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1. Introduction

The study of physiologic adaptation and pathophysiologic response to hypoxia is
presently an area of intense investigation. Recent reports suggest that both
transcriptional and non-transcriptional hypoxia pathways may contribute to a broad
range of diseases, and that a number of parallels exist between tissue responses to
hypoxia and to acute inflammation (1). Past studies have revealed a central role of
extracellular nucleotide phosphohydrolysis and nucleoside signalling in innate
immune responses during conditions of limited oxygen availability (hypoxia) or during
acute inflammation (2). For example, metabolic enzymes and vascular nucleotide
levels are consistently increased during hypoxia (3-7). The contribution of individual
nucleosides (ATP, ADP, AMP) to these innate responses remain unclear.

Polymorphonuclear granulocytes (PMN) function as a first line of cellular response
during an acute inflammatory episode (8). Previous reports have suggested that
PMN may release ATP during conditions of inflammation or hypoxia (9). Such
extracellular ATP may either signal directly to vascular ATP receptors (7), or may
function as a metabolite following conversion via ecto-apyrase (CD 39, conversion of
ATP to adenosine monophosphate (AMP)) and ecto-5-nucleotidase (CD 73,
conversion of AMP to adenosine). Under such conditions, adenosine is available to
activate adenosine receptors on the endothelial cell surface (10). As such, emigration
of PMN through the endo- and epithelial barrier may lead to a disruption of such
tissue barriers (11-13) and such a setting creates the potential for extravascular fluid
leakage and subsequent edema formation (14, 15). However, with some exceptions,
most episodes of hypoxia and/or ischemia-reperfusion are self-limiting, suggesting
that endogenous protective mechanisms may exist to fortify the vascular barrier

during such insults.

1.1. Structural and functional elements of the vascular barrier

The predominant barrier (~90%) to movement of macromolecules across a blood
vessel wall is presented by the endothelium (16, 17). Passage of macromolecules
across a cellular monolayer can occur via either a paracellular route (i.e., between
cells) or a transcellular route (i.e., through cells). In non-pathologic endothelium,

macromolecules such as albumin (molecular weight ~40 kD) appear to cross the cell



monolayer by passing between adjacent endothelial cells (i.e., paracellular) although
some degree of transcellular passage may also occur (18, 19). Endothelial
permeability is determined by cytoskeletal mechanisms that regulate lateral
membrane intercellular junctions. Tight junctions, also known as zona occludens,
comprise one type of intercellular junction (20, 21). Transmembrane proteins found
within this region which function to regulate paracellular passage of macromolecules
include the proteins occludin, and members of the junctional adhesion molecule
(JAM) and claudin families of proteins (22). Tight junctions form narrow, cell-to-cell
contacts with adjacent cells and comprise the predominant barrier to transit of
macromolecules between adjacent endothelial cells (23). Endothelial
macromolecular permeability is inversely related to macromolecule size. Permeability
is also dependent on the tissue of origin. For example, endothelial cells in the
cerebral circulation (i.e., blood-brain barrier) demonstrate an exceptionally low
permeability (24, 25). Endothelial permeability may increase markedly upon
exposure to a variety of inflammatory compounds (e.g., histamine, thrombin, reactive
oxygen species, leukotrienes, bacterial endotoxins) or adverse conditions (e.g.,
hypoxia, ischemia) (16, 26). Reversible increases in endothelial permeability are
produced by administration of cytochalasin or other agents that disrupt cytoskeletal
microfilaments (16, 27). Likewise, increases in endothelial permeability are
accompanied by disruption of peripheral actin microfilaments and formation of gaps
between adjacent endothelial cells (16, 27). Administration of compounds that
decrease endothelial permeability result in an irregular endothelial cell contour,
greater convolution of cell margins, closer cell-to-cell contact, and increased surface
area and cell perimeter (27). These changes in cell morphology are accompanied by
a loss of F-actin in stress fibers, “ruffling” of dense peripheral bands of F-actin, and
increase in the polymerized actin pool without significant changes in total F-actin
endothelial cell content (21, 22). Interestingly, these changes in intracellular actin are
similar to those observed during PMN transendothelial migration (28). By
comparison, thrombin-induced increases in permeability result in a centralization
(and peripheral loss) of F-actin. Both of these changes (permeability and F-actin
distribution) are inhibited by isoproterenol (29). Phallacidin, an F-actin-stabilizing
compound, also markedly attenuates thrombin-induced increases in permeability and

accompanying morphologic changes (Figure 1).



In addition to the above components of the vascular barrier, the glycocalyx
may play a role in determining movements of fluid and macromolecules across the
endothelium. The endothelial glycocalyx is a dynamic extracellular matrix composed
of cell surface proteoglycans, glycoproteins, and adsorbed serum proteins,
implicated in the regulation and modulation of capillary tube hematocrit, permeability,
and hemostasis (30). As such, increased paracellular permeability of such molecules
as water, albumin and hydroxyethyl starch can be observed following experimental
degradation of the functional components of the glycocalyx (31), and functional
components of this glycocalyx may be dynamically regulated by endogenous

mediators such as adenosine (32).

1.2. Vascular barrier during inflammation
Ongoing inflammatory responses are characterized by dramatic shifts in tissue
metabolism. These changes include large fluctuations in energy supply and demand
and diminished availability of oxygen (8) . Such shifts in tissue metabolism result, at
least in part, from profound recruitment of inflammatory cell types, particularly myeloid
cells such as neutrophils (PMN) and monocytes. The majority of inflammatory cells are
recruited to, as opposed to being resident at, inflammatory lesions, and myeloid cell
migration to sites of inflammation are highly dependent on hypoxia-adaptive
pathways (8, 33). Consequently, much recent attention has focused on understanding
how metabolic changes (e.g. hypoxia) relate to the establishment and propagation of
the inflammatory response.

As outlined above, many parallels exist between hypoxic and inflamed tissues
(1). For example, during episodes of hypoxia, polymorphonuclear leukocytes (PMN)
are mobilized from the intravascular space to the interstitium, and such responses
may contribute significantly to tissue damage during consequent reperfusion injury
(3, 36). Moreover, emigration of PMN through the endo- and epithelial barrier may
lead to a disruption of such tissue barriers (11-13) and such a setting creates the
potential for extravascular fluid leakage and subsequent edema formation (14, 15). In
contrast, transcriptional pathways mediated by hypoxia-inducible factor (HIF) may
serve as a barrier-protective element during inflammatory hypoxia. For example,
experimental studies of murine inflammatory bowel diseases have revealed

extensive mucosal hypoxia and concomitant HIF-1 activation during colitis (34). Mice



engineered to express decreased intestinal epithelial HIF-1 exhibit more severe
clinical symptoms of colitis, while increased HIF levels were protective in these
parameters. Furthermore, colons with constitutive activation of HIF displayed
increased expression levels of HIF-regulated barrier-protective genes (multidrug
resistance gene-1, intestinal trefoil factor, CD73), resulting in attenuated loss of
barrier during colitis in vivo. Such studies identify HIF as a critical factor for barrier

protection during mucosal inflammation and hypoxia (35).

1.2.1. Barrier disruptive pathways

Macromolecule transit across blood vessels has evolved to be tightly controlled.
Relatively low macromolecular permeability of blood vessels is essential for
maintenance of a physiologically optimal equilibrium between intravascular and
extravascular compartments (36, 37). Endothelial cells are primary targets for
leukocytes during episodes of infection, ischemic or traumatic injury, which all
together can result in an altered barrier function. Disturbance of endothelial barrier
during these disease states can lead to deleterious loss of fluids and plasma protein
into the extravascular compartment. Such disturbances in endothelial barrier function
are prominent in disorders such as shock and ischemia-reperfusion and contribute
significantly to organ dysfunction (3, 38-41).

Previous studies have indicated that activated PMN release a number of
soluble mediators, which dynamically influence vascular permeability during
transmigration. As such, PMN have been shown to liberate factors that can either
disrupt or protect the endothelial barrier. For example, it was recently shown that

activation of PMN through B, integrins elicits the release of soluble factor(s) which

induce endothelial cytoskeletal rearrangement, gap formation and increased
permeability (42). This PMN-derived permeabilizing factor was subsequently
identified as heparin-binding protein (HBP, also called azurocidin or CAP37 (42), a

member of the serprocidin family of cationic peptides (43). HBP, but not other

neutrophil granule proteins (e.g. elastase, cathepsin G), was shown to induce Ca2+-
dependent cytoskeletal changes in cultured endothelia and to trigger macromolecular
leakage in vivo. Interestingly, HBP regulation of barrier may not be selective for
PMN, and in fact, endothelial cells themselves are now a reported source of HPB

(44). 1t is therefore possible that endothelia may self-regulate permeability through



HBP under some conditions, and that mediators found within the inflammatory milieu
may also increase endothelial permeability.

Similarly, PMNs were observed to significantly alter endothelial permeability
by release of glutamate, following FMLP activation. This crosstalk pathway appears
to be of particular importance for the regulation of the vascular barrier of the brain
(“blood brain barrier”). In fact, treatment of human brain endothelia with glutamate or
selective, mGIuR group | or Il agonists resulted in a time-dependent loss of
phosphorylated vasodilator-stimulated phosphoprotein (VASP) and significantly
increased endothelial permeability. Glutamate-induced decreases in brain endothelial
barrier function and phosphorylated VASP were significantly attenuated by
pretreatment of human brain endothelia with selective mGIuR antagonists. Even in
an in vivo hypoxic mouse model, the pretreatment with mGIuR antagonists
significantly decreased fluorescein isothiocyanate-dextran flux across the blood-brain
barrier, suggesting that activated human PMNs release glutamate and that
endothelial expression of group | or lll mGluRs function to decrease human brain
endothelial VASP phosphorylation and barrier function..

A recently described gene regulatory pathway revealed a critical role for
BMK1/ERKS in maintaining the endothelial barrier and blood vessel integrity: A
targeted deletion of big mitogen-activated protein kinase1 gene (BMK1) (also known
as ERKS5, member of the MAPK family), in adult mice leads to disruption of the
vascular barrier. Histological analysis of these mice reveals that, after BMK1
ablation, hemorrhages occurred in multiple organs in which endothelial cells lining
the blood vessels became round, irregularly aligned, and, eventually, apoptotic. In
vitro removal of BMK1 protein also led to the death of endothelial cells partially due
to the deregulation of transcriptional factor MEF2C, which is a direct substrate of
BMK1. Additionally, endothelial-specific BMK1-KO leads to cardiovascular defects
identical to that of global BMK1-KO mutants. Taken together, these studies identify
the BMK1 pathway as critical for endothelial function and for maintaining blood

vessel integrity (45).

1.2.2. Barrier protective pathways
Acute increases in vascular permeability to macromolecules closely coincide with
tissue injury of many etiologies, and can result in fluid loss, edema, and organ

dysfunction (16, 46, 47). Previous studies have indicated that extracellular
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nucleotide metabolites may function as an endogenous protective mechanism during
hypoxia and ischemia (48-50). One important factor may be increased production of
endogenous adenosine, a naturally occurring anti-inflammatory agent (50-52).
Several lines of evidence support this assertion. First, adenosine receptors are
widely expressed on target cell types as diverse as leukocytes, vascular endothelia,
and mucosal epithelia and have been studied for their capacity to modulate
inflammation (53). Second, murine models of inflammation provide evidence for
adenosine receptor signaling as a mechanism for regulating inflammatory responses
in vivo. For example, mice deficient in the Aya-adenosine receptor (AdoRAz4) show
increased inflammation-associated tissue damage (54). Third, hypoxia is a common
feature of inflamed tissues (12) and is accompanied by significantly increased levels
of adenosine (55-57). At present, the exact source of adenosine is not well defined,
but likely results from a combination of increased intracellular metabolism and
amplified extracellular phosphohydrolysis of adenine nucleotides via surface ecto-
nucleotidases.

