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ABSTRACT OF THE DISSERTATION

The role of ATP release and autocrine/paracrine P1/P2 receptor signaling in the

modulation of neutrophil chemotaxis

by

Ross Corriden

Doctor of Philosophy in Biomedical Sciences

University of California, San Diego, 2008

Professor Paul. A. Insel, Chair

Polymorphonuclear leukocytes (neutrophils) utilize an extremely sensitive

chemosensory system to detect and migrate towards invading pathogens and damaged
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tissues in many species, including  humans. Chemoattractants, chemical compounds

released by such targets, bind to receptors on the neutrophil cell membrane and activate

signal transduction cascades that promote directional migration. Neutrophils are capable

of correctly orienting themselves in fields of chemoattractant as shallow as 1% across the

length of the cell body. To maintain correct polarity in such shallow chemoattractant

fields, the cells must be able to amplify these external signals.

   In this dissertation, ATP is identified as an autocrine/paracrine modulator of

neutrophil chemotaxis. In response to stimulation with chemoattractants, neutrophils

release ATP into the extracellular space. A novel assay for extracellular ATP was

developed and reveals that ATP is released predominantly at the leading edge of

stimulated neutrophils. Neutrophils rapidly metabolize released ATP, ultimately to

adenosine. Elimination of extracellular ATP or adenosine inhibits chemotaxis, revealing

that both compounds play a critical role in this process. Release of ATP at the leading

edge establishes polarity in chemoattractant fields through the activation of P2Y2

receptors. Extracellular adenosine drives forward movement by activating A3 adenosine

receptors, which localize at the leading edge of migrating cells. The hydrolysis of ATP

(and generation of adenosine) is facilitated by ecto-nucleoside triphospho-dihydrolase 1

(E-NTPDase1/CD39), which is also localized at the leading edge. Inhibition of any of

these steps leads to aberrant cell migration, revealing a novel autocrine/paracrine signal

amplification system in neutrophils that is critical for chemotaxis.
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Chapter 1: Thesis Synopsis

Background/Significance

The ability of neutrophils to infiltrate through the vascular endothelial layer of

blood vessels and migrate to infected or damaged tissues is critical for their function in

the inflammatory process (1). The process by which neutrophils detect, and direct their

movements in response to, chemical compounds released by pathogens and damaged

tissues (chemoattractants) is called chemotaxis. Neutrophils utilize an extremely sensitive

chemosensory system in this process that enables them to respond to chemoattractant

gradients as shallow as 1% from the leading edge to the trailing edge of the cell body (2).

In order to effectively migrate in such shallow gradients, neutrophils must possess

mechanisms that amplify chemoattractant signals and define intracellular polarity (3).

However, until recently no such mechanisms have been definitively identified.

Hypertonic saline, a resuscitation solution that improves organ function and

recovery following trauma, causes a release of ATP from neutrophils (4). The released

ATP stimulates neutrophil function, which can be blocked by treatment with P2

nucleotide receptor antagonists, suggesting that these receptors  regulating neutrophil

physiology.  Other studies reveal that neutrophils release ATP in response to treatment

with the chemoattractant formyl-Met-Leu-Phe and that neutrophils hydrolyze released

ATP to generate adenosine, which has been implicated as a regulator of neutrophil
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function via the activation of P1 receptors (5). Taken together, these data suggested that

release of ATP, ATP conversion to adenosine, and autocrine/paracrine activation of P1

and P2 receptor, signaling contribute to neutrophil chemotaxis and provide a mechanism

for polarity in neutrophils and for amplification of chemoattractant gradients to which

neutrophils respond.

Hypothesis: Extracellular ATP and adenosine facilitate chemotaxis and activation of

polymorphonuclear leukocytes (PMN) by stimulation of P2 receptors and P1 receptors,

respectively, such that receptors that stimulate migration and activation of PMN are

trafficked to the leading edge.

Specific Aims

1) Develop and optimize an assay that allows real-time detection and

quantification of ATP release from migrating PMN.

2) Determine the expression levels, distribution and functional roles of key P1

and P2 receptors in migrating PMN.

3) Determine which ecto-ATPases are responsible for the hydrolysis of

extracellular ATP (to adenosine) and evaluate their expression levels,

distribution and functional role in chemotaxis.

Overview/Brief summary of data chapters

There are three main parts to this work, presented in chapters 4-6, which were

published at the time of writing this thesis. Chapters 2 and 3 are reviews of literature in

the fields of neutrophils chemotaxis and autocrine/paracrine nucleotide signaling,

respectively. Chapter 7 is a discussion of the results that were a product of work on this
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thesis project. The key ideas and results from the data chapters (chapters 4-6) are

summarized below.

Chapter 4

Chapter 4 describes the development of a NADPH-based assay for the visualization

of extracellular ATP, The assay utilizes the Hexokinase/Glucose 6-phosphate

dehydrogenase reaction that consumes ATP and produces NAPDH, a fluorophore.  When

these two enzymes plus NADP are added to media in which cells are bathed, released

ATP drives production of NADPH, which thus acts as a probe for ATP. Using the correct

optical filters, one can visualize NADPH using a microscope. When treated with known

stimulants of ATP release, extracellular regions of increased fluorescence intensity can be

visualized, quantified and correlated to known ATP concentrations.

Chapter 5

Chapter 5 elucidates the role of ATP release and P1/P2 receptor activation in

neutrophil chemotaxis. Using the NADPH-based visualization assay described in chapter

4, polarized release of ATP can be detected at the leading edge of neutrophils in a

chemoattractant gradient. Elimination of extracellular ATP with the enzyme apyrase or

removal of extracellular adenosine with the enzyme adenosine deaminase inhibits cell

migration. Treatment of neutrophils with a specific antagonist of the A3 adenosine

receptor also inhibits chemotaxis. This receptor localizes at the leading edge of migrating,

neutrophil-like HL-60 cells transfected with an A3-EGFP construct. Microscope-based

studies reveal that inhibition of the A3 receptor does not affect directionality but greatly

reduces cell speed. Disruption of P2Y2 ATP receptor signaling, however, impairs

directionality. Extracellular ATP therefore modulates neutrophil migration in an
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autocrine fashion, establishing polarity by activating P2Y2 receptors and, after

conversion to adenosine, promoting forward movement by activating A3 receptors.

Chapter 6

Chapter 6 identifies which ecto-ATPase that is expressed by neutrophils is

responsible for hydrolysis of extracellular ATP. Neutrophils rapidly hydrolyze

extracellular ATP. Through inhibitor studies and analysis of the kinetics of ATP

breakdown, I determined that the primary ecto-ATPase responsible for this action is E-

NTPDase1 (CD39). Inhibition of E-NTPDase1 prevents this hydrolysis and impairs

neutrophil migration. HL-60 cells transfected with a E-NTPDase1-EGFP construct

localize this ecto-ATPase  at the leading edge of migrating cells. Neutrophils isolated

from E-NTPDase1/CD39 knockout mice show impaired migration, which confirms the

role of this ecto-ATPase in migration.
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Chapter 2: Background: Neutrophil Chemotaxis

Introduction and History

Chemotaxis is the process by which cells direct their movement based on

chemical cues detected in their environment. A wide variety of cell types exhibit

chemotactic activity and a diverse array of mechanisms are utilized that facilitate

movement (1). Review of the literature reveals that the chemotactic activity of

polymorphonuclear leukocytes (neutrophils), the primary phagocytic leukocyte of the

innate immune system, is one of the most extensively studied examples of this process.

Neutrophils rapidly migrate towards bacteria and can move at speeds ranging from 15-30

um per minute (i.e, up to several-times greater than their diameter (2,3)). In addition to

being able to migrate at rapid speeds, neutrophils utilize an extremely sensitive

chemosensory system that allows them to detect and correctly polarize in chemical

gradients as shallow as 1% across the length of the cell (4).

Advances in our understanding of neutrophil chemotaxis have closely paralleled

improvements in technology. The first time-lapse images of neutrophils migrating

towards bacteria were captured by Jean Comandon in 1919 (5), providing visual evidence

of directed cell migration. A lack of cost-effective, facile, reproducible methods

hampered the field until the introduction of the Boyden Chamber technique, which is still
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in use today (6). This technique, in which neutrophils are placed in one of two chambers

separated by a porous filter that actively migrating cells must penetrate, enabled the

identification of chemoattractants, including the bacteria-derived N-formyl peptides

(7,8,9). Subsequent advances in molecular biology led to the cloning of receptors for the

formyl peptide (FRP) and other chemoattractants, e.g. C5a (C5AR), and IL-8 (10-16).

More recently the introduction of fluorescent protein technology enabled the study of

signaling molecule/protein localization in migrating cells (17); however, the relatively

short lifespan of isolated neutrophils limits their usefulness in these types of experiments.

For this reason, HL-60 cells, a human leukemia cell line that can be differentiated into

neutrophil like cells that migrate towards chemoattractants, have emerged as a highly

useful system for studies of neutrophil function and of subcellular localization of

components involved in cell migration (18). These advances have all helped further

understanding of the molecular machinery and events that drive chemotaxis. The

mechanisms by which neutrophils respond to changing environments and are properly

polarized in extremely shallow chemoattractant gradients (i.e. the ‘compass’), however,

has remained unidentified. In this chapter I will review what is known about the

mechanisms that drive chemotaxis and introduce the idea of an extracellular compass

guided by autocrine/paracrine ATP signaling.

The formation of a cell ‘front’ and ‘back’ during chemotaxis

Neutrophils respond to chemoattractant gradients by rapidly adopting a ‘front’ or

‘leading edge’ (pseudopod) and a ‘back’ or ‘trailing edge’ (uropod) (4,19-22) These
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polarized ends are characterized by an accumulation of F-actin at the leading edge and

contractile actin-myosin complexes at the trailing edge, effects achieved by polarized

activation of Rho small GTPases, which promote actin polymerization or formation of

actin-myosin complexes (23,24). The following section reviews the signaling events that

drive these two pathways. Since there is often a considerable difference in chemotaxis

signaling cascades between different cell types, I have only included pathways that have

been clearly demonstrated in neutrophils or the neutrophil-like HL-60 cells.

Signaling at the leading edge

At the leading edge of neutrophils, localized activation of PI3Kγ is the primary

mechanism that facilitates actin polymerization/forward movement (25). Activation of

heterotrimeric G protein-coupled chemoattractant receptors leads to dissociation of G

proteins into Gi and Gβγ subunits. The Gβγ subunit binds to and activates PI3Kγ, which

in turn leads to the conversion of PtdIns(4,5)P3 to PtdIns(3,4,5)P3 (26) at the leading

edge of PMN. Proteins that contain Plekstrin homology (PH) domains can bind to the

PtdIns(3,4,5)P3 lipids with high affinity (27,28), In neutrophil chemotaxis, one of the

most important PH domain containing proteins is the cdc42 guanine exchange factor

(GEF) PIX (27). PtdIns(3,4,5)P3 binding activates PIX, which facilitates the exchange of

GTP for GDP on cdc42.

Cdc42 promotes actin polymerization at the leading edge through a pathway that

involves Arp2/3 (Actin related protein 2/3), a complex of those two proteins (30). Arp2/3

binds to the slow polymerizing, pointed ends of actin filaments, stabilizing them and
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thereby inducing polymerization (31). Though uniformally distributed in the cell under

basal conditions, Arp2/3 are redistributed to the leading edge in response to

chemoattractant stimulation (32). Cdc42 stimulates the actin polymerization activity of

Arp2/3 via a third protein, N-Wasp (33). Cdc42GTP binds to and activates N-Wasp,

which in turn binds to and activates Arp2/3 (34). Continual generation of PtdIns(3,4,5)P3

during chemotaxis drives this process and results in forward movement of the leading

edge.

Signaling at the trailing edge

In order to facilitate retraction of the uropod in migrating cells and promote net

forward movement, the cytoskeletal composition of the sides and trailing edge of the cells

must differ significantly from the leading edge.  The mechanism involves the contraction

of localized actin/myosin II complexes, which pull the back portion of the cell forward

(35, 36). Perhaps as importantly as retraction of the uropod, cells must have a system in

place that prevents the formation of multiple pseudopods. Based on evidence found in the

slime mold Dictyostelium discoideum (a model for studying cell migration), the

phosphate and tensin homolog (PTEN) was the primary candidate for establishing ‘back-

ness’ in human neutrophils (37). PTEN, an inositolphosphate dephosphorylase, has the

opposite effect of PI3K, converting PtdIn(3,4,5)P3 to PtdIns(4,5)P2 (38). This action

would prevent the localized activation of PH domain-containing GEFs until a sufficient

level of chemoattractant stimulation and PI3K activation overcome the inhibition to form

a leading edge. Studies performed on neutrophils isolated from PTEN-knockout mice,
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however, have produced conflicting results with some reports showing significant

decreases in migration efficiency in the knockouts compared to wild-type cells (37) while

others show negligible differences (39). Other data demonstrate either a polarized

distribution of PTEN (37) or no distinguishable polarization (40) at the trailing edge of

migrating cells. In addition, a recent study demonstrated that PtdIns(4,5)2, the product of

PTEN dephosphorylation, localizes to the leading edge of HL60 cells in a manner similar

to that of PtdIns(3,4,5)P3, suggesting that PTEN activity may not be the sole or dominant

mechanism of polarization (41). Thus, while PTEN is  likely involved in neutrophil

chemotaxis, the extent of its role in determining cell polarity is a source of controversy.

Some recent studies suggest that the Src homology 2-containing inositol 5’

phosphate 1 (SHIP1) is the neutrophil analog of Dictyostelium discoideum PTEN. SHIP

1 dephosphorylates PtdIns(3,4,5)P3 to PtdIns(3,4)P2 (42,43,44), which results in

inhibition of PH domain-containing proteins (45). A study using GFP-tagged PH domain

fusion proteins demonstrated that SHIP1 activity can selectively degrade PtdIns(3,4,5)P3

at the trailing edge and sides of neutrophils (39). The same study showed that neutrophils

isolated from SHIP1-KO mice have significantly impaired polarization in response to

chemoattractant stimulation. While such data imply that SHIP1 is a critical modulator of

cell polarity, the cellular distribution of SHIP1 during chemotaxis is not known.

