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Abstract
Objective—To assess the role of adenosine receptors in the regulation of coronary microvascular

permeability to porcine serum albumin ( ).

Methods—Solute flux was measured in single perfused arterioles and venules isolated from pig
hearts using fluorescent dye-labeled probes by microspectro-fluorometry. Messenger RNA,
protein, and cellular distribution of adenosine receptors in arterioles and venules were analyzed by
RT-PCR, immunoblot, and immunofluorescence.

Results—Control venule  (10.7 ± 4.8 × 10−7 cm s−1) was greater than that of arterioles (6.4

± 2.8 × 10−7 cm · s−1; p <.05). Arteriolar  decreased ( p <.05) with adenosine suffusion over

the range from 10−8 to 10−5 M, while venular  did not change. The nonselective A1 and A2
receptor antagonist, 8-(p-sulfophenyl) theophylline, blocked the adenosine-induced decrease in

arteriolar . Messenger RNA for adenosine A1,A2A,A2B, and A3 receptors was expressed in
arterioles and venules. Protein for A1, A2A, and A2B, but not A3, was detected in both microvessel
types and was further demonstrated on vascular endothelial cells.

Conclusion—Arteriolar  decreases with adenosine suffusion but not venular .
Adenosine A1, A2A, and A2B receptors are expressed in both arterioles and venules. Selective
receptor-linked cellular signaling mechanisms underlying the regulation of permeability remain to
be determined.
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In the heart the vasculature is critical for maintaining cardiac function via delivery of O2 and
nutrients, including free fatty acids carried on albumin, to the interstitial spaces around the
myocardial cells and transport of metabolic by-products and hormones such as the
natriuretic peptides away from the myocytes. Coronary exchange capacity depends on the
surface area and permeability of all vessels available for exchange. Adenosine (ADO), a
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metabolite of adenine nucleotides, is increased dramatically when an imbalance between
oxygen supply and consumption exists under a variety of conditions including hypoxia,
ischemia/reperfusion, and inflammation (4,61,62). Subsequently, ADO plays a myriad of
important cardioprotective roles, including vasodilatation. Conventionally, it is assumed that
permeability properties are either unchanged or affected insignificantly when coronary
exchange capacity is assessed under the condition of constant surface area during ADO-
induced maximal vasodilatation (37). However, evidence from studies with cultured
endothelium (15,54,65), as well as conduit and microvascular vessels (5,12,35) showed that
ADO influenced exchange, eliciting predominantly a decrease in permeability. It has been
argued that findings from in vivo studies result primarily from a direct response of the
endothelium to ADO combined with secondary effects of ADO on exchange mediated by
hemodynamics, platelet, neutrophil, and/or mast cell functions.

Recently, we modified the techniques for assessing solute permeability in situ that work best
in thin exteriorized tissues devoid of movement, such as mesentery or cheek pouch, to
determine the direct influence of ADO on intact coronary microvessels from the thick,
beating tissue of the heart (26). Accordingly, arteriolar and venular microvascular trees were
isolated from hearts, individual microvessel segments were perfused with micropipettes, and
solute flux was measured using fluorescent dye-labeled probes by microspectro-fluorometry.
This approach permitted us to separate the direct influence of ADO on intact microvascular
barrier properties from secondary ADO-mediated effects on hemodynamics, circulating
vascular or peripheral tissue. We found previously that 10−5 M ADO reduced permeability
to albumin of arterioles (24,26) and venules (25) isolated from hearts of sedentary pigs.
Therefore, in the present study, we predicted that ADO would enhance directly the intact
microvascular barrier function at doses closer to that found in intact coronary tissue.

Four subtypes of ADO receptors (A1, A2A, A2B, and A3) have been cloned from multiple
species, although the data from pigs are incomplete (40,41,61,62). Molecular evidence for
ADO A2A receptor expression in cultured endothelium derived from porcine coronary
arteries (48) and intact porcine coronary arterioles (21) supports pharmacological data that
ADO A2A receptors mediate the dilatation of porcine coronary arteries (21,39). ADO A2B
receptor message and protein also have been demonstrated in cultured endothelial cells of
porcine coronary arteries (48) and pharmacological evidence exists for A2B receptor
involvement in modulation of cell growth (9) and changes in membrane potential (49).
Recently, A1 receptors were found to be expressed in cultured vascular smooth muscle cells
and intact porcine coronary conduit arteries (21,46). To date, there are no published data for
the existence of A3 receptors in porcine coronary arteries or arterioles. With respect to the
venous side of the coronary vasculature, no literature exists defining the expression of ADO
receptors. Therefore, we predicted expression of ADO A1,A2, but not A3 receptors, in
porcine coronary arterioles and venules.

In the present study we tested 2 hypotheses: (1) ADO would decrease permeability in a
dose-dependent manner, with no difference between vessel types and (2) ADO A1, A2A, and
A2B receptors would be expressed in both coronary arteriolar and venular vessels. We
characterized the permeability of arterioles and venules isolated from hearts of pigs to PSA
under control conditions and in response to cumulative concentrations of ADO (10−9 to 10−5

M). The nonselective ADO A1 and A2 receptor antagonist 8-(p-sulfophenyl)theophylline (8-
SPT) was used to elucidate further the role of ADO receptors in the modification of
permeability response to ADO. Finally, the expression of mRNA and protein for 4 ADO
receptor subtypes in porcine coronary arterioles and venules isolated from the same hearts
was determined.
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MATERIALS AND METHODS
Experimental Animals

Adult Yucatan miniature swine of both sexes weighing 35–55 kg were procured from a
breeder (Charles River, ME). The pigs used in this study were the sedentary counterparts to
endurance exercise-trained pigs (28).The sedentary pigs were restricted to their pens except
for routine maintenance and feeding for 16–20 weeks prior to experiments. All animal care
and research procedures complied with the Guide for the Care and Humane Use of
Laboratory Animals issued by the National Institutes of Health under the supervision of the
Office of Laboratory Medicine at the University of Missouri.

