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Abstract

Hypertonic saline (HS) resuscitation has been studied as a possible strategy to reduce PMN 

activation and tissue damage in trauma patients. HS blocks PMNs by ATP release and stimulation 

of A2a adenosine receptors. Here we studied the underlying mechanisms in search of possible 

reasons for the inconsistent results of recent clinical trials with HS resuscitation. Purified human 

PMNs or PMNs in whole blood were treated with HS to simulate hypertonicity levels found after 

HS resuscitation (40 mM beyond isotonic levels). ATP release was measured with a luciferase 

assay. PMN activation was assessed by measuring oxidative burst. The pannexin-1 (panx1) 

inhibitor 10panx1 and the gap junction inhibitor carbenoxolone (CBX) blocked ATP release from 

PMNs in purified and whole blood preparations, indicating that HS releases ATP via panx1 and 

gap junction channels. HS blocked fMLP-induced PMN activation by 40% in purified PMN 

preparations and by 60% in whole blood. These inhibitory effects were abolished by 10panx1 but 

only partially reduced by CBX, which indicates that panx1 has a central role in the 

immunomodulatory effects of HS. Inhibition of the ectonucleotidases CD39 and CD73 abolished 

the suppressive effect of HS on purified PMN cultures but only partially reduced the effect of HS 

in whole blood. These findings suggest redundant mechanisms in whole blood that may strengthen 

the immunomodulatory effect of HS in vivo. We conclude that HS resuscitation exerts anti-

inflammatory effects that involve panx1, CD39, CD73, and other ectonucleotidases, which 

produce the adenosine that blocks PMNs by stimulating their A2a receptors. Our findings shed 

new light on the immunomodulatory mechanisms of HS and suggest possible new strategies to 

improve the clinical efficacy of hypertonic resuscitation.
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Introduction

Polymorphonuclear neutrophils (PMNs) are the most abundant immune cell population in 

human blood. PMNs defend the host against invading bacteria using a powerful arsenal of 

cytotoxic mediators. However, in critical care and trauma patients, excessive PMN 

activation can cause collateral tissue damage and multi-organ failure, which are considered 

major causes of morbidity and mortality in these patients (1). Hypertonic saline (HS) 

resuscitation has been studied as a potential strategy to reduce these complications in trauma 

patients (2). An early clinical trial comparing HS resuscitation (250 ml of 7.5% NaCl + 6% 

dextran-70) with normal saline showed that hypertonic resuscitation was safe despite the 

fact that it elevated plasma Na+ concentrations to levels that were about 20 mM higher than 

in control patients (2-3). While HS resuscitation did not improve overall survival in this 

trial, the authors of the study reported fewer complications due to organ failure in the HS 

group when compared to the normal saline control group (3).

The reasons for these beneficial effects remain unclear; however, the results of the study 

mentioned above are consistent with the concept that HS reduces PMN activation and host 

tissue damage (2). This notion is supported by the finding that exposure of purified PMNs to 

HS at hypertonicity levels equivalent to those found in trauma patients can significantly 

suppress PMN activation in vitro (4-5). In search of the underlying mechanisms, we found 

that HS and other compounds that increase the osmolality in the culture medium trigger 

rapid osmotic cell shrinkage, membrane deformation, and the release of cellular ATP into 

the extracellular environment (6). We also found that extracellular ATP and adenosine can 

stimulate various purinergic receptor subtypes on the cell surface of PMNs and that these 

purinergic receptors alter cell singling processes involved in PMN activation and functional 

PMN responses such as oxidative burst, degranulation, and chemotaxis (6).

The mechanisms by which intact cells release a portion of their cellular ATP are still not 

well defined. However, strong evidence implicates vesicular exocytosis, gap junction 

hemichannels, and pannexin-1 (panx1) channels as key ATP release mechanisms in immune 

cells (7-8). In our previous work, we identified panx1 as an important channel that facilitates 

HS-induced ATP release from T cells (9).

