, A2B and A3. We
investigated the presence, distribution and expression of adenosine receptor subtypes in the human
placenta, the expression of the adenosine receptors in placentas from pregnancies complicated by
preeclampsia, small for gestational age (SGA) infants and uncomplicated pregnancies, and the effect
of hypoxia on placental adenosine receptor expression. Immunofluorescent microscopy localized
A1, A2A, A2B and A3 adenosine receptors to the syncytiotrophoblast, endothelial cells and myo-/
fibroblasts within the human placenta. Adenosine receptor protein and message expression levels
were significantly higher in placentas from preeclamptic pregnancies with or without SGA infants,
but not different in pregnancies with SGA infants alone. In vitro exposure of placental villous explants
to hypoxia (2% oxygen) increased the expression of A2A adenosine receptor 50%. These data indicate
that all four known adenosine receptors are expressed in the human placenta and adenosine receptor
expression is significantly higher in pregnancies complicated by preeclampsia. These data are
consistent with the hypothesis that differences in placental adenosine receptors may contribute to
alterations in placental function in preeclampsia.

Introduction
Preeclampsia, a multi-systemic syndrome of pregnancy, affects 3–5% of all pregnancies and
is a leading cause of fetal and maternal morbidity, iatrogenic prematurity and intrauterine
growth restriction [1,2]. Several changes in placental morphology and function have been
described in pregnancies complicated by preeclampsia and fetal growth restriction in the
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absence of preeclampsia [3,4]. The mechanisms associated with these alterations are not well
understood, however placental hypoxia as a result of impaired trophoblast invasion is
implicated in both conditions [5]. Studies indicate that several signals including adenosine are
produced in response to hypoxia. Adenosine concentrations are higher in women with
preeclampsia and in women with growth-restricted infants in the third trimester of pregnancy
[6,7].

Adenosine, a metabolite of adenine nucleotides, is produced in several tissues, including
placenta, in response to hypoxia, ischemia and inflammation [8,9]. Functional attributes of
adenosine include regulation of vascular tone, [10] promotion of angiogenesis, [11]
proliferation, [12] inflammation [13] and protection against oxidative stress [9,14]. The
physiological effects of adenosine are mediated via specific adenosine receptors [15]. The
adenosine receptor family belongs to the category or purinergic P1 receptors and includes four
gene products, A1, A2A, A2B and A3, identified by pharmacological, biochemical, and
molecular biological studies [16,17].

Pharmacological studies have demonstrated adenosine receptors in human placenta. In these
studies A2 receptors were present in human placenta and chorionic vessels [10,18]. A recent
report that studied adenosine transport in uncomplicated and preeclamptic pregnancies
identified and described functional A2A and A2B receptors in placental microvascular
endothelium by Western blot and PCR [19]. However, to date complete descriptions of the
presence and distribution of all four known adenosine receptor subtypes in the human placenta
is lacking. Moreover, little is known about the expression of these receptor subtypes in
uncomplicated pregnancies versus pregnancies complicated with placental hypoxic
pathologies, such as preeclampsia and SGA.

The objectives of the current study were first to demonstrate the presence and distribution of
the A1, A2A, A2B and A3 adenosine receptors in term human placenta using western blot
analysis, real time RT-PCR, and immunofluorescent microscopy and second to compare the
expression of these receptors in placentas of uncomplicated pregnancies and pregnancies
complicated by preeclampsia or small for gestational age infants. Finally, we addressed the
affect of hypoxia on adenosine receptor expression, using an in vitro placental villous explants
model.

Materials and Methods
Placenta collection and processing

Placentas from uncomplicated or complicated pregnancies delivered by vaginal or cesarean
section were obtained within 10 min of delivery. Biopsies were collected from the maternal
side of the placenta, after removal of the decidua, from a central part of cotyledons between
the umbilical cord insertion site and the peripheral edge of the placenta that was free of infarcts.
The University of Pittsburgh Institutional Review Board approved the study and informed
written consent was obtained from each patient. For studies involving analysis of placental
proteins, biopsies were flash frozen in liquid nitrogen and stored at −80°C until use. For the
preparation of placental villous explants, placental villous tissue was excised and transported
in sterile PBS to the laboratory at room temperature. Tissue for immunohistochemistry was
fixed in OCT and stored at −80°C.