In addition to inhibiting PtdIns(3,4,5)P3-stimulated actin polymerization,

neutrophils  preferentially activate actin/myosin complex formation and contraction at the

trailing edge. RhoA, a Rho GTPase that regulates the actin cytoskeleton via the Rho-

dependent kinase p160-ROCK (46,47), is highly expressed in neutrophil-like HL-60 cells

(48). RhoA is activated by the G_12 subunit, in a pathway which requires the guanine
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exchange factor p115-GEF (50). RhoA localizes to the trailing edge of HL-60 cells (40).

The latter study showed that inhibition of either p160-ROCK or myosin II results in the

formation of multiple pseudopods in chemoattractant-stimulated cells, suggesting the

existence of a self-potentiating feedback loop to prevent pseudopod formation and

promote retraction of the trailing edge.

The cAMP/PKA pathway is another regulator of chemotaxis. Chemoattractant

stimulation can increase intracellular cAMP levels (50-55) and increases in cAMP levels

inhibit neutrophil migration (56-58). Chemoattractant-stimulated regulation of adenylyl

cyclase activity seems to be Gi mediated (55). The cAMP signaling pathway has been

directly connected to cell polarization by evidence indicating that PKA activity is

necessary for chemoattractant-induced polarization, and that even in the absence of

chemoattractant a PKA inhibitor gradient can induce polarization in human neutrophils

(59). The mechanisms that mediate such effects remain to be elucidated.

Uncovering an extracellular compass for neutrophil migration

The preceding section summarized the machinery involved in promoting actin

polymerization at the leading edge and actin/myosin contraction at the trailing edge of

migrating neutrophils (summarized in figure 1). It is clear that the two poles of a

migrating cell show drastically different localized physiologies. How does a cell

determine, though, where each of these two different poles should form when activated

by a single type of receptor (i.e. the chemoattractant receptor)? When considering the

answer to this question, two important facts must be kept in mind:
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1) Chemoattractant receptors are uniformly distributed on the neutrophil cell

membrane, even when cells are polarized and migrating (60).

2) Neutrophils that are exposed to a uniform concentration of chemoattractant (i.e.

no gradient) are still capable of forming a leading and trailing edge.

In the presence of a uniform concentration of chemoattractant, why do the cells

not form multiple pseudopods? Similarly, what prevents the formation of multiple

pseudopods when the cells are moving within a chemoattractant gradient even though the

sides and back of the cell are exposed to continually increasing concentrations of

chemoattractant? In other words, how is polarity both established and maintained during

chemotaxis?

Of all the messengers/effectors involved in neutrophil chemotaxis, the evidence

pointing to PtdIns(3,4,5)P3 as an intracellular regulator of polarity is strongest (26).

Based on the importance of localized PtdIns(3,4,5)P3 signaling in neutrophils, a simple

model can be proposed to explain migration in a chemoattractant gradient (figure 2a). In

this model, stimulation of chemoattractant receptors on one side of the cell leads to

polarized activation of PI3Kγ and accumulation of PtdIns(3,4,5)P3, a local activator of

migration. If only a small concentration of chemoattractant is present, such a cell could

probably migrate, but in the presence of a higher concentration of chemoattractant, the

formation of multiple pseudopods resulting from chemoattractant receptor activation on

the sides and back of the cell might occur. Additionally, in the absence of a mechanism to
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inhibit psuedopod formation, exposure to a uniform concentration of chemoattractant

could potentially cause the cell to pull itself apart (figure 2b).

Such ideas emphasize how a global inhibitor of pseudopod formation might be

necessary to help explain the specificity and directionality of chemotaxis in neutrophils.

The global inhibitor could be represented by SHIP1, which converts PtdIns(3,4,5)P3 to

PIP2, which would have an inhibitory effect on pseudopod formation (figure 2c). In the

“global inhibition/local stimulation” model, PI3Kγ activity would have to achieve a local

level sufficient to overcome the inhibition of SHIP1 inhibition in order to facilitate

pseudopod formation (a notion similar to what occurs for the generation of action

potentials, figure 2d). Such a mechanism might help prevent the formation of multiple

pseudopods in the presence of a gradient of chemoattractant. If exposed to a high,

uniform concentration of chemoattractant, however, the cells might damage themselves if

the entire membrane were to seek to overcome inhibition of SHIP1 (figure 2e).

Alternatively, if PI3Kγ activity was too ‘dilute’, no pseudopods would form and no

migration would occur (figure 2f).  However, a simple “global inhibition/local

stimulation” model does not match with what is known about neutrophil behavior.

One potential way that cells could use to circumvent this problem is to polarize

their chemosensory system. Such polarization would be consistent with observations that

neutrophils usually turn to re-orient themselves in response to sudden changes in

chemoattractant gradients rather than stopping and forming a new leading edge (61).

Since chemoattractant receptors do not polarize even in migrating cells (60), for this

model to be correct cells must secrete their own modulator of autocrine/paracrine

chemotaxis that would activate receptors distinct from the chemotactic receptor (figure
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2g).Ideally such a modulator would be readily available (e.g., plentiful in the cytosol to

allow for sustained release), rapidly cleared to allow for fast adaptation to changing

chemotactic signals, and have multiple receptor targets to activate the contrasting

cytoskeletal components at the leading or trailing edge of the cells. A candidate molecule

that fits all of these criteria is ATP, which work to be shown in this thesis will

demonstrate is released from neutrophils upon chemoattractant stimulation. The

following chapter provides background regarding autocrine/paracrine ATP signaling.
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Figure 1: Overview of signaling events that occur at the leading edge
and trailing edge of migrating cells.
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Figure 2: Models of neutrophil chemotaxis. In a simple local activator model, cells can
migrate in a clear gradient (A) but will form opposing pseudopods around the entire cell
body in the presence of a uniform concentration of chemoattractant (B). In a global
inhibitor/local activator model the presence of a global inhibitor blocks migration (C)
until sufficient activity of a local activator can overcome the inhibition (D). Uniform
chemoattractant concentrations will still either create opposing pseudopods (E) or, if the
local activator is too diluted will block chemotaxis entirely (F). Release of an autocrine
mediator (G) and subsequent polarization of sensory machinery, however, could allow
for polarization in uniform concentrations of chemoattractant (H).
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Chapter 3

Background: Autocrine/Paracrine ATP Signaling

Introduction

The idea that ATP is released from cells as an extracellular signaling molecule

was first proposed by Geoffrey Burnstock in the 1970’s (1). Initially, the notion that cells

intentionally release the primary unit of energy storage was met with much skepticism.

Over the years, however, the discovery of multiple mechanisms for cellular release of

ATP and the widespread expression of nucleotide-activated (P2) receptors in various cell

types has helped to bring the concept into the scientific mainstream (3,4).

Many types of cells release ATP when stimulated biochemically or mechanically

(2, table 3). Extracellular ATP exerts a diverse array of effects on cells by activating one

of two classes of nucleotide receptors: G protein-coupled P2Y and ion channel P2X.

There are eight known G protein-coupled P2Y receptors expressed in mammalian cells,

two of which are preferentially activated by ATP (P2Y2 and P2Y11) (3) (table 1). These

receptors couple to downstream signaling pathways via the heterotrimeric G-proteins Gi,

Gq/11, or Gs. There are seven different P2X ion channel isoforms expressed in

mammalian cells, all of which are activated by ATP (4). In addition, extracellular ATP

can be hydrolyzed by a variety of ecto-ATPases expressed on the cell surface (5,6), and

adenosine, formed by the action of those ATPases can activate P1 adenosine receptors
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(7). Through the activation of P2 receptors (or the indirect activation of P1 receptors)

extracellular ATP can alter cellular levels of second messengers and has the potential to

modulate cellular function.

While there is extensive evidence for autocrine/paracrine ATP signaling in many

different cell types (table 2), the actual mechanism for ATP release remains ill defined.

Early studies suggested that the cystic fibrosis transmembrane regulator (CFTR) was

responsible for releasing ATP but later work revealed that it was likely acting as a

mediator of release rather than an ATP conductor itself (8,9,10). Regulated exocytotic

release of ATP has been shown to occur in some non-excitatory cell types upon

biochemical and mechanical stimulation (11,12,13). Currently, connexin and pannexin

hemichannels (14,15), maxi anion channels (16,17), volume-regulated anion channels

(VRAC, 18,19) and even the P2X7 receptor (20) have been proposed as putative sites of

ATP release. It is likely that multiple mechanisms may be operative, perhaps

differentially utilized by different cell types.

Both exogenous ATP and endogenous release of ATP can alter cell physiology.

One important example is the “basal” release of ATP, via autocrine/paracrine stimulation

of P2 receptors, that contributes to the ‘set point’ of second messengers in cells (21). In

the following chapters of this thesis I present evidence for an autocrine ATP signaling

pathway that contributes to the establishment of polarity in migrating neutrophils. To

illustrate the broad applicability of this signaling mechanism, I have compiled all of the

published examples of autocrine/paracrine ATP signaling in table 2. Below I briefly

discuss some of the more commonly observed regulatory pathways to highlight the
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diverse roles and important cellular regulation  that occurs by autocrine/paracrine ATP

signaling.

Regulation of calcium signaling

Many cell types appear to utilize ATP and its receptors to modulate intracellular

calcium levels and calcium waves between cells. Indeed, paracrine signaling by ATP has

been proposed as an alternative mechanism to mechanically-stimulated, predominantly

gap junction-mediated calcium wave propagation between cells (23,43,53,54,56,79,83).

One study attributed this effect to activation of P2Y2 receptors and proposed that

heterogeneous expression of these receptors is responsible for the observed variation in

response among cells in a population (53). Given the variety of stimulants that result in

ATP-mediated changes to intracellular calcium levels, it seems likely that many

investigators have unknowingly observed autocrine/paracrine ATP signaling in their

studies, in particular when they mechanically stimulate cells by adding drugs, hormones,

growth factors, etc. since such addition almost certainly stimulates the release of ATP

and autocrine/paracrine activation of receptors that respond to ATP or its metabolites.

Regulatory volume decrease (RVD)

Epithelial cells in some organs are often subject to changes in their osmotic

environment (“osmotic stress”). Liver hepatocytes, which show uptake of substrates and

electrolytes and excretion of bile and various metabolic products, are one example. To
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maintain a normal cell volume under hypo-osmotic conditions, hepatocytes must be able

to rapidly adjust by increasing ionic secretion (94). Many cell types, including

hepatocytes, release ATP in response to osmotic stress, and this release of ATP and

subsequent activation of P2 receptors can play an important role in maintaining cell

volume (75-78,87,88). Hypotonicity-induced release of ATP leads to the activation of

volume-sensitive chloride channels, allowing cells to dynamically regulate their volume.

Similar mechanisms likely exist in renal epithelial cells, where ATP release and P2

receptor activation also can activate ion channels and change cellular transport of

constituents (69,70).

Response to Pathogens

Autocrine/paracrine ATP signaling can contribute to several different modes of

pathogen response. In some cases, activation of P2 receptors leads to the

production/release of inflammatory mediators. For example, treatment of microglia with

the bacterially-derived endotoxin lipopolysaccharide (LPS) results in a release of ATP

and subsequent production of IL-1β and IL-10 (27,29,30). LPS-stimulated ATP release

also promotes release of IL-1α from endothelial cells and IL-6 release from fibroblasts

(39,59). Microbial components and uric acid (a “danger signal” released from dying

cells) have both been shown to stimulate IL-1β and IL-18 secretion from monocytes (37).

In what may represent a “last ditch” response to infection, autocrine ATP signaling in

response to   pathogens can also stimulate apoptosis through activation of the P2X7

receptor (27,59).
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In addition to the host/pathogen interactions listed above, bacterially derived N-formyl

peptide fMLP stimulates release of ATP from neutrophils (52). This stimulation, and the

subsequent cellular response, is the focus of this thesis and is described in detail in the

following data chapters.
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Table 1: The eight P2Y receptor isotypes

Receptor Primary Endogenous Agonists Associated G protein

P2Y1 ADP                 Gq

P2Y2 ATP, UTP               Gq/Gi/o

P2Y4 UTP               Gq/Gi/o

P2Y6 UDP                  Gq

P2Y11 ATP               Gs/Gq

P2Y12 ADP                  Gi/o

P2Y13 ADP                Gs/Gi/o

P2Y14 UDP-glucose                  Gi/o
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Table 2: Autocrine/Paracrine activity of endogenously released ATP. This table is a
compilation of known autocrine/paracrine ATP signaling systems, sorted by cell type.
For each entry, the ATP release stimulant, target receptor, and physiological effect are

given (pp 23-27).
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Chapter 4

A novel method using fluorescence microscopy for real-time assessment of ATP

release from individual cells.

Citation: Corriden, Ross; Insel, Paul A.; Junger, Wolfgang G.. “A novel method using

fluorescence microscopy for real-time assessment of ATP release from individual cells”,

Am J Physiol Cell Physiol. 2007 Oct; 293(4):C1420-5.

Abstract

Many cell types release ATP in response to mechanical or biochemical

stimulation. The mechanisms responsible for this release, however, are not well

understood and may differ among different cell types. In addition, there are numerous

difficulties associated with studying the dynamics of ATP release immediately outside

the cell membrane. Here we report a new method that allows the visualization and

quantification of ATP release by fluorescence microscopy. Our method utilizes a two-

enzyme system that generates NADPH when ATP is present. NADPH is a fluorescent

molecule that can be visualized by fluorescence microscopy using an excitation

wavelength of 340 nm and an emission wavelength of 450 nm. The method is capable of

detecting ATP concentrations <1 µM and has a dynamic range of up to 100 µM. Using

this method, we visualized and quantified ATP release from human polymorphonuclear

leukocytes and Jurkat T cells. We show that upon cell stimulation the concentrations of
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ATP can reach levels of up to 80 µM immediately outside of the cell membrane. This

new method should prove useful for the study of the mechanisms of release and the

functional role of ATP in various cell systems, including from individual cells.

