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Mucosal diseases are often characterized by an inflammatory infiltrate that includes polymorphonuclear leu-
kocytes (PMNs), monocytes, lymphocytes, and platelets. A number of studies have suggested that the interac-
tion of platelets with leukocytes has an essential proinflammatory role. Here, we examined whether platelets 
migrate across mucosal epithelium, as PMNs are known to do, and whether platelets influence epithelial cell 
function. Initial studies revealed that human platelets did not efficiently transmigrate across human epithe-
lial cell monolayers. However, in the presence of human PMNs, platelet movement across the epithelium was 
proportional to the extent of PMN transmigration, and strategies that blocked PMN transmigration dimin-
ished platelet movement. Furthermore, platelet-PMN comigration was observed in intestinal tissue derived 
from human patients with inflammatory bowel disease (IBD). The translocated platelets were found to release 
large quantities of ATP, which was metabolized to adenosine via a 2-step enzymatic reaction mediated by ecto-
nucleotidases, including CD73 and ecto–nucleoside triphosphate diphosphohydrolases (ecto-NTPDases), 
expressed on the apical membrane of the intestinal epithelial cells. In vitro studies and a mouse model of 
intestinal inflammation were employed to define a mechanism involving adenosine-mediated induction of 
electrogenic chloride secretion, with concomitant water movement into the intestinal lumen. These studies 
demonstrate that ecto-NTPDases are expressed on the apical membrane of epithelial cells and are involved in 
what we believe to be a previously unappreciated function for platelets in the inflamed intestine, which might 
promote bacterial clearance under inflammatory conditions.

Introduction
Several forms of active mucosal disease (e.g., inflammatory bowel dis-
ease [IBD]) feature a mixed inflammatory infiltrate predominantly 
consisting of polymorphonuclear leukocytes (PMNs) and monocytes 
(1). Accumulating evidence suggests that tissue injury in the mucosa 
is not the outcome of a dysregulated immune response exclusively 
but also involves the participation of other nonimmune cells such 
as platelets (2). Several lines of evidence support this hypothesis: 
First, platelet numbers are increased in IBD (2). Second, activated 
platelets secrete a broad variety of biologically active molecules, some 
of which are able to induce or amplify an inflammatory response 
of leukocytes. Third, platelets are known to play an essential role in 
leukocyte recruitment in the vasculature and hence trafficking into 
tissues (3). Moreover, it has been recently demonstrated in a model 
of experimental colitis that recruitment of leukocytes and that of 
platelets are codependent processes in inflamed colonic venules (4).

It is now appreciated that during ongoing inflammation, infil-
trating leukocytes can significantly influence tissue function 
through the liberation of soluble mediators and thus can promote 
the resolution of inflammation (5). One such pathway is adenine 
nucleotide metabolism. For example, a number of cell types can 
release ATP in an active manner during hypoxia and at sites of 
ongoing inflammation (6). The major pathway for extracellular 
hydrolysis of ATP and ADP is ecto-nucleoside triphosphate 
diphosphohydrolase (ecto–NTPDase-1) (7), previously identified 
as ecto-ATPase, ecto-ATPDase, or CD39 (8, 9). Its role to date has 
been to modulate platelet purinoreceptor activity by the sequen-
tial hydrolysis of extracellular ATP or ADP to AMP (9, 10). Eight 
separate ENTPD genes encode members of the NTPDase protein 
family (11). AMP generated through this metabolic step can be 
further metabolized by ecto-5′-nucleotidase (CD73), a glycopro-
tein localized to the apical membrane surface of polarized epithe-
lia (12). Surface-localized CD73 enzymatically converts adenine 
nucleotides (e.g., AMP) into adenosine (Ado), which in turn can 
activate transmembrane Ado receptors or can be internalized 
through dipyridamole-sensitive carriers (12).

