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Although acute lung injury contributes significantly to critical illness, resolution often occurs spontaneously 
via activation of incompletely understood pathways. We recently found that mechanical ventilation of mice 
increases the level of pulmonary adenosine, and that mice deficient for extracellular adenosine generation 
show increased pulmonary edema and inflammation after ventilator-induced lung injury (VILI). Here, we 
profiled the response to VILI in mice with genetic deletions of each of the 4 adenosine receptors (ARs) and 
found that deletion of the A2BAR gene was specifically associated with reduced survival time and increased 
pulmonary albumin leakage after injury. In WT mice, treatment with an A2BAR-selective antagonist resulted 
in enhanced pulmonary inflammation, edema, and attenuated gas exchange, while an A2BAR agonist attenu-
ated VILI. In bone marrow–chimeric A2BAR mice, although the pulmonary inflammatory response involved 
A2BAR signaling from bone marrow–derived cells, A2BARs located on the lung tissue attenuated VILI-induced 
albumin leakage and pulmonary edema. Furthermore, measurement of alveolar fluid clearance (AFC) dem-
onstrated that A2BAR signaling enhanced amiloride-sensitive fluid transport and elevation of pulmonary 
cAMP levels following VILI, suggesting that A2BAR agonist treatment protects by drying out the lungs. Simi-
lar enhancement of pulmonary cAMP and AFC were also observed after β-adrenergic stimulation, a pathway 
known to promote AFC. Taken together, these studies reveal a role for A2BAR signaling in attenuating VILI 
and implicate this receptor as a potential therapeutic target during acute lung injury.

Introduction
Acute lung injury (ALI) and acute respiratory distress syndrome 
(ARDS) are life-threatening disorders that can develop in the 
course of different clinical conditions such as pneumonia, acid 
aspiration, major trauma, or prolonged mechanical ventilation, 
and contribute significantly to critical illness (1). Recent epide-
miological studies show that each year 75,000 patients in the 
United States alone die from ARDS (2). The pathogenesis of 
these diseases is characterized by influx of a protein-rich edema 
fluid into the interstitial and intraalveolar spaces as a conse-
quence of increased permeability of the alveolar-capillary barrier 
(1) in conjunction with excessive invasion of inflammatory cells 
— particularly polymorphonuclear neutrophils (3–6). At pres-
ent, only little is known about how to target the alveolar-cap-
illary barrier function or leukocyte trafficking therapeutically 
during ALI. In fact, to our knowledge, no such strategies have 
been translated into clinical practice, and we are unaware of any 
specific therapy currently available beyond mechanical ventila-
tion and other supportive measures (1).

Despite the large impact of ALI on morbidity and mortality in 
critically ill patients (1), many episodes are self-limiting and resolve 
spontaneously through unknown mechanisms. For example, 

patients undergoing major surgery requiring prolonged mechani-
cal ventilation have an overall incidence of ALI between 0.2% and 
5%, depending on the kind of surgery (7–9). In a recent study to 
identify endogenous pathways to attenuate ventilator-induced 
lung injury (VILI), we found that extracellular adenosine accumu-
lates in the supernatant of pulmonary epithelia exposed to cyclic 
mechanical stretch in vitro (10). Similarly, pulmonary adenosine 
levels were elevated during mechanical ventilation in vivo (10). In 
fact, mice deficient in extracellular adenosine production showed 
dramatic increases in pulmonary edema and pulmonary inflamma-
tion when exposed to VILI (10). However, adenosine-dependent sig-
naling pathways of lung protection during VILI remain unknown. 
As such, extracellular adenosine can signal through any of 4 G pro-
tein–coupled adenosine receptors (ARs), A1AR, A2AAR, A2BAR, 
and A3AR, which have all been implicated in tissue protection in 
different models of injury or inflammation (10–28). Therefore, we 
designed the present study to test the hypothesis that AR signal-
ing plays an important role in VILI. For this purpose, we assessed 
VILI in genetic models for each individual AR. Because these stud-
ies pointed toward a pivotal role of A2BAR signaling, we confirmed 
these genetic studies using pharmacological approaches with spe-
cific A2BAR agonists and antagonists. Next, we created bone mar-
row chimeras to study A2BAR effects on hematopoietic versus non-
hematopoietic cells. Finally, we pursued the contribution of A2BAR 
signaling to alveolar fluid clearance (AFC) during VILI. Taken 
together, these studies point toward a critical role of A2BAR signal-
ing in attenuating VILI by dampening pulmonary inflammation, 
attenuation of pulmonary edema, and enhancement of amiloride-
sensitive fluid transport mechanisms to dry out the lungs.

Nonstandard abbreviations used: AFC, alveolar fluid clearance; ALI, acute lung 
injury; AR, adenosine receptor; BAL, bronchoalveolar; ENaC, epithelial sodium chan-
nel; KC, keratinocyte-derived chemokine; MPO, myeloperoxidase; VILI, ventilator-
induced lung injury.
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Results
VILI is selectively enhanced in gene-targeted mice for the A2BAR. Based 
on previous studies showing extracellular adenosine generation 
in lung protection during VILI (10), we hypothesized that AR 
deficiency would significantly enhance pulmonary edema and 
attenuate survival during VILI. To this end, we exposed previously 
characterized mice that were gene-targeted for A1AR (29), A2AAR 

(30), A2BAR (13), or A3AR (22) as well as corresponding 
age-, weight-, and gender-matched littermate controls to 
VILI. As shown in Figure 1, survival time during VILI or 
VILI-induced increases of albumin leakage into the bron-
choalveolar (BAL) fluid were similar between A1AR–/–, 
A2AAR–/–, and A3AR–/– mice and their controls (Figure 1, 
A, B, and D). In contrast, survival time was significantly 
shortened in A2BAR–/– mice (Figure 1C; P < 0.001), while 
albumin leakage into the BAL fluid was dramatically 
increased (Figure 1C; P < 0.001). Taken together, these 
data indicate that specific genetic deletion of the A2BAR 
enhances murine VILI.

A2BAR–/– mice show increased pulmonary inflammation 
during VILI. To confirm our findings of enhanced VILI 
in A2BAR–/– mice, we next measured additional func-
tional parameters. Here, we found that increases in 
lung water content (Figure 2A; P < 0.01) and attenuated 
gas exchange during VILI were enhanced in A2BAR–/–  
mice compared with controls (A2BAR+/+; Figure 2B;  
P < 0.01). Based on a recent study showing that A2BAR 
signaling attenuates pulmonary inflammation during 
acute hypoxia (31), we studied the influence of A2BAR 
signaling on pulmonary inflammation. As shown in 
Figure 2C, increases in pulmonary neutrophil num-
bers (as measured by myeloperoxidase [MPO]) with 
VILI were dramatically enhanced in A2BAR–/– mice 
(P < 0.001). Similarly, increases in proinflammatory 
cytokines (pulmonary TNF-α, IL-6, and keratinocyte-
derived chemokine [KC, a mouse ortholog of human 
IL-8]) were enhanced (Figure 2, D–F; P < 0.001), while 
levels of the antiinflammatory cytokine IL-10 (Figure 
2G; P < 0.001) were attenuated. Consistent with stud-
ies showing that pulmonary A2BAR signaling attenu-
ates NF-κB activation via adenosine-mediated cullin-1 
deneddylation (31), we pursued pulmonary NF-κB acti-
vation during VILI. Consistent with previous studies of 
mechanical stretch (32, 33), VILI was associated with a 
significant increase of pulmonary NF-κB activity (Fig-
ure 2H; P < 0.001). However, pulmonary NF-κB activ-
ity was increased at baseline (Figure 2H; P < 0.001), and 
VILI-induced increases of NF-κB activity were further 
enhanced in A2BAR–/– mice (Figure 2H; P < 0.001). 
While a number of mechanisms have been suggested to 
mediate the endogenous inactivation of NF-κB, each of 
these pathways converges on changes in the inducible 
degradation of IκBα (34). Thus, we determined whether 
A2BAR signaling influences IκB activity during VILI. In 
fact, VILI-associated decreases in pulmonary IκB activity 
were accentuated in A2BAR–/– mice (Figure 2I; P < 0.001),  
confirming a role of A2BAR signaling in attenuat-
ing IκB/NF-κB–dependent pulmonary inflammation 
during VILI. To confirm increased susceptibility of 
A2BAR–/– mice to lung injury on a histological level, 

we next examined lungs from A2BAR–/– and control mice after 
180 minutes of ventilation at 45 mbar. As shown by VILI scores 
(Figure 2J) and in images from pulmonary sections (Figure 2K), 
histological signs of pulmonary injury associated with VILI were 
dramatically enhanced in A2BAR–/– mice. Taken together, these 
results reveal increased pulmonary inflammation and severity of 
VILI associated with genetic deletion of A2BAR.