Released ATP can activate a number of different purinergic receptors. The mammalian 

purinergic receptor family comprises nineteen known members that can be divided into 

three separate subgroups: P1, P2X, and P2Y receptors (7-8). Adenosine is the natural ligand 

of the P1 receptor family that consists four members: A1, A2a, A2b, and A3. The P2X 

receptor family has seven known members (P2X1-7) that recognize extracellular ATP and 

act as ATP-gated ion channels. The eight known P2Y receptor subtypes (P2Y1, 2, 4, 6, 11, 

12, 13, 14) that have been cloned and characterized can be stimulated by ATP, ADP, or 

similar nucleotides. P2Y and P1 receptors belong to the G protein-coupled receptor (GPCR) 

superfamily. The extracellular concentrations of the ligands of these different purinergic 

receptor subtypes are regulated by various ectonucleotidase families, including the ecto-

nucleoside triphosphate diphosphohydrolases (ENTPDases; e.g., CD39), ecto-nucleotide 

pyrophosphatase/phosphodiesterases (ENPP), alkaline phosphatases, and ecto-5′-

nucleotidase (CD73), which can convert ATP to ADP, AMP, and adenosine (7, 10). Of these 

Chen et al. Page 2

Shock. Author manuscript; available in PMC 2016 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



different ecto-nucleotidase isoforms, CD39 and CD73 have special roles as they are 

abundantly expressed in many different tissues and synergize to convert released ATP to 

adenosine, whereby CD39 converts ATP and ADP to AMP and CD73 converts AMP to 

adenosine (10).

Thus, CD39 and CD73 define the extracellular concentration of adenosine, an ATP 

breakdown product that has a central function in the regulation of PMNs (11). Adenosine is 

recognized by A2a adenosine receptors, the most abundant purinergic receptor subtype in 

human PMNs (11). A2a receptors are linked to cAMP signaling and are responsible for the 

inhibition of PMNs by adenosine (5-6). We have previously demonstrated that HS blocks 

PMNs by stimulation of A2a receptors (6). In the current study, we investigated the 

upstream mechanisms by which PMNs release ATP and by which adenosine is formed, and 

how these mechanisms contribute to the suppressive effects of HS on PMNs in purified 

cultures and in whole blood samples. Our findings reveal a redundancy in these mechanisms 

that results in a powerful suppressive effect of HS on PMNs in whole blood. These findings 

corroborate our previous clinical finding that HS resuscitation of trauma patients has 

significant anti-inflammatory effects on PMNs.

Materials and Methods

Materials

Carbenoxolone (CBX), N-formyl-Met-Leu-Phe (fMLP), dextran, and all other reagents were 

purchased from Sigma-Aldrich Co. (St. Louis, MO) unless otherwise stated. Percoll was 

from Pharmacia (Piscataway, NJ). 10Panx 1, ARL67156 (ARL), and α,β-methylene 

adenosine 5′-diphosphate (APCP) were purchased from Tocris Bioscience (Ellisville, MI).

PMN isolation

The Institutional Review Board of the Beth Israel Deaconess Medical Center approved all 

studies involving human subjects. PMNs were isolated from the peripheral blood of healthy 

volunteers as described previously using dextran sedimentation followed by Percoll gradient 

centrifugation (12-13). Cell preparations were kept pyrogen-free and osmotic or mechanical 

stimulation was carefully avoided to limit unintentional ATP release and cell stimulation. In 

some cases, PMNs were pretreated with different concentrations of CBX, 10panx1, 

ARL67156, or APCP. These treatments did not change cell viability as determined by trypan 

blue dye exclusion.

Measurement of ATP in cell supernatants

Freshly isolated human PMNs (5×105/ml) or freshly drawn heparinized whole blood 

samples were allowed to rest for 30 min at 37°C in a water bath that was placed on a 

vibration isolation table (TMC, Peabody, MA). Whole blood was diluted with four equal 

volumes of pre-warmed Hanks' Balanced Salt Solution (HBSS; Gibco, Life Sciences, Grand 

Island, NY). Then cells were treated with the inhibitors and stimuli as described in the 

individual experiments below. In order to study ATP release in response to HS, appropriate 

volumes of HBSS containing an additional 1 M NaCl were added to cell preparations or 

whole blood samples in order to increase the final NaCl concentration by 40 mM beyond 
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isotonic levels. This level of hypertonicity is similar to that found in the plasma after HS 

resuscitation (3, 14). The cell preparations were chilled in an ice bath to stop ATP release 

and centrifuged to remove all cells. After gently centrifuging samples in an Eppendorf 

centrifuge for 10 min at 2,000 rpm and 0°C, cells were discarded and supernatants 

centrifuged again to remove platelets and remaining cells (5,000 rpm, 5 min, 0°C). The 

supernatants were collected and ATP concentrations were determined with a luciferin/

luciferase-based ATP Bioluminescence Assay HS II Kit (Roche; Palo Alto, CA) and a 

Luminoskan plate reader (Labsystems; Helsinki, Finland) as previously described (15).