The vascular endothelium is the primary interface between a hypoxic insult
and the surrounding tissues. At the same time, the endothelium is central to the
orchestration of leukocyte trafficking in response to chemotactic stimuli. This critical
anatomic location places vascular endothelial cells in an ideal position to coordinate
extracellular metabolic events important to endogenous anti-inflammatory responses.
We recently identified a neutrophil-endothelial cell crosstalk pathway that is
coordinated by hypoxia. This pathway utilizes extracellular nucleotide substrates,
liberated from different cell types. Extracellular ATP release has been shown from
endothelial cells, particularly under sheer stress, hypoxia and inflammation. In
addition, fMLP activated neutrophils can release ATP. Activated platelets comprise
an additional source for extracellular adenine nucleotides (59, 60). The role of
endothelial CD39 (Ecto-apyrase, conversion of ATP/ADP to AMP) has been viewed
as a protective, thromboregulatory mechanism for limiting the size of the hemostatic
plug (60, 61). Metabolism of adenine nucleotides derived from activated platelets is
crucial in limiting excessive platelet aggregation and thrombus formation (62, 63).
Similarly, excessive platelet accumulation and recruitment can be treated with the
use of soluble forms of CD39 (64, 65). Moreover, a thromboregulatory role could be
demonstrated in a model of stroke, where cd39-null mice showed increased sizes of

infarction that could be reduced by treatment with soluble CD39 (66). Surprisingly,

11



targeted disruption of cd39 resulted in prolonged bleeding and increased vascular
leak and fibrin deposition in hypoxemia (67), suggesting a dual role for ATP
metabolism by CD39 in modulating hemostasis and thrombotic reactions. Moreover,
this observation may be related to an activation and desensitization of the purinergic
type P2Y receptor. Activation of the P,Y-platelet receptor appears to be crucial in
the activation process of platelets. As such, P2Y; deficient mice exhibit signs of
prolonged bleeding time and resistance to thromboembolism (68). In contrast to
these studies, we observed a barrier-protective influence during hypoxia that was not
related to the activation of PX receptors, but to a downstream metabolism and
signaling of ATP metabolites (esp. adenosine).

Extracellular ATP is readily converted on the endothelial surface to
adenosine, due to the enzymatic function of CD39 and CD73 (5’-Ecto-nucleotidase,

conversion of AMP to adenosine).

Endothelia/Epithelia

Figure 9: Model of coordinated nucleotide metabolism and nucleoside signaling in

hypoxia and during inflammation cells
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Such adenosine binds to surface expressed PMN adenosine receptors to
limit excessive accumulation of PMN within tissues, and as such, functions as a
feedback loop to attenuate potential tissue injury (58). With regard to this latter point,
it was recently shown that hypoxia coordinates both, transcriptional and metabolic
control of the surface ecto-nucleotidases CD39 and CD73 (69-71), and as such,
significantly amplifies the extracellular production of adenosine from adenine
nucleotide precursors. In fact when using cd39- and cd73-null animals we found that
extracellular adenosine produced through adenine nucleotide metabolism during
hypoxia is a potent anti-inflammatory signal for PMN in vitro and in vivo. These
findings identify CD39 and CD73 as critical control points for endogenous adenosine
generation and implicate this pathway as an innate mechanism to attenuate
excessive tissue PMN accumulation (58).

In addition to a role in limiting excessive neutrophil tissue accumulation,
CD39 and CD73 are also critical control points for vascular permeability. For the
purpose of investigating overall organ vascular permeability, we used Evan's blue
dye, which tightly binds to plasma albumin (72). To do this, mice were administered
0.2% Evan's blue dye (0.5% in PBS) by intravenous tail vein injection, subjected to

room air (normoxia) or normobaric hypoxia (8% 02/92% N2). At the end of

exposure, animals were anesthetized, heparinized (50U by i.p. injection) and fluid
overloaded (3 c.c. normal Ringer's solution i.p.). Animals were then exsanguinated

by femoral cut-down to flush all vascular beds, and tissues were harvested. Tissues

were rinsed in PBS, and Evan's blue was extracted with formamide at 56°C for 2hr,
and quantified at 610nm with subtraction of reference absorbance at 450nm. This
model entails the quantification of formamide-extractable Evans blue (73) from
tissues of mice as a readout for overall vascular permeability of different organs. In
fact we found that vascular permeability in tissues derived from animals subjected to

normobaric hypoxia (8% 02/92% N2) ranged from 2 - 4-fold more permanent to

Evans blue than normoxic controls (9).

In order to identify the role of CD73 in vascular permeability, we used this
model in mice that were administered with the CD73 inhibitor 5'-alpha, beta-
methylenediphosphate (APCP) or in mice following targeted deletion of CD73. In
fact, we found dramatic increase of hypoxia-elicited dysfunction of the vascular
barrier in different organs (lung, heart, intestine, kidneys) following CD73 inhibition or

deletion. Vascular leak associated with hypoxia was, at least in part, reversed by
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reconstitution with soluble $'-nucleotidase and adenosine receptor agonists in the
cd73-null mice. Histological examination of lungs from hypoxic cd73” revealed
perivascular interstitial edema associated with inflammatory infiltrates surrounding
larger pulmonary vessels (74). Taken together, these studies identify CD73 as a
critical mediator of vascular permeability in vivo. When measuring vascular
permeability during hypoxia in mice with targeted deletion of CD39, similar increases
in vascular barrier function could be observed in different organs (9). Taken
together, these studies have identified adenosine generation of the hypoxic
vasculature via nucleotide-phosphohydrolysis as a critical cellular strategy to

generate adenosine and maintain vascular barrier function.

1.2.3. Effect of adenosine receptor activation on endothelial barrier function

In vitro studies of endothelial permeability suggested, that activation of a specific
endothelial adenosine receptor, the AdoRA.g, leads to a barrier resealing response
following PMN transmigration (75). Thus we were able to show that of the four
different adenosine receptors that are expressed by endothelia, only the AdoRA2g is
selectively induced by hypoxia (9). Activation of the AdoRA2s is associated with
increases in intracellular cAMP concentration due to the activation of the adenylate
cyclase (50). By inhibition of cAMP formation, the resealing of the endothelial barrier
during PMN transmigration can be obviated (75). Such increases in cAMP following
activation of the AdoRA.s lead to an activation of protein kinase A (PKA) (22).
Further studies revealed a central role of PKA-induced phosphorylation of
vasodilator-stimulated phosphoprotein (VASP), a protein responsible for controlling
the geometry of actin-filaments (76). Adenosine-receptor mediated phosphorylation
of VASP is responsible for changes in the geometry and distribution of junctional
proteins, thereby affecting the characteristics of the junctional complex and

promoting increases in barrier function (77, 78).

1.3. Increased Adenosine Production during hypoxia

At present, the exact metabolic steps for generation of extracellular adenosine in
hypoxia are not well characterized, but likely involve increased enzymatic
phosphohydrolysis from precursor adenine nucleotides (ATP, ADP and AMP). For

instance, we recently demonstrated that hypoxia coordinates both transcriptional and
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metabolic control of the surface ecto-nucleotidases CD39 and CD73 (69-71), and
thereby amplifies extracellular accumulation of adenosine. Additional mechanisms
also exist to amplifying adenosine signaling during hypoxia include coordinate
changes at the adenosine receptor level. For instance, the vascular endothelial
adenosine receptor subtype AdoRA.s is selectively induced by hypoxia and such
increases in receptor density are associated with increased vascular barrier
responses to adenosine (71).

Once generated into the extracellular milieu, adenosine is rapidly cleared
through passive or active uptake through nucleoside transporters, termed
equilibrative nucleoside transporters (ENT) and concentrative nucleoside
transporters (CNT), respectively, expressed on a variety of cell types (79). The
predominant nucleoside transporters of the vascular endothelium are ENT1 and
ENT2 (80), bi-directional transporters functioning as diffusion-limited channels for
transmembrane adenosine flux. Previous studies have suggested that vascular
adenosine flux during hypoxia is predominantly inward (81), thereby terminating
extracellular adenosine signaling. However, more recent studies indicate that the
expression of ENT1 may be transcriptionally regulated by hypoxia (82, 83), thereby
functioning to fine tune extracellular levels of adenosine.

Therefore, considering that endothelial adenosine uptake could influence
endothelial cell function during hypoxia, as well as a recent study suggesting that
ENT1 and ENT2 gene-regulation are influenced by hypoxia in murine
cardiomyocytes (82, 83), we examined the influence of hypoxia on vascular
endothelial adenosine transport. Results from these studies revealed that endothelial
ENT1 and ENT2 gene expression and function are attenuated by hypoxia, and that
this regulatory circuit maps, at least in part, to hypoxia inducible factor 1 (HIF-1)-
mediated repression of ENT expression. These studies provide new molecular

insight into endogenous mechanisms of tissue protection during hypoxia (84).

1.4. Role of Adenosine Deaminase in vascular inflammation during hypoxia

As outlined above, the physiologic adaptation and pathophysiologic response to
hypoxia are currently areas of intense investigation and several reports suggest that
both transcriptional and metabolic pathways may contribute to a broad range of

diseases. For example, during episodes of hypoxia / ischemia, polymorphonuclear
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leukocytes (PMN) are mobilized from the intravascular space to the interstitium, and
such responses may contribute significantly to tissue damage during consequent
reperfusion injury (3, 58). Emigration of PMN through the endothelial barrier is
associated with a disruption of tissue barriers creating the potential for vascular fluid
leakage and subsequent edema formation (9, 74). Among others, such “hypoxia-
associated” disorders include the systemic inflammatory response syndrome, sepsis,
acute respiratory distress syndrome and acute myocardial infarction (3).

At the same time, studies have indicated that extracellular nucleotide
metabolites (particularly adenosine) may function as an endogenous anti-
inflammatory metabolite during hypoxia (7, 9, 58, 74, 84-86). Vascular adenosine
signaling during hypoxia has been implicated to dampen pathophysiologic changes
related to increased tissue permeability, accumulation of inflammatory cells, and
transcriptional induction of pro-inflammatory cytokines during hypoxia (2, 53).
Several lines of evidence support this assertion (7). First, adenosine receptors are
widely expressed on vascular endothelial cells, and have been studied for their
capacity to modulate inflammation (53, 58, 74). Second, murine models of
inflammation and/or hypoxia provide evidence for adenosine receptor signaling as a
mechanism for regulating hypoxia responses in vivo. Indeed, mice genetically
deficient in surface enzymes necessary for adenosine generation (ecto-apyrase,
CD39 [conversion of ATP to AMP] and 5’-ectonucleotidase, CD73 [conversion of
AMP to adenosine]) show increased hypoxia-associated tissue damage and vascular
leak syndrome during hypoxia (9, 74). Third, hypoxia accompanies the normal
inflammatory response (87) and is associated with significantly increased levels of
adenosine (53). The exact source(s) of adenosine are not well defined, but likely
result from a combination of increased intracellular metabolism and amplified
extracellular phosphohydrolysis of adenine nucleotides via surface ecto-
nucleotidases (9, 74). In addition, recent studies have also shown that hypoxia-
inducible-factor (HIF) dependent transcriptional repression of equilibrative nucleoside
transporters (ENT) results in decreased capacity of the vascular endothelium to
transport extracellular adenosine, thereby providing an additional mechanism to
elevate vascular adenosine levels during hypoxia (84).

Despite of the central role of adenosine in innate inflammatory responses,
chronically increased levels of adenosine may be detrimental (88). For example,

levels of adenosine are increased in the lungs of asthmatics (89), in which elevations
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correlate with the degree of inflammatory insult (90), suggesting a provocative role of
adenosine in asthma or chronic obstructive pulmonary disease (91). In addition,
adenosine-deaminase (ADA)-deficient mice develop signs of chronic pulmonary
injury in association with elevated pulmonary adenosine levels. ADA-deficent mice, in
fact, die within weeks after birth from severe respiratory distress (92), and recent
studies suggest that attenuation of adenosine signaling may reverse the severe
pulmonary phenotypes in ADA-deficient mice, suggesting that chronic adenosine
elevations can affect signaling pathways that mediate aspects of chronic lung
disease (93-94). Likewise, human ADA deficiency is a well characterized severe
combined immunodeficiency syndrome associated with T cell cytotoxicity by
deoxyadenosine (95).