Heart Preparation
The pigs were sedated with ketamine (25 mg/kg, IM), and rompun (2.25 mg/kg, IM) and
anesthetized with sodium pentobarbital (20 mg/kg, IV). Following heparin (1000 U/kg)
administration via ear vein, a left thoracotomy was conducted. Hearts were excised and
immersed in cold (4°C) mammalian Kreb’s solution (38,57).

Preparation of Coronary Arterioles and Venules
For study of coronary microvessel permeability to protein, the right ventricular wall (5–7 by
2–3 cm) was excised, weighed, and pinned into 20-mm-deep culture dishes (Tadcoti,
Monrovia, CA) containing Kreb’s and 10 mg/mL porcine serum albumin (PSA) at 4°C.
Arteriolar and venular plexuses were isolated from surrounding connective and cardiac
myocardial tissues as described previously (26,28). Briefly, an arteriolar plexus contained
interconnected arterioles that appeared less than 100 μm in internal diameter (ID) and
branched from larger feed arterioles (ID > 250 μm) arising originally from the right
coronary artery. These interconnected arterioles with ID 5–100 μm could span from the
epicardial to endocardial surface and would be defined by Kassab (29) as A1- to A6-order
vessels. These vessels were mounted gently on a Sylgard pad (Dow Corning, MI) with 0.1-
mm Minuten pins at approximately its in situ resting length for the subsequent perfusion and
study. In the case of the coronary venules, the plexus generally came from the epicardial
surface. The venules, in contrast to the coronary arterioles, were thinner walled, and more
irregular in shape. The branching pattern was referred to as fingers collecting into a hand- or
mitten-like structure (30). The venular plexus contained venules with ID 30–100 μm, which
were defined as V3- to V5-order vessels (30).

For determination of messenger RNA and protein for ADO receptors, coronary arterioles
and venules following initial isolation were further cleaned, carefully trimming off all fat
cells and connective tissue surrounding the vessels. For RT-PCR analysis of mRNA single
arterioles (ID < 100 μm, length = 1 mm) or venules (ID < 200 μm, length = 1 mm) were
immersed in RNase-free microcentrifuge tubes (Ambion, TX) containing RNA Later
(Ambion, TX) to protect RNA from degradation, and then stored at −70°C for subsequent
analysis. ADO receptor protein was obtained from 2 isolated arterioles or venules (the same
sizes as for RT-PCR) that were pooled and stored at −70°C until immunoblot analysis.

Measurement of Coronary Microvessel Permeability
The details of solute permeability (Ps) measurement in isolated arterioles have been
published (26,30,31,59). In this study, a similar approach was used for coronary venules. To
summarize, a single microvessel segment in the plexus was cannulated with a beveled glass
theta micropipette (WPI, Sarasota, FL) containing an unlabeled washout solution in one half
of the theta pipette and labeled test solution with Alexa Fluor 488 (Molecular Probes, OR) in
the other half of the pipette. Two pairs of separate manometers controlled perfusion
pressures in each half of the pipette.
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Fluorescence intensity (If) emanating from the perfused microvessel lumen and surrounding
microvessel wall was measured on a microscope photometer (PTI, Brunswick, NJ). The
detectable fluorescence area was restricted by an adjustable rectangular window at 3 times
vessel diameter in width and 2 times vessel diameter in length. Solute flux (J s) per unit
surface area (S ) and constant concentration gradient ( C ), (J s/S ΔC , cm·s−1) was
determined from the relation:

(1)

where Io is the fluorescence intensity of the test solute filling the microvessel lumen; (dIf/dt)i
is the initial change in fluorescence intensity as solute moved across the vessel wall, and D
is microvessel diameter. To minimize change in diameter and maintain microvessel tone
constant, all measurements were performed at 15°C (26,34).

Experimental Protocols

Basal permeability to PSA ( )of individual isolated coronary microvessels was
measured when the vessel was perfused with Kreb’s-PSA (10 mg/mL) tagged with Alexa
Fluor 488 and superfused with Kreb’s-PSA (10 mg/mL) solution, respectively. After
acquisition of baseline data, Ps was measured again when the superfusate was changed to
ADO solution at serial final concentrations over the range of 10−9 to 10−5M. To determine
whether ADO receptors mediate the permeability response to ADO, Ps was estimated on the
same vessels during suffusion with the nonselective, water-soluble, ADO receptor
antagonist, 8-SPT (10−4M), in the absence or presence of ADO after basal permeability
measurement. All measurements, repeated a minimum of 3 times under each condition, were
carried out at low hydrostatic pressures of 12 cm H2O in venules and 15 cm H2O in
arterioles, respectively, to minimize contributions of convective coupling or solvent drag to
the measure of net flux.

Solutions
The components of the mammalian Kreb’s solutions included (in mM): 141.4 NaCl, 4.7
KCl, 2 CaCl2·H2O, 1.2 MgSO4, 1.2 NaH2PO4 H2O, 5 glucose, 3 NaHCO3, and 1.5 Na-N-2-
hydroxyethylpoperaxine-N’-2-ethanesulfonic acid (Hepes). The pH and osmolarity of the
solution was 7.40 ± 0.05 and 294 (292–298) mOsm at room temperature.