PMN activation

PMN activation was assessed by determining oxidative burst in response to fMLP 

stimulation using dihydrorhodamine-123 (DHR123; Invitrogen, Carlsbad, CA) and the flow 

cytometer method previously described (15-16). Briefly, isolated PMNs or whole blood 

samples (diluted 1:5 with HBSS) were incubated at 37°C, subjected to the treatments 

described in the individual experiments below, and DHR123 (2 μM for purified PMNs and 

100 μM for whole blood) was added along with fMLP at a final concentration of 100 nM. 

After 20 min at 37°C, cells were placed on ice for 10 min to stop reactions and 

rhodamine123 fluorescence resulting from the conversion of DHR123 was assessed 

immediately using a BD FACSCalibur flow cytometer (Becton Dickinson; Lincoln Park, 

NJ). PMNs were gated based on their characteristic forward and side scatter properties (FSC 

and SSC) and rhodamine123 fluorescence was assessed as a measure of oxidative burst in 

individual PMNs.

Statistical analyses

Data are shown as means ± SD unless otherwise stated. Statistical analyses were done using 

one-way ANOVA followed by Newman-Keuls test, and differences were considered 

significant at p<0.05.

Results

Pannexin-1 (panx1) channels contribute to HS-induced ATP release from PMNs

While autocrine purinergic signaling is recognized for its important role in immune cell 

regulation, the mechanisms by which immune cells release ATP are still poorly defined (7). 

Pannexin-1 (panx1) is one of three pannexin isoforms that are related to connexin gap 

junction proteins and have been shown to facilitate ATP release from various cell types (17). 

We have previously demonstrated that panx1 facilitates ATP release from T cells following 

HS treatment (9). Therefore, we tested whether panx1 plays a similar role in the response of 

PMNs to HS. Primary human PMNs were pretreated with the gap junction inhibitor CBX or 

the mimetic peptide 10panx1 that specifically blocks panx1 channels (13, 17-18). Depending 

on the donor from whom cells were isolated, baseline ATP levels in purified PMN cultures 

could range from 20-60 nM (Fig. 1A). On average, we found that pretreatment with CBX 

or 10panx1 inhibited HS-induced ATP release by 50-80% in purified PMN cultures (Fig. 

1B). These results suggest that panx1 and CBX-sensitive gap junction channels contribute to 

HS-induced ATP release from human PMNs.
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Panx1 channels facilitate the suppressive effect of HS on PMNs

Next we investigated how ATP released from panx1 and gap junction channels contributes 

to the inhibitory effect of HS on purified PMNs. PMNs were pretreated for 10 min with 

different concentrations of CBX or 10panx1 and then exposed to HS for 3 min to increase 

the extracellular Na+ concentration by 40 mM above isotonic levels. Then, cells were 

stimulated with 100 nM fMLP and PMN activation was assessed by measuring oxidative 

burst using DHR123 and flow cytometry as described in the methods section. HS 

significantly suppressed PMN activation, reducing oxidative burst to 60% of the response of 

control cells at isotonic conditions (Fig. 2A-B). Pretreatment of PMNs with CBX or 10panx1 

diminished this inhibitory effect of HS by 35 or 80%, respectively (Fig. 2B). These results 

demonstrate that panx1 channels and, to a lesser extent, CBX-sensitive gap junction 

channels are involved in the suppression of purified PMNs by HS.

Blocking CD39 and CD73 abolishes the inhibitory effect of HS on PMNs

We have previously demonstrated that A2a adenosine receptors contribute to the suppressive 

effects of HS on PMNs (6). Here we examined the upstream mechanisms involved in the 

formation of the adenosine that stimulates these A2a receptors. Ectonucleoside triphosphate 

diphosphohydrolase 1 (ENTPD1; EC 3.6.1.5), also known as CD39, is a prominent member 

of the family of ectonucleotidases that are expressed on the cell surfaces of many 

mammalian cells (10). CD39 catalyzes the breakdown of extracellular ATP and ADP to 

AMP. However, the formation of adenosine from released ATP requires an additional 

enzymatic step that converts AMP to adenosine. Ecto-5′-nucleotidase (5′-NT; EC 3.1.3.5), 

also known as CD73, is capable of performing this enzymatic breakdown process (7, 10). In 

order to study whether these two enzymes are involved in the suppressive effect of HS, we 

used the CD39 inhibitor ARL67156 (ARL) and the CD73 inhibitor α,β-methylene adenosine 

5′-diphosphate (APCP). Pretreatment of purified PMNs for 10 min with ARL or APCP 

reduced the suppressive effect of HS (Fig. 3A-B). These findings indicate that the 

breakdown of released ATP to AMP and the subsequent conversion of AMP to adenosine 

depend on CD39 and CD73 and that both ectonucleotidases are required for HS to exert its 

suppressive effect on purified PMNs.