Given the biological necessity to balance extracellular adenosine levels with
potential chronic toxicity, we sought to define whether mechanisms exist to degrade
extracellular adenosine in models of increased adenosine (hypoxia). As guided by
initial microarray analyses, studies in endothelial cells, murine models of hypoxia, as
wells as chronically hypoxic human subjects revealed parallel induction of
extracellular ADA and CD26 by hypoxia, thereby increasing the capacity for
extracellular adenosine catabolism. These studies provide new molecular insight into
innate adaptation to hypoxia and identify ADA as a potential therapeutic target in the
treatment of vascular leak syndrome or excessive inflammation associated with

acute hypoxia (96).
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2. Materials and Methods

2.1. Materials

FITC-Dextran
Percoll

Acid citrate

fMLP

Chrono-Lume
18-a-gylcyrrhetinic
Connexin mimetic peptides
E-ATP

E-AMP

CD39

Cd73

FACS lysing solution
Cellfix

BCECF-AM

Leukotriene B4

2.2. Methods

2.2.1. Isolation of Human PMN

After approval by the Insitutional Review Board and obtaining written informed
consent from each individual, PMN were freshly isolated from whole Blood obtained
by venipuncture from healthy, volunteer donors. The blood was anticoagulated with
acid citrate (10 ml monovets with Na-citrate, Sarstedt, Nimbrecht, Germany) and the
platelets, plasma, mononuclear cells and erythrocytes were removed by double-
density centrifugation using the Percoll system, which consists of colloidal silica
particles coated with polyvinyl pyrrolidone. In short, a double density gradient with 4
ml Percoll denisty 72,13 % at the bottom and 4 ml Percoll density 63,11 % on top
was prepared. Then, 4 ml anticoagulated whole blood was layered carefully on top.

The tubes were centrifuged at 500g for 30 min at room temperature, no break and
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the band with PMN was carefully separated with a Pasteur-pipette. From then on, the
PMN were maintained at 4°C until activation. Residual erythrocytes were removed by
lysis in cold NH4CI buffer (400g, 10 min, 4°C, break on), followed by two careful
washes in HANKs minus (400g, 10 min, 4°C, break on). The supernatant is
discarded. Remaining cells were greater than 99% PMN as demonstrated by
microscopic evaluation. PMN were studied within 2h of their isolation. In general, this
technique yielded about 0.5 — 1 x 108 PMN from 50 ml of fresh blood.

2.2.2. Preparation of Activated PMN Supernatants and Measurement of ATP or
myeloperoxidase (MPO) content
To measure nucleotide release from activated PMN, freshly isolated human
neutrophils were activated with N-formyl-methionyl-leucyl-phenylalanine (fMLP),
which stimulates neutrophils and monocytes but not lymphocytes and platelets.
Samples from the supernatant were taken at different time points after activation and
analyzed by HPLC. In short, freshly isolated human PMN were transferred from cold
(4°C) calcium free buffer (HANKS balanced salt solution without calcium, HANKS
minus) into HANKS plus with 100 nM fMLP at a concentration of 107 cells/ml, and
rotated end-over-end at 37°C. At 1, 5, 10 and 15 min, 200 pl samples were
transferred into ice-cold Eppendorf cups and immediately pelleted (500g for 4 min,
4°C). The resultant cell-free supernatants were assessed by HPLC (model 1050;
Hewlett-Packard, Palo Alto, California, USA) with an HP 1100 diode array detector
by reverse-phase on an HPLC column (Luna 5-ym C18, 150 x 4.60 mm;
Phenomenex, Torrance, California, USA) with 100% H20O mobile phase. ATP was
thus identified by its chromatographic behaviour (retention time, UV absorption
spectra, and coelution with standards). To exactly quantify the ATP content within the
supernatant, a highly sensitive luciferase based technique was used (CHRONO-
LUME reagent, Chrono-log Corp, Haverton, PA). Luciferase activity was assessed on
a luminometer (Turner Designs Inc., Sunnyvale, California, USA) and compared with
internal ATP standards. In subsets of experiments, the granular marker MPO was
assessed. In short, MPO was quantified from the cell-free supernatant after
adjustment of the pH to 4.2 with 1.0 M citrate buffer (pH 4.2) and color development
was assayed at 405 nm on a microtiter plate reader after mixing equals parts of the

supernatant with a solution containing 1mM 2,2 -azino-bis (3-ethylbenzothiazoline-6-
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sulfonate) (ABTS, Sigma-Aldrich) and 10nM hydrogen peroxide (H2O.) in 100 nM
citrate buffer (pH 4.2). After appropriate color development the reaction was
terminated by the addition of SDS to a final concentration of 0.5% (3, 97). In subsets
of experiments, PMN were preincubated and fMLP stimulated in the presence of
brefeldine A, verapamile, dipyridamole, 18-a-glycyrrhetinic acid (18-a-GA), which
inhibited transjunctional currents, and anandamide (Sigma Aldrich). In addition, the
effects of connexin-mimetic peptides were tested (for connexin 43: SRPTEKTIFII; for
connexin 40: SRPTEKNVFIV, Biosource, Solingen, Germany) (98).

2.2.3. PMN Granule isolation

The granule fraction from PMN was purified from resting neutrophils as previously
described (99) Briefly, neutrophils were subjected to nitrogen cavitation followed by
centrifugation to remove nuclei and non-disrupted cells. The resulting postnuclear
supernatant was applied to the top of a discontinuous, 3-layer Percoll gradient
(1.050/1.09/1.12 g/mL) and centrifuged at 37000g for 30 min at 4°C. Gradients were
aspirated from the bottom through a peristaltic pump attached to a fraction collector
set to deliver 1 mL in each fraction. The granular fraction was pooled and Percoll was
removed by centrifugation, and the biological material was resuspended in 1 mL
HANKS minus. Aliquots were assayed for the presence of the marker protein MPO.
ATP content of the granular fraction was quantified as above and compared with the

ATP content of the cytosolic fraction.

2.2.4. Measurement of endothelial surface enzyme activity of the ecto-apyrase
(CD39) and the 5’-ectonucleotidase (CD73)
We assessed surface enzyme activity as described previously (9, 70) by qunatifying
the conversion of etheno-ATP (E-ATP, Molecular Probes Inc.) to etheno-AMP (E-
AMP, Sigma Aldrich; CD 39 activity) or e-AMP to etheno-adenosine (CD 73 activity).
Briefly, HBSS with or without ab-methylene ADP (APCP) was added to freshly
isolated PMN (107/ml). After 10 min, E-ATP/E-AMP (final concentration 1uM) was
added and samples were taken at indicated time points, removed, acidified to pH 3.5
with HCI, spun /10,0009 for 20 sec, 4°C), and frozen (-80°C) until analysis via HPLC.

This was done with an HPLC pump P680 and a Hitachi Fluorescence Detector L-
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7480 on a reverse-phase column (Grom-Sil 120-ODS-ST-5u; 150 x 3 mm Grom)
using a mobile phase gradient from 0 to 33 % acetonitrile/0.3 mM Kh2PO4 (pH5) in
10 min. CD 39/CD73 activity was expressed as percent E-ATP/E-AMP conversion in

this time frame.

2.2.5. Endothelial Cell Isolation and Culture

Human microvascular endothelial cells (HMEC-1) were a kind gift of Francisco
Candal, Centers for Disease Control, Atlanta, GA (104) and were harvested and
cultured by a modification of methods previously described (3, 72). In brief, HMECs
were harvested with 0.1% trypsin and incubated at 37°C in 95% air/5% CO.,. Culture
medium was supplemented with heat-inactivated fetal bovine serum, penicillin,
streptomycin, L-glutamine, epidermal growth factor, and hydrocortisone. For
preparation of experimental HMEC monolayers, confluent endothelial cells were
seeded at ~1x10° cells/ cm? onto either permeable polycarbonate inserts or 100 mm
Petri dishes. Endothelial cell purity was assessed by phase microscopic
"cobblestone" appearance and uptake of fluorescent acetylated low-density

lipoprotein.

2.2.6. Endothelial Macromolecule Paracellular Permeability Assay

Using a modification of methods previously described (72, 74), HMECs on
polycarbonate permeable inserts (0.4-um pore, 6.5-mm diam; Costar Corp.,
Cambridge, MA) were studied 7-10 d after seeding (2-5 d after confluency). Inserts
were placed in HBSS-containing wells (0.9 ml), and HBSS (alone or with PMN, PMN
supernatant, or ATP) was added to inserts (100 pl). At the start of the assay (t = 0),
FITC-labeled dextran 70 kD (concentration 3.5 yM) was added to fluid within the
insert. The size of FITC-dextran, 70 kD, approximates that of human albumin, both of
which have been used in similar endothelial paracellular permeability models. Fluid
from opposing well (reservoir) was sampled (50ul) over 60 min (t = 20, 40 and 60
min). Fluorescence intensity of each sample was measured (excitation, 485 nm;
emission, 530 nm; Cytofluor 2300; Waters Chromatography, Bedford, MA) and FITC-
dextran concentrations were determined from standard curves generated by serial

dilution of FITC-dextran. Paracellular flux was calculated by linear regression of
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sample fluorescence. Consistent with observations of other investigators, control
experiments demonstrated decreased paracellular permeability with forskolin and 8-
bromo-cAMP and increased paracellular permeability with thrombin and hydrogen

peroxide.

2.2.7. Immunoblotting experiments

PMN were freshly isolated from human donors and lysed for 10 min in lysis buffer
(107 PMN/500ul; 150 M NaCl, 25 mM Tris, pH 8.0, 5mM EDTA, 2% Triton X-100,
and 10 % mammalian tissue protease inhibitor cocktail; Sigma Aldrich), and collected
into microfuge tubes. After spinning at 14,000g to remove cell debris, the pellet was
discarded. Proteins were solublized in reducing Laemmli sample buffer and heated to
90°C for 5 min. Samples were resolved on a 12% polyacrylamide gel and transferred
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 pg/ml polyclonal rabbit phospho-connexin 43
(ser368) antibody (Cell Signaling Technology, Danvers, MA USA) for 1h at room
temperature, followed by 10 min washes in PBS-T. The membranes were incubated
in 1:3,000 goat anti-rabbit IgG ( ICN Biomedicals/Cappel), and conjugated to
horseradish peroxidase for 1 h at room temperature. The wash was repeated and

proteins were detected by enhanced chemiluminscence.

2.2.8. Flowcytometric analysis of PMN surface expression of CD 39 and CD 73
Whole blood was obtained by venipuncture from human volunteers and
anticoagulated with acid citrate (10 ml monovets with Na-citrat, Sarstedt, Nimbrecht,
Germany). 100 ul of whole blood were stained with fluorescine labelled monoclonal
antibodies against CD 73 (Serotec) and PE-labelled anti CD 39 (Becton Dickinson)
and their IgG subclass specific isotypes respectively a

Ccording to the instructions of the manufacturer. After 30 minutes of incubation at
room temperature, erythrocytes were lysed using FACS lysing solution (Becton
Dickinson) and spun (1200 RPM for 5 min, 4°C). Cells were washed two times in
HANKS minus, fixed (CellFix, Becton Dickinson) and analysed within less than half

an hour in a Becton Dickinson FACSort equipped with CellQuest software. Forward
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and right-angle light scatter were used for gating granulocytes, monocytes and

lymphocytes. Isotypes were set within the first decade of the 4-decade scale.

2.2.9. PMN adhesion assay

Freshly isolated PMNs were labelled for 30 minutes at 37°C with 5 yM BCECF-AM
(27,7 -bis(carboxyethyl)-56-carboxyfluorescein-acetoxymethyl ester; 5 pM final
concentration; Calbiochem, San Diego, CA) and washed three times in calcium free
HBSS. Labelled PMN (1x 10°% monolayer) were activated with 100 nM fMLP and
added to washed normoxic or hypoxic monolayers of confluent HMEC-1. Plates
were centrifuged at 150g for 2 minutes to uniformly settle PMN, and adhesion was
allowed for 10 minutes at 37°C. Monolayers were gently washed three times with
HBSS, and fluorescence intensity (485-nm excitation, 530-nm emission) was
measured on a fluorescent plate reader (Cytofluor 2300, Millipore, Bedford, MA).
Adherent cell numbers were determined from standard curves generated by serial
dilution of known PMN numbers diluted in HBSS. All data were normalized for
background fluorescence by subtraction of fluorescence intensity of samples
collected from monolayers incubated in buffer only, without addition of PMN (3). To
test the influence of connexin mimetic peptides, fMLP activation of PMN was
performed after 10 minutes of pre-incubation and in the presence of indicated
concentrations of connexin mimetic peptides (for connexin 43: SRPTEKTIFII; for
connexin 40: SRPTEKNVFIV, 0-1000 uM). As a control, the non-specific adenosine
receptor antagonists 8PT was used (both PMN and HMEC-1 monolayers were
(pre-)incubated with 10 uM 8-PT).