Ado exerts paracrine and autocrine functions on most cell types. 
Pathophysiologic conditions of hypoxia/ischemia result in numer-
ous adenine nucleotide metabolic changes, and Ado has a dem-
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onstrated role in organ function under such conditions. While 
the source of interstitial Ado in hypoxia/inflammation has been 
the basis of some debate, it is generally accepted that the dephos-
phorylation of AMP by CD73 represents the major pathway of 
Ado formation during oxygen supply imbalances (13). Presently,  
4 subtypes of G protein–coupled Ado receptors have been identi-
fied, designated A1, A2A, A2B, and A3. These receptors are classi-
fied according to utilization of pertussis toxin–sensitive pathways 
(A1 and A3) or adenylate cyclase activation pathways (A2A and 
A2B) (14). Epithelial cells of many origins constitutively express 
Ado receptors, primarily of the A2A and A2B subtypes (15), where-
in mucosal epithelial cells are one of the most enriched cell popu-
lations of A2BR (15).

Based largely on these studies, we hypothesized that platelets 
contribute to the luminal pathophysiology of mucosal inflam-
mation. We therefore examined whether activated PMNs are able 

to influence platelet translocation dur-
ing transmigration to sites of intestinal 
inflammation. Initial studies indicated that 
epithelial PMN transmigration appears 
concomitantly with the translocation of 
platelets. Since ion and fluid transport 
across epithelia are key features of intesti-
nal epithelial cells, we investigated whether 
epithelial fluid homeostasis is altered in the 
presence of activated PMNs and platelets. 
Our results demonstrate that activation 
of both cell types induces chloride secre-
tion on intestinal epithelial cells. Exten-
sions of these findings identified ATP as a 
soluble secretagogue in the supernatants of 
PMNs and to an even higher degree in the 
supernatants of activated platelets. This 
platelet-PMN intestinal crosstalk pathway, 
identified here for the first time to our 
knowledge, likely serves as a robust defen-
sive response by which mucosal surfaces are 
flushed from bacteria and bacterial prod-
ucts under inflammatory conditions.

Results
PMNs facilitate transepithelial platelet move-
ment. PMNs are known to actively migrate 
across epithelial cells in a number of muco-
sal diseases (16). This event can be mod-
eled in vitro by plating epithelial cells on 
the underside of permeable membrane 
supports and stimulating isolated PMN 
movement through the use of a transepi-
thelial chemotactic gradient (17). It is not 
currently known whether other cells found 
in mixed inflammatory infiltrates, such as 
platelets, might also move across epithelial 
monolayers. Therefore, we sought to exam-
ine whether platelets transmigrate. Initial 
experiments indicated that while PMNs 
readily transmigrate across epithelia, stud-
ies with purified platelets in the presence or 
absence of collagen stimulation revealed no 
significant increase in platelet movement 

across T84 intestinal epithelial monolayers (data not shown).
Extensions of these studies using mixed populations of PMNs 

and platelets, however, revealed that platelets appear to “follow” 
PMNs across epithelial monolayers. Indeed, as shown in Figure 1, 
A–C, platelet movement across the epithelium correlated with PMN 
migration. Blockade of PMN transmigration with functionally inhib-
itory antibodies directed against CD47 (clone C5D5) (18) resulted in 
a proportional decrease in platelet movement (Figure 1, A–C) across 
intestinal epithelial cells (81% ± 5% and 85% ± 7% decrease in PMN 
and platelet translocation, respectively; P < 0.01 compared with no-
antibody control). Similarly, inhibition of PMN transmigration with 
antibodies directed against CD11b (clone 44a) (19) revealed a pro-
portional decrease in platelet movement (87% ± 6% and 89% ± 6%  
decrease in PMN and platelet translocation, respectively; P < 0.01 
compared with no-antibody control). Functionally inhibitory anti-
bodies directed against P-selectin did not influence either PMN or 