Introduction

Release of cellular ATP into the extracellular space is physiologically significant

and has been shown to regulate functional responses of excitatory and non-excitatory

cells (Burnstock, 2007; Bodin & Burnstock, 2001; Fredholm, 1997; North &

Verkhratsky, 2006; Schwiebert & Zsembery, 2003). Released ATP modulates cell

function by activating ionotropic P2X and G-protein coupled P2Y receptors (Burnstock,

2006). Through the activation of these receptors, ATP release is linked to numerous

physiological responses, including the “basal” activation of signal transduction pathways

and the reaction of cells to mechanical and osmotic stress and membrane deformation

during the course of cell migration (Chen & Corriden et al., 2006; Chen et al., 2004;

Dubyak, 2000; Lee et al., 2005; Loomis et al., 2003; Ostrom, et al., 2000, Ostrom et al.,

2001 Yegutkin et al., 2000).

While the role of ATP as an autocrine and paracrine regulatory signaling

molecule has been extensively studied, the precise mechanisms of ATP release from

different cells have been difficult to define and likely differ among cell types (Bell et al.,

2006; Dutta, et al., 2004; Eltzschig et al., 2006; Ito et al., 2004; Schwiebert, 2003, Stout

et al., 2002). A major limitation in the study of the mechanisms of ATP release is the lack

of methods that allow the visualization of release from individual cells in real-time. This

shortcoming has made it difficult to determine whether release of ATP occurs at a
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specific cellular location and to quantify ATP concentrations in regions close to the cell

membrane where they would be highest and where nucleotides would interact with P2

receptors. Incubation of tissues with quinacrine, a fluorescent dye that selectively labels

high concentrations of intracellular ATP was an early and effective, though invasive,

method for visualization of granular ATP release from excitatory cells (Olson et al.,

1976; Alund & Olson, 1979). Currently the most widely used methods to study ATP

release are based either on the luciferin/luciferase bioluminescence assay or on high

performance liquid chromatography (HPLC). Both methods allow the quantification of

ATP concentrations in the bulk media, but as generally employed, cannot provide direct

information regarding concentrations in membrane microenvironments that are relevant

for the cellular responses to ATP. Several elegant methods have been proposed to

overcome this limitation including the use of ATP biosensors (Beigi et al, 1999; Hayashi

et al., 2004; Hazama et al., 1998; Llaudet et al., 2005; Nakamura et al., 2006; Pellegatti et

al., 2005) and measurement of the changes in fluorescent properties of luciferin after its

conversion by luciferase (Sorensen & Novak, 2001). While powerful, these techniques

are sometimes technically challenging, often requiring generation and/or positioning of

reporters in a manner that does not allow for visualization of rapid dynamics of ATP

release from individual cells.

Here we present a method that utilizes fluorescence microscopy to visualize ATP

release from individual cells and to estimate the concentrations of ATP at different

regions in the extracellular space. The assay is based on a tandem enzyme reaction driven

by hexokinase and glucose-6-phosphate dehydrogenase, which, in the presence of ATP

and glucose, converts NADP to NADPH at an equimolar ratio. NADPH is a highly
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fluorescent compound that can be easily imaged using fluorescence microscopy (Piston

& Knobel, 1999). This conceptually simple assay has the potential to be easily adapted

for use by laboratories interested in the study of a wide variety of cellular systems in

which ATP release and response may be involved.

Materials and Methods

Materials: Unless otherwise indicated, all chemicals were obtained from Sigma-

Aldrich Chemical Co. (St. Louis, MO). HBSS was from Irvine Scientific; Santa Ana, CA.

Phytohemagglutinin was from Roche Applied Science; Indianapolis, IN.

Microscope system: All microscope studies were performed using an inverted

Leica DMIRB microscope (Wetzlar, Germany) equipped with a PSMI-2 stage incubator

controlled by a TC-202A temperature controller (Harvard Apparatus; Holliston, MA) and

a Hamamatsu Orca II camera (Hamamatsu; Hamamatsu City, Japan). Images were

acquired using Openlab software (Improvision; Coventry, England). Based on the

fluorescence properties of NADPH, we used a filter set consisting of a 340 nm band pass

exciter with a band width of 30 nm (Omega Optical; Brattleboro, VT), a 450 nm

bandpass emitter with a band width of 40 nm (Chroma Technology; Rockingham, VT),

and a 400 nm dichroic mirror (Chroma Technology). UV illumination was generated

using a 100-W short arc mercury lamp (Ushio, Tokyo, Japan). The microscope was

isolated from vibrations using a TMC Micro-g 63-542 vibration isolation table (Technical

Manufacturing Corporation; Peabody, MA). To generate an ATP gradient and to

mechanically perturb cells, we used an InjectMan NI 2 micromanipulator in combination
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with a FemtoJet microinjection system from Eppendorf (Eppendorf; Hamburg,

Germany).

Cell culture and PMN isolation: The human Jurkat T cell line (ATCC;

Manassas, VA) was cultured in RPMI supplemented with 10% heat inactivated FCS

(Omega Scientific; Tarzana, CA). Human polymorphonuclear neutrophils (PMN) were

isolated from the peripheral blood of healthy adult volunteers as described previously

(Junger et al., 1998).

Optical properties of NADPH: As shown in Fig. 1A, increasing concentrations

of ATP elicit the conversion of corresponding concentrations of NADP to NADPH.

NADPH has a maximum absorbance at 340 nm (Piston & Knobel, 1999). An emission

spectrum generated using a SFM25 Kontron spectrofluorometer (Kontron Instruments;

Basel, Switzerland) set to an excitation wavelength of 340 nm showed a maximum

emission peak at a wavelength of 450 nm (Fig. 1B). Based on these data we chose a filter

set for our microscope system consisting of a 340±15 nm band pass exciter, a 450±20 nm

band pass emitter, and a 400 nm dichroic mirror to detect the fluorescent signal of

NADPH.

Detection of exogenous ATP: All experiments were performed using an assay

solution containing 2 U/ml hexokinase (Sigma; catalog number H-6380), 2 U/ml glucose-

6-phosphate dehydrogenase (Sigma; catalog number G-5885), 2 mM NADP (Sigma;

catalog number N-1511), and 10 mM D-glucose (Sigma; catalog number G-400) diluted



33

in HBSS. Depending on the experimental design, ATP was either added to this solution

in bulk or it was slowly released into the solution at constant rate from a micropipette tip.

We used a Leica PL Fluotar oil immersion objective with a magnification of 100x and a

nominal aperture of 1.30 and recorded images with the Orca II camera using a 700 ms

exposure time. Openlab software was used to extract fluorescence intensity values

(expressed as grey values) from recorded images. Grey values from selected regions of

interest (ROIs) were averaged and converted to ATP concentrations using standard

curves generated with ATP standard solutions.

Detection of ATP using the luciferase assay: A luciferase/luciferin method

standard curve was generated using the Roche Applied Science Adenosine 5'-

triphosphate (ATP) Bioluminescence Assay Kit (Roche Diagnostics Corporation;

Indianapolis, IN). Equal volumes (100 µl) of ATP solution and the luciferase/luciferin

substrate mixture provided with the kit were placed in a Turner Designs 20/20

luminometer (Turner Designs; Sunnyvale, CA), and the luminescence was measured by

integration over a 3-s time interval. These measurements were repeated three times and

expressed as an average.

Stimulation of ATP release from cells: In order to remove existing extracellular

ATP, Jurkat cells or PMN were gently washed 3 times with fresh HBSS and allowed to

settle at room temperature. Cells were then gently resuspended in 50 µl of HBSS

supplemented with 10 mM D-glucose, placed onto a cover slip in a stage incubator with

the temperature set to 37ºC. To minimize release of ATP due to mechanical stress, the
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cells were kept on a vibration isolation table for the entire duration of the experiment.

Prior to assaying ATP release, 50 µl of a 2-fold concentrated assay solution containing

enzymes and substrate was added to the cells. For experiments where ATP was released

through cell lysis or osmotic stress, 10 µl of a 1% Triton X-100 solution in HBSS or 10

µl of 1,000 mM NaCl solution in HBSS, respectively, was added to the cells. For

experiments with activated Jurkat cells, 1 µl of a suspension of 1 x 107 Macsibeads/ml

coated with anti-CD3 and anti-CD28 antibodies as specified for the Macsibeads kit

(Miltenyi Biotech; Bergisch Gladbach, Germany) were incubated with the cells. In

experiments using PMN, cells were stimulated with a solution of 100 nM formyl-

methionyl-leucyl-phenylalanine peptide (fMLP; Sigma; St. Louis, MO) that was released

from a micropipette tip. To account for cellular autofluorescence in ROIs above the cell

body, gray value readings in these regions were obtained and then subtracted from

subsequent readings obtained after cell stimulation. For each type of stimulation, control

experiments were performed without NADP in the substrate mixture to ascertain that cell

stimulation did not alter autofluorescence readings.

Results and Discussion

Optimizing the fluorescence ATP assay system

The hexokinase/glucose 6-phosphate dehydrogenase (G6PD) reaction has

previously been used to quantify glucose concentrations (Neeley, 1972). The two step

reaction, summarized in Figure 1A, hydrolyzes ATP resulting in the formation of

equimolar concentrations of NADPH, a strongly fluorescent product with an absorption

maximum at 340 nm (Piston & Knobel, 1999). We evaluated the emission spectrum
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using a SFM25 Kontron spectrofluorometer (Kontron Instruments; Basel, Switzerland)

set to an excitation wavelength of 340 nm (Fig. 1B). Based on these data we chose an

appropriate filter set (described in the Methods section) for the microscope setup used in

our application.

We then tested various enzyme and substrate concentrations in a cell free system

to determine those that would be optimal for our assay so as to maximize the speed of the

sequential reactions that lead to the formation of NADPH. This is particularly important

in cell systems where the half-life of extracellular ATP is reduced by ecto-enzymes that

hydrolyze the nucleotide (Zimmermann, 2000). In order to maximize reaction speed, we

optimized the concentrations of the enzymes, hexokinase and G6PD, and of the substrates

NADP and glucose. The effect of the substrate/enzyme concentrations on the rate of

NADPH generation was tested by adding increasing concentrations of the reaction

components to HBSS and monitoring the speed of NADPH formation in response to the

addition of 1 mM ATP using fluorescence microscopy. In order to avoid substrate

limitation, the concentration of NADP in the assay solution had to exceed maximum

concentrations of ATP expected in the extracellular space, which was estimated to be

about 50 µM (Hayashi et al., 2004). We found that 2 mM NADP yielded optimal results

and the highest reaction speed. However, NADP concentrations >2 mM reduced the

reaction speed, possibly due to substrate inhibition (Fig. 2A), as previously described for

some isoforms of G6PD (Tsai & Chen, 1998). Increasing the concentrations of

hexokinase (Fig. 2B) or G6PD (Fig. 2C) increased the conversion of 2 mM NADP to

NADPH. Based on these experiments, we determined that 2 U/ml of each enzyme was
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optimal to maximize reaction speed. Higher enzyme concentrations did not significantly

increase reaction velocity.

As shown in Fig. 1, the tandem reaction requires glucose as a co-substrate. We

tested if increasing glucose concentration would increase the reaction speed in our assay

system. Predictably, the addition of 10 or 20 mM glucose to the 5.5 mM glucose

contained in HBSS increased the initial rate of the reaction from 10 to 60 fluorescence

units per second (grey value); however only minimal increases in the reaction rate were

seen when >10 mM glucose was added (Fig. 2D). This may be a result of substrate

inhibition (Purich et al., 1973). Based on the data from experiments shown in Fig. 2, we

determined that the following assay mixture results in maximal reaction speed:

2 U/ml hexokinase

2 U/ml G6PD

2 mM NADP

10 mM D-glucose

All components were diluted in HBSS.

Using these assay components in the microscope setup described above, we found

that an exposure time of 700 ms was necessary to capture fluorescent signals of low

concentrations of NADPH. Increasing the exposure time of the camera to 1,000 ms did

not significantly improve the resolution of the assay because of increased background

noise. Therefore, we chose to set the camera exposure time to 700 ms for all experiments.
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Verification of the fluorescence microscope assay system

To test the ability of the assay system described above to detect ATP

concentration gradients, we used a solution of 100 µM ATP in HBSS in a micropipette

mounted on a microinjector system and slowly released ATP into a solution containing

the enzyme and substrate mixture. We obtained a fluorescence signal that emanated from

the micropipette tip and increased in intensity as a function of time as a consequence of

ATP accumulation around the pipette tip (Fig. 3A). Repeating this experiment using

lower concentrations of ATP revealed a similarly rapid conversion of NADP to NADPH

at the site of ATP release, though yielding lower fluorescence intensities (data not

shown).

We used ATP standard solutions to estimate ATP concentrations using this assay.

Solutions of increasing ATP concentrations were added to the assay solution and

reactions were allowed to go to completion: Samples of each solution were placed on

cover slips, and using the microscope settings described above, fluorescence images were

obtained to determine the NADPH fluorescence signal corresponding to each ATP

concentration. Because the concentration of ATP, and therefore NADPH, was uniform

for each sample, we were able to extract the average gray value from each image and

correlate these values to respective ATP concentrations. These signals increased in a

nearly linear fashion at ATP concentrations between 0 and 400 mM (Fig. 3B). At higher

ATP concentrations, the fluorescence signal reached a plateau.

We compared the sensitivity and range of our method with that of the

luciferin/luciferase assay that is commonly used to measure ATP concentrations in bulk
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solutions. The luciferin/luciferase assay was more sensitive and had a broader dynamic

range extending from the low nM to the mM range (Fig. 3C). Several groups have

previously noted that extracellular ATP can reach concentrations as high as 100 µM

(Beigi et al., 1999; Schweibert & Zsembery, 2003). Thus our method can detect the

dynamics of release of such ATP concentrations, despite its more limited dynamic range

and sensitivity compared to luciferin/luciferase.

Visualization of ATP release from living cells

After establishing that our fluorescence assay system was potentially suitable to

visualize and quantify physiologically relevant ATP concentrations, we tested directly if

this system would allow the visualization and quantification of ATP release from living

cells. As a first step for validating our method, we sought to visualize ATP release during

lysis of Jurkat T cells. The cells were placed onto an inverted microscope, bathed in the

assay mixture and lysed with Triton X-100 to release their cytosolic ATP (Fig. 4 A&B).

Cell lysis rapidly increased NADPH fluorescence, corresponding to 10 µM ATP (Fig.