2.2.10. Isolation and activation of murine PMN

In subsets of experiments, PMN were isolated from mice with induced ablation of
ablation of Cx43. this was achived using adult Cx43Cre-ER(T)/fl mice that received
intraperitoneal injections of 3 mg 4-hydroxytamoxifen (4-OHT) once per day on five
consecutive days as previously described (100). The animals were sacrificed at day
12 after the first injection. For control, Cx43fl/fl mice were used. In other
experiments, PMN isolated from heterozygote Cx43+/- (101) and cd39-/- mice were

used (102). In short, age and gender matched knockout mice and littermate controls
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received intraperitoneal heparin (300 i.E./kg) and pentobarbital (100 mg/kg). After
induction anesthesia, whole blood was obtained by cardiac puncture (500-800 pl per
animal) and the animals were sacrificed. PMN were isolated with a double density
gradient using 4 ml Percoll 73% at the bottom and 4 ml Percoll 63% above, with the
heperanized blood of one animal carefully layered on top. The tubes were
centrifuged at 500g for 30 minutes at room temperature, no break and the band with
PMN was carefully separated. PMN were studied within 2h of their isolation. In
general, this yielded about 1-5 x 106 PMN per animal. Due to low expression rates
of fMLP receptors on murine PMN, activation was performed with leukotriene B4
(LTB4 100nM, Calbiochem) (103). In short, freshly isolated PMN were transferred
from cold (4°C) calcium free buffer (HANKS minus) into HANKS plus with 100nM
LTB4 at a concentration of 106 cells/ml, and rotated end-over-end at 37°C. At 1, 5,
10, 15 minutes, 200 ul samples were transferred into ice-cold Eppendorf cup ans
immediately pelleted (500g for 30s, 4°C). The resultant cell-free supernatants were
assessed for ATP content with a standard luciferase based technique (Chrono-Lume
reagent, Chrono-log Corp, Haverton, PA) as above (n=4-6 animals per condition).
Cx43 expression was assessed by western blot analysis from cardiac tissue. In
short, mouse myocardial extracts were snap frozen, homogenized with a mortar in
liquid nitrogen and transferred to 1 x Cell lysis buffer (Cell Signaling, Beverly, MA,
containing in mM: Tris 7.5 20, NaCl 150, EDTA 1, EGTA 1, sodium pyrophosphate
2.5, b-glycerolphophate1, Na3VO4 1, Triton X-100 1%, Leupeptin 1ug/ml, Complete
Protease Inhibitor Cocktail 1x (Roche, Basel, Switzerland)). Subsequently, the
samples were sonicated for 20s and centrifuged at 14000g for 10 minutes. The
supernatants were collected and the protein concentrations were determined using
Dc protein assay (Biorad, Hercules, CA). 25 ug total proteins were electrophortically
separated on 10% SDS-PAGE and transferred to nitrocellulose membrane. Cx 43
was detected usig a rabbit polyclonal antibody against rat total Cx43 (Zymed, Berlin,
Germany, dilution 1:1000) and GAPDH was detected using a monoclonal antibody
against rabbit GAPDH (HyTest, Turku, Finland, dilution 1:2500). Immunoreactive
signals were detected by chemiluminescence (LumiGLO, Cell Signaling) and
quantified using Scion Image software. These protocols were in accordance with
National Institutes of Health Guidelines for use of live animals and were approved by
the Institutional Animal Care and Use Committee at Brigham and Women’s Hospital

and of the University of Essen, Germany.
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3. Results

3.1. PMNrelease ATP upon activation

We have previously shown that PMN have the capacity to release adenine
nucleotides in the form of ATP (7, 9), though the molecular details of nucleotide
release from PMN remain largely unknown. Here, we sought to understand details of
ATP release from PMN. Initially, we determined whether ATP release was activation-

dependent. For these purposes, we distinguished extracellular ATP levels in the
presence and absence of the potent PMN activator fMLP.
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Figure 1: 5°-Adenosintriphosphate (ATP) release from PMN is activation dependent
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As shown in Figure 1, ATP was readily detected in supernatants of freshly
isolated PMN (based on biophysical criteria such as retention time, coelution with
internal ATP standards (Figure 1A) and UV absorption spectra (data not shown))
and ATP release increased by greater than approximately six-fold upon fMLP
activation (area under curve of the HPLC tracing). These findings from HPLC-based
detection were confirmed using a luminometric ATP detection assays. As shown in
Figure 1B, ATP release from freshly isolated PMN was 4.2 + 1.6 nmol/10” PMNs
without activation at 4°C in Ca®*-free HBSS. Higher ATP levels were observed at
37°C in Ca®" containing buffer (maximal levels 13.2 + 6.3 nmol/10” PMNs; p <
0.001 by ANOVA), and progressively dissipated to control levels within 15 min.
These results indicate a metabolic and activation-dependent release of ATP from
human PMN.

3.2.  Mechanism of extracellular ATP metabolism

In the course of these studies, we addressed the rapid loss of extracellular ATP
following PMN activation (Figure 1). In our experimental setting of the 10’ PMN/m,
extracellular ATP concentrations were as high as 100nM, while cytoplasmic
concentrations were as high as 5mM (see later), thereby resulting in a 50,000-fold
transmembrane ATP gradient, making passive ATP reuptake highly unlikely. As
second possibility, we considered extracellular ATP phosphohydrolysis by PMN. A
primary source of extracellular ATP phosphohydrolysis is cell surface CD 39 (67),
and therefore, we determined whether PMN express surface CD 39. For these
purposes, we used a non-native exogenous substrate (etheno-ATP) which could be
distinguished from endogenous ATP via HPLC analysis (9, 70). To measure CD 39
activity, we quantified etheno-ATP conversion to etheno-AMP by intact PMN (10’
PMN/ml) in the presence and absence of the CD 73 inhibitor alpha-beta-methylene-
ADP (APCP) (10 uM).
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As shown in Figure 2A, isolated PMN rapidly metabolized etheno-ATP to

etheno-AMP, suggesting high levels of CD 39 activity. Surprisingly, etheno-AMP was

stable in the supernatant independent of the presence of APCP (10 uM), suggesting

that PMN express little or no CD 73. To confirm this hypothesis, we measured CD 73

activity on PMN (conversion of etheno-AMP to etheno-adenosine (70)). This analysis

confirmed our inhibitor experiments and revealed no detectable CD 73 on intact
PMN (Figure 2B). To confirm these results, we utilized FACS-analysis for C D 39
and CD 73 on various leukocyte populations. As shown in Figure 2C, PMN and

monocytes express no detectable CD 73, whereas CD 73 is highly expressed on

lymphocytes. These experiments in PMN were repeated following fMLP stimualtion,

and did not influence the pattern of CD 39 and CD 73 expression (data not shown).
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3.3. Different kinetics of ATP-levels within the supernatant of activated PMN
derived from cd39-null-mice

We next extended the above findings with human PMN to murine PMN. For these

purposes, we compared CD 39 activity on isolated PMN from cd39-null mice (67)

and littermate controls.

As shown in Figure 3A, while PMN from littermate controls readily converted
etheno-ATP to etheno-AMP, such activity was completely absent on PMN from
cd39” mice (Figure 3A, p < 0.01 by ANOVA). As next step, we measured ATP
concentrations in the supernatant of activated PMN from cd 397 mice and compared
them to littermate controls. Since murine PMN express little or no surface fMLP
receptors, we used leukotriene B4 (LTB4, 100nM) for activation of PMN (103). As
shown in Figure 3B, freshly isolated PMN from wild-type mice released ATP in an
activation-dependent manner (maximal 6.7 + 0.57 fold increase), with similar kinetics
as human PMN (see Figure 1B). Similar to wild-type mice, PMN from cd 397 mice
also released ATP in an activation-dependent manner. Moreover, the lack of
extracellular metabolism through surface CD 39 resulted in accumulation of ATP (1.6
+ 0.09-fold increase in maximal ATP levels compared to PMN from wildtype mice, p
< 0.05). Similarly, ATP levels in the supernatant of unactivated PMN from cs 397
mice were higher and stayed close to their peak concentration throughout the
experiment compared to wildtype PMN (Figure 3B, p < 0.05 by ANOVA). Taken
together, these experiments suggest that PMN surface CD 39 contributes

significantly to the rapid metabolism of ATP following PMN activation.

3.4. Biologically active adenosine liberated via PMN CD 39 and endothelial
CD 73

Based on the above observation that PMN express CD 39 but not CD 73 on their
surface, and that ATP in the presence of PMN is rapidly hydrolyzed to AMP, we
hypothesized that an additional cell-type is necessary to contribute CD 73 dependent
AMP conversion and establish an adenosine dependent signaling pathway (3). Due
to the close special relationship of PMn to the endothelium during transendothelial
migration (13), its pivotal role to orchestrate PMN invasion into the underlying tissues
during inflammatory hypoxia (3, 33), and the fact that Cd 73 is induced by hypoxia

on the endothelial surface (9, 70), we examined effects of supernatants from
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activated PMN on normoxic or post-hypoxic endothelial cell function as a model for
neutrophil-endothelial crosstalk. To pursue these experiments, we activated PMN
with fMLP and exposed HMEC-1 to ddifferent concentrations of the supernatant and
measured paracellular barrier function, using a previously described in vitro model
(9, 75). Consistent with previous studies (75), endothelial exposure to the
supernatant of PMN resulted in a concentration-dependent decrease in paracellular
permeability (p < 0.01 by ANOVA, with maximal 71 + 5 % decrease in flux, data not
displayed). Such changes in paracellular permeability were inhibited by as much as
93 +6 % by the non-specific adenosine receptor antagonist 8-phenyl-theophylline (3
MM), thereby significantly implicating adenosine in this response. These results
define a biochemical crosstalk pathway involving PMN expressed CD 39 and

endothelial expressed CD 73.

3.5.  Mechanisms of PMN ATP release

ATP exists in the cytoplasm at millimolar concentrations (104) and can be released
extracellularly by several mechnisms, including exocytosis of ATP containing
vesicles (105-107), transport via connexin hemichannels (108), through nucleoside
transporters (109, or direct transport through ATP-binding cassette (ABC) proteins
(110-111). As first step, we considered exocytosis of ATP containing granular
vesicels as possible mechnaism. To inhibit vesicular secretion, we used the general
secretion inhibitor brefeldin A (BFA) (107).

As shown in Figure 4A, BFA (5 pug/ml) did not influence the kinetics or the
absolute amount of ATP liberated from activated human PMN. Consistent with
previous studies in human PMN (112), BFA significantly inhibited the activated
release of the granule-bound enzyme myeloperoxidase (MPO, Figure 4B).
Consistent with these findings, isolated granules from resting PMNs contained
greater than 95 % of MPO activity (data not shown), but nearly undetectable levels
of ATP (Figure 4C). Cytosolic ATP concentrations were higher than 5 mM (Figure
4C). Taking together, these studies suggest that activation dependent ATP release

by neutrophils is not via granular exocytosis.
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Figure 4: ATP release from PMN is not vesicular

3.6. Therole of Cx 43in ATP release from PMN
In view of these results that ATP is not granule-bound in PMN, we attempted
pharmacological approaches to define mechanisms of ATP release. Based on
reports suggesting a role of nucleoside transporter function in cellular ATP release
(109), we examined the influence of nucleoside transport inhibitor dipyridamole (1,
10 and 100 pM) (84, 109, 113) on PMN ATP release. In fact, no effect on stimulated
ATP release could be demonstrated (data not displayed). Similarly, verapamil, an
inhibitor of several ABC proteins and the multi drug resistance gene product (110-
111) had no influence on ATP release.

As shown in Figure 5A, no differences in stimulated ATP release was
detectable between controls and samples treated with 1, 10 or 100 uM verapamil.
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Based on previous reports suggesting that connexin hemichannels may serve
as ATP release channels in glial cells (108) and the observation that PMN express
surface connexins (114-115), we measured ATP release of PMN in the presence of
the non-specific gap junction inhibitor 18aGA (116). As shown in Figure 5B, addition
of 18aGA resulted in a concentration dependent inhibition of ATP release from
fMLP-activated PMN (Figure 5B, p < 0.01 by ANOVA). Additional experiments with
the non-specific gap junction inhibitor anandamide (117) confirmed the above
results, revealing a 4.6 + 0.62 fold decrease in stimulated ATP release in the
presence of 100 yM anandamide (p < 0.01 by ANOVA, date not shown).