Figure 1
Influence of PMNs on platelet translocation. Activated PMNs (106; 10–6 M fMLP) were added 
together with 6 × 106 platelets to the basolateral surface of confluent T84 cells after preincu-
bation with antibodies directed against CD11b, CD47, P-selectin, binding control (anti–MHC 
class I), or vehicle (Veh). Transmigrated PMNs and platelets were then assessed by micro-
scopic evaluation (A and B). Results are derived from 6 monolayers in each condition and are 
expressed as mean ± SD. *P < 0.01 compared with no-antibody control. (C) Transmigrated 
PMNs and platelets were incubated with 1 μg/ml BCECF for 20 minutes at 37°C. Cells were 
concentrated 4-fold in HBSS, and fluorescent cells were imaged by fluorescence microscopy. 
Shown here are examples of images after transmigration, where thick arrows indicate PMNs and 
thin arrows, platelets. Original magnification, ×400. (D) Platelet-PMN cotransmigration in crypt 
abscesses from human IBD. Depicted here are merged fluorescence immunohistochemistry 
images showing localization of PMNs in green (anti-MPO), platelets in red (anti-CD41), and 
nuclei in blue (DAPI) (left panel); secondary antibody–only control (middle panel); and an adja-
cent section stained with H&E demonstrating the crypt abscess (right panel). Arrows in the left 
panel indicate areas of platelet-PMN colocalization, shown in yellow. Scale bars: 10 μm.
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platelet translocation compared with either no antibody or binding 
control antibodies (Figure 1, A and B, respectively; P = NS). All PMN 
transmigration results were confirmed using a myeloperoxidase 
enzyme assay (70% ± 5% and 75% ± 6% decrease in PMN transloca-
tion with anti-CD11b and anti-CD47, respectively; P < 0.05 com-
pared with no-antibody control; data not shown). Binding control 
antibodies directed against MHC class I did not significantly influ-
ence either PMN or platelet movement across epithelial monolayers 
(P = NS comparing no-antibody controls with anti–MHC class I for 
both PMN and platelet quantification).

To document the pattern of translocated PMNs and platelets, 
transmigrated cells were gently harvested, loaded with BCECF, 

and observed by fluorescence microscopy. Figure 1C shows a rep-
resentative image of BCECF-loaded PMNs and platelets following 
transepithelial migration. Both individual platelets and platelet-
PMN complexes were observed under these circumstances. To 
demonstrate in vivo relevance for such observations, we examined 
whether platelet-PMN complexes exist during inflammation in 
a classic model of PMN transepithelial migration; namely, crypt 
abscesses associated with human IBD. To do this, we obtained 
colonic biopsy samples from patients with a definitive diagnosis 
of IBD with crypt abscesses and used immunofluorescence his-
tochemistry for localization of platelets and PMNs within crypt 
abscesses. For these purposes, we used antibodies directed against 

Figure 2
Characterization of T84 cell 
monolayer response to acti-
vated PMNs and platelets. (A 
and B) Activated cells and their 
supernatants were applied to 
the apical side. (C and D) Dose 
response with increasing num-
bers of PMNs and platelets.  
*P < 0.01 compared with vehicle. 
Max, maximum; Forsk, forskolin. 
(E and F) Supernatants from 
activated PMNs (10–6 M fMLP for 
10 minutes) and activated plate-
lets were fractionated by HPLC. 
Samples were concentrated 
and tested for bioactivity on T84 
monolayers. *P < 0.001, fraction 
1 compared with other fractions. 
Data represent mean ± SD from 
3 separate experiments. (G) 
Chromatographic identification of 
ATP in supernatant derived from 
platelets and PMNs. A repre-
sentative overlay chromatogram 
of activated PMN and platelet 
supernatant and native ATP with 
1 dominant peak at 260 nm. ATP 
std, ATP standard
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GPIIb/IIIa (CD41; platelets) and myeloperoxidase (neutrophils). 
As shown in Figure 1D, this strategy revealed that PMNs localized 
within the lumen are studded with platelets following transloca-
tion across the epithelium in human IBD. Similarly, such findings 
were evident in more than 30% of crypt abscesses observed (mul-
tiple crypt abscesses from n = 5 patients), suggesting that this asso-
ciation is not a minor event during inflammation. These obser-
vations in vitro and ex vivo indicate that PMN transmigration 
facilitates platelet translocation across epithelial monolayers.

Influence of platelets on epithelial function. We extended these find-
ings to determine whether apically localized platelets (i.e., translo-
cated) influence epithelial functional responses. We concentrated 
on 2 primary epithelial endpoints, namely, barrier function and 
ion transport. Initial studies revealed that, as measured as transep-
ithelial resistance, activated platelets do not significantly influence 
epithelial barrier function (data not shown). However, examina-