4B). This fluorescence signal rapidly dissipated, probably as a consequence of dilution or

hydrolysis of ATP by ecto-nucleotidases and related enzymes. In the absence of

hexokinase, we observed no increase in the fluorescence signal. However, we noted

autofluorescence of untreated cells in experiments shown in both Figs. 4A and B,

suggesting that our optical assay system can detect the fluorescence signal generated by

endogenous NADH or NADPH within the cells. Upon cell lysis, this autofluorescence

signal rapidly disappeared and became undetectable after 30 s (Fig. 4A).
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Hyperosmotic conditions can rapidly release ATP from Jurkat T cells (Loomis et

al., 2003). We tested if we could visualize this ATP release with our assay system. We

added a small aliquot of 1 M NaCl to Jurkat T cells bathed in assay solution in order to

increase the osmolarity of the culture medium by 20 mM. After addition of NaCl, ATP

was rapidly (<10 sec) released (Fig. 4C). Quantification of the signal in a region of

interest (ROI) outside of the cell revealed a steady release of ATP, increasing

extracellular ATP concentration by 15 µM within 60 s after exposure of the Jurkat cells

to the hyperosmotic conditions (Fig. 4C).

A primary goal for developing the fluorescence assay described here was to allow

the visualization of ATP release during cellular activation. To this end, we assessed ATP

release in response to stimulation of two different cell types: Jurkat cells and human

polymorphonuclear neutrophils (PMN). Jurkat cells were stimulated with beads coated

with antibodies to CD3 and CD28, which stimulate the receptors required for T cell

activation. PMN were stimulated with the bacterial cell wall-derived chemoattractant

formyl peptide (fMLP). Both treatments have been previously shown to induce robust

ATP release (Loomis et al., 2003; Yip et al., 2007; Chen et al., 2004, Chen et al, 2006).

Immediately after stimulation of Jurkat cells, we found that ATP was released from the

entire area of the cell membrane and liberally emanated from the cells some distance into

the extracellular space (Fig. 5A; compare signal at ROI 1 vs. ROI 2). The NADPH signal

was particularly strong at localized membrane regions, suggesting the existence of

distinct and spatially segregated ATP release sites. A region selected immediately outside

the cell membrane (ROI 1) revealed that the ATP concentrations in the extracellular

space close to the cell membrane reached ~80 µM within 2 min of initiation of cell
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stimulation. Fig. 5B shows the response of Jurkat cells to stimulation with a second type

of stimulus, the lectin phytohemagglutinin (10 µg/ml). ATP release occurred at a nearly

constant rate with ATP emanating far into the extracellular space, where ATP

concentrations of ~20 µM were observed within 2 min of cell stimulation.

In contrast to T cells, stimulation of PMN with 10 nM fMLP caused polarization

of cells and concomitant polarized ATP release. In the experiment shown in Fig. 5C, we

estimated the concentrations of ATP in three separate ROIs. ROI 1 was chosen within the

cell body at an area with dynamic changes in ATP concentrations. ROI 2 was selected at

another site within the cell body, and ROI 3 was chosen close to the uropod (i. e., the

trailing edge) of the same cell. At these different sites, we observed different dynamics of

ATP release with concentrations of ATP increasing to 25 µM, a value that is consistent

with data reported previously by others (Hazama et al., 1998). The release of ATP at the

cell surface (ROI 1) seemed to occur in fluctuating bursts, suggesting that release occurs

via degranulation. In contrast, ATP release at ROI 2 showed less fluctuation. ATP close

to the uropod (ROI 3) remained low and did not fluctuate, implying that fMLP

stimulation did not promote release of ATP from that region of the cell. Assessment of

the concentration of ATP at the leading edge of PMN in the process of cell migration, as

shown in Fig. 5D, revealed that ATP concentrations at the leading edge (ROI 1) increased

concomitantly with pseudopod protrusion, while little ATP was released at the uropod

(ROI 2) and in the center of the cell body (ROI 3).

ATP release from cells occurs in a 3-dimensional space. The determination of

ATP concentrations in a 3-dimensional space would require confocal microscopy. The 2-

dimensional microscopy method shown here suffers from the limitation that it cannot
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resolve ATP concentration differences along the z-plane. These problems could be

overcome with more sophisticated equipment such as spinning disc confocal or two-

photon microscopy systems.

Conclusions

The assay system described herein allows the detection of ATP release from

living cells. Using this assay, we show that Jurkat T cells and isolated human PMN differ

profoundly with regard to the concentration and speed of ATP that they release, as well

as in the subcellular locale from which ATP release occurs. This new assay should prove

useful for the visualization and quantification of ATP release, including from single cells,

and may provide a convenient means to study spatiotemporal aspects of ATP release

from numerous cell types and tissue preparations.
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Figure 1: Assay system used to visualize ATP release. A) Summary of the tandem
enzyme reaction resulting in formation of the fluorescent product NADPH in the
presence of ATP and glucose. B) Emission spectra of assay mixtures after the addition
of increasing concentrations of ATP. Emission data were obtained with a SFM25
Kontron spectrofluorometer adjusted to an excitation wavelength of 340 nm. The
emission peak at 450 nm corresponds to NADPH.
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Figure 2: Optimization of ATP assay. A). Effect of increasing concentrations of the
substrate NADP on the kinetics of the tandem enzyme assay in a cell free system.
Increasing concentrations of NADP were added to HBSS containing 1 U/ml
hexokinase, 1 U/ml glucose-6-phosphate dehydrogenase (G6PD), and 1 mM ATP and
fluorescence intensity (grey values) was measured over 10 min. B) Increasing
concentrations of hexokinase were added to HBSS containing 2 mM NADP, 1 U/ml
G6PD, and 1 mM ATP. Changes in fluorescence intensity were measured over a period
of 10 min. C) Increasing concentrations of G6PD were added to HBSS containing 2
mM NADP, 1 U/ml hexokinase, and 1 mM ATP and fluorescence intensity was
measured over 10 min. D) Increasing concentrations of D-glucose were added to HBSS
containing 2 U/ml hexokinase, 2 U/ml G6PD, 2 mM NADP, and 100 µM ATP.
Changes in fluorescence intensity were measured over 10 min.
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Figure 3: Fig 3) Quantification of ATP assay. A) ATP (100 _M) was released from a
pipette tip into an assay mixture consisting of 2 U/ml hexokinase, 2 U/ml glucose 6-
phosphate dehydrogenase, and 2 mM NADP, in HBSS with 4.5 mM additional glucose
and NADPH formation was visualized using fluorescence microscopy. B) ATP
response of fluorescence assay: increasing concentrations of ATP were added to the
assay mixture described above and fluorescence intensity (grey) values were recorded
by fluorescence microscopy, averaged, and plotted against ATP concentration. C) ATP
response of luciferin/luciferase luminescence assay. Increasing concentrations of ATP
were added to the assay described and relative luminescence unit (RLU) were
determined as described in Methods.
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Figure 4: Fig 4) Application of NADPH based fluorescence microscope assay to
visualize ATP release from living cells. The frames on the bottom of each panel show
image sequences with regions of interest (ROI) marked with circles at which average
fluorescence intensities (grey values) were determined. The graphs on top of each panel
depict corresponding ATP concentrations determined with ATP standard curves as
shown in Fig. 3B. A) Jurkat cell lysed with 0.1% Triton X-100 in the absence of assay
solution. B) Jurkat cell lysed with 0.1% Triton X-100 in the presence of assay solution.
C) Jurkat cell treated with 20 mM hypertonic solution (HS). D) Release of ATP from a
Jurkat cell after mechanical stimulation with a micropipette tip.
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Figure 5: Detection of ATP release of different immune cell types in response to
physiological cell stimulation. A) Jurkat cell stimulated with anti-CD3/CD28
antibodies bound to microbeads. B) Jurkat cell stimulated with PHA. C) Human
peripheral blood neutrophil stimulated with 10 nM fMLP. D) Release of ATP from a
migrating human neutrophil stimulated with 10 nM fMLP.
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ATP release guides neutrophil chemotaxis via P2Y2 and A3 receptors
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Abstract

Cells must amplify external signals to orient and migrate in chemotactic gradient

fields. We find that human neutrophils release adenosine triphosphate (ATP) from the

leading edge of the cell surface to amplify chemotactic signals and direct cell orientation

by feedback through P2Y2 nucleotide receptors. Neutrophils rapidly hydrolyze released

ATP to adenosine that then acts via A3-type adenosine receptors, which are recruited to

the leading edge, to promote cell migration. Thus, ATP release and autocrine feedback

through P2Y2 and A3 receptors provide signal amplification, controlling gradient sensing

and migration of neutrophils.

Introduction/Results/Discussion

Neutrophils are primary phagocytic cells with important roles in host defense and

tissue repair. However, activated neutrophils damage host tissues and contribute to
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chronic inflammatory diseases, including rheumatoid arthritis, inflammatory bowel

disease, and asthma (1). A key feature of neutrophils is their ability to detect and migrate

to compromised tissues by following a concentration gradient of chemotactic substances

released from microbial pathogens or injured cells.

Neutrophils can respond to chemoattractant gradients that differ in concentration

by as little as 1% across the length of the cell body (2). Chemotaxis must involve signal

amplification because a strongly polarized distribution of intracellular signal-transduction

components is observed even in shallow gradients. The mechanisms of signal

amplification are unclear (3, 4). We identified the polarized release of adenosine

triphosphate (ATP), the activation of P2Y2 receptors, and the translocation and activation

of A3 adenosine receptors as key mechanisms of signal amplification that control cell

orientation and direct the migration of neutrophils.

Membrane deformation caused by mechanical or osmotic stress induces the

release of cellular ATP from mammalian cells; however, detailed information on the

underlying mechanisms is lacking (5, 6). Because cell migration also involves membrane

deformation, we tested whether the stimulation of human neutrophils with the

chemoattractant N-formyl-Met-Leu-Phe (FMLP) causes ATP release. Treatment of cells

(107 cells in 250 µl of solution) with 100 nM FMLP rapidly tripled extracellular ATP

concentrations in bulk media (Fig. 1, A and B) by inducing the release of 0.5% of their

ATP pool. Concentrations of extracellular ATP and its hydrolytic products adenosine

monophosphate (AMP) and adenosine peaked 5 min after FMLP stimulation; but while

the concentration of ATP returned to basal levels after 15 min, AMP and adenosine

concentrations remained >5–fold above baseline (Fig. 1B), which is consistent with the
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presence of ecto–adenosine triphosphatases (ecto-ATPases) (7, 8). Neutrophils

completely hydrolyzed exogenous ATP (5 µM) within 2 min after ATP addition, which

suggests that they have potent ecto-ATPase activity (Fig. 1C).

Because membrane deformation occurs predominantly at the leading edge closest

to the chemoattractant source, we hypothesized this region to be the principal site of ATP

release. Fluorescent microscopy that was used to visualize ATP release [based on

conversion of nicotinamide adenine dinucleotide phosphate (NADP+) to its reduced form

NADPH] revealed that neutrophils discharge ATP within seconds after FMLP stimulation

(Fig. 1D and movies S1 to S3), with ATP release highest near the cell membrane with the

greatest degree of protrusion (Fig. 1D, inset).

Extracellular ATP and adenosine modulate neutrophil functions, including

chemotaxis (8, 9). We tested the effect of apyrase, which hydrolyzes ATP, on chemotaxis

in a trans-well system composed of upper wells with neutrophils and lower wells with 1

nM FMLP separated by a filter with 3-µm pores. Addition of apyrase to the upper wells

reduced chemotaxis by nearly 100% (Fig. 2A). Apyrase also inhibited FMLP-induced

superoxide formation, implying that FMLP-promoted responses require ATP. Addition of

apyrase to the lower wells reduced chemotaxis only by 40%, which suggests that ATP

release is essential for the initiation of chemotaxis but not for maintaining migration once

it is initiated. Microscopic analysis of neutrophil chemotaxis toward the tip of a

micropipette filled with 100 nM FMLP confirmed this conclusion: Although 79% of

control cells migrated toward FMLP with <60° angular deviation from a straight path, the

addition of apyrase (10 U/ml) diminished the proper orientation of cells so that only 17%

migrated correctly to the chemotactic source (Fig. 2B and movies S4 and S5). Other
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ATP-hydrolytic enzymes (e.g., ATPase and alkaline phosphatase) had similar effects (fig.

S1, A and B), confirming ATP release to be crucial for gradient sensing and cell

orientation.

Using the trans-well assay, we found that the nonhydrolyzable ATP analog

adenosine 5'-O-(3-thiotriphosphate) (ATP--S) increased FMLP-promoted chemotaxis and

cell migration in the absence of FMLP, regardless of whether ATP--S was added to the

upper or lower well (Fig. 2B), which indicates that extracellular ATP induces

chemokinesis (random cell migration) but is not chemotactic. Uniformly added ATP--S

(100 µM) impaired chemotaxis to a point source of FMLP, with only 31% of cells

migrating along the correct path (Fig. 2C and movie S6), which implies that ATP--S

treatment obscures polarized ATP released from the cells and interferes with gradient

sensing and proper cell orientation

Adenosine and ATP are respective ligands of a family of four P1 adenosine (A1,

A2a, A2b, and A3) and 15 P2 nucleotide receptors that include ionotropic P2X (P2X1-7)

and G protein–coupled P2Y(P2Y1,2,4,6,11,14) subtypes (10, 11). We used the general

P2-receptor antagonist suramin to test the role of P2 receptors in chemotaxis. Suramin

reduced chemotaxis by 80% (Fig. 2D), whereas the P2X-selective antagonists 1-[N,O-

bis(5-isoquinolinesulphonyl)-N-methyl-L-tyrosyl]-4-phenylpiperazine (KN-62) and

oxidized ATP did not (fig. S1C), implying that P2Y receptors are involved in neutrophil

chemotaxis.

Real-time reverse transcription polymerase chain reaction (RT-PCR) analysis

suggests that neutrophils and human promyelocytic HL60 cells express predominantly

A2a-, P2Y2-, and A3-receptor–derived mRNA (Fig. 3, A and B). Immunostaining
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showed that A3 receptors, but not A2a or P2Y2 receptors, are concentrated at the leading

edge of polarized cells (fig. S2, A and B), which suggests that A3 receptors may be

involved in chemotaxis. In the trans-well assay, adenosine (1 nM to 1 µM) enhanced

chemotaxis, particularly when added in the lower wells along with FMLP (Fig. 4A).