Preeclampsia (PE) was diagnosed by the presence of gestational hypertension and proteinuria
beginning after the 20th week of pregnancy with resolution of clinical symptoms postpartum.
Gestational hypertension was defined as an absolute blood pressure ≥ 140mmHg systolic and/
or ≥90mmHg diastolic after 20 weeks of gestation. Proteinuria was defined as ≥ 300 mg per
24-hour urine collection, ≥ 2+ protein on voided urine sample, ≥ 1+ protein on catheterized
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urine specimen, or a protein-creatinine ratio of ≥ 0.3. Small for gestational age (SGA) infants
were defined by infant birth weight ≤ 10th centile for gestational age, after adjusting for race
and gender, in an otherwise uncomplicated, normotensive pregnancy based on data from over
10,000 deliveries at Magee-Womens Hospital, Pittsburgh, PA USA. SGA infants with clinical
or pathological evidence of chronic intrauterine infection or chromosomal abnormalities were
excluded from the study. The clinical and demographic data for the uncomplicated and
complicated pregnant subjects in this study are presented in the Table. Maternal age, maternal
pre-pregnancy body-mass index, maternal race and parity were not statistically different
between the groups of pregnant women (Table). Importantly, the number of placentas obtained
by cesarean section, the number of women that were induced (p=0.45) and the number of
women in labor (p=0.49) were not different between groups. By definition, women with PE
had significantly higher systolic and diastolic blood pressures at delivery compared to the other
pregnant study groups. As is typical, the average gestational age at delivery was significantly
earlier in the women with PE & SGA compared to the other study groups. Infant birth weights
and birth weight percentiles were lower in the PE & SGA group and the SGA group without
preeclampsia compared to the infants of NP women or women with PE only.

Immunohistochemistry
The distribution of adenosine receptors was determined using immunofluorescent staining
(A1:A-268, A2A: A-269 A3: A4229, all rabbit, Sigma, St. Louis, MI; A2B: goat, sc-7505, Santa
Cruz, CA). Transverse sections, 7μm thick, were cut at −20°C with a microtome. Before
staining, sections were fixed by incubation in −20°C acetone for 10 min. The sections were
then carefully rinsed with phosphate buffered saline (PBS) and incubated with Super Block
solution (ScyTek, UT, USA) for 5 min. The sections were incubated for 1 h at room temperature
with the primary antibody specific to adenosine receptor A1 and A2A, whereas sections with
A2B and A3 antibody were incubated overnight at 37°C. Dilution used for primary antibodies
was 1:50. Immunoreactivity was visualized with Alexa 568-conjugated secondary antibody
(Invitrogen, 11036, goat, 1:100 dilution). The sections were mounted in mounting medium
containing DAPI (Vector, CA, USA). Specificity of the antibody staining was determined with
non-immune sera and secondary antibody coupled directly to fluorescein complex.
Immunoreactive cells were examined and photographed under fluorescent illumination in a
photomicroscope (Zeiss, Axioscop 40). Co-localization of A1, A2A, A2B and A3 receptor
immunoreactivity with trophoblast (cytokeratin 18, DAKO, M7010, dilution 1:50),
endothelium (CD31, BD Bioscience, 550389, dilution 1:100), and fibroblast cells (α-smooth
muscle actin, Abcam ab7817, dilution 1:100) were also determined. Immunoreactivity was
visualized with a FITC-conjugated secondary antibody (Millipore, AP124F, 1:200 dilution).