The suppressive effect of HS in whole blood involves panx1, CD39, CD73, and other 
ectonucleotidases

The studies outlined above revealed that the effect of HS on isolated PMNs involves panx1-

induced ATP release and the ectonucleotidases CD39 and CD73 to form the adenosine that 

blocks PMN activation via their A2a receptors. Our data suggest that all these components 

must be present in purified PMN cultures. However, when HS is administered in vivo, many 

other cell types can also be affected by HS and serve as additional sources of ATP. In 

addition, these other cell types possess ectonucleotidases that influence adenosine formation 

and the effect of HS on PMNs. Therefore, we studied the mechanisms by which HS alters 

PMN function in heparinized human whole blood samples. Blood samples were diluted 1:5 

with isotonic HBSS. In unstimulated whole blood samples, we found basal ATP 

concentrations as high as 150 nM. These basal ATP levels varied among the donors who 

provided blood for our studies. After the addition of HS at a dose that increased the Na+ 
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concentration by 40 mM above the levels under isotonic conditions, extracellular ATP 

concentrations could reach levels as high as 210 nM (Fig. 4A). Pretreatment with CBX 

completely abolished ATP release in response to HS, while 10panx1 reduced HS-induced 

ATP release by ∼80% (Fig. 4B). These findings suggest that HS treatment of whole blood 

causes ATP release through panx1 channels but also through other, CBX-sensitive gap 

junction channels. Inhibition of these channels blocked HS-induced ATP release more 

profoundly in whole blood than in purified PMN preparations (Fig. 1). Taken together, these 

findings suggest that the cells in whole blood release ATP primarily via panx1 and gap 

junction channels, while PMNs also utilize additional mechanisms such as vesicular 

transport.

Next we tested how panx1 and CBX-sensitive gap junction channels contribute to the 

suppressive effect of HS in whole blood. Compared to purified PMNs, HS had a more 

profound suppressive effect on PMNs in whole blood, reducing fMLP-induced oxidative 

burst by over 60% compared to the 40% observed in purified PMN cultures (Fig. 5A-B). 

However, while pretreatment with CBX and 10panx1 reduced the suppressive effect of HS in 

purified PMN preparations (Fig. 2), only 10panx1 was able to reduce HS-induced PMN 

suppression in whole blood (Fig. 5A). These results suggest that the ATP that elicits the 

suppressive effect of HS in whole blood originates primarily from panx1 channels, while 

CBX-sensitive gap junction channels deliver additional ATP that is not directly involved in 

the suppression of PMNs. A possible explanation for these dual roles of the released ATP 

may be differences in the subcellular localization of the ATP release channels relative to the 

location of the ectonucleotidases that generate adenosine and/or the A2a adenosine receptors 

that ultimately suppress PMNs. However, it should also be noted that ATP release itself 

contributes to PMN activation by stimulation of P2Y2 receptors and that stimulatory effect 

of ATP can also be affected by CBX (11-12).

Inhibitors of CD39 and CD73 reduced the suppressive effect of HS in whole blood (Fig. 

5B). However, this reduction was less profound compared to the effects of these inhibitors 

on purified PMN preparations (Fig. 3). These differences suggest that, contrary to our results 

with purified PMNs, adenosine formation in whole blood also includes mechanisms other 

than those driven by CD39 and CD73 (Fig. 6).

Overall, our findings indicate that the suppressive effect of HS on PMNs is more robust in 

whole blood than in purified PMN preparations, because cell types other than PMNs in 

whole blood can serve as sources of ATP and because adenosine formation is accomplished 

by a more diverse set of ectonucleotidases that is available on the different cell types in 

whole blood. Taken together, our findings suggest that whole blood amplifies the inhibitory 

effect of HS on PMNs and that this amplification may increase the anti-inflammatory 

potential of HS resuscitation in patients.