Higher concentrations of exogenous adenosine slightly diminished chemotaxis (Fig. 4A

and fig. S3A), likely by either activating A2a receptors, which are widely recognized for

their inhibitory effects on neutrophils (8–12) or obscuring endogenous adenosine

generated at the leading edge of migrating cells. Removal of extracellular adenosine with

adenosine deaminase (ADA), which converts adenosine to inosine, or inhibition of A3

receptors with 3-ethyl-5-benzyl-2-methyl-4-phenylethynyl-6-phenyl-1,4-(±)-

dihydropyridine-3,5-dicarboxylate (MRS 1191) inhibited chemotaxis toward FMLP (Fig.

4, B and E), platelet-activating factor, 3% autologous zymosan-activated serum,

interleukin-8, and live bacteria (fig. S3, B to D). Inosine generated by ADA did not affect

chemotaxis (fig. S3E).

The finding that the agonists and the antagonist of A3 receptors (but not of other

P1-receptor subtypes) affected neutrophil chemotaxis further suggested a special role for

A3 receptors in chemotaxis (Fig. 4, C and D). To determine whether A3 receptors control

gradient sensing or migration speed, we examined the effect of MRS 1191 on neutrophil

chemotaxis under the microscope. MRS 1191 (10 µM) reduced the migration speed of

cells toward FMLP from 2.4 ± 1.0 to 0.5 ± 0.7 µm/min (Fig. 4E and movies S7 and S8),

whereas gradient sensing seemed largely unaffected. Thus, A3 receptors appear to be the

key adenosine receptors that regulate neutrophil chemotaxis by controlling cell migration.

Flow cytometric analysis revealed that FMLP stimulation rapidly increases
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surface expression of A3 receptors in human neutrophils (Fig. 5A). This finding was

confirmed with HL60 cells stably transfected with an A3 receptor–enhanced green

fluorescent protein (EGFP) construct and differentiated with dimethyl sulfoxide to induce

a neutrophil-like phenotype capable of chemotaxis (13, 14). A3 receptors in resting cells

were predominantly localized in cytosolic granules (Fig. 5B). Upon exposure to an FMLP

gradient, A3 receptors, but not P2Y2 receptors, rapidly translocated to the cell surface

near the leading edge, accumulated on filopodia-like protrusions, and colocalized with F-

actin (Fig. 5C and movies S9 and S10), a marker for the leading edge of polarized cells

(15).

We further studied the chemotaxis of neutrophils from bone marrow of A3- and

P2Y2-receptor knockout (KO) mice (A3–/– and P2Y2–/–) using the murine chemotactic

peptide Trp-Lys-Tyr-Met-Val-Met-NH2 (W-peptide) (16). Chemotaxis of neutrophils

from both KO mouse strains was less than that of wild-type mice (Fig. 6, A and B).

Neutrophils lacking A3 receptors showed correct directionality but diminished speed,

whereas cells without P2Y2 receptors showed a loss in gradient sensing. We confirmed

the importance of both receptors for neutrophil chemotaxis in vivo by assessing cell

recruitment to the peritoneal cavity of KO mice intraperitoneally injected with 1 nM W-

peptide or 108 Staphylococcus aureus bacteria (Fig. 6C).

Our results lead to a model in which polarized ATP release, in response to

chemotactic receptor stimulation, facilitates gradient sensing by activating multiple

adjacent P2Y2 receptors that control cell orientation in a chemotactic gradient. Adenosine

formation and A3-receptor accumulation at the leading edge likely constitute a second

stage of autocrine signal amplification that facilitates chemotaxis by controlling migration
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speed (Fig. 6D). Other receptors, such as A2a receptors, may contribute to chemotaxis by

facilitating membrane retraction at the receding end. This system may help neutrophils

locate bacteria and damaged tissues, which also generate extracellular ATP (17). In view

of their importance for cell migration, P2Y2 and A3 receptors are potential therapeutic

targets for the treatment of inflammatory diseases (18, 19).

Chemotaxis in Dictyostelium discoideum is controlled by extracellular signaling

systems that use cyclic AMP (cAMP) production and the activation of cAMP receptors

(20–22). The results shown here define an analogous mammalian navigation system

based on polarized ATP release and purinergic receptor activation in neutrophils.

Materials and Methods

Materials

Adenosine receptor analogs, nucleotides, ATP£^S, fMLP, the A1 receptor agonist

CPA (N6-cyclopentyladenosine), A2a & A2b receptor agonist CGS-21680 (2-p-[2-

carboxyethyl] phenethylamino-5’-N-ethylcarboxamidoadenosine hydrobromide-

hemicarbonate salt), A3 receptor agonist IB-MECA (N6-[3-Iodobenzyl]adenosine-5'

Nmethyluronamide) and DMSO were obtained from Sigma-Aldrich Co. (St. Louis, MO).

W-peptide (WKYMVM) was obtained from Phoenix Pharmaceuticals (Belmont, CA).

Platelet activating factor-16 (PAF) and Interleukin 8 (IL-8) were from EMD Calbiochem

(San Diego, CA). Microscope studies were performed using a Leica DMIRB microscope

(Bensheim, Germany) connected to a Hamamatsu ORCA camera (Hamamatsu, Japan)

and images were obtained using Openlab software (Improvision, Lexington, MA).
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Cell culture and neutrophil isolation

Human neutrophils were isolated from peripheral blood of healthy adult

volunteers as described previously (23). Homozygous A3-/- mice were provided by

Merck Research Laboratories (West Point, PA), P2Y2-/- mice were obtained from Dr.

Beverly H. Koller (University of North Carolina, Chapel Hill, North Carolina), and

C57BL/6J mice (Jackson Laboratory, Bar Harbor, Maine) served as wild-type controls.

Bone marrow cells of 6-10 week old mice were obtained as described previously (24).

Murine neutrophils were isolated by Percoll gradient separation (55/68% interface) and

washed twice with HBSS before overnight incubation in RPMI (Irvine Scientific, Santa

Ana, CA) supplemented with 10% fetal calf serum (FCS). HL60 cells were cultured in

Iscove’s medium (ATCC, Manassas, VA) supplemented with 20% FCS. Differentiation

of HL60 cells was accomplished by incubating cells with 1.3% DMSO seven days prior

to experimentation.

HPLC analysis of extracellular nucleotides

Nucleotides released from neutrophils (107 cells in 250 µl) were analyzed by

HPLC analysis as described previously (9), except that the HPLC gradient was slightly

modified: 0-10 min, 5-100% elution buffer B; 10-13 min, 100% buffer B; 13-13.5 min,

100-5% buffer B; 13.5-15 min, 5% buffer B. Nucleotides were identified by their

retention times and concentrations estimated using known standards.

Assay for visualization of ATP release

Neutrophils were incubated at 37°C in HBSS containing a mixture of 8 U/ml each
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of hexokinase and glucose 6-phosphate dehydrogenase and 5 mM NADP. In the presence

of ATP, these enzymes catalyze the formation of NADPH, a fluorescent molecule that

was visualized using fluorescence microscopy with an excitation wavelength of 340 nm

and an emission at 460 nm. The fluorescence intensity of regions outside the cells was

measured using Openlab software and ATP concentrations were estimated using ATP

standard solutions of known concentrations.

Oxidative burst assays

Oxidative burst was measured by assessing superoxide formation using the

cytochrome C reduction assay previously described (9, 23).

Transwell chemotaxis assays

Transwell assays were performed with 96-well MultiScreen MIC Plate containing

a filter plate with a pore size of 3.0 µm (Millipore, Bedford, MA). As chemoattractant we

used 1 nM fMLP, 100 nM PAF, 3% autologous zymosan-activated serum (C5a), 2 ng/ml

IL-8 (for human neutrophils), or 100 nM W-peptide (for murine neutrophils) in each well

(150 µl) of the lower receiver plate. A suspension of 100 µl human or murine neutrophils

(1 x107/ml) was added into each well of the upper filter plate. After 50 min incubation at

37°C, the upper filter plate was removed. For human neutrophil assays, the cells in the

lower wells were collected and sedimented by centrifugation at 16,000 x g for 10 s at

room temperature. Elastase activity of the lysed cell suspension in the lower well was

used as an indicator of the number of migrated cells as previously described (18). Briefly,

after removal of the remaining supernatants, we mixed cells with 160 µl of a buffer
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consisting of 50 mM Tris/HCl and 100 mM NaCl, pH 7.4 containing 0.05% (v/v) Triton

X-100. Enzymatic reactions were started by the addition of the elastase-specific

chromogenic substrate N-methoxysuccinyl-Ala-Ala-Pro-Val-p-nitroanilide (Sigma) at a

final concentration of 1 mM. After 30 min at room temperature, the change in optical

density was measured at a wavelength of 405 nm. For murine cells, neutrophils migrated

into the lower wells were counted by microscopy. As a control, each set of experiments

included wells containing HBSS with 10% FCS without chemoattractant in the lower

well. Each condition was tested in triplicate.

Chemotaxis assays by microscopy

Human neutrophils, HL60 cells, or murine bone marrow neutrophils (2.5x106/ml)

were plated on 25 mm glass coverslips (Fisher Scientific, Pittsburgh, PA) coated with 50

µg/ml fibronectin and placed into a temperature-controlled stage incubator (Harvard

Apparatus, Holliston, MA) at 37°C. Cells were pre-treated with reagents as described and

exposed to a chemoattractant gradient field generated by slowly releasing 100 nM fMLP

(for human neutrophils) or 100 nM W-peptide (for mouse bone marrow neutrophils) from

a micropipette tip placed in proximity of the cells. Cell migration was tracked by

obtaining 20 serial images at 25-s intervals. From these images, the migration paths of

individual cells were plotted and the total distance traveled toward the point source of

fMLP was measured for each cell. From these data we obtained migration speed and path

deviation for each cell.
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Cell labeling for fluorescence microscopy

Antibody staining of receptors was performed by plating neutrophils or

differentiated HL60 cells (2.5x106/ml) on glass coverslips and the cells were stimulated

with 100 nM fMLP for 10 min at 37°C. The cells were fixed with 3.7%

paraformaldehyde in phosphate-buffered saline (PBS; Irvine Scientific) for 10 min at

room temperature, permeabilized with 0.1% Triton X-100 for 5 min, and labeled with

antibody as described previously (9). For actin staining, differentiated HL60 cells were

plated on glass coverslips, stimulated with 100 nM fMLP for 10 min, fixed by treatment

with 3.7% paraformaldehyde for 10 min, washed with PBS, and permeabilized by the

addition of a 0.1% solution Triton X-100 of for 10 min at room temperature. Coverslips

were blocked for 1 h using a blocking solution containing 4% BSA in PBS, and then

stained with rhodamine phalloidin according to the supplier’s instructions (Invitrogen,

Carlsbad, CA).

Real-Time PCR

The relative level of expression of mRNA of all known mammalian P1 and P2

receptors in human neutrophils and HL60 cells were determined with Real-Time RT-

PCR using neutrophils isolated from 3 individual human donors. Primers were designed

based on human P1 and P2 receptor sequences obtained from Genbank using the Primer 3

program (http://frodo.wi.mit.edu/cgibin/primer3/primer3_www.cgi) and published data

(25). Total RNA was extracted from 4x108 neutrophils using Trizol (Invitrogen), treated

with 1 U/µg total RNA DNase I (Invitrogen), and first strand cDNA was synthesized

using  Superscript II RNase H- reverse transcriptase (Invitrogen), according to the
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manufacturer’s instructions. A negative control sample, lacking reverse transcriptase, was

prepared simultaneously. The amplification efficiency of each primer set was determined

to ensure equal efficiency. Templates were generated by PCR using Platinum PCR

Supermix (Invitrogen), containing 100 nM sense and anti-sense primers and 1 µl cDNA.

PCR products were serially diluted 105 to 1011 fold and used as the template for Real-

Time PCR with the Qiagen QuantiTect SYBR Green PCR kit. Reactions were amplified

and subjected to melting curve analysis using DNA Engine Opticon 2 Real-Time PCR

detection system (BioRad, Hercules, CA) and the following cycling parameters: 1 cycle

at 95°C (10 min) and 45 cycles at 94°C (30 s), 60°C (30 s), 72°C (30 s). A standard curve

was generated by plotting the threshold cycle (Ct) against the Log (initial starting

quantity). The efficiency of each primer set was calculated using the slope of this curve

and the following equation: Efficiency = 10(-1/slope)-1. P1 and P2 receptor gene

expression levels were measured in samples using Real-Time PCR as described above (n

= 3) and the comparative Ct method for relative quantification of gene expression, which

was normalized against β-actin mRNA levels.

Determination of cell surface expression of A3 receptors by flow cytometry

Neutrophils (1 x 106) were stimulated with 100 nM fMLP at 37°C for different

times.Samples were then placed on ice and stained with a rabbit anti-human A3

adenosinereceptor antibody (Alpha Diagnostic, San Antonio, TX; 10 ng/ml) followed by

a goatanti-rabbit IgG-FITC antibody (Sigma; at 1:100 dilution). The cells were washed

withHBSS, fixed with sheath fluid containing 0.5% paraformaldehyde, and analyzed by

flowcytometry using a BD FACSCalibur System (BD Biosciences, Rockville, MD)
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equippedwith a 488 nm air-cooled argon-ion laser and interfaced to a computer equipped

with Cellquest Pro software (BD Biosciences). Neutrophils were gated to exclude from

analysis other cell types, debris, and aggregates. A total of 104 neutrophils per sample

were analyzed.

Live cell imaging of P1 and P2 receptor localization

Using the mammalian expression vector pEGFP-N1 (Clontech Laboratories,

Mountain View, CA), we generated plasmids encoding EGFP-fusion proteins of the

human A3 and P2Y2 receptors using genes obtained from UMR cDNA Resource Center

(Rolla, MO). The constructs were transfected into HL60 cells by electroporation (5 µg/ml

plasmid) using a pre-set protocol on the GenePulser II electroporation system (BioRad,

Hercules, CA). After 48 h in complete Iscove’s medium supplemented with 20% FCS,

stably transfected clones were selected by the addition of 2% G418 (Invitrogen) and

incubated under the same conditions for 4 weeks. Fluorescent imaging was carried out

using the microscope assays described above.