Western blot analysis
Western blot analysis was performed according to published protocols on total protein extracts
of placental biopsies and villous explants [20]. Total protein was extracted by sonication
(Ultrasonic Processor, Tekmar, OH; microprobe setting 70 for 30 seconds) of 10 mg of tissue
in 8 volumes of 1X Laemmli buffer (50 mM Tris HCl, pH 6.8, 2% SDS, 10% Glycerol)
containing 5 mM DTT, 0.5 mM phenylmethyl sulfonyl fluoride (PMSF), 1mM sodium
vanadate and 1 μl per ml of protease inhibitors cocktail (Calbiochem, San Diego, CA). Thirty
to fifty micrograms of proteins were separated on a SDS containing 10% polyacrylamide gel.
A human striatum sample was loaded as positive control for all adenosine receptors on each
gel. Incubation with specific primary antibodies (A1:A-268, A2A: A-269 A3: A4229, all rabbit,
Sigma, St. Louis, MI, A2B: goat, sc-7505, Santa Cruz, CA, HIF-1α: Transduction Laboratories,
Lexington, KY) to the proteins of interest were performed for one hour (A1, A2A, HIF-1α) at
room temperature or overnight (A2B, A3) at 4°C. For peptide neutralization (A1, A2A, A2B and
A3) 2 μg of antibody was mixed with 5 μg of corresponding blocking peptide antigen in 2 ml
of blocking buffer for 4h. After incubation with primary antibodies, membranes were washed
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3x in TBS-0.05%Tween20 buffer for 10 min each and incubated with a species specific
secondary antibody (Promega, Madison, WI) for 30 min. Chemiluminescent detection was
carried out using the CDP Star detection system as per the manufacturer's protocol (Roche,
Indianapolis, IN). Membranes were exposed for different times to Kodak Bio-Max–AR film.
Films were scanned and density of the proteins of interest were estimated using the software,
Unscanit (Silk Scientific, Orem, UT). For the analysis of β-actin, the membranes were stripped
and reprobed with anti β-actin antibody to account for protein loading variations.

RNA isolation and Real-Time RT-PCR
Total RNA was extracted from placental biopsies or placental villous explants using Trizol
reagent (Invitrogen, Carlsbad, CA). In all cases, the amount of RNA was estimated
spectrophotometrically at 260/280 nm and aliquots (2μg) of this RNA was fractionated on
agarose/ethidium bromide gels to check RNA integrity. Using two microgram of total RNA,
cDNA synthesis was carried out using a commercially available kit as per manufacturer’s
instructions (Retroscript Kit, Ambion, TX).

Quantitative real-time RT-PCR assays of A1, A2A, A2B and A3 cDNA were carried out using
gene-specific TaqMan probes (Applied Biosystems, Foster City, CA) in an ABI Prism 7900
Sequence Detection System (Applied Biosystems) in accordance with the manufacturer’s
recommendations. Identical PCR conditions were performed using 1μL of cDNA, and
normalization was achieved in all cases by comparing the gene of interest against the
housekeeping genes coding for human 18S and TBP (TATA box binding protein) [21]. A
sample without cDNA was subjected to this protocol as a negative control. The following
TaqMan Gene expression assays (Applied Biosystems) were used for real-time RT-PCR: A1
Hs00181231_m1, A2A Hs00169123_m1, A2B Hs00386497, A3 Hs00181232_m1, 18S
Hs99999901_s1 and TBP Hs00427620_m1. The PCR thermal profiles were 2 min at 50°C and
for 40 cycles 10 min at 95°C, 15 sec at 95°C, 60 sec at 60°C. Real-time RT-PCR data were
analyzed as percent expression relative to a striatum sample, designated the calibrator, which
was included in each real-time RT-PCR run to serve as an internal standard [22]. Striatum is
known to express all four adenosine receptors [23]. These data were then compared between
the groups and expressed as median fold changes compared to uncomplicated pregnancies (NP;
group comparisons) or compared to 21% oxygen of NP or PE pregnancies (hypoxia
experiments).