Figure 1
VILI in mice gene-targeted for individual ARs. Previously characterized A1AR–/– 
(A; ref. 29), A2AAR–/– (B; ref. 30), A2BAR–/– (C), or A3AR–/– mice (D; ref. 22) or 
corresponding littermate controls were exposed to VILI, and survival times were 
determined during VILI. Mechanical ventilation was applied using pressure-con-
trolled settings (inspiratory pressure of 35 mbar, inspired oxygen concentration 
100%; respiratory rate and inspiratory/expiratory ratio were adjusted to maintain 
normal pH) until a cardiac standstill was observed in the surface electrocardio-
gram. Note the significantly attenuated survival of A2BAR–/– mice (C; P < 0.001, 
n = 8). Albumin concentration in the BAL fluid was determined by ELISA. For this 
purpose, the mice were mechanically ventilated using pressure-controlled venti-
lation with an inspired oxygen concentration of 100% for 180 minutes at 45 mbar.  
Note the significantly increased albumin concentration in the BAL fluid of 
A2BAR–/– mice (C; P < 0.001, n = 6).
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Figure 2
VILI in mice gene-targeted for the A2BAR. (A–H) A2BAR–/– mice or littermate controls (A2BAR+/+) were mechanically ventilated using pressure-
controlled ventilation with an inspired oxygen concentration of 100% over 180 minutes at 45 mbar. (A) Following ventilation, lungs were excised 
en bloc and weighed. Lungs were lyophilized for 48 hours, and lung water content (mg lung water/mg dry tissue) was determined. Results are 
presented as mean ± SD (n = 6). (B) To assess pulmonary gas exchange, blood gas analyses were performed by obtaining arterial blood via 
cardiac puncture. Analysis was performed immediately, and the ratio of the arterial partial pressure of oxygen (PaO2) to the fraction of inspired 
oxygen (FiO2) was determined. Results are presented as mean ± SD (n = 6). (C) Pulmonary neutrophil accumulation was quantified using a MPO 
assay. MPO activity was assessed using a spectrophotometric reaction with O-dianisidine hydrochloride. Absorbance at 450 nm was measured 
and reported as difference in OD (ΔOD) over 5 minutes. Results are presented as mean ± SD (n = 6). (D–I) TNF-α, IL-6, KC, IL-10, NF-κB, and 
IκBα levels were evaluated in lung tissue homogenates using a mouse ELISA. Results are presented as mean ± SD (n = 6). (J) For quantification 
of histological tissue damage by VILI following 180 min ventilation, VILI scores were assessed in A2BAR–/– or corresponding littermate control 
mice. Results are displayed as median (midline within boxes) and range (bars above and below boxes) (n = 4). (K) One of 4 representative 
photomicrographs (original magnification, ×200) stained with hematoxylin and eosin is displayed.
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A2BAR is induced by mechanical ventilation. To further characterize 
A2BAR signaling in innate protection during VILI, we next pur-
sued transcriptional consequences of mechanical ventilation on 
A2BAR expression patterns in vivo. For this purpose, we ventilated 
mice for 0 to 4 hours using pressure-controlled ventilation (100% 
inspired oxygen concentration, inspiratory pressure 35 mbar). 
After sacrificing the animals at the time points indicated in Figure 
3, harvesting the lungs, and isolating RNA, we assessed transcript 
levels of ARs via real-time RT-PCR. Consistent with previous stud-
ies showing selective induction of the A2BAR with large-volume 
ventilation (35), these experiments revealed a prompt and selec-
tive induction of the A2BAR (Figure 3A; P < 0.01). In contrast, 
transcript levels of the A1AR or A3AR were repressed (P < 0.05; 
Figure 3A), while A2AAR transcript levels were unchanged with 
mechanical ventilation (Figure 3A). However, pharmacological 
studies of survival time or pulmonary albumin leakage with A1AR 
antagonist (DPCPX, 1 mg/kg i.p.) or A3AR antagonist (MRS1191, 
1 mg/kg i.p.) revealed no functional changes in A1AR or A3AR 
inhibition (Supplemental Figure 1; supplemental material avail-
able online with this article; doi:10.1172/JCI34203DS1). Consis-
tent with previous studies (36), comparative analysis of pulmo-
nary AR transcript levels at baseline showed that A2BAR had the 
highest expressional levels (Figure 3B). This distribution was even 
further magnified following mechanical ventilation, resulting in 

5.3-fold higher transcript levels of the A2BAR compared with the 
A2AAR (Figure 3B). Because a previous study had shown oxygen-
dependent modulation of adenosine-signaling effects (37), we 
measured relative transcription levels of A2BAR following 4 hours 
of ventilation at different inspired oxygen concentrations (Supple-
mental Figure 2). However, we noted no transcriptional effects of 
the inspired oxygen concentration on A2BAR expression. There-
fore, all further experiments were performed at 100% inspired oxy-
gen concentration. Next we measured A2BAR protein by western 
blot analysis from whole lungs of ventilated mice and observed 
ventilation time–dependent increases in A2BAR protein (Figure 
3C). Similarly, immunohistochemical staining confirmed A2BAR 
induction with mechanical ventilation on both pulmonary epithe-
lia and endothelia (Figure 3D), while IgG controls stained negative. 
Based on studies demonstrating that activation of A2AAR and/or 
A2BAR is associated with adenylate cyclase–dependent increases 
in intracellular cAMP (38), leading to increased PKA activity (39), 
we next studied cAMP levels and PKA activity in pulmonary tissues 
during mechanical ventilation. As shown in Figure 4, we observed 
elevations of pulmonary cAMP levels (Figure 4A) and PKA activ-
ity (Figure 4B) with mechanical ventilation in WT and A2AAR–/– 
mice. In contrast, mechanical ventilation–associated increases in  
cAMP/PKA activity were abolished in A2BAR–/– mice. Consistent 
with other studies (40), we were able to confirm a protective role of 

Figure 3
Transcriptional consequences of mechanical ventilation 
on AR expression. (A) C57BL/6 mice were mechanically 
ventilated (inspiratory pressure of 35 mbar, 100% oxygen). 
After the indicated time periods, lungs were harvested, total 
RNA was isolated, and A1AR, A2AAR, A2BAR, and A3AR 
mRNA levels were determined by real-time RT-PCR. Data 
were calculated relative to the internal housekeeping gene 
(β-actin) and are expressed as mean fold change compared 
with control (0 min ventilation) ± SD at each indicated time 
(n = 4). Note selective induction of the A2BAR gene dur-
ing high-pressure ventilation (10-fold, P < 0.01; n = 4). (B) 
Comparative gene expression of pulmonary ARs using real-
time PCR. Relative expression levels in untreated controls 
or in mice after 180 min mechanical ventilation (inspiratory 
pressure of 35 mbar, 100% oxygen) are shown. Values are 
expressed as mean ± SEM (n = 4). *P < 0.05 compared with 
A2AAR. (C) Mice were mechanically ventilated (35 mbar  
inspiratory pressure, 100% oxygen), and lungs were har-
vested at the indicated time points, shock frozen, and lysed, 
and proteins were resolved by SDS-PAGE. Resultant west-
ern blots were probed with anti-A2BAR antibodies. To con-
trol for loading conditions, blots were stripped and reprobed 
for actin expression. One representative experiment of 3 is 
shown. (D) To examine the influence of mechanical venti-
lation on pulmonary A2BAR expression patterns, C57BL/6 
mice were ventilated in a pressure-controlled setting over  
0 h or 3 h (35 mbar inspiratory pressure, 100% inspired oxy-
gen concentration). Lungs were stained with antibodies for 
A2BAR. IgG controls were used at identical concentrations 
and staining conditions as the target primary antibodies 
(original magnification, ×400; n = 4).
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pulmonary cAMP elevation during VILI. In fact, we achieved simi-
lar cAMP elevations by intratracheal application of a β2-adrenergic 
agonist (zinterol, 10–7 M, 300 μl intratracheally). This treatment 
was associated with elevated cAMP levels, attenuated albumin 
leakage, and improved survival (Figure 4, C–E). Taken together, 
these results suggest that the A2BAR is the predominant pulmo-
nary AR during VILI. As such, A2BAR signaling effects result in 
elevated pulmonary cAMP levels and attenuation of ALI.