Endothelial Transcytosis Assay

Human brain microvascular endothelial cells (hBMEC) immortalized by

transfection with SV40 large T antigen were obtained from Kwang Sik Kim (Johns

Hopkins University, Baltimore, Maryland, USA); these cells show the morphological and

functional characteristics of primary brain endothelium. hBMEC were propagated in\

RPMI 1640 medium (Life Technologies and Co, Bedford, Massachusetts, USA)

supplemented with nonessential amino acids +10% FBS + 10% Nu-SerumTM IV (BD
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Biosciences, San Jose, CA) at 37°C in 5% CO2. Polar hBMEC monolayers were

established on collagen-coated TranswellTM plates 6.5 mm in diameter and with 3 µm

pores (BioCoat, BD Biosciences, San Jose, CA). Human neutrophils (106 cells in 100 µl

HBSS) were added to the upper well of the transwell chamber and treated with either 10

U/ml ADA or 10 µM MRS 1191. As a chemotactic stimulus, either 2 ng/ml IL-8 or 6 x

105 CFU of Staphylococcus epidermidis (ATCC 12228) in 600 µl HBSS were added to

the bottom of the transwell chamber. The plates were incubated for 160 min at 37°C in

5% CO2 and numbers of neutrophils that crossed the monolayers were enumerated using

microscopy. Integrity of the hBMEC monolayers was confirmed by impermeability to

4% Evans blue-labeled bovine serum albumin (BSA). Each assay condition was

performed in triplicate and repeated three times with similar results.

Assessment of neutrophils migration in mouse peritonitis models

Male WT, P2Y2-/-, and A3-/- mice (8-12 weeks old; 6 animals per group) were

used. To determine the role of P2Y2 and A3 receptors in neutrophils migration in vivo,

either 1 ml of W-peptide (1 nM), Staphylococcus aureus (108/ml), or vehicle (saline) was

injected intraperitoneally. After 2 h (in the W-peptide groups) or 4 h (in the S. aureus

groups), animals were euthanized. The peritoneal cavities were lavaged with 3 ml ice

cold HBSS containing 1% mouse serum, and neutrophil numbers were counted.
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Figure 1: Release of ATP by FMLP-stimulated neutrophils and formation of
adenosine. (A) ATP released in response to FMLP was determined with high-
performance liquid chromatography (HPLC) analysis of extracellular ATP and its
breakdown products. A pair of chromatograms shows ATP and its hydrolytic
products in the extracellullar environment of neutrophils before (lower trace) or
after (upper trace) stimulation with 100 nM FMLP. ADP, adenosine diphosphate.
(B) Extracellular concentrations of ATP, AMP, and adenosine measured with
HPLC analysis at different time points after stimulation of neutrophils with 100
nM FMLP. (C) Extracellular ATP, AMP, and adenosine at different times after
addition of exogenous ATP to isolated neutrophils. Error bars indicate SD of
triplicate determinations. (D) Release of ATP from living cells stimulated in a
gradient field of FMLP generated with a micropipette (asterisks) was visualized
with the use of a two-enzyme assay system that catalyzes the conversion of
NADP+ to NADPH in the presence of ATP. The generation of NADPH was
monitored in real time by means of fluorescence microscopy (excitation
wavelength, 340 nm; emission wavelength, 460 nm). Images were captured at 12
frames per minute. (Inset) Extracellular ATP concentrations based on calibration
of gray values with a known ATP standard.
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Figure 1: Release of ATP by FMLP-stimulated neutrophils
and formation of adenosine
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Figure 2: Effect of exogenous ATP on neutrophil chemotaxis. Trans-well
assays with neutrophils in upper wells separated from lower wells containing 1
nM FMLP by a filter with 3-µm pore size were used to assess chemotaxis. (A)
Effect of apyrase added to the lower or upper well on neutrophil chemotaxis and
on FMLP-induced oxidative burst. Cell responses are expressed as a percent of
the response to FMLP in the absence of apyrase. (B) Treatment with ATP--S in
the presence (circles) or absence (diamonds) of FMLP. (C) Cell migration
studied under the microscope was analyzed by tracing the paths of cells
migrating toward a micropipette tip containing 100 nM FMLP in the absence
(left) or presence (middle) of 10 U/ml of apyrase or 100 µM ATP--S (right). The
y axis of the traces represents the direction toward the chemoattractant source,
and the x axis shows the deviation from the straight path. Cell traces were
arranged to show their origins at x = y =0.(D) Effect of the P2-receptor
antagonist suramin on FMLP-induced cell migration. Error bars in (A), (B), and
(D) indicate SD of triplicate determinations.
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Figure 3: P1- and P2-receptor expression in neutrophils (A) and HL60 cells
(B). P1- and P2-receptor mRNA expression in human neutrophils and HL60
cells was estimated with real-time RT-PCR analysis and expressed in relation to
ß-actin. Error bars in (A) and (B) indicate SD of triplicate determinations.
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Figure 4: Role of adenosine and P1 receptors in neutrophil migration. (A) The effect
of exogenous adenosine added to the lower or upper wells on neutrophil chemotaxis was
assessed with the trans-well assay in the presence (circles) or absence (diamonds) of
FMLP. (B) Effect of ADA on FMLP-induced chemotaxis. (C) Effects of the A3-
receptor–selective agonist N(6)-(3-iodobenzyl) adenosine-5'-N-methylcarboxamide (IB-
MECA) and of the A2- and A1-receptor–selective agonists 2-p-[2-carboxyethyl]
phenethylamino-5'-N-ethylcarboxamidoadenosine hydrochloride (CGS 21680) and N6-
cyclopentyladenosine (CPA), respectively, on chemotaxis toward FMLP. (D) Effects of
A3-receptor–selective antagonist MRS 1191 and antagonists of other P1 receptors on
chemotaxis toward FMLP. (E) Composite images and cell migration traces of cells
migrating toward a micropipette tip containing 100 nM FMLP in the absence or presence
of 10 U/ml of ADA or 10 µM MRS 1191. Error bars in (A) to (D) indicate SD of
triplicate determinations.
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Figure 5: Localization of A3 receptors to the leading edge of migrating cells.
(A) The cell surface expression of A3 receptors of human neutrophils at different
time points after stimulation of cells with 100 nM FMLP was assessed with flow
cytometry and a primary antibody recognizing an extracellular domain of the
receptor. Error bars indicate SD of triplicate determinations. (B) Fluorescent
image of an unstimulated HL60 cell expressing an A3-EGFP fusion protein. (C)
HL60 cell expressing an A3-EGFP fusion protein migrating toward a micropipette
tip containing 100 nM FMLP (bright field image on top). The confocal image at
the bottom shows an HL60 cell migrating from the top left to the bottom right
corner. (D) Colocalization of A3-EGFP fusion protein and actin in cells globally
stimulated with 100 nM FMLP.
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Figure 6: P2Y2 and A3 receptors control neutrophil chemotaxis in vitro and
in vivo. (A) Migration paths of neutrophils [isolated from the bone marrow of
wild-type (WT) mice and mice deficient of A3 and P2Y2 receptors] migrating
toward the FMLP-receptor ligand W-peptide (100 nM). (B) Trans-well
chemotaxis assays of neutrophils from A3–/–, P2Y2–/–, and WT mice toward W-
peptide (100 nM). *, P < 0.0001 [analysis of variance (ANOVA) and Newman-
Keuls multiple-comparison test, n = 6 mice per group]. (C) In vivo cell migration
was assessed in WT mice and in A3 and P2Y2 KO mice by counting neutrophils
in the peritoneal cavity 4 hours after intraperitoneal injection of 108 living
Staphylococcus bacteria (solid bars) or vehicle (open bars). *, P < 0.0001
(ANOVA and Newman-Keuls multiple-comparison test, n = 6 animals per
group). (D) Roles of ATP release, P2Y2, and A3 receptors in neutrophil
chemotaxis: Activation of the formyl-peptide receptor (FPR) stimulates localized
ATP release, resulting in activation of nearby P2Y2 receptors that amplify
chemotactic signals and gradient sensing by stimulating the production of
phosphoinositide 3-kinase (PI3K), phosphatidylinositol 3,4,5-trisphosphate
(PIP3), and recruitment of Rac, Cdc42, and F-actin to the leading edge.
Translocation of A3 receptors to the leading edge, adenosine (ADO) formation
by ecto-ATPases/nucleotidases (EN), and autocrine activation of A3 receptors
facilitate directed migration. Error bars in (B) and (C) indicate SD.
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Figure 7: (Supplemental) ATPase and alkaline phosphatase hydrolyze ATP and
impair neutrophil chemotaxis. (A) Effect of ATPase (porcine cerebral cortex) on the
chemotaxis of human neutrophils towards fMLP assessed with the transwell assay. (B)
Cell traces of human neutrophils migrating towards a micropipette tip containing 100
nM fMLP in the absence (left) or presence of 10 U/ml phosphatase (calf intestine; CIP).
(C) Effect of the P2X specific P2 receptor antagonists 1-[N,O-bis(5-
isoquinolinesulphonyl)-N -methyl-Ltyrosyl]-4-phenylpiperazine (KN-62) and oxidized
ATP (o-ATP) on neutrophil chemotaxis using transwell assays with antagonists loaded
in either the upper or lower wells.
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Figure 8: (Supplemental) P1 and P2 receptor localization in polarized human
neutrophils and HL60 cells. (A) Immunostaining of A2a, A3, and P2Y2 receptors
in neutrophils using fixed purified human neutrophils (A) or HL60 cells (B)
uniformly stimulated with 100 nM fMLP prior to fixation. Images were arranged to
show cells with their leading edges oriented upwards. (C) Images of HL60 cells
expressing A3-EGFP (left) or P2Y2-EGFP fusion protein (right) migrating towards
a micropipette tip filled with 100 nM fMLP (at right of the images). Insets show
density slice of cross sections along the cell axes.
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Figure 9: (Supplemental) Roles of adenosine and A3 receptors in chemotaxis. (A)
Effect of 10 µM adenosine on traces of human neutrophils migrating towards fMLP
analyzed with the microscope assay. (B-D) Effect of ADA or the A3 receptor
antagonist MRS 1191 on chemotaxis of human neutrophils towards 100 nM platelet
activating factor (PAF), C5a (3% zymosan-activated autologous serum), 2 ng/ml IL-8,
or 106/ml living Staphylococcus epidermidis (ADA, 10 U/ml; MRS 1191, 10 µM)
added together with drugs to the lower wells. (E) Effect of inosine added to the lower
well of the transwell system on chemotaxis of human neutrophils toward 100 nM
fMLP.
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Chapter 6

Ecto-nucleoside triphosphate-diphosphohydrolase (E-NTPDase1/CD39) regulates

neutrophil chemotaxis by hydrolyzing released ATP to adenosine

Citation: Corriden R, Chen Y, Inoue Y, Beldi G, Robson S, Insel PA, Junger WG.

ECTO-nucleoside triphosphate-diphosphohydrolase 1 (E-NTPDASE1/CD39) regulates

neutrophil chemotaxis by hydrolyzing released ATP to adenosine. J Biol Chem. 2008

Aug 19. [Epub ahead of print]

Abstract

Polymorphonuclear neutrophils (PMN) release ATP in response to stimulation by

chemoattractants, such as the peptide N-formyl-met-leu-phe (fMLP). Released ATP and

the hydrolytic product adenosine regulate chemotaxis of PMN by sequentially activating

P2 and P1 receptors, respectively. Here we show that that ecto-nucleoside triphosphate-

diphosphohydrolase 1 (E-NTPDase1, CD39) is a critical enzyme for hydrolysis of

released ATP by PMN and for cell migration in response to multiple agonists (fMLP, IL-

8 and C5a). Upon stimulation of human PMN or differentiated HL-60 cells in a

chemotactic gradient, E-NTPDase1 tightly associates with the leading edge of polarized

human PMN and differentiated HL-60 cells during migration in a chemotactic gradient.

Inhibition of E-NTPDase1 reduces the migration speed of PMN but not their ability to

detect the orientation of the gradient field. Studies of PMN from E-NTPDase1 knockout
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mice reveal similar impairments of chemotaxis in vitro and in vivo. Thus, E-NTPDase1

plays an important role in regulating chemotaxis of PMN by facilitating the hydrolysis of

extracellular ATP.

Release of ATP from cells and subsequent activation of plasma membrane P2

(purinergic/nucleotide) receptors play important physiological roles in many cell types

(1,2,3,4,5). In addition to functioning as an autocrine/paracrine molecule that regulates

cell physiology, ATP can be hydrolyzed by ecto-ATPases to generate adenosine (6, 7),

which regulates cell function by the activation of P1 receptors (1). P1 receptors are G-

protein-coupled receptors (GPCR) while P2 receptors are of two types:  P2Y receptors,

which are GPCRs, and P2X receptors, which have ion channel activity (1). Release of

ATP by human polymorphonuclear neutrophils (PMN) and activation of P2Y receptors

by ATP and of P1 receptors by adenosine play a critical role in chemotaxis of PMN (8).

ATP is released in a polarized manner at the leading edge of cells and amplifies

chemotactic gradient signals by autocrine/paracrine feedback through P2Y2 receptors.

Adenosine formed from released ATP stimulates cell migration towards the

chemoattractant by activation of A3 adenosine receptors that accumulate at the leading

edge of polarized PMN (8). The precise mechanisms by which PMN release and

hydrolyze ATP, thereby regulating the responsiveness of P2Y2 receptors and generating

adenosine,  have not been identified.

Several families of ecto-ATPases hydrolyze extracellular nucleotides in

eukaryotic cells. The largest family, the ecto-nucleoside triphosphate

diphosphohydrolases (E-NTPDases), consists of eight members (E-NTPDase1-8), which

hydrolyze nucleotide triphosphates and diphosphates to monophosphates (10). The ecto-
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nucleotide pyrophosphatase/phosphodiesterases (E-NPPs) are the second largest family;

these enzymes also hydrolyze nucleotide triphosphates to monophosphates and, in

addition, they can convert cAMP to adenosine (11). Alkaline phosphatases (ALPs) are

another family of ecto-ATPases, of which four isoforms have been identified (6); and

finally, ecto-5í-nucleotidase (CD73), comprising one member only, catalyzes the

conversion of AMP to adenosine (12).

In the current study we show that E-NTPDase1, which is also known as CD39, is

expressed and catalyzes the hydrolysis of extracellular ATP by PMN and that this

hydrolysis plays a critical role in chemotaxis.