Villous explants culture
Placental villous explants (1–2 mg each in size) were dissected and used for hypoxia
experiments. Fifty mg of finely dissected villous tissue was placed into each well of a 24-well
plate (Becton Dickinson, Franklin Lakes, NJ, USA) containing 1.0 ml of Medium 199
(Mediatech, Cellgro, Herndon, VA) supplemented with 10% Fetal Bovine Serum (FBS,
Summit Technology, Ft. Collins, CO), gentamicin (0.1%, Sigma, St. Louis, MI) and penicillin-
streptomycin (100 IU/ml, Sigma, St. Louis, MI). The pH was reported at the end of the
incubation. Villous explants were incubated for an 18–24 h preincubation period at 37°C on
an orbital shaker (60 rpm, Belly Dancer, Stovall Life Science Inc., Greensboro, NC) under
standard tissue culture conditions of 5% CO2-balance room air (nonhypoxic condition, pO2
140 mmHg or 20.94% O2) in a cell culture incubator (Forma Scientific, Marietta, OH). After
a medium change the plates were placed on an orbital shaker for 24 h at 37°C under either
normoxic (21% O2) or reduced O2 conditions (hypoxia, pO2 20 mmHg or 2 % O2 5 % CO2-
balance nitrogen, Coy hypoxic glove box, Grass Lake, MI). Villous tissue was flash frozen in
liquid nitrogen and stored at −80°C until further use.
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Data Quantification and Statistical Analysis
Demographic data are presented as means and standard deviations. Significant differences
between groups for continuous variables were evaluated by analysis of variance. If overall
significance was observed, then individual group means were compared by Fisher’s PLSD post
hoc testing to adjust for multiple comparisons. Statistical analyses of categorical variables was
performed using Fishers exact test. Western and PCR data are presented as median fold changes
(interquartile ranges, as appropriate) compared to the group of uncomplicated pregnancies
(group comparisons) or fold changes compared to control samples exposed to 21% oxygen
(NP or PE pregnancies). These data were analyzed using the nonparametric Wilcoxon-signed
rank test. Differences were considered significant at P<0.05.

Results
Human placenta expresses all known adenosine receptors, A1, A2A, A2B and A3

The pattern of adenosine receptor distribution was examined by immunocytochemistry of
placentas from uncomplicated pregnancies. Representative immunohistochemical
photographs for each receptor with a selected marker protein are shown in Figure 1.
Immunostaining for the adenosine A1, A2A, A2B and A3 receptors was observed in trophoblast
cells (localized by cytokeratin 18 staining), and on endothelial cells (localized by CD31
staining, Figure 1). The A1, A2A and A3 receptors were also co-localized with fibroblasts and
myofibroblast surrounding the blood vessels and filling the interstitial space of the placental
villous tree (localized by a-actin staining, Figure 1). However, the A2B receptor was not
detected in fibroblasts or myofibroblasts.

Adenosine receptor A1, A2A, A2B and A3 protein expression is higher in preeclampsia
Adenosine receptor protein was analyzed by western blot analysis on placental biopsies. The
A1, A2A, A2B and A3 adenosine receptors were present in placental homogenate as verified by
immunoreactive protein bands at molecular weights of 36, 45, 52 and 36 kDa, respectively
(Figure 2) [24,25]. All four adenosine receptor subtypes were significantly higher in the
placentas of PE and PE & SGA when compared to uncomplicated pregnancies (NP) (Figure
2). The receptor protein concentration of A1, A2A, A2B and A3 were 1.52 fold (1.39–2.42,
P=0.046), 1.71 fold (1.4–2.02, P=0.046), 2.52 fold (1.15–3.41, P=0.03) and 2.36 fold (1.81–
3.42, P=0.03) higher in PE compared to NP, respectively. Subjects with PE & SGA had a 1.65
fold (0.8–2.15, P=0.17), 1.92 (1.24–2.49, P=0.03), 2.16 fold (1.32–4.8, P=0.046) and 2.13 fold
(1.19–4.04, P=0.046) higher concentration of the A1, A2A, A2B and A3 adenosine receptors
compared to NP, respectively. The amount of the adenosine receptors was not significantly
higher in placentas of women with SGA infants without preeclampsia compared to
uncomplicated pregnancies (P=0.35; 0.25; 0.42; 0.25).