tion of ion transport responses revealed a quite different scenario. 
Specifically, thrombin-activated platelets elicit a prominent induc-
tion of electrogenic chloride secretion, measured as an increase in 
short circuit current (Isc). As shown in Figure 2A, the addition of 
platelets (final concentration, 1 × 107 platelets/ml) to the apical 
surface of T84 monolayers in the presence of collagen (1 μg/ml) 
elicited a rapid and sustained increase in Isc (P < 0.001 by ANOVA). 
Similarly, and as shown previously (20), N-formyl-methionyl-
leucyl-phenylalanine–activated (fMLP-activated; 100 nM) PMNs 
(final concentration, 1 × 107 PMN/ml) stimulated a prominent 
increase in Isc (P < 0.001 by ANOVA). Additionally, we examined 
whether antibody-mediated inhibition of platelet P-selectin might 
influence chloride (Cl–) secretion in the presence of neutrophils. 
To do this, purified platelets and purified neutrophils were incu-
bated with anti-P-selectin, thrombin activated, and examined for 
induction of electrogenic Cl– secretion. The results indicated that 

Figure 3
Contribution of epithelial chloride channels 
to the Cl– secretion response. (A) Epitheli-
al electrogenic Cl– secretion in response to 
increasing concentrations of ATP. Results 
are pooled from 8 monolayers in each 
condition and expressed as mean ± SEM. 
(B) Influence of chloride channel inhibitor 
NPPB on Isc response elicited by ATP. 
Results are pooled from 6 monolayers in 
each condition and results are expressed 
as mean ± SEM. (C and D) Influence of 
NPPB on electrogenic Cl– secretion elic-
ited by supernatants from activated PMNs 
(C) or activated platelets (D). Results are 
pooled from 9 monolayers and superna-
tants derived from 3 separate donors in 
each condition, and results are expressed 
as mean ± SEM. (E) Polarity of epithelial 
electrogenic Cl– secretion in response to 
10 μM ATP to the apical (AP), basolateral 
(BL), or apical and basolateral (AP + BL) 
surfaces of confluent T84 cell monolayers. 
Data are pooled from 6 monolayers in 
each condition, and results are expressed 
as mean ± SEM.
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inhibition of P-selectin did not significantly influence Cl– secre-
tion in this model (maximal Isc, 58 ± 6 and 51 ± 7 μA/cm2 in the 
presence and absence of anti–P-selectin, respectively; P = NS).

Extensions of these studies revealed that it is not likely that this 
response is specific for platelets and PMNs, since other leukocyte 
populations, to a lesser extent, also elicit electrogenic Cl– secretion. 
For example, the addition of purified fMLP-activated mononuclear  
cells (mixed monocytes and lymphocytes; 1 × 107/ml) to intact 
epithelia resulted in a significant increase in Cl– secretion (Isc of  
6 ± 0.2 μA/cm2; P < 0.05), but far less than that observed with acti-
vated PMNs (Isc of 26 ± 4.1 μA/cm2; P < 0.001) or activated plate-
lets (Isc of 42 ± 5.2 μA/cm2; P < 0.001). Thus, it is likely that all leu-
kocyte populations, to some extent, elicit electrogenic Cl– secretion 
when incubated with epithelia.

To investigate the mechanism underlying this activity, we 
examined the influence of acellular, activated PMN or platelet 
supernatants on epithelial Isc responses. Briefly, human PMNs 
and platelets were isolated and suspended at a concentration of 
107/150 μl buffer (a PMN concentration equivalent to 107 PMNs 
or platelets per insert) and stimulated with fMLP (10–6 M) or col-
lagen (1 μg/ml) with constant agitation. After 60 minutes, this sus-
pension was centrifuged (400 g, 10 minutes). The supernatant was 
removed, passed through a 0.2-μm filter, and adjusted to a pH of 
7.4. Supernatant was then added to T84 cell inserts and monitored 
for changes in Isc. The results are shown in Figure 2B. Acellular 
supernatants derived from both platelets and PMNs resulted in a 
prominent induction of Isc (both P < 0.001 compared with vehicle 
controls). Like our findings with intact cells, platelet supernatants 
elicited a larger increase in Isc compared with PMN supernatants 

(P < 0.01 by ANOVA). To rule out that these differences between 
PMNs and platelets did not reflect a saturation in either cell num-
ber or Isc response, we compared Isc responses from supernatants 
derived from various numbers of activated PMNs and activated 
platelets. As shown in Figure 2, C and D, supernatants derived 
from both PMNs and platelets elicited a concentration-dependent 
increase in Isc (P < 0.01 for both by ANOVA). Vehicle and forskolin 
controls are also shown for comparison. A plot of these results and 
linear regression of these plots revealed that on a per-cell basis, 
platelet supernatants elicited a 3.2 ± 0.4–fold increase in Isc com-
pared with PMN supernatants (P < 0.01).