Discussion

Several considerations have fueled the interest in hypertonic fluids for the resuscitation of 

trauma and critical care patients (19-23). Compared to conventional isotonic resuscitation 

fluids, significantly smaller volumes of hypertonic fluids are sufficient to restore circulation 

Chen et al. Page 6

Shock. Author manuscript; available in PMC 2016 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



in hypotensive patients (21-22). The ease of transport of the small volumes of hypertonic 

fluids (250 ml per patient) has particular relevance in military applications. The infusion of 

such small fluid volumes is considerably easier and faster compared to bulkier isotonic 

fluids, allowing rapid restoration of blood circulation, which may reduce cell damage and 

protect host organs from hypoxia and reperfusion injury (21, 23-24).

In addition to these obvious advantages, HS also possesses immunomodulatory properties 

that can be harnessed to modulate the inflammatory response to shock and trauma (25-27). 

Of particular interest is the fact that HS can block PMN activation and reduce host organ 

damage in animal models of shock (25, 27-31). Based on compelling preclinical evidence, 

the efficacy and immunomodulatory properties of HS resuscitation were recently tested in a 

large randomized clinical trial (32-33). In this multi-center study, which was carried out in 

major trauma centers across North America, a 250-ml bolus of 7.5% hypertonic saline (HS) 

with or without 6% dextran-70 (HSD) was administered to patients in a pre-hospital setting. 

The trial was stopped prematurely when it became evident that the mortality during the first 

day after admission was higher in the HS group than in the HSD group and in the control 

group that received an equal volume of normal saline (31). Nevertheless, the long-term 

mortality rates and clinical outcome measures did not significantly differ among the three 

treatment groups. These clinical findings diverge from the results of most preclinical studies 

with HS that have shown beneficial effects on survival and outcome parameters.

The discrepancy between clinical and preclinical findings is difficult to explain. Numerous 

in vitro studies demonstrated that pretreatment of PMNs with HS at levels similar to those 

found in trauma patients can markedly block PMN activation (35). However, these 

laboratory studies were often carried out with purified PMNs. Therefore, we wondered 

whether differences in the immunomodulatory mechanisms of HS in purified PMN 

preparations versus whole blood could be related to the lack of the efficacy of HS 

resuscitation reported in clinical trials. Our current study was designed to investigate this 

issue. Interestingly, we found that HS exerts a more profound suppressive effect on PMNs in 

whole blood than in purified cultures (Figs. 2&5). Panx1 channels are responsible for these 

effects, apparently by supplying the ATP that contributes to the suppressive effect of HS on 

PMNs (Figs. 3&5). Moreover, we found that CD39 and CD73 have key roles in the 

formation of adenosine in purified PMN cultures, while additional ectonucleotidase isoforms 

are involved in eliciting the suppressive effects of HS in whole blood (Fig. 6). The 

redundancy of these mechanisms in whole blood increases the probability that the 

immunomodulatory efficacy of HS is maintained in trauma patients, even when the 

enzymatic activity of some of the ectonucleotidase isoforms that are involved in adenosine 

formation may be lost. Overall, our findings suggest that the suppressive effect of HS is 

more robust in whole blood than in isolated PMN preparations. This concept is supported by 

a recent clinical study that has shown that HS resuscitation profoundly suppresses PMNs in 

trauma patients (33).

However, this anti-inflammatory effect of HS resuscitation in trauma patients did not 

translate into actual survival benefits for these patients (21). These disappointing results may 

be due to the dual roles of PMNs in host defense and collateral host tissue damage. Because 

PMNs form the first line of defense against invading bacteria, blocking their activation with 
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HS increases the risk of sepsis in those patients who acquire infections from their injuries or 

from nosocomial sources. Thus, like other anti-inflammatory treatment strategies, HS 

resuscitation can prevent host tissue damage in some patients and increase the risk of sepsis 

in others. Novel diagnostic tools will be needed to rapidly identify those patients who can 

benefit from HS resuscitation. Until such new tools are available, it will be difficult to 

anticipate whether HS resuscitation or other anti-inflammatory treatment strategies 

ameliorate organ failure or increase the risk of sepsis (36).
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Figure 1. Pannexin-1 contributes to HS-induced ATP release from human PMNs
Purified human PMNs were pretreated for 10 min with the indicated concentrations of the 

gap junction inhibitor CBX or the panx1 channel inhibitor 10panx1. Then HS was added to 

increase isotonic levels by an additional 40 mM and 3 min after addition of HS, ATP 

concentrations in the extracellular space were analyzed with a luciferin/luciferase-based 