Adenosine receptor A1, A2A, A2B and A3 mRNA expression is higher in preeclampsia
To determine whether the increases in A1, A2A, A2B and A3 receptor protein were associated
with an increase in mRNA encoding the A1, A2A, A2B and A3 receptor, mRNA content was
determined with quantitative real-time RT-PCR of mRNA from placental biopsies (Figure 3)
The expression of the adenosine receptors was normalized to the expression of two endogenous
references (18S, TBP) in each sample. Results were similar whether 18S or TBP was used as
endogenous control. In placentas of preeclamptic women, the expression of the A1, A2A,
A2B and A3 receptors was elevated 1.25 fold (1.08–1.47, P=0.046), 1.98 fold (1.68–2.55,
P=0.03), 1.77 fold (1.34–2.07, P=0.03) and 2.24 fold (1.57–5.74, P=0.046) compared to
uncomplicated pregnancies, respectively. In preeclampsia with SGA, A1, A2A, A2B and A3
receptor expression was elevated 1.14 fold (1.05–1.37, P=0.03), 2.38 fold (1.73–3.33,
P=0.046), 1.89 fold (1.32–2.59, P=0.03) and 1.23 fold (1.15–1.58, P=0.046). By contrast, in
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placentas of women with SGA infants without preeclampsia receptor expression was not
significantly different from uncomplicated pregnancies (P=0.91; 0.12; 0.17; 0.75).

Hypoxia increases placental expression of the A2A receptor
To determine whether adenosine receptor protein and mRNA expression are influenced by
hypoxia, we incubated placental villous explants for 24 h at 21% or 2% oxygen. In vitro hypoxia
increased the protein amount of the A2A receptor 1.46 fold (1.33–1.48, P=0.046) and mRNA
expression 1.32 fold (1.25–1.61, P=0.046) in explants from uncomplicated pregnancies
compared to paired samples exposed to 21% oxygen (Figure 4A-C). Elevations in HIF-1α were
measured to confirm the effect of hypoxia on placental explants. HIF-1α protein increased 2.3
fold in villous explants from uncomplicated pregnancies exposed to 2% oxygen compared to
paired samples exposed to 21% oxygen (N=6, Figure 4D). Protein and mRNA for the A2A
receptor were 1.25 fold (1.11–1.35, P=0.17) and 1.1 fold (1.02–1.32, P=0.07) higher in
preeclamptic placentas, after exposure to 2% oxygen compared to paired explant samples
exposed to 21% oxygen (Figure 4A-C). The expression of the A1, A2B and A3 adenosine
receptors was not significantly affected by exposure to hypoxia (data not shown).

Discussion
In this study we provide evidence for the presence and demonstrate the cellular localization of
the A1, A2A, A2B and A3 adenosine receptors in human term placenta. We also report that
adenosine receptor protein concentration and mRNA expression of all four receptors are higher
in placentas of pregnancies complicated by PE, but not SGA alone compared to uncomplicated
pregnancies. Lastly, our results indicate that hypoxia increases placental adenosine receptor
A2A expression in an in vitro placental villous explant model.

Immunohistochemistry indicates the presence of receptor subtypes in different placental cell
types. All four receptors showed prominent immunoreactivity in syncytiotrophoblast cells. Co-
localization studies with the endothelial cell marker CD31 demonstrated immunoreactivity for
all four receptors on endothelial cells as well. The A1, A2A and A3, adenosine receptors but
not A2B were also localized on fibroblasts and myofibroblast within the placental villous
stroma. These findings are in agreement with previous studies of adenosine receptors in human
placenta. Competitive binding studies confirmed the presence of adenosine receptors and
suggested that these receptors include both high- and low-affinity subtypes consistent with
subtypes of A2 receptors [26,27]. Recent studies indicate that adenosine, a potent vasoactive
nucleoside, regulates vascular tone in the feto-placental circulation via activation of A2A and
A3 receptors [10,18]. In contrast to the present study, none of these studies documented the
receptor protein or mRNA but rather used pharmacological or biochemical tools [26,28,29].
Only one other study identified the A2A and A2B adenosine receptor by protein and mRNA
expression in placental cells, specifically microvascular endothelial cells [19].