For stock solutions of Kreb’s/porcine serum albumin (>50 mg/mL) of PSA (Sigma, MO) the
protein was dissolved in H2O at a concentration of 100 mg/mL. Diafiltration was performed
in an Amicon Stirred Cell (Millipore, MA) through a 30,000 Nominal Molecular Weight
Limit (NMWL; Millipore, MA) filter with a volume of glucose-free Kreb’s solution equal to
3 times the volume of PSA solution. The concentration of the dialyzed protein was
determined by absorbance spectroscopy with 280-nm wavelength, then adjusted to 100 mg/
mL stock solution and stored at −70°C. All solutions containing PSA at 10 mg/mL final
concentration were prepared and used daily.

PSA labeled with Alexa Fluor 488 (Molecular Probes, OR) fluorescent dye was utilized as
molecular probe to detect the properties of coronary microvessel barrier. Alexa Fluor 488
and PSA solution (3:1; molar/ molar) were mixed and reacted for 30 min at room
temperature, followed by removal of free fluorescent dye with D-Salt Polyacrylamide
Desalting Columns (Pierce, IL). The concentration of protein conjugate was determined with
Bradford colorimetric assay (Bio-Rad, CA). The perfusate of fluorescently labeled test
solution at 10 mg/mL final concentration of PSA was made up of labeled PSA: unlabeled
dialyzed PSA (1:9; weight/weight) in Kreb’s solution.
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Drugs
ADO (purchased from Sigma Chemical) was prepared from stock solutions on the day of
use. A stock solution (10−3 M) of ADO was prepared in ddH2O and diluted to a final
concentration (10−9 to 10−5 M) with Kreb’s-PSA (10 mg/mL). 8-SPT was prepared in
Kreb’s-PSA (10 mg/mL) to final concentration of 10−4 M.

RNA Preparation and RT-PCR
RNA from microvessels for RT-PCR was prepared using paramagnetic oligo(dT)
polystyrene beads (Dynabeads Oligo (dT)25, Dynal). Single venules (ID < 200 μm; length =
1 mm) or arterioles (ID < 100 μm, length = 1 mm) were homogenized in 100 μL of LiCl
lysis buffer. The crude lysate was incubated with magnetic Dynabeads Oligo (dT)25 for 15
min at room temperature. The beads were washed twice with 100 μL of solution A, and then
3 times with 100 μL of solution B. The mRNA was eluted from beads by adding 10 μL
RNase-free H2O. Porcine brain was used as a positive control for ADO receptors (7,53).
Total RNA from porcine brain was extracted using the RNAgents Total RNA Isolation
System (Promega, CA) according to manufacturer’s instruction. Following digestion of
DNA to oligonucleotides in the sample with DNase I (Invitrogen), first-strand cDNA
synthesis from microvessel mRNA and porcine brain total RNA was conducted using
reverse transcriptase Superscript II (Invitrogen, CA) and oligo(dT)12-18 as the primer of the
reaction in a 20-μL volume by following the manufacturer’s instructions. The specific ADO
receptor primers for A1, A2A, A2B, and A3 are listed in Table 1. Complementary DNA
amplification was performed using HotStarTaq DNA polymerase in accordance with the
manufacturer’s instruction (Qiagen, CA). PCR for ADO A1, A2A, and A2B receptors was
conducted for 45 cycles at 94°C for 45s (denature), 58°C for 1 min (anneal), and 72°C for 1
min (extension) following an initial denaturation step of 95°C for15 min. A final extension
of 72°C for 10 min was added after the 45th amplification cycle. PCR for A3 receptor was
conducted for 39 cycles with the same conditions. PCR products were visualized using 2%
(w/v) agarose gel electrophoresis stained with ethidium bromide. To determine the
nucleotide sequence of PCR products, bands corresponding to the PCR products were
removed from the gel. The cDNA was purified with DNA extraction kit (Qiagen, CA)
according to manufacturer’s instruction and then was subjected to nucleotide sequencing
performed by the DNA core at the University of Missouri in Columbia.

To verify that the PCR product was derived from mRNA for ADO receptors in coronary
venules and arterioles, RT-PCR was conducted in the absence of the reverse transcriptase
Superscript II as a negative control (negative RT).

Immunoblot Analysis
The expression of ADO receptor protein in porcine coronary venules and arterioles was
assessed by immunoblot analysis. Two venules (ID <200 μm, 1 mm in length) or 2
arterioles (ID <100 μm, 1 mm in length) per tube were homogenized in solubilization buffer
consisting of 50 mM Tris · HCl (pH = 7.4), 6 M urea, and 2% SDS (v/v). Cell lysates were
subjected to SDS-PAGE [12% (w/v) for A1 and A3; 10% for A2A and A2B], and protein was
transferred to polyvinylidene difluoride (PVDF) membrane. The membrane was probed with
specific ADO receptor anti-A1 (1:1000 dilution; Affinity BioReagents, CO), -A2A (1:1000
dilution; Alpha Diagnostic International, TX), -A2B (1:100 dilution; Chemicon, TX), or -A3
(1:200 dilution; Santa Cruz Biotechnology, TX) antibodies followed by incubation with
secondary antibody (horseradish peroxidase conjugated IgG, 1:4000 dilution; Alpha
Diagnostic International). Protein was detected by enhanced chemiluminescence (NuGlo;
Alpha Diagnostic International).
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To confirm antibody specificity for ADO A1 and A2B receptors, control antigenic peptide
(for anti-A1 and anti-A2B antibodies) competition was performed. Antibodies and antigenic
peptides (A1, antibody: peptide = 1:1, Affinity BioReagents, CO; A2B, antibody: peptide =
1:5, Chemicon, CA) were preincubated overnight at 4°C prior to exposure to the PVDF
immunoblotting membrane as described above. To characterize anti-ADO A3 receptor
antibody specificity, PVDF immunoblotting membrane was incubated with rabbit gamma-
globulin (1:200 dilution; Jackson ImmunoResearch Laboratories, PA) instead of A3 receptor
antiserum as the primary antibody.