We extended these findings to define specific connexin contributions to PMN
ATP release. For these purposes, we next used connexin peptides specifically
directed against Cx 40 and Cx 43 (114-115, 118). As shown in Figure 5C, peptides
specific for Cx 40 did not significantly influence ATP liberation from activated PMN.
By contrast, the peptides which block Cx 43 showed a concentration-dependent
inhibition of ATP liberation (p < 0.01 by ANOVA), with an over 6-fold reduction of
maximal ATP release at 1 min after fMLP stimualtion. These results significantly

implicate Cx 43 in activated ATP release from human PMN.

3.7. Activation-dependent PMN Cx 43 dephosphorylation

It is known that hexameric assemblies of connexin 43 molecules (so called
connexons) from hemichannels connnecting the intracellular with the extracellular
space (119). The conductance and permeability of such Cx 43 hemichannels is
regulated by modification of their cytoplasmic domain, with phosphorylation of
Ser368 causing a conformational change resulting in decreased connexon
permeability (120, 121). Therefore, we examined the influence of fMLP on Cx 43
Ser-238 phosphorylation in intact PMN.
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As shown in Figure 6A, Cx 43 is prominently phosphorylated in resting PMN
(Figure 6A, 0 min). Within 1 min of fMLP activation, phosphorylation of Cx 43
precipitously decreases, and slowly recovers over 15 minutes. These results are
consistent with fMLP-dependent dephosphorylation of Cx 43, conformational
opening of Cx 43 hemichannels.

Previous reports have implicated protein phosphatase 2A in Cx 43
dephosphorylation (122). Therefore, we performed the above experiment in the
presence of the protein phosphotase inhibitor okadaic acid (100nM). As shown in
Figure 6B, fMLP induced dephosphorylation of Cx 43 was attenuated in the
presence of 100 nM OA. Based on this observation, and previous reports suggesting
that fMLP activation of PMN may be modulated by OA (123-124), we assessed ATP
release of PMN in the presence of OA. As shown in Figure 6C, ATP of PMN was
decreased 4.1 £ 0.3-fold in the presence of 100 nM OA. Taken together, these
results reveal activation-dependent dephosphorylation of Cx 43 via protein

phosphatase and resultant activation of ATP release in human PMN.

3.8. Role of Cx 43 dependent ATP release by PMN in modulating endothelial
cell function
To investigate the role of Cx 43 dependent ATP release, we next generated
supernatants from fMLP-activated PMN that were preincubated (10 min) and
activated in the presence of 18aGA or connexin mimetic peptides alone did not
result in a change of endothelial flux rates (data not shown), the barrier protective
effects of the supernatant was absent if PMN were activated in the presence of
18aGA (10 yM) or the connexin mimetic peptide specific for Cx 43 (100 uM). This
suggests that connexin-dependent ATP release is required for the observed barrier

effects of the supernatant (Figure 7A).
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Figure 7: Role of PMN-dependent ATP release in modulating endothelialcell functions

Taken together, these results suggest that the known barrier protective effects
of supernatants from activated PMN require Cx 43 dependent ATP liberation from
PMN. Moreover, these experiments also highlight the role of PMN and endothelia as
crosstalk-partners in an adenosine dependent signaling pathway, with PMN
liberating ATP and CD 39-dependent phosphohydrolysis to AMP, while endothelial
CD 73 activity results in the generation of adenosine and activation of endothelial

adenosine receptors.
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As a second model of crosstalk between PMN and endothelia, we invetigated
the role of ATP release from PMN for neutrophil adhesion to normoxic or post-
hypoxic endothelia. Consistent with previous studies, adhesion of fMLP activated
PMN was increased by addition of the non-specific adenosine receptor antagonist 8-
PT (3 uM), suggesting that such increases in PMN to endothelia are dependent on
adenosine signaling (Figure 7B) (3). As next step, we measured PMN adhesion to
endothelia in the presence of the connexin mimetic peptide specific for Cx 40 (Figure
7B) and for Cx 43 (Figure 7C). Similar to using different concentrations of the
peptides alone (data not shown), the addition of the Cx 40 specific peptide did not
alter PMN adhesion to a measureable degree. In contrast, inhibition of ATP release
from fMLP activated PMN with the Cx 43 specific connexin mimetic peptide resulted
in a concentration dependent increase in neutrophil-endothelial adhesion. These
results demonstrate that Cx 43-dependent release of ATP controls PMN-endothelial

adhesion through metabolic crosstalk at the endothelial surface.

3.9. Activated PMN from mice with induced deletion of Cx 43 show
decreased ATP release
As proof of principle for biologically-relevant PMN Cx 43 activity, we isolated PMN
from age and gender matched mice with induced deletion of Cx 43
(Cx 43CERMM + 4 OHT, further referred to as Cx 437") and the corresponding floxed
control animals (Cx 43""), as well as heterozygote Cx 43-null mice (Cx 43*"). As
depicted from western blot analysis from cardiac tissue in Figure 8A and 8B,
administration of tamoxifen resulted in nearly complete deletion of Cx 43 in the
Cx 43" mice, and a corresponding 50 % decrease in Cx 43" mice. Floxed control
animals (Cx 43" had similar cardiac Cx 43 expression to that of wildtype animals.
Consistent with our results from phyrmacological inhibition of Cx 43, isolated PMN
ATP release upon activation was nearly completely abolished in Cx 43" mice (p <
0.001 by ANOVA compared to wildtype mice and compared to floxed controls,
Figure 8C). By contrast, Cx 43" mice had higher ATP levels than Cx 43" knockout
mice, but lower than wildtype animals or floxed controls (p < 0.05 compared to
wildtype, floxed controls or Cx 43" by ANOVA). The floxed control mice had similar
ATP levels than wildtype controls. As shown in Figure 8D, the total amount of PMN

ATP release was closely correlated with the degree of Cx 43 expression (Figure 8B).
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These studies provide genetic evidence that ATP release from activated PMN

occurs in a Cx 43-dependent fashion.
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4. Discussion

Metabolic and transcriptional responses to inflammation are common denomiantors
of multiple cardiovascular (125) and pulmonary diseases (94). In particular,
adaptation to “inflammatory hypoxia” has become an area of intense investigation (2,
87, 96). Important in this regard, a consistent finding in hypoxic tissues is increased
extracellular nucleotide levels (3-6, 126). In addition to platelets, PMN may comprise
an important source for increases in extracellular ATP concentrations. Due to their
role as first line of cellular response to inflammatory hypoxia, here we pursued
mechanisms and functional consequences of ATP release from aktivated PMN. We
identified a novel role for Cx 43 in activation-dependent ATP release from PMN.
Further studies revealed that in the presence of PMN, ATP is rapidly metabolized to
AMP through catalytic activity involving PMN surface CD 39. Confirmatory studies in
inducible Cx 43-deficient murine revealed that Cx 43 expression correlated with
PMN ATP release. Take together, these studies demonstrate nucleotide loberation
at sights of acute inflammation by PMN, and identify Cx 43 dependent ATP release
as a central part of an innate inflammatory response controlling adenosine-
dependent endothelial function (Figure 9).

Historically, activated platelets were thought to serve as the primary source
for extracellular adenine nucleotides (59-60). From this perspective, endothelial CD
39 has been viewed as a protective, thromboregulatory mechanism for limiting the
size of the hemostatic plug (60-61). Metabolism of adeine nucleotides derived from
activated platelets is crucial in limiting excessive platelet aggregation and thrombus
formation (62-63). Similarly, excessive platelet accumulation and recruitement can
be treated with the use of soluble forms of CD 39 (64-65). Moreover, a
thromboregulatory role could be demonstrated in a model of stroke, where cd 39-null
mice showed increased sizes of infarction that could be reduced by treatment with
soluble CD 39 (66). Surprisingly, targeted disruption of CD 39 resulted in prolonged
bleeding and increased vascular leak and fibrin deposition in hypoxemia (67),
suggesting a dual role for ATP metabolism by CD 39 in modulating hemostasis and
thrombotic reactions. Most likely, this observation is related to an activation and
desensitization of the prinergic type P,Y receptor on platelets. Activation of the
P.Y 1-platelet receptor appears to be crucial in the activation process of platelets. As

such, P,Y deficient mice exhibit signs of prolonged bleeding time and resistance to
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thromboembolism (68). In contrast to these studies, we observed a barrier-protective
and antiinflammantory role of ATP released from PMN, due to rapid metabolim to

adenosine, apparently unrelated to the activation of P2 receptors.

JCAMPTT

Endothelia/Epithelia ++

Figure 9: Model of coordinated nucleotide metabolism and nucleoside signaling in

hypoxia and during inflammation cells

Consistent with previous studies (3, 75), our results highlight extracellular
nucleotide-phosphohydrolysis and nucleoside signaling through biochemical
crosstalk involving more than one cell type (Figure 9), As demonstrated here, PMN
release ATP in an activation-dependent fashion and such ATP is "auto-hydrolyzed"
to AMP through PMN surface CD 39. Further metabolism of AMP to adenosine
requires an additional cell type to contribute CD 73 activity in order to generate
adenosine. As such, PMN CD 39 may function as an immuno-modulatory control
point, requiring close special relationship to CD 73-positive cells (such as

endolthelia, epithelial, or lymphocytes). Conversely, the fact that PMN express high
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levels of CD 39 on their extracellular surface may be critically important in their role
of limiting ADP dependent activation of platelets during excessive thrombosis or
inflammation. Such a role is consistent with studies in transgenic expression of
human CD 39 (hCD39) in mice. These mice display no overt spontaneous bleeding
tendency, but exhibit impaired platelet aggregation, prolonged bleeding times, and
resistance to systemic thromboembolism. By contrast, donor hearts transgenic for
hCD39 appear to be substantially protected from thrombosis and survived longer in
murine models of cardiac transplantation (127). However, the contribution of
different cell types (endothelial, cardiac myocytes, myeloid cells) to the observed
antithrombosis remains unclear. It seems not unreasonable to hypothesize a
contribution of PMN-dependent CD 39 to this role, as PMN are among the first cell
types recruit during cardiac transplantation and during rejection. However,
convincing evidence for the individual contribution to different cell types and different
tissues for the observed anti-inflammatory and anti-thrombotic effects of CD 39 will
require tissue/organ specific deletion of the gene.

Consistent with our findings, previous studies have shown that Cx 43
phosphorylation may be modulated by activation as occurs during inflammation and
hypoxia, resulting in an alteration in cellular functions. For instance, some studies
suggest dephosphorylation of Cx 43 and uncoupling of myocardial gap junctions
occur during myocardial ischemia. Under such circumstances, Cx 43 may be
reversibly dephosphorylated and rephosphorylated during hypoxia and
reoxygenation dependent on fluctuations in intracellular ATP content (128).
Moreover, several studies have implicated a role of Cx 43 in cardioprotection by
ischemic preconditioning (129), insomuch as protection by ischemic preconditioning
is lost in cardiomyocytes and hearts of heterozygous connexin 43 deficient mice (Cx
43*")(130). Additional studies demonstarte that the absence of cardioprotection in
mice with genetic modulation of Cx 43 expression does not involve intercellular
communication through gap junctions (131), but appears to be related to a more
specific deficit in reactive oxygen species formation in response to diazoxide and
accordingly less protection (132). In view of the results from the present study
showing a critical role of Cx 43 as a phosphorylation dependent ATP release
channel may also be important in cardioprotection by preconditioning. In fact,
previous studies have demonstrated a critical role of extracellular adenosine

generation by CD 73 in cardiac ischemic preconditioning (133-134). Thus, ATP
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released from cardiac cells through dephosphorylated Cx 43 may be a critical source
for extracellular adenosine generation via CD 73 and cardioprotection by cardiac
ischemic preconditioning. In conjunction, a reduction of cardiac Cx 43 expression
may thus abolish cardioprotective effects of ischemic preconditioning by a reduced

substrate availability for extracellular adenosine generation.