In this study we also evaluated the impact of preeclampsia with and without SGA infants and
SGA pregnancies alone on placental adenosine receptor concentration. Adenosine receptor
concentration and expression was significantly higher in placentas of PE women with and
without SGA infants compared to uncomplicated pregnancies. Higher maternal and fetal
plasma adenosine concentrations have been reported in PE, and maternal adenosine
concentration correlates with the severity of the syndrome [7]. Placental adenosine receptor
protein and mRNA expression was not different between uncomplicated pregnancies and
pregnancies with SGA infants without PE. Both preeclampsia and fetal growth restriction are
proposed to share a common pathology of deficient trophoblast invasion/spiral artery
remodeling and poor placental perfusion leading to placental hypoxia. However, preeclampsia
is associated with fetal growth restriction in only approximately one-third of cases. Perhaps
the differences in adenosine receptor concentration in the two disorders are relevant to this
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difference. In contrast to our study Escudero et al. reported that mRNA and protein for the
A2A receptor is reduced, whereas that for A2B is unaltered in preeclamptic placenta [19].
However, this study specifically looked at the expression in placental microvascular
endothelium and not whole placental tissue which might explain these differences.

Our finding of adenosine receptors on endothelial cells, may suggest a role for adenosine in
the regulation of angiogenesis and vascular tone in the placenta. In other tissues, evidence
suggests that adenosine, a well-characterized pro-angiogenic nucleoside, may increase tissue
oxygenation by stimulating the growth of blood vessels. The four adenosine receptors are
reported to be involved in the angiogenic actions of adenosine on endothelial cells, smooth
muscle, fibroblasts, monocytes, macrophages and mast cells [30,31]. The impaired invasion
and failed vascular remodeling of the extravillous trophoblast cells in preeclampsia is thought
to result in reduced, and possibly oscillating, blood flow to the developing placenta,
contributing to intermittent hypoxia, oxidative stress and placental damage [32]. In vitro
hypoxia decreases cytotrophoblast invasiveness [33,34]. Perhaps increased adenosine and
adenosine receptors are an adaptive response to attempt to overcome the resulting reduced
perfusion. Interestingly our data indicate that this response, at least as it relates to adenosine
receptor concentration, is not present in SGA pregnancies.

Our finding of the presence of adenosine receptors on the syncytiotrophoblast may indicate a
role in the regulation of nutrient exchange between mother and fetus. The transport of nutrients
across the syncytiotrophoblast cell membranes is an important step in the regulation of fetal
growth Treatment of pregnant mice with an adenosine A2A receptor inhibitor in first or second
trimester reduced embryonic arterial blood flow and fetal growth [35]. The activity and function
of system A amino acid transporter, one major player in transport of essential amino acids to
the fetus, has been shown to be reduced by hypoxia in cultured term human trophoblast [36].
However, high concentrations of adenosine returned the net transport of glutamate and
aspartate toward baseline levels in a blood brain barrier model [37]. Adenosine also induced
system A amino acid transport in cultured rat hepatocytes. In the kidney, extracellular
adenosine is an autocrine/paracrine modulator of several physiological functions including
sodium excretion [38]. It has been proposed that the adenosine A1 and A2A receptors regulate
at least in part active sodium transport along the nephron by Na+/K+ ATPase [39,40]. We
propose that these mechanisms seen in other tissues may also be present in the placenta.
Consistent with this, we have found that in placentas from SGA infants from mothers without
PE in which adenosine receptors were not increased in our studies there was reduced uptake
by system A amino acid transport in vitro [41]. However, in placentas from PE pregnancies
with SGA infants in which adenosine receptors are increased, system A uptake was normal
[41].