Immunofluorescence
The cellular distribution of ADO receptors A1, A2A, and A2B in coronary venules and
arterioles was determined using dual-color immunofluorescence and confocal laser-scanning
microscopy. Cryostat sections (6 μm thick) of isolated coronary venules or myocardium
were fixed in methanol: acetone (1:1, −20°C for 10 min). Sections were washed with 0.1 M
phosphate-buffered saline (PBS, pH 7.4) and blocked with 5% (v/v) normal goat serum
(Jackson ImmunoResearch Laboratories, PA) diluted in PSA for 1 h. Sections were then
incubated with dual primary antibodies, anti-ADO receptor A1 (1:10 dilution), A2A (1:5
dilution), or A2B (1:5 dilution) polyclonal antibodies (used for immunoblot) and anti-eNOS
monoclonal antibody (1:5 dilution; BD Transduction Laboratories, CA) at 4°C overnight,
followed by 3 washes with PSA. Secondary antibodies used were Alexa Fluor 488-labeled
goat anti-rabbit IgG for ADO receptor antibodies (10 μg/mL; Molecular Probes) and Alexa
Fluor 568-labeled goat antimouse IgG for eNOS antibody (10 μg/mL; Molecular Probes).
Secondary antibodies were applied for 30 min, sections were washed with PSA (×3) and
mounted with antifading medium (MOWIOL 4–88, Calbiochem, CA) and viewed with
confocal (Radiance 2000 Confocal Microscopy System, Bio-Rad) laser (krypton–argon)-
scanning microscopy.

To estimate autofluorescence of cross section of myocardium, sections were performed with
omission of the primary and secondary antibody incubations. To determine nonspecific
fluorescence of myocardium sections, frozen sections were incubated with only secondary
antibodies.

Statistical Analysis
StatView 5.0 software (StatView SE Graphics; Abacus Concepts, Berkeley, CA) was

employed + for all statistical analysis. Values for  were skewed positively (the mean

of the data exceeded the median), which means that distribution of  was not normal.

 values are therefore expressed as medians ± median absolute deviations (MAD).

Values of the vessel diameters and the permeability response, the ratio of , were
normally distributed and are given as the means standard errors of the means (SEM). Mann-

Whitney U test (6) was used to test for differences in  between coronary venules and
arterioles from sedentary porcine hearts. One sample t test was utilized to determine whether

 differed from  testing the null hypothesis  (47). An asterisk (*)
indicates p <.05.

RESULTS
Differences in Basal Permeability with Vessel Type

Basal apparent permeability to PSA ( )of coronary venules (10.7 ± 4.8 × 10−7 cm s−1,
median ± MAD; n ± 15) was greater than that of coronary arterioles (6.4 ± 2.8 × 10−7

cm·s−1, median ± MAD; n = 23) (p < .05). The internal diameter (ID) of these isolated
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coronary venules and arterioles under basal perfusion conditions was 61.5 8.19 μm (mean ±
SEM) and 44.0 ± 3.2 μm, respectively.

Dose-Response to ADO
The permeability responses are paired measures and therefore were expressed as means ±

SE of ratio of Ps in the presence of ADO ( ) relative to basal permeability of the same

vessel in the absence of ADO ( ). The solid line in Figure 1 indicates the ratio

( ) equal to 1, identifying a lack of response relative to basal levels. At all doses
of ADO tested above 10−9 M, a significant decrease in Ps of arterioles was observed (n = 12,
p < .05; Figure 1). The magnitude of the attenuation of arteriolar Ps was 22, 27, 30, and 31%
in the presence of 10−8, 10−7, 10−6, and 10−5 M ADO, respectively. In contrast, in isolated
coronary venules (n = 7, Table 2) in response to ADO Ps tended to increase

( ) failing, though, to reach statistical significance. Internal diameters of
arterioles were significantly increased (ΔID = 6.7 ±2.2 μm; n = 11, p <.05) with the
application of serial ADO. ADO suffusion did not induce a significant change in coronary
venule diameter (ΔID = 0.7 ± 0.3 μm, n = 7).

Influence of 8-SPT on the ADO-Induced Decrease in Ps in Coronary Arterioles
The nonselective ADO receptor antagonist, 8-SPT (10−4 M), alone was without effect on
arteriolar Ps (0.97 ± 0.16, n = 10; Table 2, Figure 2) or basal arteriolar tone. However, the
ADO-induced decrease in Ps of arterioles and increase in ID were blocked by 8-SPT (10−4

M) over the entire ADO dose–response range (n = 5–9, p <.05; Figure 2).