Since activated PMNs can elicit a strong oxidative stress response, 
we examined whether oxidizing conditions might influence elec-
trogenic Cl– secretion during platelet-PMN interactions. To do this, 
purified platelets and purified neutrophils were incubated with the 
reducing agent DTT (100 μM), fMLP activated, and examined for 
induction of electrogenic Cl– secretion. These studies showed that 
DTT diminished Cl– secretion elicited by PMN activation in the 
presence of platelets (maximal Isc, 49 ± 6 and 31 ± 4 μA/cm2 in the 
presence and absence of DTT, respectively; P < 0.05). Such results 
indicate the likelihood that oxidative stress during platelet-PMN 
interactions contribute to the liberation. Taken together, such 
findings suggest that both activated platelets and activated PMNs 
secrete factor(s) that elicit epithelial electrogenic chloride secretion 
as measured by Isc.

Identification of secreted ATP as a mediator of epithelial Cl– secretion. We 
next sought to define the nature of the soluble mediators derived 
from activated PMNs and platelets that contribute to the stimula-
tion of Isc shown in Figure 2. To do this, we used HPLC to fraction-

Figure 4
Characterization of relative contribu-
tions of epithelial apical membrane 
ecto-5ʹ-nucleotidase (CD73) and 
Ado receptors on the Cl– secretion 
response elicited by ATP and Ado. (A) 
Effect of ecto-5ʹ-nucleotidase inhibitor 
α-β-methylene ADP on Isc response 
elicited by ATP. T84 monolayers were 
preincubated with 20 μM α-β-methy-
lene ADP for 5 minutes. (B) Effect 
of Ado receptor inhibitor 8-phenyl-
theophylline (8-PT) on Isc response 
elicited by ATP. T84 monolayers 
were preincubated with 20 μM  
α-β-methylene ADP for 5 minutes. 
(C) Influence of Ado A2B receptor 
(AdoRA2b) antagonist MRS1754 (10 
μM) on Isc response elicited by ATP. 
T84 monolayers were preincubated 
with 10 μM MRS1754 for 5 minutes. 
(D) Time course of authentic ATP and 
Ado (both 10 μM) on the Isc response. 
All data are pooled from 6 monolayers 
in each condition, and results are 
expressed as mean ± SEM.
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ate supernatants derived from activated PMNs and from activated 
platelets and tested bioactivity of individual fractions on epithelia. 
As shown in Figure 2, E and F, of 7 fractions that were isolated, epi-
thelial Isc was only significantly increased in fraction 1 compared 
with buffer controls. Parallel spectral scans from eluted samples 
revealed a dominant UV peak at 260 nm for fraction 1 (data not 
shown), a spectral profile consistent with nucleotides (21).

In the past, we have reported that PMNs release AMP during 
transmigration (21, 22). More recently, we have demonstrated that 
PMNs release ATP in an activation-dependent manner (23). Based 
on these findings, and the fact that platelets are a known source of 
extracellular ATP, we compared retention times of native ATP with 
the retention times of the HPLC fractions from activated platelets 
and activated PMNs. The retention time of ATP was identical to 
that of both platelet and PMN fraction 1, and coinjection with 
native ATP revealed a single peak, thereby identifying fraction 1 
as ATP (Figure 2G). To verify ATP release from activated platelets, 
we used standard luminometric ATP detection assays. ATP rap-
idly accumulated in supernatants derived from collagen-activated 
platelets (maximal level, 16.8 ± 2.1 nmol/107 platelets after 5-min-
ute activation). These results indicate that both activated platelets 
and activated PMNs rapidly release ATP and that such extracellular 
ATP promotes electrogenic Cl– secretion in intestinal epithelia.