ATP assay. Panel A shows representative results of experiments performed at least three 

times with cells from different donors. Individual measurements were performed at least in 

duplicate. Panel B shows cumulative results with cells from three different donors. Results 

are shown as means ± SD of three separate experiments and statistical analysis was 

performed with one-way ANOVA, *p<0.05.
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Figure 2. Blocking ATP release reduces the suppressive effect of HS on PMN activation
Purified human PMNs were pretreated for 10 min with the indicated concentrations of the 

gap junction inhibitor CBX or the panx1 inhibitor 10panx1. Then HS was added to increase 

isotonic sodium levels by an additional 40 mM. Cells were stimulated with 100 nM fMLP 

and oxidative burst was measured using DHR123 and flow cytometry. Representative flow 

cytometry data are shown in panel A. Results were expressed as the percentage of the 

average mean florescence intensity (MFI) values of treated cells versus untreated controls 

(B). Data shown are means ± SD and representative of three experiments with cell 

preparations from different donors and all measurements were performed at least in 

duplicate. Statistical analyses were done with one-way ANOVA, *p<0.05 compared to 

isotonic control, #p<0.05 compared to HS control.
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Figure 3. ATP hydrolysis by CD39 and CD73 is required for the suppressive effect of HS on 
PMNs
Purified human PMNs were pretreated for 10 min with the indicated concentrations of the 

CD39 inhibitor ARL67156 (ARL) or the CD73 inhibitor APCP. Then cells were exposed to 

HS (additional 40 mM above isotonic level), stimulated with 100 nM fMLP, and oxidative 

burst was measured with DHR123 and flow cytometry. Panel A shows representative data. 

The results obtained on different days were expressed as the percentage of the average mean 

florescence intensity (MFI) values of treated cells versus untreated controls (B). Data shown 

are means ± SD and representative of three experiments done with different cell 

preparations. All measurements were carried out at least in duplicate. Statistical analyses 

were done with one-way ANOVA, *p<0.05 compared to isotonic control, #p<0.05 compared 

to HS control.
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Figure 4. Panx1 and other gap junction channels facilitate HS-induced ATP release from human 
whole blood
Diluted human whole blood samples were pretreated with the indicated concentrations of 

CBX or 10panx1 for 10 min. Then HS was added to increase isotonic sodium levels by an 

additional 40 mM and after 3 min, ATP concentrations in the supernatants were analyzed 

with a luciferin/luciferase-based ATP assay. Panel A shows representative results of three 

individual experiments using blood from different donors. All measurements were 

performed at least in duplicate. Panel B shows cumulative results of all experiments done 

with blood from three donors. Results are shown as means ± SD and statistical analysis was 

performed with one-way ANOVA, *p<0.05.
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Figure 5. Panx1, CD39, CD73, and other ectonucleotidases contribute to the suppression of 
PMNs by HS in whole blood
Diluted human whole blood samples were diluted 1:5 with HBSS and pretreated for 10 min 

with the indicated concentrations of CBX, 10panx1 (panel A), ARL67156 (ARL), or APCP 

(panel B). Then HS was added to increase extracellular tonicity by 40 mM, stimulated with 

100 nM fMLP, and oxidative burst was measured with DHR123 and flow cytometry. All 

data shown are cumulative results of three individual experiments performed with blood 

from different donors. All measurements were performed at least in duplicates. Data are 

shown as mean ± SD and statistical analysis was done with one-way ANOVA, *p<0.05 

compared to isotonic control, #p<0.05 compared to HS control.
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Figure 6. Proposed mechanism by which HS suppresses PMN activation in whole blood
HS causes ATP release from PMNs and other cell types in whole blood. While different 

mechanisms are involved in ATP release, only panx1 delivers the ATP that facilitates the 

suppressive effect of HS on PMNs. CD39, CD73, and other ectonucleotidases on the 

surfaces of PMNs and other cell types contribute to the formation of adenosine, which 

blocks PMN activation by stimulation of A2a receptors. The diversity of ATP sources and 

the redundancy of ectonucleotidases that convert released ATP to adenosine strengthen the 

immunomodulatory effect of HS in whole blood.
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