Influence of A2BAR antagonist (PSB1115) and agonist (BAY 60-6583) 
treatment on VILI. After having shown that the A2BAR–/– mice 
developed profound pulmonary inflammation and tissue damage 
when exposed to VILI, we next sought to confirm these findings 

using pharmacological approaches. We first 
studied the highly selective A2BAR inhibitor 
PSB1115 (10 mg/kg i.p.) (13) during VILI. As 
shown in Figure 5, A–C, PSB1115 treatment 
was associated with attenuated survival time 
in WT and A2AAR–/– mice, but not in A2BAR–/–  
mice. Moreover, pulmonary albumin leakage 
and lung inflammation were enhanced fol-
lowing PSB1115 treatment (Figure 5, D–G;  
P < 0.001). At the same time, pulmonary levels 
of the antiinflammatory cytokine IL-10 were 
suppressed (Figure 5H; P < 0.001), while pul-
monary gas exchange was attenuated (Figure 
5I; P < 0.001). Next, we treated mice with a 
previously described highly selective agonist 
of the A2BAR (BAY 60-6583, 2 mg/kg i.p.) 
(13, 16). As shown in Figure 6, pretreatment 
with BAY 60-6583 significantly improved sur-
vival and albumin leakage during VILI in WT 
and A2AAR–/– mice, but not in A2BAR–/– mice 
(Figure 6, A–C; P < 0.001). Similarly, pulmo-
nary inflammation was attenuated, while pul-
monary IL-10 levels were increased and gas 
exchange improved with BAY 60-6583 treat-
ment (Figure 6, D–H; P < 0.001). To extend 
these studies into a model of endotoxin-
induced ALI, we next exposed A2BAR–/– mice 
and corresponding controls to aerosolized 
LPS and assessed pulmonary inflammation 
and albumin leakage into the BAL 24 hours 
afterward. Similar to our studies in VILI, we 
found enhanced pulmonary inflammation 
(Figure 7A) and albumin leakage (Figure 7B) 
in A2BAR–/– mice compared with their controls 
when exposed to inhaled LPS. Moreover, treat-
ment of WT mice with the selective A2BAR 
agonist BAY 60-6583 was associated with 
attenuated pulmonary inflammation (Figure 
7C) and albumin leakage into the BAL (Fig-
ure 7D) during endotoxin-induced ALI. Taken 
together, these data show a similar phenotype 
of the A2BAR in endotoxin-induced ALI and 
suggest that the A2BAR may be a therapeutic 
target in ALI induced by mechanical ventila-
tion or LPS inhalation.

VILI in A2BAR bone marrow–chimeric mice. 
Based on the above results showing expres-
sion of the A2BAR on pulmonary tissues, 

and other studies showing A2BAR on myeloid cells (15, 21), we 
generated A2BAR bone marrow–chimeric mice to study the con-
tribution of pulmonary versus myeloid A2BARs to lung injury 
during VILI. As expected, A2BAR+/+→A2BAR+/+ chimeric mice 
showed a similar degree of VILI-induced increases in ALI as did 
wild type mice, while A2BAR–/–→A2BAR–/– mice showed a similar 
phenotype as that of A2BAR–/– mice (Figure 8, A–F). Interesting-
ly, A2BAR+/+→A2BAR–/– chimeric mice exhibited VILI-induced 
albumin leakage and increases in lung water, similar to A2BAR–/–  
mice (Figure 8, A and B). In contrast, A2BAR–/–→A2BAR+/+ 
chimeric mice had attenuated VILI-induced albumin leak-
age and lung water, very similar to A2BAR+/+ mice (Figure 8A).  

Figure 4
cAMP levels and PKA activity during VILI. (A and B) To assess cAMP levels and PKA activ-
ity in pulmonary tissues during VILI, A2BAR–/– mice and littermate controls were mechani-
cally ventilated using pressure-controlled ventilation with an inspired oxygen concentration 
of 100% over 180 minutes at 45 mbar. Animals were euthanized, and lungs were perfused 
with 5 ml of PBS through the right ventricle. Lungs were excised, shock-frozen utilizing 
liquid nitrogen, and mechanically homogenized. cAMP levels (A) and PKA activity (B) were 
determined by ELISA. Note that the increases in cAMP and PKA activity associated with 
mechanical ventilation were abolished in A2BAR–/– mice. (C) Treatment with the specific  
β2-adrenergic agonist zinterol during VILI. Control C57BL/6 mice were treated with 
300 μl 10–7 M intratracheal zinterol, and baseline cAMP levels were determined in lung 
homogenates using a competitive immunoassay kit. (D) Control C57BL/6 mice were treated 
with 300 μl 10–7 M intratracheal zinterol or vehicle control, followed by mechanical ventila-
tion using pressure-controlled settings at an inspired oxygen concentration of 100% and 
45 mbar inspiratory pressure for 0 or 180 min. Albumin concentration in the BAL fluid was 
determined by murine ELISA. (E) Survival times during VILI after 300 μl 10–7 M intratracheal 
zinterol or vehicle treatment. Mechanical ventilation was applied using pressure-controlled 
settings (inspiratory pressure of 35 mbar, inspired oxygen concentration 100%, respiratory 
rate and inspiratory/expiratory ratio were adjusted to maintain normal pH) until a cardiac 
standstill was observed in the surface electrocardiogram.
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In contrast, inflammatory changes (increased MPO, TNF-α, IL-6,  
and KC) were intermediate in chimeric mice with the genetic 
deletion of either the myeloid A2BAR (A2BAR–/–→A2BAR+/+) or 
the pulmonary A2BAR (A2BAR+/+→A2BAR–/–), suggesting a com-

bination of pulmonary and myeloid A2BAR signaling events in 
attenuating lung inflammation during VILI. Taken together, 
these studies suggest a dual role of the A2BAR during VILI in 
which pulmonary A2BARs mainly attenuate pulmonary edema 

Figure 5
A2BAR antagonist treatment PSB1115 during VILI. (A–C), A2BAR+/+, A2AAR–/–, and A2BAR–/– mice and their corresponding littermate controls 
were treated with 10 mg/kg PSB1115 or vehicle 30 minutes prior to induction of anesthesia. Mechanical ventilation was begun, and mice were 
ventilated using pressure-controlled settings (inspiratory pressure of 45 mbar, 100% inspired oxygen concentration) until a cardiac standstill 
was observed in the surface electrocardiogram (P < 0.01, n = 8). (D) Mechanical ventilation was begun, and mice were ventilated for 0 or  
180 minutes using pressure-controlled settings (inspiratory pressure of 45 mbar, 100% inspired oxygen concentration). Albumin concentration 
in the BAL fluid was determined by ELISA (n = 6). (E) Pulmonary neutrophil sequestration was quantified using a MPO assay. MPO activity was 
assessed using a spectrophotometric reaction with O-dianisidine hydrochloride. Absorbance at 450 nm was measured and reported as differ-
ence in OD over 5 minutes (n = 6). (F–H) TNF-α, NF-κB, and IL-10 levels were evaluated in lung tissue homogenates using a murine ELISA  
(n = 6). (I) To assess pulmonary gas exchange, blood gas analyses were performed by obtaining arterial blood via cardiac puncture. Analysis 
was performed immediately, and the ratio of the arterial partial pressure of oxygen to the fraction of inspired oxygen was determined. Results 
are presented as mean ± SD (n = 6).
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and albumin leakage, while neutrophil accumulation and release 
of proinflammatory mediators are affected by both pulmonary 
and myeloid A2BARs.