Native ATP induces epithelial Cl– secretion. Having demonstrated that 
activated platelets and PMNs release ATP, we next examined the 
influence of the authentic ATP on epithelial ion transport. As shown 
in Figure 3A, the addition of native ATP (concentration range,  
1 nM–10 mM) induced a concentration-dependent increase in Isc 
(P < 0.001 by ANOVA). This response to ATP was inhibited with the 

CFTR inhibitor 5-nitro-2-(3-phenylpropylamino)-benzoate (NPPB) 
(Figure 3B), indicating that this Isc response reflects electrogenic 
Cl– secretion. Moreover, NPPB strongly inhibited electrogenic Cl– 
secretion induced by both platelets and neutrophils. Indeed, NPPB 
blocked electrogenic Cl– secretion by 87% ± 5% and 81% ± 7% (both  
P < 0.001) for platelet and neutrophil-elicited responses, respectively,  
while NPPB blocked ATP-elicited electrogenic Cl– secretion by  
91% ± 8%. Such findings strongly implicate CFTR-dependent Cl– 
secretion as the mechanism underlying this response.

ATP-stimulated electrogenic Cl– secretion was highly polarized 
toward the apical plasma membrane. As shown in Figure 3E, moni-
toring Isc following the addition of equimolar ATP to apical, baso-
lateral, or apical and basolateral surfaces resulted in a greater than 
3-fold predominant response from the apical aspect of epithelial 
monolayers. Such findings suggest that ATP induces electrogenic 
Cl– secretion predominantly from the apical membrane surface.

To gain insight into potential mechanisms of ATP regulation 
of electrogenic Cl– secretion, we reasoned that ATP may directly 
activate surface ATP receptors or, alternatively, may be metabo-
lized to other nucleotides/nucleosides at the membrane surface. 
Based on these findings, we determined whether ATP metabolism 
is important in the induction of epithelial electrogenic Cl– secre-
tion. First, intestinal epithelial cells are known to express ecto-5′-
nucleotidase (CD73) at high levels on the apical membrane (24, 
25). This surface enzyme converts AMP to Ado and functions 
as the terminal step in the formation of extracellular Ado (26). 
Thus, we examined the influence of the CD73 antagonist APCP 
on ATP-stimulated electrogenic Cl– secretion. As shown in Fig-
ure 4A, APCP inhibited maximal Isc responses induced by ATP  

Figure 5
Role of ecto-NTPDases in ATP-elicited 
changes in Cl– secretion response within 
intestinal epithelial cells (IECs). (A) Char-
acterization of relative contributions of epi-
thelial apical alkaline phosphatase to the Isc 
response elicited by ATP. T84 monolayers 
were preincubated with 10 μM levamisole for 
5 minutes. (B) Inhibition of ecto-NTPDases 
by POM-1 (Na6[H2W12O40]) (10 μM) abol-
ishes the effects of ATP-elicited changes on 
Isc. (C) Functional decrease of NTPDase 
surface activity by POM-1. T84 monolayers 
were washed, and NTPDase activity was 
determined by HPLC analysis of E-ATP 
conversion to E-AMP in the presence and 
absence of POM-1. (D and E) Expression 
of ecto-NTPDases on IECs. Total RNA was 
isolated from confluent T84 monolayers 
using real-time (D) and conventional PCR 
(E). As shown, β-actin transcript was deter-
mined in parallel and used as a control.  
*P < 0.01 compared with NTPDase-8 (N8). 
Data are derived from 3 monolayers in each 
condition and expressed as mean ± SEM. 
ND, not detected.
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(10 μM) by 94% ± 6% (P < 0.001). Such responses did not reflect the 
inability of cells to secrete Cl–, as evidenced by a rapid Isc response 
following the addition of forskolin (Figure 4A). Second, we deter-
mined the relative influence of Ado in this response by using the 
nonspecific Ado receptor antagonist 8-phenyltheophylline (8-PT). 
As shown in Figure 4B, electrogenic Cl– secretion associated with 
the addition of native ATP (10 μM) on epithelial monolayers was 
completely blocked by 8-PT (10 μM; P = NS compared with buffer 
alone), indicating that the Isc response observed with ATP reflects 
Ado receptor activation. Third, we examined whether more spe-
cific Ado receptor inhibitors would block this response. As shown 
the Figure 4C, the selective Ado A2B receptor antagonist MRS1754 
significantly attenuated ATP-stimulated Isc (P < 0.01). Finally, we 
compared Isc responses to equimolar concentrations of ATP and 
Ado. As shown in Figure 4D, both Ado and ATP elicited rapid and 
sustained electrogenic Cl– secretion, with no significant differences 
observed over the time course examined (P = NS by ANOVA). Such 
findings implicate the apical metabolism of ATP to Ado as critical 
to electrogenic Cl– secretion elicited by ATP.