5. Summary

In summary, our results highlight for the first time a critical role of Cx 43 on the
surface of PMN in releasing ATP from inflammatory cells during activation. Such
ATP is rapidly hydrolyzed to adenosine via close association with CD 73 expressing
cell types. thus, PMN dependent release of ATP may play a critical role in the

metabolic control of innate inflammatory pathways.

42



References

Tamura, D.Y., E.E. Moore, D.A. Patrick, J.L. Johnson, P.J. Offner, and C.C.
Silliman. 2002. Acute hypoxemia in humans enhances the neutrophil
inflammatory response. Shock 17: 269-273.

Sitkovsky, M., Lukashev, D. 2005. Regulation of immune cells by local-tissue
oxygen tension: HIF1 alpha and adenosine receptors.
Nat Rev Immunol 5: 712-721.

Eltzschig, H.K., and Collard, C.D. 2004. Vascular ischemia and reperfusion
injury. Br. Med Bull 70: 71-86.

Mo, F.M., and Ballard, H.J. 2001. The effect of systemic hypoxia on interstitial
and blood adenosine, AMP, ADP and ATP in dog skeletal muscle. J Physiol
(Lond) 536: 593-603.

Phillis, J.W., O'regan, M.H., and Perkins, L.M. 1992. Measurement of rat
plasma adenosine levels during normoxia and hypoxia. Life Sci 51: PL 149-
152.

Saito, H., Nishimura, M., Shinano, H., Makita, H., Tsujino, I., Shibuya, E.,
Sato, F., Miyamoto, K., and Kawakammi, Y. 1999. Plasma concentration of
adenosine during normoxia and moderate hypoxia in humans. Am J Respir
Crit Care Med 159: 1014-1018.

Weissmuller, T., Eltzschig, H.K., and Colgan, S.P. 2005. Dynamic purine
signaling and metabolism during neutrophil-endothelial interactions.
Purinergic Signalling 1: 229-239.

Cramer, T., Yamanishi, Y., Clausen, B.E., Forster, |., Pawlinski, R., Mackman,
N., Haase, V.H., Jaenish, R., Corr, M., Nizet, V. et al. 2003. HIF-1alpha is
essential for myeloid cell-mediated inflammation. Cell 112: 645-657.

Eltzschig, H.K., Ibla, J.C., Furuta, G.T., Leonard, M.O., Jacobson, K.A,,
Enjyoji, K., Robson, S.C., and Colgan, S.P. 2003. Coordianted adenine
nucleotide phosphohydrolysis and nucleoside signaling in posthypoxic
endothelium: role of ectonucleotidases and adenosine A2B receptors. J Exp
Med 198: 783-796.

Colgan, S.P., Eltzschig, H.K., Eckle, T., and Thompson, L.F. 2006.
Physiological Roles of 5-Ectonucleotidase (CD 73). Purinergic Signalling in

press.

43



11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Madara, J.L. 1998. Regulation of the movement of solutes across tight
junctions. Annu Rev Physiol 60:143-159.

Luscinskas, F.W., S. Ma, A. Nusrat, C.A. Parkos, and S.K. Shaw. 2002. The
role of endothelial cell lateral junctions during leukocyte trafficking. Immunol
Rev 186:57-67.

Luscinskas, F.W., S. Ma, A. Nusrat, C.A. Parkos, and S.K. Shaw. 2002.
Leukocyte transendothelial migration: a junctional affair. Semin Immunol
14:105-113.

Carpenter, T.C., and K.R. Stenmark. 2001. Hypoxia decreases lung neprilysin
expression and increases pulmonary vascular leak. Am J Physiol Lung Cell
Mol Physiol 281:1.941-948.

Schoch, H.J., S. Fischer, and H.H. Marti. 2002. Hypoxia-induced vascular
endothelial growth factor expression causes vascular leakage in the brain.
Brain 125:2549-2557.

Stevens, T., J.G.N. Garcia, D.M. Shasby, J. Bhattacharya, and A.B. Malik.
2000. Mechanisms regulating endothelial cell barrier function. Am. J. Physiol.
(Lung Cell Mol Physiol) 279:L419-L422.

Stevens, T., J. Creighton, and W.J. Thompson. 1999. Control of CAMP in lung
endothelial cell phenotypes. Implications for control of barrier function. Am J
Physiol 277:L.119-126.

Stan, R.V. 2002. Structure and function of endothelial caveolae. Microsc Res
Tech 57:350-364.

Michel, C.C. 1998. Capillaries, caveolae, calcium and cyclic nucleotides: a
new look at microvascular permeability. J Mol Cell Cardiol 30:2541-2546.
Worthylake, R.A., and K. Burridge. 2001. Leukocyte transendothelial
migration: orchestrating the underlying molecular machinery. Curr Opin Cell
Biol 13:569-577.

Schoenwaelder, S.M., and K. Burridge. 1999. Bidirectional signaling between
the cytoskeleton and integrins. Curr Opin Cell Biol 11:274-286.

Comerford, K.M., D.W. Lawrence, K. Synnestvedt, B.P. Levi, and S.P.
Colgan. 2002. Role of vasodilator-stimulated phosphoprotein in protein kinase
A-induced changes in endothelial junctional permeability. Faseb J

Tsukita, S., M. Furuse, and M. Itoh. 2001. Multifunctional strands in tight
junctions. Nat Rev Mol Cell Biol 2:285-293.

44



24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Rubin, L.L. 1992. Endothelial cells: adhesion and tight junctions. Curr. Opin.
Cell Biol. 4:830-833.

Janzer, R.C., and M.C. Raff. 1987. Astrocytes induce blood-brain barrier
properties in endothelial cells. Nature 325:253-257.

Dejana, E., R. Spagnuolo, and G. Bazzoni. 2001. Interendothelial junctions
and their role in the control of angiogenesis, vascular permeability and
leukocyte transmigration. Thromb Haemost 86:308-315.

Moore, T.M., P.M. Chetham, J.J. Kelly, and T. Stevens. 1998. Signal
transduction and regulation of lung endothelial cell permeability. Interaction
between calcium and cAMP. Am J Physiol 275:L203-222.

Burns, A.R., R.A. Bowden, S.D. MacDonell, D.C. Walker, T.O. Odebunmi,
E.M. Donnachie, S.I. Simon, M.L. Entman, and C.W. Smith. 2000. Analysis of
tight junctions during neutrophil transendothelial migration. J Cell Sci 113:45-
57.

Minnear, F.L., M.A.A. DeMichele, D.G. Moon, C.L. Reider, and J.W. Fenton.
1989. Isoproterenol reduces thrombin-induced pulmonary endothelial
permeability in vitro. Am. J. Physiol. 257:H1613-H1623.

Weinbaum, S., X. Zhang, Y. Han, H. Vink, and S.C. Cowin. 2003.
Mechanotransduction and flow across the endothelial glycocalyx. PNAS
100:7988-7995.

Rehm, M., S. Zahler, M. Lotsch, U. Welsch, P. Conzen, M. Jacob, and B.F.
Becker. 2004. Endothelial glycocalyx as an additional barrier determining
extravasation of 6% hydroxyethyl starch or 5% albumin solutions in the
coronary vascular bed. Anesthesiology 100:1211-1223.

Platts, S.H., and B.R. Duling. 2004. Adenosine A3 Receptor Activation
Modulates the Capillary Endothelial Glycocalyx. Circ Res 94:77-82.

Kong, T., H.K. Eltzschig, J. Karhausen, S.P. Colgan, and C.S. Shelley. 2004.
Leukocyte adhesion during hypoxia is mediated by HIF-1-dependent induction
of {beta}2 integrin gene expression. PNAS 0401339101.

Karhausen, J.O., G.T. Furuta, J.E. Tomaszewski, R.S. Johnson, S.P. Colgan,
and V.H. Haase. 2004. Epithelial hypoxia-inducible factor-1 is protective in
murine experimental colitis. J Clin Invest 114:1098-1106.

45



35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

Karhausen, J., G.T. Furuta, J.E. Tomaszewski, R.S. Johnson, S.P. Colgan,
and V.H. Haase. 2004. Epithelial hypoxia-inducible factor-1 is protective in
murine experimental colitis. J Clin Invest 114:1098-1106.

Rippe, B., and B. Haraldsson. 1994. Transport of macromolecules across
microvascular walls: the two-pore theory. Physiol. Rev. 74:163-219.

Lum, H., and A.B. Malik. 1994. Regulation of vascular endothelial barrier
function. Am. J. Physiol. 267:L.223-L241.

Kloner, R.A., S.G. Ellis, R. Lange, and E. Braunwald. 1983. Studies of
experimental coronary artery reperfusion: Effects on infarct size, myocardial
function, biochemistry, ultrastructure and microvascular damage. Circulation
68(Suppl 1):8-15.

Kloner, R.A., C.E. Ganote, and R.B. Jennings. 1974. The "no-reflow"
phenomenon after temporary coronary occlusion in the dog. J. Clin. Invest.
54:1496-1508.

Maier, R.V., and E.M. Bulger. 1996. Endothelial changes after shock and
injury. New Horizons 4:211-223.

Waxman, K. 1996. Shock: Ischemia, reperfusion and inflammation. New
Horizons 4:153-160.

Gautam, N., A.M. Olofsson, H. Herwald, L.F. Iversen, E. Lundgren-Akerlund,
P. Hedqvist, K.E. Arfors, H. Flodgaard, and L. Lindbom. 2001. Heparin-
binding protein (HBP/CAP37): a missing link in neutrophil-evoked alteration of
vascular permeability. Nat Med 7:1123-1127.

Pereira, H.A. 1995. CAP37, a neutrophil-derived multifunctional inflammatory
mediator. J Leukoc Biol 57:805-812.

Lee, T.D., M.L. Gonzalez, P. Kumar, S. Chary-Reddy, P. Grammas, and
H.A.Pereira. 2002. CAP37, a novel inflammatory mediator: its expression in
endothelial cells and localization to atherosclerotic lesions. Am J Pathol
160:841-848.

Hayashi, M., S.W. Kim, K. Imanaka-Yoshida, T. Yoshida, E.D. Abel, B.
Eliceiri, Y. Yang, R.J. Ulevitch, and J.D. Lee. 2004. Targeted deletion of
BMK1/ERKS in adult mice perturbs vascular integrity and leads to endothelial
failure. J Clin Invest 113:1138-1148.

Webb, A.R. 2000. Capillary leak. Pathogenesis and treatment. Minerva
Anestesiol 66:255-263.

46



47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Michel, C.C., and F.E. Curry. 1999. Microvascular permeability. Physiol Rev
79:703-761.

Baxter, G.F. 2002. Role of adenosine in delayed preconditioning of
myocardium. Cardiovasc Res 55:483-494.

Mubagwa, K., and W. Flameng. 2001. Adenosine, adenosine receptors and
myocardial protection: an updated overview. Cardiovasc Res 52:25-39.
Linden, J. 2001. Molecular approach to adenosine receptors: receptor-
mediated mechanisms of tissue protection. Annu Rev Pharmacol Toxicol
41:775-787.

Hasko, G., and B.N. Cronstein. 2004. Adenosine: an endogenous regulator of
innate immunity. Trends Immunol 25:33-39.

McCallion, K., D.W. Harkin, and K.R. Gardiner. 2004. Role of adenosine in
immunomodulation: review of the literature. Crit Care Med 32:273-277.
Sitkovsky, M.V., D. Lukashev, S. Apasov, H. Kojima, M. Koshiba, C. Caldwell,
A. Ohta, and M. Thiel. 2004. Physiological Control of Immune Response and
Inflammatory Tissue Damage by Hypoxia-Inducible Factors and Adenosine
A2A Receptors. Annual Review of Immunology 22:657-682.

Ohta, A., and M. Sitkovsky. 2001. Role of G-protein-coupled adenosine
receptors in downregulation of inflammation and protection from tissue
damage. Nature 414:916-920.

Hochachka, P.W., and P.L. Lutz. 2001. Mechanism, origin, and evolution of
anoxia tolerance in animals. Comp Biochem Physiol B Biochem Mol Biol
130:435-459.

O'Farrell, P.H. 2001. Conserved responses to oxygen deprivation. J Clin
Invest 107:671-674.

Boutilier, R.G. 2001. Mechanisms of cell survival in hypoxia and hypothermia.
J Exp Biol 204:3171-3181.