Barrier protection of BAY 60-6583 requires pulmonary A2BARs, while 
antiinflammatory effects involve pulmonary and myeloid A2BARs. To 
further study the contribution of pulmonary and hematopoietic 
A2BARs to VILI, we next exposed A2BAR bone marrow–chimeric 
mice pretreated with BAY 60-6583 to VILI. Bone marrow–chimeric 
A2BAR mice expressing the A2BAR on tissues but not on their 
hematopoietic cells (A2BAR–/–→A2BAR+/+ mice) showed reduced 

BAL albumin leakage and lower wet/dry ratios when treated with 
BAY 60-6583 (2 mg/kg i.p.) compared with their vehicle-treated 
counterparts. In contrast, BAY 60-6583 treatment had no effect 
on albumin leakage or wet/dry ratios in A2BAR+/+→A2BAR–/– or 
A2BAR–/–→A2BAR–/– chimeric mice, suggesting that pulmonary 
A2BARs play a role in dampening pulmonary edema during VILI 
(Figure 9, A and B). In contrast, pulmonary inflammation (as 
assessed by pulmonary TNF-α and MPO levels) was attenuated 
with BAY 60-6583 pretreatment in both A2BAR+/+→A2BAR–/– and 
A2BAR–/–→A2BAR+/+ mice, suggesting a combination of pulmo-

Figure 6
A2BAR agonist (BAY 60-
6583) treatment. (A–C) 
A2BAR+/+, A2AAR–/–, and 
A2BAR–/– mice and their cor-
responding littermate controls 
were treated with 2 mg/kg BAY 
60-6583 or vehicle 30 minutes  
prior to induction of anesthe-
sia. Mechanical ventilation 
was begun, and mice were 
ventilated using pressure-
controlled settings (inspirato-
ry pressure of 45 mbar, 100% 
inspired oxygen concentra-
tion) until a cardiac standstill 
was observed in the surface 
electrocardiogram (P < 0.01, 
n = 8). In other studies, albu-
min concentrations in the 
BAL fluid were determined 
by ELISA after mechanical 
ventilation using pressure-
controlled settings with an 
inspired oxygen concentration 
of 100% for 180 minutes at  
45 mbar. (D) Pulmonary 
neutrophil sequestration 
was quantified using a MPO 
assay (n = 6). (E–G) TNF-α,  
NF-κB, and IL-10 levels 
were evaluated in lung tissue 
homogenates using murine 
ELISA (n = 6). (H) To assess 
pulmonary gas exchange, 
blood gas analyses were per-
formed by obtaining arterial 
blood via cardiac puncture. 
The ratio of the arterial partial 
pressure of oxygen to the frac-
tion of inspired oxygen was 
determined. Results are pre-
sented as mean ± SD (n = 6). 
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nary and hematopoietic A2BARs in attenuating lung inflamma-
tion during VILI (Figure 9, C and D). Taken together, these data 
suggest that signaling through pulmonary A2BARs is critical for 
attenuating VILI-associated increases in pulmonary edema, while 
myeloid and pulmonary A2BAR signaling attenuates lung inflam-
mation induced by VILI.

A2BAR signaling enhances amiloride-sensitive fluid transport dur-
ing VILI. Based on previous studies showing a critical role of 
extracellular adenosine signaling in maintaining proper fluid lev-
els in the lung alveoli (41–43) and our observation of increased 
pulmonary edema during VILI with genetic deletion or pharma-
cological inhibition of the A2BAR, we pursued the hypothesis that 
A2BAR signaling enhances AFC during VILI. For this purpose, we 
measured AFC in A2BAR–/– mice and littermate controls (Figure 
10A) during VILI. While AFC was enhanced with VILI, AFC was 
significantly attenuated in A2BAR–/– mice. Intraalveolar treatment 
with the epithelial sodium channel (ENaC) inhibitor amiloride 
revealed that increases in AFC with VILI involve ENaC-dependent 
fluid transport. In addition, differences in AFC between A2BAR–/–  
and A2BAR+/+ mice were attenuated following amiloride treat-
ment, suggesting that A2BAR signaling contributes to ENaC-
dependent fluid transport. As shown in Figure 10B, intraalveo-
lar treatment of WT mice with the A2BAR antagonist PSB1115 
attenuated AFC, resulting in a similar phenotype to that observed 
in A2BAR–/– mice. Studies in A2BAR bone marrow–chimeric 
mice revealed that mice with pulmonary deletion of the A2BAR 
had attenuated AFC during VILI, while deletion of the myeloid 
A2BAR had little effect on AFC (Figure 10C). Moreover, treat-

ment of WT mice with the A2BAR-specific agonist BAY 60-6583  
increased AFC (Figure 10D) and survival time during VILI (Fig-
ure 10, E and F). However, increases in AFC or survival with BAY 
60-6583 were abolished when given together with amiloride (Fig-
ure 10, D–F), suggesting that A2BAR signaling enhances ENaC-
dependent fluid transport. Additional studies with a specific 
inhibitor of the CFTR (CFTRinh-172, 10–6 M, 300 μl intratrache-
ally) (41) showed no influence on AFC during VILI (Supplemental 
Figure 3). These findings are consistent with studies showing no 
changes in AFC in gene-targeted mice for the CFTR (44) and with 
studies using selective CFTR inhibitors (CFTRinh-172, 1 μM) (41).

Based on previous studies showing that elevated endogenous 
epinephrine can markedly upregulate AFC under pathologi-
cal conditions such as sepsis or pneumonia (45, 46), we studied 
plasma epinephrine levels during VILI. Consistent with these stud-
ies (45, 46), plasma epinephrine levels were elevated during VILI 
(Figure 11A). However, no differences between A2BAR–/– mice or 
their corresponding control mice were observed, suggesting that 
A2BAR signaling is not involved in VILI-associated increases in 
plasma epinephrine (Figure 11B). Similarly, increases in AFC with 
BAY 60-6583 treatment were not blocked by pretreatment with 
propanolol, a nonselective β-adrenergic receptor antagonist (Fig-
ure 11C). However, as shown earlier, treatment with the β2-adren-
ergic agonist zinterol (10–7 M, 300 μl intratracheally) was associ-
ated with elevated cAMP levels, attenuated albumin leakage, and 
improved survival (Figure 4, C–E). Simultaneous treatment with 
zinterol and BAY 60-6583 were associated with increased eleva-
tions of cAMP and enhancement of AFC. In fact, ANOVA testing 
followed by Bonferroni correction revealed a statistically signifi-
cant increase with the combination of zinterol and BAY 60-6583 
(mice treated with zinterol alone had an AFC of 58.56% follow-
ing high-pressure ventilation; mice treated with zinterol and BAY  
60-6583 had an AFC of 64.3%; P < 0.01). While statistical analysis 
of these data determined that the groups were different, these dif-
ferences were very small and may not be biologically significant 
(Figure 11D). Thus, segregation of the 2 pathways is complicat-
ed. The stimulation of A2BAR increases cAMP and PKA, as does  
β-agonist stimulation. While adenosine signaling resulted in Gs 
protein–coupled and cAMP-elevating A2BAR activation, β2-adren-
ergic agonist stimulation converged on a similar signaling cascade, 
thereby resulting in enhancement of AFC. Taken together, these 
studies provide evidence for a role of A2BAR in counterbalanc-
ing increases in pulmonary edema during VILI via activation of 
amiloride-sensitive fluid transport mechanisms.

Discussion
ALI contributes substantially to critical illness, as it occurs fre-
quently (2) and carries a high mortality rate (1). Moreover, the 
only therapeutic interventions currently available are elimina-
tion of the causative agents and supportive therapy (1). Never-

Figure 7
A2BAR signaling during LPS-induced lung injury. (A and B) 
A2BAR–/– and A2BAR+/+ mice were exposed to LPS inhalation for  
30 minutes. Twenty-four hours after LPS exposure, TNF-α in lung tis-
sue homogenates and albumin concentration in the BAL fluid were 
determined using a murine ELISA (n = 6). (C and D) A2BAR+/+ mice 
received 2 mg/kg BAY 60-6583 i.p. or were treated with vehicle  
30 minutes prior to LPS inhalation. (C) TNF-α levels in lung tissues and 
(D) albumin concentrations in the BAL fluid (n = 6).
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theless, in many instances, ALI resolves spontaneously through 
unknown mechanisms. Here, we used VILI as a model for ALI to 
study the role of extracellular adenosine signaling pathways in 
endogenous lung protection. Our results point toward a pivotal 
role of the A2BAR in attenuating VILI-induced increases in pul-
monary edema and inflammation. Moreover, our in vivo stud-
ies of A2BAR bone marrow–chimeric mice suggest an important 
contribution in attenuating lung injury by pulmonary A2BARs 
by maintaining the capillary-alveolar barrier during VILI. In 
addition, studies of alveolar fluid transport suggest that A2BAR 
signaling attenuates pulmonary edema formation by enhancing 
amiloride-sensitive fluid transport mechanisms. These findings 
correlate with elevations of plasma epinephrine levels and eleva-
tions of cAMP, roughly equivalent to the effects of stimulation 
with a β2-adrenergic agonist. Taken together, these findings 
identify a surprising role for pulmonary A2BAR signaling in 
attenuating ALI induced by mechanical ventilation or LPS expo-
sure, suggesting that the A2BAR protects the lungs by attenuat-
ing acute inflammation and increasing AFC.