EXPERIMENTAL PROCEDURES

Materials: All chemicals were obtained from Sigma (St. Louis, MO) unless otherwise

noted. Monoclonal anti-tissue non-specific ALP antibody was obtained from Abcam

(Cambridge, MA). Alexa Fluor 488 goat anti-mouse IgG secondary antibodies were

obtained from Invitrogen (Carlsbad, CA).

PMN isolation: The BIDMC and UCSD Human Research Programs approved all

experiments undertaken in this study. PMN were isolated from the peripheral blood of

healthy volunteers as described previously (13). Briefly, blood was treated with 5%

Dextran-500, dissolved in normal saline, and allowed to sediment at room temperature

for 30 min. The cells in the supernatant were then separated by Percoll gradient

centrifugation and washed as previously described (13).



76

HPLC analysis of extracellular nucleotides: Cell culture supernatants were collected

and analyzed using HPLC as described previously (8). Nucleotides were identified and

their concentrations estimated using their retention times as compared to known

standards.

Malachite green assay: Solutions of malachite green (0.812 g/l deionized H2O),

ammonium molybdate (0.3 M in 6N HCl), and polyvinyl alcohol (23.2 g/l H2O) were

prepared as described previously (14). To produce the assay solution, 4 ml malachite

green solution was mixed with 2 ml each of the ammonium molybdate and polyvinyl

alcohol solutions. The supernatants of cell suspensions were collected and mixed at a

ratio of 1:1 with the malachite green assay solution. After incubation at room temperature

for 5 min, samples were analyzed in a plate reader at 650 nm and compared to a KH2PO4

standard curve to obtain the concentration of inorganic phosphate.

Immunofluorescence staining: PMN (2.5 x 106/ml) were plated on glass coverslips and

stimulated with 100 nM N-formyl-methionyl-leucyl-phenylalanine (fMLP) for 10 min.

The cells were permeabilized for 5 min with 0.1% Triton X-100, fixed with 3.7%

paraformaldehyde in phosphate-buffered saline (PBS; Irvine Scientific) for 10 min at

room temperature, and stained with antibodies using 500 ng/ml anti-tissue nonspecific

ALP, 500 ng/ml anti-NTPDase1, and 4 µg/ml Alexa 488 goat anti-mouse IgG secondary

antibodies, as described previously (9).

Real-time RT-PCR: Total RNA was extracted from PMN using a Trizol extraction
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method (Invitrogen, Carlsbad, CA). First strand cDNA was synthesized using Superscript

II RNase H-Reverse Transcriptase (Invitrogen). Real-time RT-PCR was performed using

primer sets and the QuantiTect SYBR Green PCR kit from Qiagen (Hilden, Germany)

and the DNA Engine Opticon 2 Real-Time PCR detection system (BioRad, Hercules,

CA). The comparative method for relative quantification of gene expression (Ct method)

was used and expression levels were normalized to β-actin mRNA levels.

In vitro  chemotaxis assay by microscopy: PMN (2.5 x106/ml) were plated on 25 mm

glass coverslips (Fisher Scientific, Pittsburgh, PA) coated with 50 mg/ml human

fibronectin and placed into a temperature-controlled stage incubator (Harvard Apparatus,

Holliston, MA) at 37°C. Cells were treated as described below and exposed to a

chemotactic gradient generated by the release of 10 nM fMLP using a micropipette tip

attached to a FemtoJet injector (Eppendorf, Hamburg, Germany). Cell migration was

tracked by acquiring 20 sequential images in 25-s intervals.

In vitro transwell chemotaxis assay: Chemotaxis assays in a transwell system were

performed using a 96 well MultiScreen MIC plate (Millipore, Billerica, MA) with a pore

size of 3.0 µm. A 100 µl suspension of 1 x106 PMN in HBSS, with or without 100 µM

ARL-67156, was added to each well of the upper filter plate. Chemoattractants, either 10

nM fMLP, 10 ng/ml IL-8, or 10% zymosan-activated serum (C5a), were added to each of

the lower wells (150 µl final volume). After incubation at 37°C for 30 min, the upper

plate was removed and lysed by addition of 10 µl of a buffer ( 500 mM Tris/Hcl and 1M

NaCl, pH 7.4) containing 0.5% (v/v) Triton X-100. Reactions were started by the
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addition of the chromogenic substrate N-methoxysuccinyl-Ala-Ala-Pro-Val-p-

nitroanilide (final concentration, 1 mM). After 30 min at room temperature, the change in

optical density was measured at a wavelength of 405 nm.

In vivo chemotaxis assay: Chemotaxis of PMN was assessed in wild-type (WT) and

CD39-knockout (KO) mice as described previously (8). Briefly, one milliliter of a 1 nM

solution of the mouse FPR ligand WKYMVM (W-peptide; Phoenix Pharmaceuticals,

Belmont, CA) in normal saline was injected intraperitoneally. After 2 h, mice were

euthanized, peritoneal cavities lavaged with 3 ml ice cold HBSS containing 1% mouse

serum, and leukocyte number was counted.

RESULTS

Hydrolysis of extracellular nucleotides by PMN: Human PMN release ATP in

response to stimulation with fMLP and the released ATP and its hydrolytic product

adenosine regulate polarization and migration of PMN (8). To evaluate the hydrolysis of

extracellular nucleotides by PMN, we added ATP, ADP, or AMP (100 µM) to PMN

(5x106 in 0.25 ml HBSS) and used HPLC to assess the concentrations of each nucleotide

and their hydrolytic products after different incubation periods at 37∫C. We found that

PMN hydrolyzed 100 µM ATP by >80% within 10 min; AMP concentrations increased

correspondingly but concentrations of ADP remained low and changed little over time

(Fig. 1A). These results imply that PMN hydrolyze extracellular ATP directly to AMP,

generating negligible amounts of ADP in the process. Such catalytic properties are

characteristic of E-NTPDase1 (6). Consistent with a role for this enzyme in ATP
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hydrolysis, we found that PMN efficiently hydrolyze extracellular ADP, reducing 100

µM ADP by ~60% within 10 min of incubation at 37°C (Fig. 1B). By contrast, PMN

hydrolyzed <10% of  100 µM  AMP under similar incubation conditions (Fig. 1C).

Hydrolysis of AMP is thus a rate-limiting step in the generation of extracellular

adenosine by PMN.

Real-time RT-PCR evaluation of ecto-nucleotidase expression: In order to

determine which nucleotide-hydrolyzing enzyme(s) might mediate the hydrolysis of

ATP, we used real-time RT-PCR analysis to evaluate the expression of ecto-

nucleotidases in PMN and HL-60 cells, which were differentiated to a neutrophil-like

phenotype (Fig. 2). Based on the enzymatic activities determined above (Fig. 1), we

focused our attention on members of the E-NTPDase enzyme family, which catalyze

hydrolysis of ATP and ADP but not AMP, and on enzymes that generate adenosine (6).

We detected the expression of two E-NTPDases that hydrolyze ATP to AMP (E-

NTPDase1 and E-NTPDase2), and tissue-nonspecific ALP, which, among other

activities, hydrolyzes AMP to adenosine (6). We also found expression of two members

of the E-NPP family (E-NPP1 and E-NPP2), although only one of these enzymes, E-

NPP2, was expressed at significant levels. The relative expression levels of ecto-

nucleotidases in differentiated HL-60 cells were similar to those in PMN with dominant

mRNA expression of both E-NTPDase1 and E-NTPDase2 (Fig. 2B). HL-60 cells did not

express tissue-nonspecific ALP but showed a higher relative expression of E-NPP2. E-

NTPDase4 was highly expressed in both cell types (data not shown); however, this

enzyme hydrolyzes UTP and UDP but not ATP (10).

Kinetics of extracellular nucleotide breakdown by PMN: Four of the eight known
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E-NTPDases (E-NTPDase1, 2, 3, and 8) hydrolyze ATP (6). Each is also capable of

hydrolyzing ADP but the relative efficiency of breakdown of ATP vs. ADP varies among

the isoforms. Thus, the E-NTPDases can be distinguished by their enzymatic activity in

hydrolyzing ATP vs. ADP. As shown above, we found that two E-NTPDases, E-

NTPDase1 and 2, are expressed by human PMN. The relative efficiency of ATP vs. ADP

breakdown by E-NTPDase1 is 1.0 vs. 0.5-0.9 (18, 19, 20), whereas E-NTPDase2 has a

stronger preference for ATP with a relative efficiency ratio of 1:0.03 (21, 22, 23). In

order to determine whether E-NTPDase1 or 2 is more important for the hydrolysis of

extracellular ATP by PMN, we examined the initial rates of hydrolysis of ATP and ADP

(Fig. 3) and used Lineweaver-Burke plots to derive Km and Vmax values. PMN

hydrolyzed ATP more effectively (Km = 20.9 µM, Vmax = 9.48 µmol Pi/min/106 cells)

than ADP (Km = 12.8 µM, Vmax = 1.78 µmol Pi/min/106 cells). The enzymatic

efficiencies for breakdown of ATP and ADP, derived by dividing Vmax by Km, yielded

a ratio of 1:0.31. This result implies that E-NTPDase1 likely plays a dominant role in the

hydrolysis of extracellular ATP by PMN. Differentiated HL-60 cells also hydrolyzed

ATP more effectively (Km = 2.46 µM, Vmax = 0.96 µmol Pi/min/106 cells) than ADP

(Km = 1.49 µM, Vmax = 0.23 µmol Pi/min/106 cells). HL-60 cells, while overall not as

efficient at hydrolyzing extracellular nucleotides as PMN, showed similar relative

enzyme efficiencies for the breakdown of ATP and ADP (1:0.38).

PMN also hydrolyze AMP to adenosine, however at a much slower rate (Fig. 3A,

inset), which made it not possible to calculate Km and Vmax. Under identical conditions,

HL-60 cells did not exhibit sufficient AMP hydrolysis to generate a detectable signal.

Inhibition of E-NTPDase1 blocks ATP hydrolysis: To further test whether E-NTPDase1
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preferentially mediates the hydrolysis of extracellular ATP by PMN, we used two

inhibitors of this enzyme: NaN3, which inhibits E-NTPDase1 (24), and ARL67156,

which inhibits E-NTPDase1 and 3 (25). Both NaN3 and ARL67156 inhibited ATP

hydrolysis in a concentration-dependent manner (Fig. 4). Thus, the real-time RT-PCR

results, the kinetics of enzyme activity, and the results with E-NTPDase inhibitors are all

consistent with the conclusion that E-NTPDase1 plays an important role in the hydrolysis

of extracellular ATP by human PMN.

Inhibitors of E-NTPDase1 inhibit PMN chemotaxis: We assessed the contribution

of E-NTPDase1-mediated hydrolysis of ATP to the regulation of chemotaxis of human

PMN. Purified PMN migrated towards a point source of fMLP at an average speed of

4.7±1.1 µm/min with an accuracy of gradient sensing, such that 94% of cells migrated

towards the chemotactic source on paths that did not deviate >30° from a straight line

(Fig. 5A). Inhibitors of ATP hydrolysis reduced the migration speed of PMN. ARL67156

reduced the average migration speed by 75% (1.2±0.6 µm/min) but most cells (83%)

maintained their migration path within 30° of a straight line towards the chemotactic

source, indicating that gradient sensing is not substantially altered by inhibiting ATP

hydrolysis. NaN3 also inhibits NTPDase1 activity; it reduced the average migration

speed by 66% (1.6±0.6 µm/min), while leaving gradient sensing largely intact (85% of

cells maintained a correct migration path). The reduction in cell migration speed

produced by the inhibitors leads us to conclude that a function of E-NTPDase1 is to

regulate the velocity of PMN during chemotaxis.

To evaluate the ability of E-NTPDase1 activity on PMN migration to influence

response to multiple classes of chemoattractants, we assessed the effect of ARL67156 on
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migration towards fMLP, IL-8, and zymosan-activated serum (C5a) using a transwell

assay system. Treatment with ARL67156 substantially reduced the PMN migration by all

3 classes of agonists (Fig 5B). Thus E_NTPDase1 modulates PMN chemotaxis in

response to multiple types of chemoattractants.

E-NTPDase1 is localized to the leading edge of migrating PMN and HL-60 cells:

Given the functional role of E-NTPDase1 in regulating PMN chemotaxis, we used

immunocytochemistry to determine the localization of this enzyme in human PMN. PMN

were plated onto glass coverslips and stimulated with 10 nM fMLP for 2.5 min at 37°C

prior to fixation and staining with E-NTPDase1 antibodies. In 82% of polarized PMN, we

observed accumulation of E-NTPDase1 at the leading edge (Fig. 6A); we found similar

results in differentiated HL-60 cells (Fig. 6B). Thus E-NTPDase1 is recruited to the

leading edge during cell polarization. At the leading edge, this ecto-ATPase then

hydrolyzes ATP that is most prominently released at this site during cell migration (8).

E-NTPDase1 knockout mice show impaired PMN migration: To study the role of

E-NTPDase1 in the migration of PMN in an in vivo setting, we assessed the influx of

PMN into the abdominal cavities of E-NTPDase1- knockout mice and wild-type (WT)

controls in response to formyl peptide receptor ligand W-peptide injected into the

peritoneal cavity as described previously (8).  Compared to an injection of saline vehicle

control, injection of W-peptide increased the number of PMN that migrated in the

peritoneal cavities of WT mice by 1.8-fold, while this response was significantly reduced

in E-NTPDase1 knockout mice (Fig. 7A).

Impaired migration of PMN from E-NTPDase1 knockout mice was also observed

in vitro using PMN isolated from the bone marrow of WT and E-NTPDase1 knockout
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mice. The average migration speed of PMN from E-NTPDase1 knockout mice

(0.11±0.13 µm/min) was 80% slower than that of PMN from WT controls (0.52±0.15

µm/min) but PMN from the knockout and WT mice showed no difference in their ability

to polarize and migrate in the correct direction (Fig. 7B).