Eltzschig, H.K., L.F. Thompson, J. Karhausen, R.J. Cotta, J.C. Ibla, S.C.
Robson, and S.P. Colgan. 2004. Endogenous adenosine produced during
hypoxia attenuates neutrophil accumulation: Coordination by extracellular
nucleotide metabolism. Blood 2004-2006-2066.

47



59.

60.

61.

62.

63.

64.

65.

66.

Marcus, A.J., M.J. Broekman, J.H. Drosopoulos, N. Islam, D.J. Pinsky, C.
Sesti, and R. Levi. 2003. Metabolic Control of Excessive Extracellular
Nucleotide Accumulation by CD39/Ecto-Nucleotidase-1: Implications for
Ischemic Vascular Diseases. J Pharmacol Exp Ther 305:9-16.

Robson, S.C., K. Enjyoji, C. Goepfert, M. Imai, E. Kaczmarek, Y. Lin, J.
Sevigny, and M. Warny. 2001. Modulation of extracellular nucleotide-
mediated signaling by CD39/nucleoside triphosphate diphosphohydrolase-1.
Drug Development Research 53:193-207.

Robson, S.C., E. Kaczmarek, J.B. Siegel, D. Candinas, K. Koziak, M. Millan,
W.W. Hancock, and F.H. Bach. 1997. Loss of ATP diphosphohydrolase
activity with endothelial cell activation. J Exp Med 185:153-163.

Marcus, A.J., M.J. Broekman, J.H.F. Drosopoulos, N. Islam, T.N.
Alyonycheva, L.B. Safier, K.A. Hajjar, D.N. Posnett, M.A. Schoenborn, K.A.
Schooley, R.B. Gayle, and C.R. Maliszewski. 1997. The Endothelial Cell Ecto-
ADPase Responsible for Inhibition of Platelet Function is CD39. J. Clin.
Invest. 99:1351-1360.

Imai, M., K. Takigami, O. Guckelberger, K. Enjyoji, R.N. Smith, Y. Lin, E.
Csizmadia, J. Sevigny, R.D. Rosenberg, F.H. Bach, and S.C. Robson. 1999.
Modulation of nucleoside triphosphate diphosphohydrolase-1 (NTPDase-
1)cd39 in xenograft rejection. Mol Med 5:743-752.

Gayle, R.B., 3rd, C.R. Maliszewski, S.D. Gimpel, M.A. Schoenborn, R.G.
Caspary, C. Richards, K. Brasel, V. Price, J.H. Drosopoulos, N. Islam, T.N.
Alyonycheva, M.J. Broekman, and A.J. Marcus. 1998. Inhibition of platelet
function by recombinant soluble ecto-ADPase/CD39. J Clin Invest 101:1851-
1859.

Koyamada, N., T. Miyatake, D. Candinas, P. Hechenleitner, J. Siegel, W.W.
Hancock, F.H. Bach, and S.C. Robson. 1996. Apyrase administration
prolongs discordant xenograft survival. Transplantation 62:1739-1743.

Pinsky, D.J., M.J. Broekman, J.J. Peschon, K.L. Stocking, T. Fujita, R.
Ramasamy, E.S. Connolly, Jr., J. Huang, S. Kiss, Y. Zhang, T.F. Choudhri,
R.A. McTaggart, H. Liao, J.H. Drosopoulos, V.L. Price, A.J. Marcus, and C.R.
Maliszewski. 2002. Elucidation of the thromboregulatory role of
CD39/ectoapyrase in the ischemic brain. J Clin Invest 109:1031-1040.

48



67.

68.

69.

70.

71.

72.

73.

74.

75.

Enjyoji, K., J. Sevigny, Y. Lin, P.S. Frenette, P.D. Christie, J.S. Esch, 2nd, M.
Imai, J.M. Edelberg, H. Rayburn, M. Lech, D.L. Beeler, E. Csizmadia, D.D.
Wagner, S.C. Robson, and R.D. Rosenberg. 1999. Targeted disruption of
cd39/ATP diphosphohydrolase results in disordered hemostasis and
thromboregulation. Nat Med 5:1010-1017.

Fabre, J.E., M. Nguyen, A. Latour, J.A. Keifer, L.P. Audoly, T.M. Coffman,
and B.H. Koller. 1999. Decreased platelet aggregation, increased bleeding
time and resistance to thromboembolism in P2Y1-deficient mice. Nat Med
5:1199-1202.

Napieralski, R., B. Kempkes, and W. Gutensohn. 2003. Evidence for
coordinated induction and repression of ecto-5'- nucleotidase (CD73) and the
A2a adenosine receptor in a human B cell line. Biol Chem 384:483-487.
Synnestvedt, K., G.T. Furuta, K.M. Comerford, N. Louis, J. Karhausen, H.K.
Eltzschig, K.R. Hansen, L.F. Thompson, and S.P. Colgan. 2002. Ecto-5'-
nucleotidase (CD73) regulation by hypoxia-inducible factor-1 (HIF-1)
mediates permeability changes in intestinal epithelia. J. Clin. Invest. 110:993-
1002.

Eltzschig, H.K., J.C. Ibla, G.T. Furuta, M.O. Leonard, K.A. Jacobson, K.
Enjyoji, S.C. Robson, and S.P. Colgan. 2003. .5 receptors. J. Ex. Med.
198:783-796.

McDonald, D.M., G. Thurston, and P. Baluk. 1999. Endothelial gaps as sites
for plasma leakage in inflammation. Microcirculation 6:7-22.

Takano, T., C.B. Clish, K. Gronert, N. Petasis, and C.N. Serhan. 1998.
Neutrophil-mediated changes in vascular permeability are inhibited by topical
application of aspirin-triggered 15-epi-lipoxin A4 and novel lipoxin B4 stable
analogues. J Clin Invest 101:819-826.

Thompson, L.F., H.K. Eltzschig, J.C. Ibla, C.J. Van De Wiele, R. Resta, J.C.
Morote-Garcia, and S.P. Colgan. 2004. Crucial role for ecto-5'-nucleotidase
(CD73) in vascular leak during hypoxia. J. Exp. Med. 200:1395-1405.

Lennon, P.F., C.T. Taylor, G.L. Stahl, and S.P. Colgan. 1998. Neutrophil-
derived 5'-Adenosine Monophosphate Promotes Endothelial Barrier Function
via CD73-mediated Conversion to Adenosine and Endothelial A2B Receptor
Activation. J. Exp. Med. 188:1433-1443.

49



76.

77.

78.

79.

80.

81.

82.

83.

84.

Bear, J.E., T.M. Svitkina, M. Krause, D.A. Schafer, J.J. Loureiro, G.A.
Strasser, I.V. Maly, O.Y. Chaga, J.A. Cooper, G.G. Borisy, and F.B. Gertler.
2002. Antagonism between Ena/VASP proteins and actin filament capping
regulates fibroblast motility. Cell 109:509-521.

Comerford, K.M., D.W. Lawrence, K. Synnestvedt, B.P. Levi, and S.P.
Colgan. 2002. Role of vasodilator-stimulated phosphoprotein in protein kinase
A-induced changes in endothelial junctional permeability. FASEB J. 01-
0739fje.

Lawrence, D.W., K.M. Comerford, and S.P. Colgan. 2002. Role of VASP in
reestablishment of epithelial tight junction assembly after Ca2+ switch. Am J
Physiol Cell Physiol 282:C1235-1245.

Kong, W., K. Engel, and J. Wang. 2004. Mammalian nucleoside transporters.
Curr Drug Metab 5:63-84.

Archer, R.G., V. Pitelka, and J.R. Hammond. 2004. Nucleoside transporter
subtype expression and function in rat skeletal muscle microvascular
endothelial cells. Br J Pharmacol 143:202-214. Epub 2004 Aug 2002.

Saito, H., M. Nishimura, H. Shinano, H. Makita, I. Tsujino, E. Shibuya, F.
Sato, K. Miyamoto, and Y. Kawakami. 1999. Plasma concentration of
adenosine during normoxia and moderate hypoxia in humans. Am J Respir
Crit Care Med 159:1014-1018.

Chaudary, N., Z. Naydenova, |. Shuralyova, and |.R. Coe. 2004. Hypoxia
regulates the adenosine transporter, mENT1, in the murine cardiomyocyte
cell line, HL-1. Cardiovasc Res 61:780-788.

Chaudary, N., Z. Naydenova, |. Shuralyova, and |.R. Coe. 2004. The
adenosine transporter, mMENT1, is a target for adenosine receptor signaling
and protein kinase Cepsilon in hypoxic and pharmacological preconditioning
in the mouse cardiomyocyte cell line, HL-1. J Pharmacol Exp Ther 310:1190-
1198. Epub 2004 May 1106.

Eltzschig, H.K., P. Abdulla, E. Hoffman, K.E. Hamilton, D. Daniels, C.
Schonfeld, M. Loffler, G. Reyes, M. Duszenko, J. Karhausen, A. Robinson,
K.A. Westerman, |.LR. Coe, and S.P. Colgan. 2005. HIF-1-dependent
repression of equilibrative nucleoside transporter (ENT) in hypoxia. J. Exp.
Med. 202:1493-1505.

50



85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

Hasko, G., and B.N. Cronstein. 2004. Adenosine: an endogenous regulator of
innate immunity. Trends Immunol 25:33-39.

Cronstein, B.N. 1994. Adenosine, an endogenous anti-inflammatory agent. J
Appl Physiol 76:5-13.

Kempf, V.A.J., M. Lebiedziejewski, K. Alitalo, J.-H. Walzlein, U. Ehehalt, J.
Fiebig, S. Huber, B. Schutt, C.A. Sander, S. Muller, G. Grassl, A.S. Yazdi, B.
Brehm, and I.B. Autenrieth. 2005. Activation of Hypoxia-Inducible Factor-1 in
Bacillary Angiomatosis: Evidence for a Role of Hypoxia-Inducible Factor-1 in
Bacterial Infections. Circulation 111:1054-1062.

Blackburn, M.R. 2003. Too much of a good thing: adenosine overload in
adenosine-deaminase-deficient mice. Trends Pharmacol Sci 24:66-70.

Driver, A.G., C.A. Kukoly, S. Ali, and S.J. Mustafa. 1993. Adenosine in
bronchoalveolar lavage fluid in asthma. Am Rev Respir Dis 148:91-97.
Huszar, E., G. Vass, E. Vizi, Z. Csoma, E. Barat, G. Molnar Vilagos, |I.
Herjavecz, and |. Horvath. 2002. Adenosine in exhaled breath condensate in
healthy volunteers and in patients with asthma. Eur Respir J 20:1393-1398.
Fozard, J.R., and J.P. Hannon. 1999. Adenosine receptor ligands: potential
as therapeutic agents in asthma and COPD. Pulm Pharmacol Ther 12:111-
114.

Blackburn, M.R., J.B. Volmer, J.L. Thrasher, H. Zhong, J.R. Crosby, J.J. Lee,
and R.E. Kellems. 2000. Metabolic Consequences of Adenosine Deaminase
Deficiency in Mice Are Associated with Defects in Alveogenesis, Pulmonary
Inflammation, and Airway Obstruction. J. Exp. Med. 192:159-170.

Chunn, J.L., J.G. Molina, T. Mi, Y. Xia, R.E. Kellems, and M.R. Blackburn.
2005. Adenosine-Dependent Pulmonary Fibrosis in Adenosine Deaminase-
Deficient Mice. J Immunol 175:1937-1946.

Sun, C.-X., HW. Young, J.G. Molina, J.B. Volmer, J. Schnermann, and M.R.
Blackburn. 2005. A protective role for the A1 adenosine receptor in
adenosine-dependent pulmonary injury. J. Clin. Invest. 115:35-43.

Buckley, R.H. 2004. Molecular defects in human severe combined
immunodeficiency and approaches to immune reconstitution. Annu Rev
Immunol 22:625-655.

51



96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

Eltzschig, H.K., M. Faigle, S. Knapp, J. Karhausen, J. Ibla, P. Rosenberger,
K.C. Odegard, P.C. Laussen, L.F. Thompson, and S.P. Colgan. 2006.
Endothelial catabolism of extracellular adenosine during hypoxia: Role of
surface adenosine deaminase and CD26. Blood blood-2006-2002-001016.
Parkos, C.A., Delp, C., Arnaout, M. A., and Madara, J. L. 1991. Neutrophil
migration across a cultured intestinal epithelium: Dependence on a CD
11b/CD18 - mediated event and enhanced efficiency in the physiologic
direction. J Clin Invest 88:1605-1612.