The present studies are consistent with previous work on 
extracellular adenosine signaling in alveolar fluid transport (41, 
42). In fact, recent studies demonstrate that adenosine helps main-
tain proper fluid levels in the lung alveoli, and such findings have 
implications for treatment of fluid buildup in the lung (42). In an 

elegant study, Factor et al. (41) showed that levels of extracellular 
adenosine regulate the activities of 2 ion channels, the ENaC and 
the chloride channel CFTR. Adenosine regulation of the activities 
of these 2 channels establishes the balance between fluid secretion 
into the alveolus and fluid absorption from it. Under conditions 
of alveolar filling — such as occurs during pulmonary edema or 
VILI — adenosine concentrations may decrease, resulting in loss 
of A1AR-mediated pathways and activation of A2AAR-mediated 
pathways (41, 42). A2AAR-mediated pathways increase ENaC 
activity, increasing sodium absorption from the alveolus. Chloride 
follows sodium out of the cell to maintain electroneutrality, and, 
as a result of this sodium and chloride flux, fluid leaves the alveo-
lus (i.e., AFC increases) (41, 42). It is important to point out that 
during large-volume ventilation, the A2BAR is transcriptionally 
induced (an almost 10-fold induction was observed in the pres-
ent study, consistent with previous studies of nucleoside recep-
tors during large-volume ventilation; ref. 35) and becomes the pre-
dominant AR in the lungs. Such findings may explain our results 
for the role of A2BAR signaling in activation of AFC during VILI. 
While A2AAR and A2BAR signaling pathways both converge to 
increase pulmonary cAMP levels (43), a combined agonist of the 
A2AAR and A2BAR may represent the most effective pharmaco-
logical approach to utilizing adenosine pathways to dry out the 
lungs during pulmonary edema or VILI.

Figure 8
VILI in A2BAR bone marrow–chimeric mice. 
A2BAR bone marrow–chimeric mice were 
subjected to VILI using mechanical ventila-
tion for 180 minutes at an inspiratory pres-
sure of 45 mbar and 100% inspired oxygen 
concentration. (A) Albumin concentration 
in the BAL fluid was determined by ELISA. 
WT/WT, A2BAR+/+/A2BAR+/+; KO/WT,  
A2BAR–/–/A2BAR+/+; KO/KO, A2BAR–/–/ 
A2BAR–/–; WT/KO, A2BAR+/+/A2BAR–/–. (B) 
Following ventilation at the indicated settings, 
lungs were excised en bloc and weighed. 
Lungs were lyophilized for 48 hours, and lung 
water content (mg lung water/mg dry tissue) 
was determined. Note the increased albu-
min concentration and lung water content in 
A2BAR–/–/A2BAR–/– and A2BAR+/+/A2BAR–/–  
mice compared with A2BAR+/+/A2BAR+/+ 
mice (P < 0.001). (C) Pulmonary neutrophil 
sequestration was quantified using a MPO 
assay. MPO activity was assessed using a 
spectrophotometric reaction with O-dianisi-
dine hydrochloride. Absorbance at 450 nm 
was measured and reported as difference 
in OD over 5 minutes. (D–F) TNF-α, IL-6, 
and KC levels were evaluated in lung tissue 
homogenates using a mouse ELISA. Note 
the similar degree of pulmonary inflamma-
tion in A2BAR–/–/A2BAR+/+ and A2BAR+/+/
A2BAR–/– mice compared with A2BAR+/+/
A2BAR+/+ mice. n = 6.



research article

10	 The Journal of Clinical Investigation      http://www.jci.org

The observation of increased capillary-alveolar leakage with 
targeting of the A2BAR during VILI suggests a protective role of 
extracellular adenosine signaling for maintaining the pulmonary 
barrier function. This is consistent with previous studies showing 
barrier protection and antiinflammatory effects of extracellular 
adenosine signaling in models of acute injury (47), inflammation 
(21), and hypoxia (11, 48). Previous studies found different ARs 
responsible for tissue protection under such conditions (11–13, 
16). For example, an elegant study in mice deficient in the A2AAR 
showed increased inflammation-associated tissue damage (18), 
providing evidence for A2AAR signaling as a mechanism for regu-
lating acute inflammatory responses in vivo. In this study, a sub-
threshold dose of an inflammatory stimulus was associated with 
minimal tissue damage in control animals. A similar stimulus 
was sufficient to induce extensive tissue damage, more prolonged 
and higher levels of pro-inflammatory cytokines, and death in 
A2AAR–/– mice. Similar observations were made using other mod-
els of inflammation, liver damage, or bacterial endotoxin–induced 
septic shock, suggesting a role for A2AAR in the limitation and ter-
mination of tissue-specific and systemic inflammatory responses 
(18). Other studies of LPS-induced ALI confirmed a critical role 
for signaling through A2AARs in attenuating LPS-induced lung 
inflammation (4, 37). As such, another study revealed that hypoxia 
increased adenosine signaling, the effects of which are protective 
during LPS-induced lung injury (37). In fact, the administration 
of high oxygen concentration further aggravated lung injury in 
that study. The authors found that this was due to inhibition of 
hypoxia-elicited lung protective mechanisms (37). Along the same 
lines, a recent study has suggested a role for hematopoietic A2AAR 
signaling in attenuating LPS-induced lung injury (4). Consistent 
with the present work, in vitro studies have indicated a critical role 

of signaling through the A2BAR in the re-sealing of endothelia 
during transendothelial migration of neutrophils (49), particu-
larly during conditions of limited oxygen availability (14, 15, 27, 
50). Moreover, pharmacological inhibition or genetic deletion of 
the A2BAR during hypoxia exposure is associated with increased 
pulmonary edema and vascular leakage (11, 51). Interestingly, 
another study suggested protective roles of HIF activators in respi-
ratory distress syndrome and bronchopulmonary dysplasia (52). 
Serendipitously, the pacemaker enzyme of extracellular adenosine 
generation, CD73 (53), and the A2BAR (54) are both selectively 
induced by HIF-1 and were both shown to be central to innate lung 
protection during VILI (10). The seemingly contradictory findings 
that the A2AAR appears to be critical to mediating LPS-induced 
lung injury (18, 37) but that the A2BAR plays a pivotal role in VILI 
might be explained by differences between LPS- and VILI-induced 
ALIs and in AR expression patterns during such conditions.

The present studies in bone marrow–chimeric mice suggest that 
mice genetically targeted for myeloid A2BARs exhibit no signifi-
cant increase in albumin leak or lung water. On the other hand, the 
mice had a significant degree of pulmonary inflammation (Figure 
8), as determined by increased levels of cytokines and MPO. These 
data indicate that increased levels of cytokines or neutrophils do 
not contribute to lung injury. This is consistent with previous stud-
ies showing that neutropenia does not prevent significant injury 
to the alveolar epithelium during ALI induced by hypoxia (55, 56). 
Studies of ambient hypoxia exposure (8% oxygen over 4 hours) of 
A2BAR bone marrow–chimeric mice revealed that hypoxia-associ-
ated vascular leakage was attenuated by vascular A2BAR signaling 
effects (11). In contrast, hypoxia-associated inflammation mainly 
involved myeloid A2BAR signaling (11).

In contrast to the present study of acute injury, studies inves-
tigating chronic pulmonary disease have identified a potential 
detrimental role of elevated adenosine levels (57–63). For exam-
ple, levels of adenosine are chronically increased in the lungs of 
asthmatics (61) and correlate with the degree of inflammatory 
insult (62), suggesting a provocative role of adenosine in asth-
ma or chronic obstructive pulmonary disease (63). In addition, 
adenosine deaminase–deficient (ADA-deficient) mice develop 
signs of chronic pulmonary injury in association with chroni-
cally elevated pulmonary adenosine levels. In fact, ADA-deficient 

Figure 9
BAY 60-6583–dependent lung protection during VILI in A2BAR bone 
marrow–chimeric mice. (A–D) A2BAR bone marrow–chimeric mice 
were treated with BAY 60-6583 (2 mg/kg) 30 minutes prior to induction 
of anesthesia. Mechanical ventilation was begun, and mice were ven-
tilated using an inspiratory pressure of 45 mbar, 100% inspired oxygen 
concentration, for 180 minutes. Results are presented as mean ± SD.  
n = 6. (A) Albumin concentration in the BAL fluid was determined by 
ELISA. (B) Following mechanical ventilation, lungs were excised en 
bloc and weighed. Lungs were then lyophilized for 48 hours, and lung 
water content (mg lung water/mg dry tissue) was determined. Capillary-
alveolar barrier protection was observed only in A2BAR+/+/A2BAR+/+ 
and A2BAR–/–/A2BAR+/+ mice (P < 0.001; n = 6). (C) Pulmonary neu-
trophil sequestration was quantified using a MPO assay. MPO activity 
was assessed using a spectrophotometric reaction with O-dianisidine 
hydrochloride. Absorbance at 450 nm was measured and reported as 
difference in OD over 5 minutes. (D) TNF-α levels were evaluated in 
lung tissue homogenates using a mouse ELISA. Note the similar lev-
els of pulmonary inflammation in A2BAR–/–/A2BAR+/+ and A2BAR+/+/
A2BAR–/– mice.
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mice die within weeks after birth from severe respiratory distress 
(64), and studies have suggested that attenuation of adenosine 
signaling may reverse the severe pulmonary phenotypes in ADA-
deficient mice, suggesting that chronic adenosine elevation can 

affect signaling pathways that medi-
ate aspects of chronic lung disease (59, 
64). Nevertheless, the present studies 
revealed that A2BAR-dependent lung 
protection was not limited to VILI but 
also played a role in LPS-induced lung 
injury in which pulmonary inflamma-
tion was measured 24 hours following 
exposure to endotoxin.