DISCUSSION

The results presented here extend previous findings regarding the role of

polarized ATP release and the activation of P1/P2 receptors in the regulation of PMN

chemotaxis (8) to include an additional important step that determines the chemotactic

response: extracellular ATP hydrolysis. The current data showing the expression,

functional role, and cellular localization of E-NTPDase1 (CD39) in PMN indicate that it

provides a physiologically important contribution to ATP hydrolysis in those cells. E-

NTPDase1 also modulates platelet function (28) and controls endothelial cell function

and permeability (29). Moreover, E-NTPDase1 has been shown to be expressed in PMN

(30). Together with our current findings, such data imply that E-NTPDase1 may be a

general mechanism by which cells modulate the availability of extracellular ATP and

adenosine for activation of purinergic receptors and perhaps other partners that modulate

cellular responses.

Extracellular ATP and adenosine both play critical roles in the polarization and

migration of PMN via tightly coordinated processes that involve the activation of P2Y2

and A3 receptors (8).  The current data indicate that E-NTPDase1 localizes at the leading

edge where most of the ATP released by PMN accumulates (Fig. 8). This suggests a dual

role for E-NTPDase1: 1) initiation of adenosine formation, which contributes to directed
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migration of PMN and 2) enzymatic hydrolysis and rapid decrease of ATP concentration

at the leading edge. An important consequence of the latter effect would be to prevent

aberrant polarization of PMN, which would occur by the activation of P2Y2 receptors

that are not located at the leading edge, resulting in random migration rather than

chemotaxis.

E-NTPDase1 catalyzes the first step in the production of adenosine, which

activates A3 receptors, whose translocation to the leading edge of PMN promotes

directional movement and defines migration speed (8). Adenosine also activates other

receptors of PMN, such as A2a receptors, which are uniformly distributed and may help

prevent leading edge formation at the trailing edge of migrating cells. Consistent with

these ideas, we find that inhibition of E-NTPDase1 diminishes the migration speed of

PMN in a gradient of fMLP. This inhibition is not unique to fMLP-promoted chemotaxis,

as inhibition of E-NTPDase also decreases the migration efficiency in response to

gradients of IL-8 and C5a. In addition, we find that chemotaxis of PMN in E-NTPDase1

knockout mice is impaired because of greatly reduced migration speed even though

gradient sensing is maintained.

Although E-NTPDase1 plays an important role in ATP hydrolysis and PMN

function, a second enzyme is required to complete the hydrolysis of ATP to adenosine. In

human PMN, ALP, which is known to help regulate functions of neutrophils (31), is a

likely candidate. Studies with inhibitors of ALP suggest that the enzyme contributes to

the generation of extracellular adenosine and the control of PMN chemotaxis (data not

shown). By contrast, differentiated HL-60 cells do not express ALP, although these cells

are able to navigate chemotactic gradients.  HL-60 cells express E-NPP2, also known as
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autotaxin, which can facilitate hydrolysis of AMP to adenosine and thus may perform a

similar function as does ALP in PMN (10).

The current data highlight the critical role of E-NTPDase1 in modulation of PMN

chemotaxis by regulation of ATP hydrolysis and generation of adenosine both in vitro

and in vivo. Accordingly, E-NTPDase1 represents a potential therapeutic target for the

treatment of inflammatory diseases that involve the aberrant or excessive accumulation of

PMN in inflamed tissues.
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Figure 1: Hydrolysis of nucleotides by human PMN. ATP (A), ADP (B), and AMP
(C) were added at final concentrations of 100 µM to a suspension of PMN in HBSS (0.25
ml; 2x107 PMN/ml). ATP and its hydrolytic products were measured by HPLC analysis
after incubation at 37∫C for the indicated periods. The data shown are representative of
results obtained in 3 separate experiments for each nucleotide.
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Figure 2: Quantification of mRNA levels of ecto-nucleotidases in PMN and HL60
cells. Real time PCR was used to assess mRNA expression levels (relative to 18S RNA)
of ecto-nucleotidases in PMN and differentiated HL60 cells. E-NTPDase8, and ENPPs 3,
4, and 5 were not detected in either cell type. The data shown are mean ± SD for results
obtained in 3 separate experiments.
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Figure 3: Kinetics of nucleotide hydrolysis by PMN and HL60 cells. Varying
concentrations of ATP, ADP, and AMP were incubated with 106 PMN/ml (A) or 106
HL60 cells/ml (B) and inorganic phosphate production was assayed as indicated in
Methods. The initial reaction velocity of nucleotide hydrolysis was measured for each
concentration. Data in the text for Km and Vmax were derived by Lineweaver-Burke
analysis. AMP hydrolysis by PMN is shown in the inset of panel A. Data for AMP
hydrolysis by HL-60 cells are not shown because such hydrolysis occurred at too low a
rate to be detected. The data shown represent mean ± SD for 3 separate experiments.
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Figure 4: Inhibitors of E-NTPDase1 decrease nucleotide hydrolysis by PMN. PMN
(106/ml in HBSS) were incubated at 37∫C for 15 min with increasing concentrations of
NaN3, an inhibitor of E-NTPDase1 (A) or ARL67156, an inhibitor of E-NTPDases1 and
3 (B). Hydrolysis of 100 µM of the indicated nucleotides was assessed after a further 10
min using the malachite green assay. The data shown represent mean ± SD for 3 separate
experiments.
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Figure 5: Inhibitors of E-NTPDase1 decrease PMN chemotaxis. (A) PMN (1 x 104)
were placed on fibronectin-coated coverslips in a microincubation chamber containing 1
ml HBSS at 37∫C. Migration towards a point source of fMLP (100 nM) was monitored
over 4 min using an inverted microscope, as described previously (8). Inhibitors of E-
NTPDase1 (ARL67156 or NaN3) were added to the cells 10 min before generation of the
chemotactic gradient. The paths of individual cells migrating in the gradient field are
plotted such that the y-axis represents the straight-line paths from each cell origin to the
point source of fMLP. Chemotactic patterns of control PMN (fMLP only) and PMN
treated with ARL67156 (100 µM) or NaN3 (10mM) are shown. The data are
representative of 3 separate experiments. (B) PMN (1 x 106), in the presense or absence
of  ARL67156 (100 µM) were placed in the top well of a transwell system, with the
bottom wells containing fMLP (10 nM), IL-8 (10 ng/ml), or 10% zymosan activated
serum (ZAS). After a 30 min incubation at 37∫C, cells in the lower well were lysed and
relative migration levels were quantified by measuring elastase activity. The data shown
(mean ± SEM) were obtained in  3-4 separate experiments. Statistical significance was
evaluated using the students t-test (* = p < 0.001, ** = p < 0.01).
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Figure 6: Localization of E-NTPDase1 in migrating PMN and HL-60 cells. PMN or
differentiated HL-60 cells were plated on glass coverslips, stimulated with 10 nM fMLP,
fixed with paraformaldehyde, and stained using a murine antibody to E-NTPDase1
followed by a fluorescent secondary goat anti-mouse antibody. The top and middle
panels show bright field and fluorescent images, respectively. The bottom panels show
pixel intensity diagrams of fluorescence along the length of cells. Grey dashed lines
indicate the start and endpoints of the fluorescence intensity diagrams and represent the
leading edge and uropod/back end of cells, respectively (RFU; relative fluorescence
units). The results shown are representative of findings from three separate experiments
obtained in at least 50 PMN or HL-60 cells and indicate that maximal fluorescence is
present at the leading edge.
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Figure 7: Migration of PMN from E-NTPDase1 knockout mice. (A) In vivo PMN
migration was assessed by determining the influx of leukocytes in the abdominal cavity
of WT and E-NTPDase1 knockout (KO) mice in response to intra-peritoneal injection of
1 nM W-peptide solution or normal saline as control. (B) The chemotactic properties of
PMN from the bone marrow of WT or E-NTPDase1 KO mice in a gradient of W-peptide
generated as described in Fig. 5 were assessed under the microscope using the methods
described previously (8).  The results shown are the mean ± SD of the results obtained
with 3 to 6 different animals in each group.
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Figure 8: Proposed mechanism of ATP release, action and hydrolysis by PMN.
Chemoattractant stimulation of PMN causes the release of ATP at the leading edge.
Released ATP activates P2Y2 receptors, which stimulates chemokinesis, or is
hydrolyzed to by E-NTPDase1, also localized at the leading edge. An additional
enzyme, possibly ALP in human PMN, hydrolyzes extracellular AMP to adenosine,
which activates A3 adenosine receptors at the leading edge and promotes cell
migration towards the chemotactic source.
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Chapter 7

Summary/Discussion

Summary

The observation that human neutrophils release ATP in response to stimulation

with the chemoattractant fMLP led me to study the role of P1/P2 receptor signaling in

chemotaxis. Extracellular ATP is a fast acting messenger that can be quickly degraded by

ecto-ATPases to terminate its actions. For this reason it seemed to be an ideal signaling

molecule to modulate cell polarity, a process that requires rapid adaptation to a changing

environment. At the time I conducted my studies related to ATP, the idea that activation

of chemoattractant receptors alone was enough to stimulate chemotaxis was dogma--one

of the most frequently cited papers in the field explicitly stated that no extracellular

modulators of chemotaxis are secreted by neutrophils (1). Evaluating the role of

extracellular ATP in the process of neutrophil chemotaxis formed the basis for this thesis.

My initial hypothesis was that neutrophils released ATP at the leading edge

during migration to establish polarity. Unfortunately, while there were methods available

for studying polarized release of ATP, they were too unstable or cumbersome for studies

of rapidly migrating neutrophils. My first goal was to develop an assay that would allow

visualization of ATP release in real-time. The NADPH-based assay enabled this. The

method is relatively easy to set up, much less expensive than others, and was the first

method that allowed for visualization of ATP release with single-cell resolution.
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Using the ATP visualization assay, I found that human neutrophils release ATP at

the leading edge when exposed to a gradient of chemoattractant. Use of HPLC revealed

that there was also extracellular accumulation of adenosine. Elimination of either the

extracellular ATP or adenosine strongly inhibited migration, suggesting that both

signaling molecules contributed to neutrophil chemotaxis. Further studies revealed that

these effects were mediated by activation of  P2Y2 receptors by ATP, which established

cell polarity, and A3 receptors by adenosine, which promoted forward movement. The

A3 receptor localized to the leading edge during chemotaxis, which allows cells to

polarize their sensory machinery while maintaining a uniform distribution of plasma

membrane chemoattractant receptors. This provided an explanation as to how neutrophils

are able to orient and migrate in extremely shallow gradients of chemoattractant.

In the final set of studies presented in this thesis, I set out to identify which ecto-

ATPases mediate the hydrolysis of extracellular ATP and identified E-NTPDase1 as the

primary enzyme responsible for this hydrolysis of ATP. Inhibition of E-NTPDase1,

which was localized on the leading edge of polarized cells, resulted in aberrant migration,

which further supported the model of P1/P2 receptor mediated chemotaxis.

Future Directions

Though the findings presented in this thesis advance understanding of neutrophil

chemotaxis, many unanswered questions remain, some of which I identify below.

The majority of the work presented in this thesis focused on extracellular events

mediating P1/P2 receptor-driven chemotaxis. The precise intracellular mechanisms
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linking the activation of these receptors to cytoskeletal rearrangement pathways still need

to be identified. Determining if P1/P2 receptor signaling is responsible for polarized

activation of PI3K and accumulation of PtdIns(3,4,5)P3 at the leading edge of cells is a

particularly important “next step”. Additionally, the results presented here suggest that

the polarized activation of P2Y2 receptors is responsible for the recruitment of A3

receptors to the leading edge, though the mechanism of this recruitment is unknown and

needs to be investigated. The exact role of the A3 receptors, which seem to facilitate

forward movement, also needs to be explored in more detail. Specifically, it is important

to determine if A3 receptors promote actin polymerization by activating Rho GTPases.

Although I identified E-NTPDase1 as a critical ecto-nucleotidase and mediator of

chemotaxis, E-NTPDase1 only removes two phosphate groups from ATP and therefore is

not capable of generating adenosine. Preliminary data suggest that tissue non-specific

alkaline phosphatase performs this hydrolytic step, however a lack of specific inhibitors

made this difficult to prove. Time did not allow for approaches using siRNA knockdown

or neutrophils isolated from alkaline phosphate knockout mice, although such methods

might reveal the mechanism by which adenosine is generated from extracellular ATP.

Another critical topic left unexplored is the role of P1/P2 receptor signaling in

establishing ’backness’ in migrating cells. Polarized release (and rapid hydrolysis) of

ATP at the leading edge represents one way by which P1/P2 signaling can regulate cell

polarity. Such polarized release could theoretically create a gradient of ATP and

adenosine as cells migrate, with a higher concentration of ATP at the leading edge and

adenosine at the trailing edge. Adenosine at the trailing edge could activate Gs-coupled

A2a/A2b receptors, resulting in polarized increase of intracellular cAMP, which has been
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implicated as an inhibitor of cell migration (3). Data presented in this thesis show that

both A2a and A2b are expressed by neutrophils. The precise localization and role of these

receptors in migrating cells is an important topic for future study.

The mechanism of ATP release from neutrophils and other non-excitatory cell

types is unknown and represents another key,unanswered question. Recent evidence has

suggested than pannexin channels might be sites for ATP release (3). Probenecid, a drug

primarily used for the treatment of gout, can block pannexin channels (4). Gout is

characterized by an accumulation of uric acid crystals in tissues, in particular in the intra-

articular space of certain joints,  and the subsequent inflammation caused by neutrophils

that phagocytose the uric acid. In the treatment of gout, probenecid is thought to act

primarily by increasing uric acid clearance, though recent evidence suggests it might also

have an inhibitory effect on neutrophil function (5). The possibility that this could be due

to the inhibition neutrophil ATP release is intriguing. Further studies could lead to a

better understanding of ATP release mechanisms of neutrophils as well as insights into

the molecular basis for probenecid action.

Finally, the NADPH-based ATP visualization assay presented in this thesis could

be used to study ATP release mechanisms in other cell types. Currently, the most

commonly used assay to study ATP release is the luciferase/luciferin-based system (6).

While this system has facilitated the easy quantification of extracellular ATP, the

luciferase enzyme itself is extremely sensitive and can be affected by channel blockers

used to study ATP release, giving false positive/negative results (7). By comparison, the

NAPDH-based ATP visualization assay is relatively robust. Further studies using this
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system might facilitate the identification of ATP release mechanisms in a variety of cell

types.

Figure 1: How P1/P2 receptor signaling and ATP release fit into our current
understanding of neutrophil migration.
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