Expression of ecto-NTPDase activity on intestinal epithelia. Based on the 
findings above, we sought to define the presence of surface mem-
brane activity responsible for ATP conversion to AMP (i.e., CD73 
substrates; see Figure 4A). A number of enzymes can metabolize 
ATP to AMP, including alkaline phosphatase and ecto-NTPDases 
(27). Given that intestinal epithelia express high levels of alkaline 
phosphatase (28), we determined whether the alkaline phosphatase 
inhibitor levamisole would influence ATP-stimulated Isc. As shown 
in Figure 5A, levamisole did not influence ATP-stimulated Cl– secre-
tion (P = NS), suggesting that it is unlikely that alkaline phosphatase 
significantly contributes to extracellular ATP metabolism.

To date, the expression of ecto-NTPDases on intestinal epithelial 
cells have not been reported. Ecto-NTPDases are a family of surface 
enzymes with important documented roles in thromboregulation 

and hemostasis (27). To examine the relative contribution of ecto-
NTPDases to ATP-stimulated electrogenic Cl– secretion, the spe-
cific ecto-NTPDase antagonist polyoxometalate-1 (POM-1) (29) 
was used. As shown in Figure 5B, POM-1 (10 μM) inhibited ATP-
stimulated (10 μM) Isc by 86% ± 8% (P < 0.01), thereby implicating 
ecto-NTPDase activity in ATP-stimulated electrogenic Cl– secre-
tion. Further analysis using HPLC-based analysis of etheno-ATP 
conversion to etheno-AMP (30) revealed prominent ecto-NTPDase 
activity on the surface of T84 cells (64% ± 8% conversion of 100 
μM ATP in 60 minutes; Figure 5C). Similar to the Isc response, 
this activity was inhibited by nearly 90% in the presence of POM-1  
(7% ± 3% conversion of 100 μM in 60 minutes; Figure 5C; P < 0.001).

Based on the functional expression of ecto-NTPDases, we 
screened T84 cell mRNA for the existence of various members of 
the ecto-NTPDase family. As shown in Figure 5D (real-time PCR) 
and Figure 5E (conventional PCR), T84 intestinal epithelial cells 
expressed at least 3 members of the ecto-NTPDase family, with 
rank order of expression NTPDase-2>>NTPDase-1>NTPDase-8. 
The other surface NTPDase (NTPDase-3) was not detectable by 
either method used. Unfortunately, reagents available for protein 
analysis (e.g., antibodies, ELISAs) are not readily available, and 
therefore, we were not able to quantify protein expression.

Expression of ecto-NTPDase activity on intestinal epithelia. As proof 
of principle for ecto-NTPDase function on intestinal epithelia, 
we extended these in vitro observations to an in vivo model. As 
shown in Figure 6A, we used a murine colonic loop ligation model 
to compare fluid transport elicited by luminal application of buf-
fer or native ATP (1 mM final concentration). To directly compare 
responses and to minimize colon-colon variability, adjacent sec-
tions of colon were administered either ATP or vehicle (Figure 6A). 
As shown in Figure 6B, over a 60-minute time frame, ATP elicited a 
large increase in fluid movement to the luminal aspect relative to 
vehicle (41% ± 7% increase in wet/dry ratio; n = 7) (P < 0.01).

To demonstrate specificity for nucleotidase activity in this model, 
we used CD73–/– mice. A comparison of ATP-stimulated fluid 
movement and examination of wet/dry ratios between CD73+/+ and 
CD73–/– animals revealed prominent differences between colons 
derived from these mouse strains (Figure 6). Specifically, ATP did 
not significantly stimulate fluid movement, reflected as no change 
in the wet/dry ratio (Figure 6C; P = NS compared with vehicle, n = 7).  
Such observations strongly implicate ecto-nucleotidase activity as 
a mechanism central to ATP-stimulated fluid transport. Moreover, 
since ATP is not a substrate for CD73, these studies identify epi-
thelial ecto-NTPDase as a previously unappreciated mechanism 
for ATP-stimulated luminal fluid transport.