In summary, the present study has 
combined pharmacological and genet-
ic approaches to identify extracellular 
adenosine signaling through the 
A2BAR as part of innate protection 
from VILI. While inflammatory aspects 
of VILI are mediated through myeloid 
and pulmonary A2BAR signaling, VILI-
induced defects in the alveolar-capillary 
barrier are attenuated by pulmonary 
A2BARs. In addition, A2BAR signaling 
contributes to enhancing alveolar fluid 
transport during VILI, suggesting that 
A2BAR agonist treatment is a “pulmo-
nary diuretic” and protects the lungs 
during VILI by enhancing AFC.

Methods
Murine mechanical ventilation. All animal pro-
tocols were in accordance with the German 
guidelines for use of living animals and were 
approved by the Institutional Animal Care 
and Use Committees of the Tübingen Uni-
versity Hospital, the Regierungspräsidium 
Tübingen, or the University of Colorado 
Denver. Previously characterized mice gene 
targeted for the A1AR (kindly provided by 
Jurgen B. Schnermann, NIH, Baltimore, 
Maryland, USA) (29), A2AAR (kindly provid-
ed by Catherine Ledent, Universite Libre de 
Bruxelles, Brussels, Belgium) (30), or A3AR 
(kindly provided by Marlene Jacobson, Merck 
Research Laboratories, West Point, Pennsyl-
vania, USA) (22) or corresponding littermate 
controls were matched according to sex, age, 
and weight. A2BAR-deficient mice were gen-
erated by Deltagen Inc. by replacing a 112-bp 
fragment (from base 156 to base 267) from 
the 1,076-bp protein–coding region of the 
A2BAR gene with a 6.9-kb IRES-lacZ reporter 
and neomycin resistance cassette. The target-
ed A2BAR mutation was generated in strain 
129/OlaHsd-derived embryonic stem cells. 
The chimeric mice were bred to C57BL/6N 
mice to generate F1-heterozygous animals. 
These mice were backcrossed to C57BL/6N 
(The Jackson Laboratory) for over 12 genera-

tions to generate congenic C57BL/6N strain A2BAR mutant mice. Hetero-
zygotes were then intercrossed to generate WT, heterozygous, and homo-
zygous mutant progeny. Characterization and validation was performed 
by Deltagen and in our laboratory in Tübingen as described previously 

Figure 10
Contribution of A2BAR signaling to AFC during VILI. (A) To determine whether A2BAR signaling 
affects pulmonary fluid transport, we measured AFC using a mechanically ventilated live mouse 
model. A2BAR–/– mice and littermate controls were mechanically ventilated in a pressure-controlled 
setting at 45 mbar for 0 to 180 minutes. AFC was measured by instilling 300 μl of iso-osmolar 0.9% 
NaCl solution with 5% BSA. Mechanical ventilation was continued for 30 minutes, and AFC was 
measured in the presence or absence of the ENaC inhibitor amiloride (1 mM). *P < 0.01 compared 
with no amiloride. n = 8. (B) Influence of A2BAR antagonist PSB1115 on AFC during VILI. Follow-
ing induction of VILI, control mice received PSB1115 (1 μM) alone or in combination with amiloride  
(1 mM), and AFC was determined. *P < 0.01 compared with no amiloride. n = 8. (C) VILI was 
induced in A2BAR bone marrow–chimeric mice, and AFC was determined. *P < 0.001 compared 
with A2BAR+/+/A2BAR+/+. n = 8. (D) Influence of A2BAR agonist BAY 60-6583 on AFC during VILI. 
Following induction of VILI, control mice received BAY 60-6583 (1 μM) alone or in combination with 
amiloride (1 mM), and AFC was determined *P < 0.01 compared with no amiloride. n = 8. (E and F) 
Control mice were treated with intratracheal BAY 60-6583 (1 μM, 100 μl) and/or amiloride (1 mM) 
or vehicle following tracheotomy and initiation of mechanical ventilation. Mice were ventilated using 
pressure-controlled settings (inspiratory pressure of 45 mbar, 100% inspired oxygen concentration) 
until a cardiac standstill was observed in the surface electrocardiogram. Note that the longer survival 
time during VILI with A2BAR agonist treatment was abolished following amiloride treatment (n = 8).
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(13). ALI was induced with mechanical ventilation utilizing high inspira-
tory pressure levels (e.g., 45 mbar) during pressure-controlled ventilation. 
In short, animals were anesthetized with pentobarbital (70 mg/kg i.p. for 
induction; 20 mg/kg/h for maintenance) and placed on a temperature-
controlled heated table with a rectal thermometer probe attached to a 
thermal feedback controller to maintain body temperature at 37°C. In 
addition, all animals were monitored with an electrocardiogram (Hewlett 
Packard). Fluid replacement was performed with normal saline, 0.05 ml/h 
i.p. Tracheotomy and mechanical ventilation was performed as described 
previously (10). In short, the tracheal tube was connected to a mechanical 
ventilator (Siemens Servo 900C, with pediatric tubing). Mice were venti-
lated in a pressure-controlled ventilation mode at the inspiratory pressure 
levels and over the time periods indicated in the figure legends. Respiratory 
rate and inspiratory/expiratory time ratios were adjusted based on arterial 
blood gas sampling obtained by cardiac puncture in control animals to 
maintain a carbon dioxide partial pressure between 35 and 40 mmHg and 
a pH between 7.35 and 7.40. All animals were ventilated with 100% inspired 
oxygen except during experiments to determine a potential influence of 
the inspired oxygen concentration on A2BAR transcription. In subsets 
of experiments, mice were treated with the A2BAR antagonist PSB1115  
(10 mg/kg i.p.; Tocris) or the A2BAR agonist BAY 60-6583 (2 mg/kg i.p.; 
Bayer Healthcare), the A1AR antagonist DPCPX (1 mg/kg i.p.; Tocris), the 
A3AR antagonist MRS1191 (1 mg/kg i.p.; Sigma-Aldrich), amiloride (10–3 M,  
300 μl intratracheally; Sigma-Aldrich), or zinterol (10–7 M, 300 μl intra-
tracheally; Tocris); or vehicle (13). In subsets of experiments, mice were 
ventilated under general anesthesia until a cardiac standstill was observed 
in the surface electrocardiogram. In preliminary studies, we assessed hemo-
dynamic parameters during the above ventilator regiment. Such hemody-

namic measurements during a ventilation period of 360 min revealed no 
significant changes in heart rate or blood pressure (Supplemental Tables 1 
and 2). In contrast, pulmonary gas exchange was significantly attenuated 
(Supplemental Figure 4). These studies suggest that lung injury in this 
model is predominantly confined to the lungs and death did not occur due 
to significant hemodynamic effects.

LPS-induced lung injury. To study endotoxin-induced lung injury, mice 
were exposed to aerosolized LPS in a custom-built cylindrical chamber 
connected to an air nebulizer (MicroAir; Omron Healthcare Inc.). The 
outlet of the chamber was connected to a vacuum pump, and a constant 
flow rate of 15 ml/min was ensured by a flow meter (Gilmont Instru-
ments). LPS from E. coli (Sigma-Aldrich) was dissolved in 0.9% saline  
(500 μg/ml), and mice were allowed to inhale LPS for 30 min. Control 
mice were exposed to saline aerosol.