Evidence for Messenger RNA for All Four ADO Receptor Subtypes in Porcine Coronary
Venules and Arterioles

The presence of mRNA for all 4 ADO receptor subtypes (A1, A2A, A2B, and A3) was found
in both coronary venules and arterioles, as shown in Figure 3. The data are representative of
RT-PCR analysis (n = 6–12). Negative RT (see RNA Preparation and RT-PCR under
Methods) with the 4 subtype receptor primers demonstrated no bands in the absence of
reverse transcriptase, indicating that PCR products resulted from ADO receptor mRNA
(data were not shown). The identity of the PCR products from porcine coronary
microvessels was verified by direct nucleotide sequencing and BLAST analysis
demonstrated 86, 93, 90, and 89% sequence homology with human ADO A1, A2A, A2B, and
A3 receptors, respectively.

Pattern of ADO Receptor Protein Expression in Porcine Coronary Venules and Arterioles
Immunoblot analysis revealed expression of ADO A1 (36 kDa), A2A (54 kDa), and A2B (55
kDa) receptor protein in arterioles and venules, whereas A3 receptor protein was not
detected (Figure 4). The data are representative of immunoblot analysis (n = 4–10).
Specificity of ADO A1,A2B, and A3 receptor=antibodies for porcine tissue was evaluated by
comparison with rat brain tissue that is known to cross-react with these antibodies (Figure
4). Apparent shift of bands between ADO A2A in vascular tissues compared to brain (rat and
pig) was not consistent among experiments. In the presence of specific antigenic peptide (for
A1 and A2B) or gamma-globulin (for A3), bands corresponding to ADO A1,A2B, and A3
receptor proteins were absent (Figure 4). Immunoblots with anti-ADO A1, A2B, and A3
antibodies from porcine brain exhibited the estimated molecular mass of protein bands
similar to that of blots from rat brain tissue for A1,A2B, and A3 proteins, respectively (Figure
4). The bands disappeared in immunoblots with control antigenic peptide competition (A1
and A2B) or gamma-globulin incubation (A3; Figure 4, right panel). These outcomes
indicate that the bands shown in Figure 4 are specific.
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Cellular Distribution of ADO A1,A2A, and A2B Receptors in Porcine Coronary Venules and
Arterioles

ADO receptors were labeled with green immunofluorescence (Alexa Fluor 488, Figure 5A).
Labeled material was observed throughout the cross-sectioned arteriolar and longitudinal
sectioned venular wall suggesting receptors were located on cells of the media. To
determine whether ADO receptors were also selectively located on endothelial cells,
endothelial nitric oxide synthase (eNOS) was identified using red eNOS
immunofluorescence (Alexa Fluor 568, Figure 5B) in addition to green ADO
immunofluorescence. The yellow color in overlaid images suggests close proximity, if not
colocalization, of ADO receptors (A1,A2A, and A2B) and eNOS (Figure 5C). These findings
indicate that ADO A1,A2A, and A2B receptors exist in endothelial cells of porcine coronary
venules and arterioles, and presumably in vascular smooth muscle cells.

DISCUSSION

The present study demonstrates that ADO suffusion reduces apparent  of arterioles
isolated from hearts of normal sedentary pigs in a cumulative dose-dependent manner. This
permeability response to ADO appears to be mediated by ADO A1 or A2 receptors, as
demonstrated by the ability of the nonselective ADO receptor antagonist, 8-SPT, to block
the decrease in Ps. Further, this study is the first to provide direct evidence for the expression
(mRNA and protein) of 3 ADO receptor subtypes (ADO A1, A2A, and A2B) in both porcine
coronary venules and arterioles. Of interest, in contrast to the behavior of coronary
arterioles, in spite of the presence of ADO receptors on venules isolated from the same
hearts, suffusion of ADO appeared to be without influence on Ps.

Basal Permeability of Coronary Arterioles and Venules

In the present study the values of , 10.7 ± 4.8 and 6.4 ± 2.8 × 10−7 cm·s−1 for venules
(n = 23) isolated from hearts of sedentary pigs, respectively, are in accordance with our

previous results (27,57). Venular  is higher than that for arterioles, which are also
consistent with spatial variation of hydraulic conductivity (Lp) in frog capillaries (66). The

observed difference in  between venules and arterioles confirms the assumption of a
gradient in permeability coefficients (Lp and Ps) across the microvascular network with high
values for venules and lower values for arterioles. The basis for the difference in barrier
permeability between venules and arterioles remains unanswered. It is possible that the
heterogeneous constituents of vascular walls and/or characteristics of endothelial cells
forming the vascular barrier are major factors determining basal permeability. For instance,
resistance components of the arteriolar barrier consist of glycocalyx, endothelial cells and
smooth muscle cells; the venules presumably have similar glycocalyx, fewer smooth muscle
cells, and the endothelial cells cover a larger area with more frequent openings to the
basement membrane (43).