We further investigated the effect of hypoxia on placental adenosine receptor expression and
found that hypoxia increased adenosine A2A receptor protein and mRNA expression levels in
healthy term placenta. In contrast, hypoxia had no effect on A1, A2B and A3 receptor expression.
The fact, that adenosine A2A receptor protein and mRNA were not statistically different after
hypoxia exposure may possibly be attributed to the fact that in PE the compromised tissue is
not able to respond to hypoxia by up-regulating hypoxia-dependent genes under in vitro
conditions to the same extent as tissue from uncomplicated pregnancies [42]. However,
dissection of villous explants from placental biopsies results in mainly intact
syncytiotrophoblast cell interactions but in a removal of blood vessels with endothelial cells.
Since adenosine receptor expression was shown on endothelial cells in several other studies,
removal of these cells may change the overall ability of the tissue to adapt to hypoxia under in
vitro conditions. In addition, the small sample size of the preeclampsia group (n=6) may also
be a contributing factor to the lack of statistically significant differences in the adenosine
A2A receptor protein and mRNA in response to hypoxia.
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Hypoxia inducible transcription factors, e.g. HIF-1α, are major transducers of hypoxia
mediated gene expression. Increased HIF-1α protein expression in NP and PE villous explants
proved the activation of hypoxic pathways in our model [20]. Since HIF-1α protein levels in
PE under normoxic conditions are higher than in NP the ratio of hypoxic/normoxic HIF-1α
levels is lower in PE. In contrast to our results, a previous study found increased A3 receptor
mRNA and protein expression in villous explants under hypoxic tissue culture conditions.
However, in this study explants were incubated for 5 days instead of 1 day [43]. It was reported
that hypoxia increased expression of A2A receptors in rat PC12 pheochromocytoma cells
[44]. It should be noted, however, that hypoxia does not always up-regulate A2A receptors.
Feokistov et al. observed that reduced oxygen concentrations modulate the expression of
adenosine receptors in human endothelial and smooth muscle cells towards an A2B phenotype
[11]. It is possible, therefore, that the effects of hypoxia on the expression of A2A adenosine
receptors can be cell- and tissue- specific. While hypoxia has been shown to be highly involved
in the regulation of A2A receptor expression in several tissues other factors that are involved
in the pathophysiology of PE, such as inflammation might also play a role in the up-regulation
of placental adenosine receptors. Therefore, we hypothesize that hypoxia might be the
dominant factor for A2A receptor expression while factors such as inflammation are more
important for the regulation of the A1, A2B, and A3 receptors.

The physiologic relevance of data obtained from in vitro studies should be interpreted with
caution. First we used the term “normoxia” to refer to the standard experimental conditions
used in vitro (21% O2). Oxygen concentrations are considerably lower in vivo, depending on
the localization of cells within the placenta and the gestational age when the tissue was
obtained. Normal oxygen tension in the intervillous space of human placentas at term is
believed to be 45–50 mmHg (8% O2) [45]. Furthermore, our cohort is limited in sample size,
and our two groups with SGA infants were compiled according to available birth weight data
and no information about the Doppler status or the symmetry of growth was available.
However, the severe degree of growth restriction (1.9 percentile in the SGA without
preeclampsia) indicates that in this group the infants were more likely to be growth restricted.
Villous explants studies are limited by the in vitro nature of the approach and may not
adequately represent what occurs in an in vivo system. Lastly, while the differences in placental
adenosine receptors between preeclampsia and uncomplicated pregnancies is intriguing, since
these biopsies were collected during the clinical manifestations of the syndrome it is impossible
to make any conclusions regarding the relevance of these differences in relation to the
pathogenesis of preeclampsia.