Transcriptional analysis. To examine the influence of mechanical ventila-
tion on A2BAR transcript levels, C57BL/6J mice (Charles River Laborato-
ries) were ventilated in a pressure-controlled fashion using the settings 
indicated in the figure legends. Mice were euthanized at the time points 
indicated in the figure legends, and the remaining blood was removed from 
the pulmonary circulation by injection of 1 ml of PBS into the right ven-
tricle. Lungs were excised and immediately frozen at –80°C until transcrip-
tional profiling. For this purpose, total RNA was isolated using the total 
RNA isolation NucleoSpin RNA II kit (Macherey & Nagel) as described 
previously (12, 13, 16). RNA was washed, and the concentration was quan-
tified. cDNA synthesis was performed using reverse transcription accord-
ing to the manufacturer’s instructions (i-Script kit; Bio-Rad). The primer 
sets for the RT-PCR reaction contained 1 μM sense and 1 μM antisense 
with SYBR Green I (Invitrogen). Primer sets (shown as sense, antisense, and 

Figure 11
Influence of β2-adrenergic and/or A2BAR signaling 
on AFC during VILI. (A) Epinephrine plasma levels in 
A2BAR–/– and A2BAR+/+ mice that were mechanically 
ventilated in a pressure-controlled setting at 45 mbar 
over 180 minutes. (B) Basal cAMP levels in lung tissue 
from A2BAR+/+ mice that were treated with zinterol and/or  
BAY 60-6583. (C and D) To determine β2-adrenergic 
and A2BAR signaling effects on pulmonary fluid trans-
port, A2BAR–/– and A2BAR+/+ mice were mechanically 
ventilated in a pressure-controlled setting at 45 mbar 
for 0 to 180 minutes. AFC was measured by instilling 
300 μl of iso-osmolar 0.9% NaCl solution with 5% BSA. 
Mechanical ventilation was continued for 30 minutes, 
and AFC was measured in the presence or absence of 
the nonselective β-adrenergic receptor antagonist pro-
pranolol (intratracheal instillation of 10–4 M propranolol 
combined with 3 mg/kg i.p.) with or without BAY 60-6583  
(10–3 M to the instilled fluid) or in the presence or 
absence of the β-adrenergic agonist zinterol (intratra-
cheal, 10–7 M). *P < 0.01 compared with no propranolol 
(C) or zinterol (D), by ANOVA with Bonferroni post-hoc 
test. n = 8. In subsets of experiments, either proprano-
lol or zinterol were added together with BAY 60-6583 
10–3 M to the instilled fluid. §P < 0.01 compared with 
propranolol alone (C) or zinterol alone (D), by ANOVA 
with Bonferroni post-hoc test. n = 8.
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transcript size) for the following genes were: A1AR (5′-AGGGAGGGGT-
CAAGAACTGT-3′, 5′-TCCCAGTCTCTGCCTCTGTT-3′, 109 bp), 
A2AAR (5′-GAAGACCATGAGGCTGTTCC-3′, 5′-GAGTATGGGCCAAT-
GGGAGT-3′, 253 bp), A2BAR (5′-GGAAGGACTTCGTCTCTCCA-3′, 
5′-GGGCAGCAACTCAGAAAACT-3′, 322 bp), and A3AR (5′-CAATTC-
GCTCCTTCTGTTCC-3′, 5′-TCCCTGATTACCACGGACTC-3′, 334 bp). 
Each target sequence was amplified using increasing numbers of cycles of 
94°C for 1 min, 58°C for 0.5 min, 72°C for 1 min. Murine β-actin mRNA 
(sense, 5′-ACATTGGCATGGCTTTGTTT-3′, antisense, 5′-GTTTGCTC-
CAACCAACTGCT-3′) was amplified in identical reactions to control for 
the amount of starting template. Levels of, and fold change in, mRNA were 
determined as described previously (10, 13, 65).

Immunoblotting experiments. In subsets of experiments, we determined 
A2BAR protein content from whole lungs. For this purpose, C57BL/6J 
mice (Charles River Laboratories) were ventilated with the ventilator set-
tings indicated in the figure legends and euthanized. Remaining blood 
was removed from the pulmonary circulation by injection of 1 ml of PBS 
into the right ventricle. The lungs were excised and immediately frozen 
at –80°C until immunoblotting. For this purpose, tissues were homog-
enized and lysed for 10 min in ice-cold lysis buffer (107 polymorpho-
nuclear neutrophils/500 μl; 150 mM NaCl, 25 mM Tris, pH 8.0, 5 mM 
EDTA, 2% Triton X-100, and 10% mammalian tissue protease inhibitor 
cocktail; Sigma-Aldrich) and collected into microfuge tubes. After spin-
ning at 14,000 g to remove cell debris, the pellet was discarded. Proteins 
were solubilized in reducing Laemmli sample buffer and heated to 90°C 
for 5 min. Samples were resolved on a 12% polyacrylamide gel and trans-
ferred to nitrocellulose membranes. The membranes were blocked for  
1 h at room temperature in PBS supplemented with 0.2% Tween 20 (PBS-T)  
and 4% BSA. The membranes were incubated in 10 μg/ml A2BAR goat 
polyclonal antibody raised against the C-terminus (Santa Cruz Biotech-
nology Inc.) for 1 h at room temperature, followed by 10-min washes in 
PBS. The membranes were incubated in 1:3,000 donkey anti-goat HRP 
(Santa Cruz Biotechnology Inc.). The wash was repeated, and proteins 
were detected by enhanced chemiluminescence.

Immunohistochemistry. To examine the influence of mechanical ventilation 
on pulmonary A2BAR expression, mice were ventilated in a pressure-con-
trolled fashion over the time periods indicated in the figure legends. Mice 
were euthanized, and the lungs were perfused via the right ventricle with 
5 ml of PBS. Lungs were subsequently removed and stained with A2BAR 
rabbit polyclonal antibody (epitope corresponding to amino acids 293–332 
mapping at the C terminus; Santa Cruz Biotechnology Inc.) as described 
previously (10, 13, 65). Isotype controls were used at identical concentra-
tions and staining conditions as the target primary antibodies.

BAL lavage. To obtain BAL fluid, the tracheal tube was disconnected from 
the mechanical ventilator and the lungs were lavaged 3 times with 0.5 ml of 
PBS. All removed fluid was centrifuged immediately, and the supernatant 
was aliquoted for measurement of the albumin concentration.

Measurement of albumin BAL fluid. BAL fluid samples were thawed to 
4°C, and albumin concentrations (Bethyl) were measured using murine 
quantitative ELISA systems according to the instructions given by the 
manufacturer. All analyses were made in triplicate, and mean values were 
used for statistical analysis.

ELISA (IL-6, IL-10, KC, TNF-α, NF-κB, and IκBα) from lung tissue. The snap-
frozen lungs were thawed, weighed, transferred to different tubes on ice 
containing 1 ml of Tissue Protein Extraction Reagent (T-PER; Pierce Bio-
technology). The lung tissues were homogenized at 4°C. Lung homogenates 
were centrifuged at 9,000 g for 10 min at 4°C. Supernatants were trans-
ferred to clean microcentrifuge tubes, frozen on dry ice, and thawed on 
ice. Total protein concentrations in the lung tissue homogenates were 
determined using a bicinchoninic acid kit (Pierce Biotechnology). Lung 

tissue homogenates were diluted with 50% assay diluent and 50% T-PER 
reagent to a final protein concentration of 400 μg/ml. IL-6 (R&D Systems), 
KC (R&D Systems), IL-10 (R&D Systems), TNF-α (R&D Systems), NF-κB 
(TransAM; Active Motif North America), and IκBα (TransAM; Active Motif 
North America) levels were evaluated in lung tissue homogenates using a 
mouse ELISA kit according to the user’s manual.

MPO assay. Pulmonary neutrophil sequestration was quantified using 
a MPO assay as described previously (66–68). In short, animals were 
euthanized and lungs were perfused with 5 ml of PBS through the right 
ventricle. Lungs were excised, frozen in liquid nitrogen, lyophilized, 
mechanically homogenized, and washed in a 50-mM potassium phosphate 
buffer solution (pH 6.0) to remove all hemoglobin. The resulting pellet 
was resuspended in 1.5 ml of a solution containing hexadecyltrimethylam-
monium bromide (5 g/l). The solution was subjected to 3 cycles of freezing 
(on dry ice) and thawing (at room temperature), sonicated for 40 s, and 
centrifuged at 10,000 g for 5 min at 4°C. The supernatant was then assayed 
for MPO activity using a spectrophotometric reaction with O-dianisidine 
hydrochloride (Sigma-Aldrich). Absorbance at 450 nm was measured and 
reported as difference in OD over 5 min.