The  of isolated porcine coronary venules reported by Yuan (68) is 5 times higher
than our median value for venular basal Ps. Again the basis for this discrepancy is not
known and may reflect differences in methodologies and/or conditions, ranging from
difference in pig characteristics (breed: Yucatan vs. Yorkshire; age: adult vs. juvenile; body
weight: 35–55 kg vs. 8–12 kg) (70), temperature of the suffusion media during measurement
of flux (15 vs. 37°C), to the use of porcine vs. bovine serum albumin (3), to the absence vs.
presence of India ink gelatin to facilitate visualization of the microvasculature prior to
dissection (the points that contrast between the present study with those of Yuan (68),
respectively).
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The Effect of ADO on Permeability to PSA
Using the technique of measuring Ps in single-perfused microvessels (arterioles and venules)
isolated from secondary influences of blood-borne elements, hemodynamics, or tissue
associated factors, we demonstrated previously that 10−5 M ADO would reduce the Ps to
albumin of coronary arterioles (26,35) and venules (25). In the interstitial fluid in the left
ventricular epicardium of anesthetized dogs ADO ranged from 4.7 to 9.9 × 10−7 M (13),
levels 10- to 20-fold lower than we used previously. The present study extends our previous
work on coronary microvessels from pigs by assessing the influence of ADO at
physiological and pathophysiological concentrations (from 10−9 M to 10−5 M) on the
exchange barrier permeability to albumin in venules as well as arterioles. These data

demonstrate a dose-dependent decrease in  with increasing ADO concentration,
consistent with our earlier work and findings from EC monolayers derived from porcine
aorta (65), human umbilical veins (54), and fetal bovine aorta (15). The sensitivity of the
ADO response, however, appears greater in intact microvessels (10−8 M) than in cultured
EC [human umbilical veins (above 10−7 M) (54) or fetal bovine aorta (above 10−5 M) (15)].

The reduced basal arteriolar Ps in response to ADO suffusion appears to be mediated by
ADO receptors, either A1 or/and A2, as the nonselective ADO A1 and A2 receptor

antagonist 8-SPT (10−4 M) blocked the ADO-induced decrease in . 8-SPT has been
used to validate a role for ADO receptors in cardiovascular regulation in variety of models
and species (33,34,60). Unlike other theophylline derivatives, 8-SPT is not an effective
phosphodiesterase inhibitor (14), suggesting that changes in Ps are not likely mediated by an
indirect action on cyclic nucleotide pathways independent of receptor action. This evidence
is supported by the fact that 8-SPT alone did not alter Ps. Rather 8-SPT was effective only
against the decreased Ps response of vessels to ADO.

Differences in sensitivity of EC monolayers compared to intact microvessels may reflect
differences in expression patterns of ADO receptors, changes in second messenger signaling
due to culture conditions or alterations in adenosine uptake and/or metabolism. Metabolism
of ADO and generation of reactive oxygen species (superoxide radicals) by the enzyme
xanthine oxidase (72) could impact Ps following ADO suffusion. However, increased
reactive oxygen species are associated with loss of barrier function and increased hydraulic
conductivity (16), the opposite of what we observed in intact arterioles. In EC monolayers,
the ADO transport inhibitor, dipyridamole, did not block or enhance the ADO-induced
decrease in Ps, suggesting that transport and metabolism is not involved in regulation of the
microvascular exchange barrier by ADO (15). These data, as well as evidence showing
similar changes in barrier function with the nonmetabolized, ADO receptor agonist 5′-(N-
ethylcarboxamido) adenosine (NECA), indicate that responses are mediated via binding of
ADO to its receptors (65).

The ability of ADO to elicit changes in vessel tone, especially dilatation of coronary
arterioles (20), is well known. Although we measure Ps at 15°C to reduce or eliminate ADO-
induced vasodilatation, the ID of coronary arterioles increased significantly with ADO
suffusion. Accounting for changes in ID would influence the calculation of Ps (Equation 1).
An increase in ID would increase Ps. Therefore, the findings of reduction of arteriolar Ps
following ADO suffusion could, in fact, be an underestimate of the change in barrier
properties.

The observation that ADO failed to alter venular  significantly contrasts with that for
arterioles and a previous report from our laboratory (25). The mechanisms underlying these
differential permeability responses are unclear. Gawlowski and Duran (12) reported ADO-
induced and dose-dependent increases in venular permeability of hamster cheek pouch,
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although these responses may be due to primary and secondary (such as changes in
hemodynamics) ADO effects on permeability. Differences observed in the current study,
however, appear unlikely due to differential expression of ADO receptor subtypes, since
similar subtypes were detected in both vessel types. Instead, with regard to the venular data,
it is possible that the sex of the animal plays a role as the venule data in Huxley and
Rumbaut (25) were derived primarily from male animals, while in the current study the
venules were from both sexes.

Four ADO receptor subtypes, A1, A2A, A2B, and A3, have been identified and cloned from a
variety of species (41); the exact amino acid sequences of ADO receptors in pig are not
known, with the exception of the partial cDNA sequence for ADO A3 receptors published in
BLAST (45). Thus, detection of ADO receptors in the pig has been complicated. For the
present study, we designed primers for A1, A2A, and A2B based on conserved regions in the
DNA sequence among several species.

Message and protein expression of A1 in porcine coronary arterioles and venules differs
from data from Hein and co-workers (21) that demonstrated A1 receptor expression in
coronary conduit arteries (left anterior descending artery), but not arterioles. The difference
may reflect the age of pigs, 8–12 weeks (21) vs. 16–20 weeks (this study). There exists
evidence from studies of ADO effect on cardiovascular functions (18) for enhancement of
A1 receptor sensitivity and reduction of A2 receptor sensitivity with age. Consistent with our
findings of A1 receptors in microvessels are data from pharmacological studies in coronary
resistance arteries from pig (42), mice (10,19), and guinea pig (56). Specifically, studies
from Richard et al. demonstrated that the prevention of reactive oxygen species (xanthine/
xanthine oxidase)-induced increase in Ps of human umbilical vein endothelial cells by ADO
was A1-mediated (54).