In conclusion, we have demonstrated the presence and distribution of adenosine receptors in
human term placentas and their differential expression profiles with the complication of
pregnancy, PE and SGA. We further linked hypoxia to alterations in certain adenosine
receptors. Our localization findings suggest possible roles for adenosine in the regulation of
placental functions such as nutrient transport and placental hemodynamic control. As the
placenta relies entirely upon circulating and locally produced vasoactive substances for
vascular control the detection of vasoactive adenosine and its receptors within placental blood
vessels is likely of physiological significance. Further functional studies are warranted to
increase our understanding of the complex molecular regulation underlying the actions of
adenosine in the placenta.
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Figure 1.
Localization of A1, A2A, A2B and A3 receptors in human placenta. Immunohistochemistry of
frozen sections was performed as described in Materials and Methods. A, D, G, J) Positive
fluorescent staining with an A1, A2A, A2B and A3(A-268, A-269, sc7505, A4229) adenosine
receptor antibody. B) Fluorescent staining of endothelial cells with an CD31 antibody (BD
50389), E, H) of syncytiotrophoblast with cytokeratin 18 antibody (M7010) and K) of
fibroblasts and myofibroblasts with an α-smooth muscle actin antibody (ab7817). Co-
localization of adenosine receptors on endothelial (C), syncytiotrophoblast (F, I) or fibroblast
cells (L), merged photographs. Arrows represent adenosine receptors only, arrowheads show
co-localization areas. Scale bars: 20μm.
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Figure 2.
Adenosine receptor A1, A2A, A2B and A3 protein expression in placental biopsies of women
with uncomplicated (NP), preeclamptic (PE), preeclamptic with SGA (PE & SGA) and SGA
pregnancies (N=6 for each group). A) Representative western Blot of A1, A2A, A2B and A3
receptors and β-actin as loading control. B) Placentas of women with PE and PE & SGA have
a higher protein expression of adenosine receptors A1, A2A, A2B and A3. Scatter plots represent
fold changes compared to uncomplicated pregnancies (dashed line) after normalization to β-
actin. A dashed line indicates a ratio of 1.0 and a solid line indicates the median fold change
of each group. All P values refer to comparisons of data from uncomplicated pregnancies.
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Figure 3.
Adenosine receptor A1, A2A, A2B and A3 mRNA expression in placentas of women with
preeclamptic (PE), preeclamptic with SGA (PE & SGA) and SGA pregnancies compared to
women with uncomplicated pregnancies (NP), (dashed line, N=6 for each group). Placentas
of women with PE and PE & SGA have a higher mRNA expression of adenosine receptors
A1, A2A, A2B and A3 compared to uncomplicated pregnancies. SGA pregnancies are not
different from uncomplicated pregnancies. Scatter plots represent fold changes compared to
uncomplicated pregnancies (dashed line). A dashed line indicates a ratio of 1.0 and a solid line
indicates the median fold change for each group. All P values refer to comparisons of data from
uncomplicated pregnancies.
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Figure 4.
Adenosine receptor A2A and HIF-1α expression in placental villous explants of women with
uncomplicated (NP) and preeclamptic (PE) pregnancies after incubation for 24 h at 21% and
2% oxygen (N=6 for each group). A) Representative western blot of adenosine receptor A2A,
HIF-1α and β-actin. B) Adenosine receptor A2A protein expression is significantly higher after
exposure to hypoxia in placental villous explants of women with uncomplicated pregnancies.
Values were normalized to β-actin. C) Real time RT-PCR revealed that adenosine receptor
A2A mRNA expression is significantly higher after exposure to hypoxia in placental villous
explants of women with uncomplicated pregnancies. Scatter plots represent fold changes
compared to 21% oxygen of NP or PE pregnancies. D) Hypoxia induced HIF-1α proteins in
placental villous explants from uncomplicated and preeclamptic pregnancies as assessed by
western analyses. A dashed line indicates a ratio of and a solid line the median fold change of
each group. All P values refer to comparisons of data from normoxia.
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Table
Patient demographics and pregnancy information.

Uncomplicated pregnancies (N=6) Preeclampsia (N=6)
Preeclampsia

with SGA (N=6)

Small for
gestational age

only (N=6)

Maternal Age (years) 22.3 ± 2.2 22.5 ± 7.2 24.7 ± 5.8 25.8 ± 5.6

Maternal BMI (kg/m2) 24.1 ± 4.5 25.7 ± 4.3 25.2 ± 3.3 22.6 ± 2.8

Maternal Race (B and
other/W)

2/4 1/5 2/4 1/5

Nulliparous/Total 6/6 6/6 6/6 5/6

Gestational weeks at
delivery

39.5 ± 1.3 38.0 ± 3.7 32.4 ± 3.4#** 36.6 ± 3.4

Blood pressure at
delivery

126.2 ± 9.0/74.0 ± 5.0 147.3 ± 9.2/90.5 ±
6.1#

156.2 ±11.2 98.7 ±
13.5#

108.6 ±
11.4/64.8 ±

12.0* **

Cesarean section/Total 2/6 5/6 5/6 3/6

Labor/Total 5/6 5/6 4/6 6/6

Birth weight (g) 3341.3 ± 293.5 3032.3 ± 1242.7 1378.7 ± 546.5#** 1824.0 ± 645.4#

Birth weight percentile 57.1 ± 29.7 41.5 ± 42.7 7.2 ± 1.4# 1.9 ± 1.3#

Data are mean ± SD,

#
p<0.05 vs. NP;

**
p<0.05 vs. PE, and

*
p<0.05 vs. PE with SGA.
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