Wet to dry ratios. Wet to dry ratios were measured as previously described 
(27, 51). In short, following ventilation with indicated settings, lungs were 
excised en bloc. The weight was obtained immediately to prevent evapora-
tive fluid loss of the tissues. Lungs were than lyophilized for 48 h, and the 
dry weight was measured. Wet to dry ratios were then calculated as mg of 
water per mg of dry tissue.

Blood gas analysis. To assess pulmonary gas exchange, blood gas analyses 
were performed in subsets of experiments by obtaining arterial blood via 
cardiac puncture. In short, a lateral thoracotomy was performed to access 
the left ventricle and blood was obtained via cardiac puncture. Analysis was 
performed immediately after collection with the I-STAT Analyzer (Abbott), 
and the arterial partial pressure of oxygen was measured, in addition to 
arterial partial carbon dioxide pressure and pH values.

Epinephrine ELISA from plasma. Blood was collected via puncture of the 
right ventricle. Plasma was stored at –80°C for later analysis after cen-
trifugation (3,000 g, 5 min). Plasma epinephrine concentrations were 
measured using a commercial radioimmunoassay (Labor Diagnostika 
Nord) with a sensitivity of 11 pg/ml and intra- and interassay variabili-
ties of 5% and 12%, respectively.

Measurement of pulmonary cAMP. cAMP levels in lung homogenate were 
measured using a competitive immunoassay kit from R&D Systems.

Measurement of pulmonary PKA activity. PKA activity was determined using 
a PKA Kinase Activity Assay kit (Assay Designs).

Histopathological evaluation of ALI. Following ventilation at the settings 
indicated in the figure legends, the mice were euthanized and lungs were 
fixed by instillation of 10% formaldehyde solution via the tracheal can-
nula at a pressure of 20 mbar. Lungs were then embedded in paraffin 
and stained with hematoxylin and eosin. Two random tissue sections 
from 4 different lungs in each group were examined by a pathologist 
who was blinded to the genetic background and treatment of the mice. 
For each subject, a 5-point scale was applied: 0, minimal damage; 1 to 
>2, mild damage; 2 to >3, moderate damage; 3 to >4, severe damage; and 
4+, maximal damage. Points were added together and are expressed as 
median ± range (n = 4).

Generation of A2BAR bone marrow–chimeric mice. To define the contribu-
tion of pulmonary or hematopoietic cell A2BAR to VILI, we generated bone 
marrow–chimeric mice in which bone marrow was ablated by radiation in 
WT mice (C57BL/6) followed by reconstitution with bone marrow derived 
from previously characterized mice gene-targeted for the A2BAR (13) and 
vice versa (A2BAR–/–→A2BAR+/+ and A2BAR+/+→A2BAR–/–). Experiments 
with A2BAR+/+→A2BAR+/+ and A2BAR–/–→A2BAR–/– mice served as con-
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trols. Briefly, male donor mice (8–10 wk old, 20–25 g) were euthanized, and 
the marrow from the tibia and femur were harvested by flushing the mar-
row cavity with sterile isotonic NaCl solution. The bone marrow cells were 
then centrifuged at 400 g for 5 min, resuspended, and counted. Recipient 
mice (8–10 wk of age, 20–25 g) were irradiated with a total dose of 12 Gy 
from a 137Cs source. White and red blood count depression after irridia-
tion is shown in Supplemental Table 3. Immediately after irradiation, 107 
bone marrow cells/recipient were injected in 0.3 ml 0.9% NaCl into the 
jugular vein. The resulting chimeric mice were housed in microisolators 
for at least 8 wk before experimentation and fed with water containing 
tetracycline (100 mg/l) in the first 2 wk following bone marrow transplan-
tation. Transplantation efficiencies in preliminary experiments using the 
same conditioning regimen and transplanting CD45.1+ bone marrow into 
irradiated CD45.1– mice are displayed in Supplemental Figures 5 and 6. 
Briefly, to confirm efficiency of reconstitution, a mutated mouse strain, 
B6.SJL-Ptprca Pep3b/BoyJ, was used as the source of donor bone mar-
row. The CD45.1 epitope, absent in cells of recipient mice, was detected by 
immunofluorescent cell analysis 8 wk after bone marrow transplantation. 
The percentage of cells expressing CD45.1 was determined in each popula-
tion of cells (Supplemental Figure 5). For this purpose, blood was taken 
from transplanted recipients and FACS lysing solution (BD Biosciences 
— Pharmingen) was added to lyse red blood cells. After centrifugation, cells 
were resuspended in 200 μl of PBS containing 1% BSA. Peripheral blood 
stem cells were incubated with R-phycoerythrin–conjugated anti-mouse 
CD45.1 monoclonal antibody (clone A20; BD Biosciences — Pharmin-
gen) in addition to allophycocyanin-conjugated rat anti-mouse CD11b 
monoclonal antibody (Mac-1 α-chain, monocytic cells; BD Biosciences 
— Pharmingen), rat anti-mouse Ly6G monoclonal antibody (neutrophils; 
BD Biosciences — Pharmingen), rat anti-mouse B220 monoclonal antibody 
(B cells; BD Biosciences — Pharmingen), fluorescein isothiocyanate–con-
jugated rat anti-mouse CD8a monoclonal antibody (CD8+ T lymphocytes; 
BD Biosciences — Pharmingen), or allophycocyanin-conjugated rat anti-
mouse CD4 monoclonal antibody (CD4+ T lymphocytes; BD Biosciences 
— Pharmingen) on ice for 30 min. CD11b+, CD8a+, and CD4+, B220+, and 
Ly6G+ cells were sorted by flow cytometry, and the percentage of cells 
expressing CD45.1 was determined in each population of cells (FACScan, 
CellQuest; BD). Studies of pulmonary inflammation 8 wk following bone 
marrow transplantation showed no histological signs of inflammation or 
neutrophil accumulation (Supplemental Figure 7).

Measurement of AFC during VILI. AFC was assessed in vivo using a previ-
ously described technique adapted to measure AFC during VILI (41, 69). 
In short, mice were ventilated in a pressure-controlled ventilation mode at  
45 mbar over 0 to 180 min using an inspired oxygen concentration of 100%. 
AFC was measured by instilling 300 μl of iso-osmolar (320 mOsm) 0.9% 
NaCl solution containing 5% acid-free BSA (Sigma-Aldrich) via the endotra-
cheal catheter into the alveolar space over 10 s, followed by injection of 100 μl  
of air to achieve complete deposition of all fluid into the alveolar space. 
Mechanical ventilation was continued for 30 min, at which time the chest 

was opened to produce bilateral pneumothoraces to facilitate aspiration of 
the remaining alveolar fluid via the tracheal catheter. Protein concentration 
was measured using a modified Bradford assay (Bio-Rad). AFC was calculat-
ed using the following equation: AFC= 1 – (C0/C30), where C0 is the protein 
concentration of the instillate before instillation and C30 is the protein con-
centration of the sample obtained after 30 min of mechanical ventilation. 
Clearance is expressed as a percentage of total instilled volume (%/30 min). 
Consistent with previous studies, basal mean AFC was 32% (41). This value 
was set to 1 (100%). AFC is shown as fold change compared with baseline 
AFC. In subsets of experiments, amiloride (10–3 M), PSB1115 (10–6 M), BAY 
60-6583 (10–6 M), zinterol (10–7 M), the CFTR inhibitor (CFTRinh-172, 10–6 M),  
and propranolol (intratracheal instillation of 10–4 M propranolol combined 
with 3 mg/kg i.p.) were given together with the instillate. Amiloride sensi-
tivity is reported as fold change of AFC compared with similarly treated 
mice not exposed to amiloride. In other studies, survival time following 
intratracheal application of BAY 60-6583 with or without amiloride was 
determined (see “Murine mechanical ventilation”).

Statistics. Lung injury score and survival data are given as median ± range. 
All other data are presented as mean ± SD from 4–6 animals per condi-
tion. We performed statistical analysis using the Student’s t test (2 sided,  
α < 0.05) or ANOVA to determine group differences. Lung injury score was 
analyzed with the Kruskal-Wallis rank test. Kaplan-Meier curves were com-
pared using the Mantel-Haenszel log-rank test. P < 0.05 was considered 
statistically significant.
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