Zahler, S., Hoffmann, A., Gloe, T., and Pohl, U. 2003. Gap-junctional coupling
between neutrophils and endothelial cells: a novel modulator of
transendothelial migration. J Leukoc Biol 73:118-126.

Kjeldsen, L., Sengelov, H., and Borregaard, N. 1999. Subcellular fractionation
of human neutrophils on Percoll density gradients. J Immunol Methods
232:131-143.

Eckardt, D., Theis, M., Degen, J., Ott, T., van Rijen, H.V., Kirchhoff, S., Kim,
J.S., de Bakker, J.M., and Willecke, K. 2004. Functional role of connexin 43
gap junction channels in adult mouse heart assessed by inducible gene
deletion. J Mol Cell Cardiol 36:101-110.

Reaume, A.G., de Sousa, P.A., Kulkarni, S., Langille, B.L., zhu, D., Davies,
T.C., Juneja, S.C., Kidder, G.M., and Rossant, J. 1995. Cardiac malformation
in neonatal mice lacking connexin 43. Science 267:1831-1834.

Enjyoji, K., Sevigny, J., Lin, Y., Frenette, P.S., Christie, P.D., Esch, J.S., Imai,
M., Edelberg, J.M., Rayburn, H., Lech, M., et al. 1999. Targeted disruption of
cd39/ATP diphosphohydrolase results in disordered hemostasis and
thromboregulation. Nat Med 5:1010-1017.

Haribabu, B., Verghese, M.W., Steeber, D.A., Sellars, D.D., Bock, C.B., and
Synderman, R. 2000. Targeted Disruption of the Leukotriene B4 receptor in
Mice Reveals Its Role in Inflammation and Platelet-activating Factor-induced
Anaphylaxis. J exp Med 192:433-438.

Novak, I. 2003. Atp as a signaling molecule: the exocrine focus. News Physiol
Sci 18:12-17.

Bodin, P., and Burnstock, G. 2001. Evidence that release of adenosine
triphosphate from endothelial cells during increased shear stress is vesicular.
J Cardiovasc Pharmacol 38:900-908.

52



106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

Gordon, J.L. 1986. Extracellular ATP: effects, sources and fate. Biochem J
233:309-319.

Maroto, R., and Hamill, O.P. 2001. Brefeldin A Block of Integrin-dependent
Mechanosensitive ATP Release from Xenopus Oocytes Reveals a Novel
Mechanism of Mechanotransduction. J Biol Chem 276:23867-23872.

Stout, C.E., Costantin, J.L., Naus, C.C.G., and Charles, A.C. 2002.
Intercellular Calcium Signaling in astrocytes via ATP release through
connexin hemichannels. J Biol Chem 277:10482-10488.

Wang, E.C.Y., Lee, J.-M., Ruiz, W.G., Balestreire, E.M., von Bodungen, M.,
Barrick, S., Cockayne, D.A., Birder, L.A., and Apodaca, G. 2005. ATP and
purinergic receptor-dependent membrane traffic in bladder umbrella cells. J
Clin Invest 115:2412-2422.

Demolombe, S., and Escande, D. 1996. ATP-binding cassette proteins as
targets for drug discovery. Trends Pharmacol Sci 17:273.

Thomas, H., and Coley, H.M. 2003. Overcoming multidrug resistance in
cancer: an update on the clinical strategy of inhibiting p-glycoprotein. Cancer
Control 10:159-165.

Miller, S.G., Carnell, L., and Moore, H.H. 1992. Post-Golgi membrane traffic:
brefeldin A inhibits export from distal Golgi compartements to the cell surface
but not reccling. J Cell Biol 118(2):267-83.

Kirkpatrick, K.A., and Burnstock, G. 1992. Evidence that the inhibition of ATP
release from sympathic nerves by adenosine is a physiological mechanism.
Gen Pharmacol 23:1045-1050.

Oviedo-Orta, E., Errington, R.J., and Evans, W.H. 2002. Gap junction
intercellular communication during lymphocyte transendothelial migration. Cell
Biol Int 26:253-263.

Oviedo-Orta, E., and Evans, W.H. 2002. Gap junctions and connexins:
potential contributors to the immunological synapse. J Leukoc Biol 72:636-
642.

Oviedo-Orta, E., Gasque, P., and Evans, W.H. 2001. Immunoglobulin and
cytokine expression in mixed lymphocyte cultures is reduced by disruption of

gap junction intercellular communication. FASEB J 15:768-774.

53



117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

Coco, S., Calegari, F., Pravettoni, E., Pozzi, D., Taverna, E., Rosa, P.,
Matteoli, M., and Verderio, C. 2003. Storage and release of ATP from
astrocytes in culture. J Biol Chem 278:1354-1362.

Leybaert, L., Braet, K., Vandamme, W., Cabooter, L., Martin, P.E., and
Evans, W.H. 2003. Connexin channels, connexin mimetic peptides and ATP
release. Cell Commun Adhes 10:251-257.

Goodenough, D.A., and Paul, D.L. 2003. Beyond the gap: functions of
unpaired connexon channels. Nat Rev Mol Cell Biol 4:285-294.

Bao, X., Reuss, L., and Altenberg, G.A. 2004. Regulation of purified and
reconstituted connexin 43 hemichannels by protein kinase C-mediated
phosphorylation of Serine 368. J Biol Chem 279:20058-20066.

Lampe, P.D., TenBroek, E.M., Burt, J.M., Kurata, W.E., Johnson, R.G., and
Lau, A.F. 2000. Phosphorylation of connexin 43 on Serine 368 by protein
kinase C regulates gap junctional communication. J Cell Biol 149:1502-1512.
Ai, X., and Pogwizd, S.M. 2005. Connexin 43 downregulations and
dephosphorylation in nonischemic heart failure is associated with enhanced
colocalized protein phosphatase type 2A. Circ Res 96:54-63.

Harbecke, O., Liu, L., Karlsson, A., and Dahlgren, C. 1997. Desensitization of
the fMLP-induced NADPH-oxidase response in human neutrophils is lacking
in okadaic acid-treated cells. J Leukoc Biol 61:753-758.

Lu, D.J., Takai, A., Leto, T.L., and Grinstein, S. 1992. Modulation of neurophil
activation by okadaic acid, a protein phosphatase inhibitor. Am J Physiol
262:C39-49.

Yang, Z., Day, Y.-J., Toufektsian, M.-C., Ramos, S.I., Marshall, M., Wang, X.-
Q., French, B.A., and Linden, J. 2005. Infarct-Sparing effect of A2A-
Adenosine receptor activation is due primarily to its action on lymphocytes.
Circulation 111(17):2190-2197.

Yamamoto, M., Nishimura, M., Kobayashi, S., Akiyama, Y., miyamoto, K., and
Kawakami, Y. 1994. Role of endogenous adenosine in hapoxic ventilatory

response in humans: a study with dipyridamole. J Appl Physiol 76:196-203.

54



127.

128.

129.

130.

131.

132.

133.

134.

Dwyer, K.M., Robson, S.C., Nandurkar, H.H., Campbell, D.J., Gock, H.,
Murray-Segal, L.J., Fisicaro, N., Mysore, T.B., Kaczmarek, E., Cowan, P.J.,
and d'Apice, A.J. 2004. Thromboregulatory manifestations in human CD 39
transgenic mice and the implications for thrombotic disease and
transplantation. J Clin Invest 113:1440-1446.

Turner, M.S., Haywood, G.A., Andreka, P., You, L., Martin, P.E., Evans, W.H.,
Webster, K.A., and Bishopric, N.H. 2004. Reversible connexin 43
dephosphorylation during hpoxia and reoxygenation is linked to cellular ATP
levels. CIRC Res 95:726-733.

Boengler, K., Schulz, R., and Heusch, G. 2005. Connexin 43 signaling and
cardioprotection. Exp Gerontol 41(5):485-8.

Schwanke, U., Konietzka, I., Duschin, A., Li, X., Schulz, R., and Heusch, G.
2002. No ischemic preconditioning in heterozygous connexin 43-deficient
mice. Am J Physiol Heart Circ Physiol 283:1740-1742.

Li, X., Heinzel, F.R., Boengler, K., Schulz, R., and Heusch, G. 2004. Role of
connexin 43 in ischemic preconditioning does not involve intercellular
communication through gap junctions. J Mol Cell Cardiol 36:161-163.

Heinzel, F.R., Luo, Y., Li, X., Boengler, K., Buechert, A., Garcia-Dorado, D.,
Di Lisa, F., Schulz, R., and Heusch, G. 2005. Impairment of diazoxide-
induced formation of reactive oxygen species and loss of cardioprotection in
connexin 43 deficient mice. Circ Res 97:583-586.

Kitakaze, M., Hori, M., Morioka, T., Minamino, T., Takashima, S., Sato, H.,
Shinozaki, Y., Chujo, M., Mori, H., Inoue, M., and et al. 1994. Alpha 1-
adrenoceptor activation mediates the infarct size-limiting effect of ischemic
precondioning through augmentation of 5'-nucleotidase activity. J Clin Invest
93:2197-2205.

Linden, J. 2005. Adenosine in Tissue Protection and Tissue Regeneration.
Mol Pharmacol 67:1385-1387.

55



7. Danksagung

An dieser Stelle mochte ich mich bei den Menschen bedanken, ohne die diese Arbeit

nicht moglich gewesen ware.

Ich danke Herrn Prof. Dr. Unertl fur die Moglichkeit, an seiner Klinik zu promovieren.
Ganz besonders mdchte ich mich auch bei meinem Doktorvater Herrn Prof. Dr.
Eltzschig bedanken, der mir das Thema fur meine Promotion Uberlassen hat und
jederzeit ein offenes Ohr fur mich hatte.

Des Weiteren geht mein herzlicher Dank an Herrn Dr. Christian Karcher fir die

ausfuhrliche Einarbeitung in die Methodik sowie an Frau Alice Mager und Edgar

Hoffmann fur viele grof3e und kleine Hilfestellungen wahrend meiner Zeit im Labor.

Zu guter Letzt méchte ich mich ganz aul3erordentlich bei meinen Eltern bedanken,

ohne die diese Arbeit nie moglich geworden ware.

56



8. Tabellarischer Lebenslauf

Personliche Daten:

Name:
Vorname:
Geburtsdatum:
Geburtsort:

Ausbildung:

08/1983 — 08/1987:
09/1987 — 06/1997:

06/1997:

09/1997 — 09/1998:

12/1999 — 04/2000:

04/2000 — 09/2003:

03/2003:

10/2003 — 08/2006:

seit 08/2006:

Famulaturen:

03/2004:
03/2005:

09/2005:
03/2006:

Publikation:

Kuper

Natalie Daniela
12. April 1977
Reutlingen

Grundschule Innenstadt Tubingen
Uhland-Gymnasium Tubingen
Allgemeine Hochschulreife

Freiwilliges soziales Jahr

(Universitatsklinik fir Psychiatrie und Psychotherapie Tubingen
Ehrenamtliche pflegerische Tatigkeit

(,Mother Theresa House*, Kalkutta, Indien)

Studium der Humanmedizin
(Johannes-Gutenberg-Universitat, Mainz)

Arztliche Vorprifung in Mainz

Studium der Humanmedizin

(Eberhard Karls Universitat, Tubingen)

Praktisches Jahr

1. Tertial: Chirurgie, Kantonsspital Glarus, Schweiz
2. Tertial: Innere Medizin, Klinikum Stuttgart

3. Tertial: Anasthesiologie, Spital Bulach, Schweiz

1 Monat Pathologie, Katharinenhospital Stuttgart

1 Monat Anasthesiologie, Brigham and Women’s Hospital,
Boston, USA

1 Monat Allgemeinchirurgie, Universitatsklinikum Tubingen
1 Monat Anasthesiologie, Universitatsklinikum Tubingen

Eltzschig HK, Eckle T, Mager A, Kuper N, Karcher C, Weissmiuller T, Boengler K,
Schulz R, Robson SC, Colgan SP. ATP release from activated neutrophils occurs via
connexin 43 and modulates adenosine-dependent endothelial cell function. Circ Res.
2006 Nov 10;99(10):1100-8.

57