There is substantial evidence from pharmacological and molecular studies supporting the
existence of A2A receptors in coronary microvessels and resistance arteries in several
species, including pigs. ADO A2A receptors of porcine coronary arterioles appears to
account for significant ADO-induced vasodilatation (21). ADO A2B receptor expression has
been demonstrated in cultured EC derived from porcine coronary arteries and functional
data supports the presence of A2B receptors in porcine (9), human (33), and rat coronary
resistance artery (10,22). Data from A2A receptor knockout mice suggest that A2B receptors
are involved in regulation of coronary dilatation and growth of arterial endothelial cells
(44,63). While studies with cultured EC monolayers provided evidence for A2 receptors
mediating Ps responses to ADO (12), the distinction between receptor subtypes (A2A vs.
A2B) was not made. Our data confirm the presence of both A2 subtypes in arterioles and
venules. Consequently, it is not known whether either or both receptor subtypes contribute
to the observed permeability responses.

Very little information exists on the distribution and localization of ADO A3 receptors in
coronary vasculature. The only molecular evidence for expression of ADO A3 receptor is in
rat aortic smooth muscle cells (71). Pharmacological studies using a selective ADO A3
receptor agonist covalently bound to a large polymer suggested the presence of ADO A3
receptors in luminal coronary resistance arteries of guinea pig hearts (56). In the peripheral
circulation, A3 receptors have been demonstrated on mast cells in the walls of in situ
arterioles of the hamster cheek pouch and cremaster muscle preparations (8, 60).

Altogether, this study is the first to characterize the distribution of all 4 identified ADO
receptor subtypes in coronary microvessels. The presence of ADO A1, A2A, and A2B in
coronary arterioles and venules as well as on both endothelium and smooth muscle cells
contributes significantly to the complications associated with ascribing physiological
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functions, such as Ps to a specific receptor subtype. The absence of detectable protein for
ADO A3 receptor in the presence of mRNA for both microvessel preparations could result if
protein levels of A3 receptor were below the detectable level of the immunoblot assay.
Alternatively, the presence of mRNA with lack of protein expression implies the potential
capacity to express ADO receptors under as yet unidentified circumstances such as
adaptation to exercise training or disease.

Possible Mechanisms Underlying the Modulation of ADO on Ps

The data showed that ADO induced a decrease in arteriolar Ps while having no effect on
venular Ps. The difference in Ps responses between these microvessel types was clearly not
due to differential expression of receptor subtypes on either endothelium or smooth muscle.
Because our data are not quantitative, in that the microvessels yielded insufficient material
to determine the amount of mRNA and protein loaded on the gels, it is not possible to
conclude whether there are differences in receptor density between the 2 vessel types, one
mechanism that could contribute to the differences in Ps responses to ADO observed in
arterioles versus venules.

Although several signaling pathways reportedly associate with each of the ADO receptor
subtypes, it is well documented that A2A and A2B receptors couple to Gs protein with
resulting increases in cyclic AMP (cAMP) levels on activation (11,50,59,65). In contrast, A1
and A3 receptors couple to Gi protein and activation results in reduction of cAMP levels
(11,23). Increases in cAMP levels are associated with decreased Ps in endothelial monolayer
(36) and intact microvessel (2). Conversely, reduction of cAMP levels increased Ps of in situ
intact microvessels in the absence of other stimuli (17). Molecular evidence for coexistence
of ADO A1,A2A, and A2B receptors in coronary arteriolar and venular endothelium opens
the possibility that coregulatory interactions may determine the net Ps response to ADO. On
the other hand, evidence for the expression of A1, A2A, and A2B receptors in endothelium
does not preclude the involvement of A3 receptor activation on mast cells in the modulation
of Ps by ADO. Mast cells have been found almost exclusively near small human blood
vessels without muscle coats and predominantly in the adventitia close to and parallel with
the walls of small rat vessels (arterioles and venules) (55). In hamster cheek pouch ADO-
induced arteriolar vasoconstriction was mediated by secondary release of histamine and
thromboxane from mast cells by activation of A3 receptors (60). It is well known that
histamine induces transient increases in Ps to protein in rat (67) and pig (69), for example. In
the present study A3 receptor protein expression in arterioles was not observed and in the
functional study there was no change in Ps from basal levels during exposure to 8-SPT, the
putative A1 and A2 receptor antagonist. The antagonist data, while providing
pharmacological evidence for no role of A3 in either venules or arterioles fail to provide
further information about the role of A1 and/or A2 receptor-mediated decrease in Ps
observed in the arterioles or the lack of a response to ADO in the venules.

The intracellular levels of cAMP are regulated by the activities of phosphodiesterases (PDE)
2 and 3, which are responsible for the hydrolysis of cyclic nucleotides and cross-talk
between cAMP and cGMP pathways (64). In the simplest interpretation, elevation of
amount and/or activity of these PDE would result in a decrease in cAMP levels, a situation
associated generally with an increase in intact microvessel permeability to water and solutes
(1,2,32,51). In several cultured endothelial models, and in the case of the porcine coronary
venules, application of ADO resulted in no significant change in venular Ps despite the
presence of ADO receptors, especially A2AA and A2AB, whose activation leads to elevation
of cAMP. Since the receptors appear to be present in the venules, we hypothesize that either
PDE activity differs in the venules and/or the distribution of the PDE isoforms differs
between arterioles and venules. There is evidence that PDE isoforms are not evenly
distributed along the vascular tree, as Sadhu and coworkers (58) demonstrated PDE2A in the
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endothelium of venules and capillaries, but not arterioles, for example. Whether the same is
true in the coronary exchange microvascular bed remains to be determined.

The glycocalyx at the surface of vascular endothelial cells has been found to offer a
significant resistance to macromolecular solute flux across the vascular barrier of coronary
microvessels (27). Further, ADO has been shown to alter permeation of macromolecules
into the glycocalyx, potentially altering the net permeation of the macromolecules, such as
albumin across the walls of intact microvessels. Specifically, ADO suffusion decreased the
ability of the glycocalyx to exclude 70-kDa FITC-dextran from an endothelial cell surface
layer of capillaries of hamster cheek pouch (52). While it was shown that ADO still reduced
Ps to albumin in arterioles isolated from pig hearts after enzyme treatment to remove the
glycocalyx (27) it remains to be determined whether an ADO-induced decrease in the
capacity of glycocalyx to exclude albumin is associated with increase in solute flux in
coronary microvessels.

Physiological Significance
ADO levels in the heart increase significantly under pathophysiological conditions such as
ischemia– reperfusion and inflammation, where hyperpermeability is frequently observed.
Vascular hyperpermeability has been thought of as an early indicator of endothelial
dysfunction. The distribution of changes in barrier function under conditions of high ADO
implies a protective effect of ADO, since reducing Ps at the high pressure end of the
coronary vasculature and not altering venular Ps will limit large molecule egress to the low-
pressure side of the network. Therefore, the ability of ADO to induce a decrease in arteriolar
Ps to albumin under conditions where ADO concentrations rise implies that ADO plays a
role in improving or sustaining cardiovascular performance by limiting or slowing loss of
barrier function in disease situations associated with endothelial dysfunction.

Most pharmacological studies suggest that A2A receptor activation contributes
predominantly to coronary arteriole vasodilatation. The molecular evidence for the existence
of 3 receptor subtypes, A1,A2A, and A2B, in coronary microvessels implies that the
interaction of distinct ADO receptors or/and cellular signaling pathways following ADO
binding to these receptors results in the regulation of vascular functions, including dilatation
and permeability.

In summary, data from the present study indicate that ADO at physiological and
pathophysiological concentrations modulates Ps of arterioles, but not venules, isolated from
the hearts of sedentary pigs. The permeability responses to ADO suffusion are dose
dependent and appear to be mediated by ADO A1 and/or A2 receptor activation. This study
is the first to provide molecular evidence for the distribution of ADO receptor subtypes in
porcine coronary arterioles and venules. Coexistence of ADO A1,A2A, and A2B receptors in
endothelial cells of coronary microvessels suggests that interaction of distinct ADO receptor
subtypes contributes to change in solute permeability response to ADO.
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Figure 1.

ADO induces a significant decrease in  in arterioles isolated from sedentary pig hearts
while being without effect on the Ps of isolated coronary venules. Values are the means ± SE
of ratio of Ps in response to ADO over the range of 10−9 to 10−5 M ADO relative to basal Ps
in the absence of ADO (n = 7 for venules, n = 12 for arterioles). * p <.05 vs. 1.
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Figure 2.
The nonselective ADO receptor antagonist, 8-SPT (10−4 M), blocks the ADO-induced

decrease in  of porcine coronary arterioles. Means ± SE of ratio of Ps in response to
ADO in the presence of 8-SPT (basal) or ADO is over doses from 10−9 to 10−5 M relative to
the absence of either compound (n = 5–10 for ADO in the presence of 10−4 M 8-SPT).
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Figure 3.
Messenger RNA for all 4 ADO receptor subtypes (A1, A2A, A2B and A3) is expressed in
porcine coronary venules and arterioles. RT-PCR analysis with 4 pairs of specific ADO
receptor subtype primers was performed on coronary venules and arterioles isolated from
the hearts of sedentary Yucatan miniature swine. PCR products were detected with 2%
agarose gel stained with ethidium bromide. Representative RT-PCR results are shown (n =
6–12). Ven, porcine coronary venules; Art, porcine coronary arterioles; Brain, porcine brain
was used as a positive control; M, 100-bp DNA marker ladder.
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Figure 4.
ADO A1, A2A, and A2B, but not A3, receptor proteins are expressed in porcine coronary
venules and arterioles. Isolated coronary venules (ID < 200 μm) and arterioles (ID < 100
μm) were subjected to immunoblot assay with anti-A1, -A2A, -A2B and -A3 antibodies,
respectively (left panels). Negative controls are shown in right panels. Representative
immunoblots were shown (n = 4–10). Ven, coronary venule; Art, coronary arteriole; Brain,
pig brain (positive control); and P, positive control (Alpha Diagnostic International, TX).
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Figure 5.
Immunofluorescent assay demonstrates the presence of ADO A1, A2A, and A2B receptor
proteins in porcine coronary venules (upper, left panel) and arterioles (upper, right panel),
respectively. Coronary preparations were freezesectioned for ADO receptor localization in
isolated coronary venules and in situ coronary arterioles, respectively. (A)
Immunofluorescent staining for ADO receptors with anti-A1 (top panel), -A2A (middle
panel) and -A2B (bottom panel) antibodies, respectively (green); (B) immunoflorescent
staining for eNOS (red, as a marker of endothelial cells) with eNOS monoclonal antibody;
(C), (A), and (B) overlay that demonstrates expression of ADO A1,A2A, and A2B receptors
and eNOS in endothelial cells (yellow); and (D) bright field images for coronary venules
and arterioles indicated by arrows. In the lower panel, negative controls are shown,
including antofluorescence (A), nonspecific staining with omission of primary antibodies (B
for Alexa 488, C for Alexa 568), and bright-field image (D).
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