Discussion
Mucosal diseases of tissues lined by an epithelium are often char-
acterized by a mixed inflammatory infiltrate, including PMNs, 

Figure 6
Role of ATP-elicited changes in chloride secretion in vivo. CD73–/– mice 
and age-, weight-, and sex-matched controls were administered 1 mM 
ATP solution into sutured loops of the small intestine and vehicle solution 
into adjacent loops. Animals were kept under anesthesia the whole time 
and killed 1 hour after ATP injection. Intestinal loops were taken out and 
compared (A). Furthermore, wet/dry ratios were performed separately 
for each intestinal loop (B and C). Data are presented as mean ± SEM 
wet/dry ratio and are derived from n = 7 knockout mice and n = 7 control 
animals. *P < 0.01, vehicle injection compared with ATP injection.
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monocytes, lymphocytes, and platelets. Likewise, a number of 
studies have suggested that platelet interactions with leukocytes 
amplify a number of inflammatory features (3). In this study, we 
examined the translocation of platelets across mucosal epithelial 
cells. Initial studies revealed that platelets, per se, lack the ability for 
significant migration capacity. However, in the presence of PMNs, 
platelets appear to “follow” PMNs across the epithelium. Exten-
sions of these studies revealed functional outcomes of platelets 
in the lumen; namely, that activated platelets release large quanti-
ties of ATP, which is subsequently metabolized to Ado via a 2-step 
enzymatic reaction. Ado liberated in this manner is made avail-
able to receptors to activate electrogenic Cl– secretion in vitro and 
in vivo (Figure 7). These studies reveal a previously unappreciated 
role for platelets in the mucosal lumen and identify the expression 
of ecto-NTPDase on the apical epithelial membrane.

Platelets are widely accepted as participants in the inflamma-
tory response. While the thromboregulatory role for platelets 
is well established through decades of solid work, their role in 
regulating leukocyte recruitment and function has been appreci-
ated more recently (3). Original studies by Marcus et al. (31, 32) 
revealed that platelet-PMN interactions defined a new biochemi-
cal pathway, termed transcellular biosynthesis, whereby platelets 
and PMNs specifically interact to liberate lipid intermediates 
that form the basis for leukotriene production. Subsequent stud-
ies revealed that such platelet-PMN transcellular biosynthesis 
can liberate non-leukotriene lipoxygenase interaction products, 

termed lipoxins (33, 34). More 
recently, it has been appreciated 
that platelet-PMN interactions 
amplify inflammatory responses 
through a number of mechanisms 
(3). Specifically, platelets interact 
with PMNs through at least 5 sep-
arate receptor-ligand pairs, includ-
ing (platelet-PMN) CD40-CD40, 
GPIIb/IIIa–Mac-1, GPIIba–Mac-1, 
ICAM-2–LFA-1, and P-selectin– 
P-selectin glycoprotein ligand–1 
(P-selectin–PSGL-1) (3). While we 
do not know the exact molecular 
details involved in platelet move-
ment across the epithelium, for 
a number of reasons it is likely to 
be complicated and involve mul-
tiple pathways. First, platelets do 
not appear to migrate across the 
epithelium in our model. This is 
not surprising, given that little evi-
dence exists that platelets have the 
machinery for significant directed 
chemotaxis. Second, staining of 
comigrated cell types revealed both 
PMN-associated and non-PMN-
associated platelets. This observa-
tion suggests that platelets may be 
carried into the lumen attached to 
PMNs (i.e., “piggyback” on PMNs). 
Likewise, it is possible that plate-
lets could be caught in the stream-
ing of PMNs through the epithe-

lial paracellular space but not adherent to the PMNs. Third, the 
use of functionally inhibitory antibodies directed against a PMN 
ligand (CD11b/18) and an epithelial ligand (CD47) was revealing. 
Indeed, blockade of either ligand independently resulted in a pro-
portional decrease in platelet accumulation on the luminal side of 
the epithelium. These observations support the idea that platelets 
follow PMNs across the epithelium in a concerted manner.

The role of nucleotides/nucleosides in inflammatory diseases is 
currently an area of intense investigation. Here, we demonstrate 
that both platelets and PMNs release large quantities of ATP at 
the luminal aspect of epithelia. While PMNs and platelets are 
established sources for extracellular nucleotide substrates (3), it 
is likely that all inflammatory cells release adenine nucleotides 
in the form of ATP or ADP. Indeed, multiple pathways exist to 
release ATP into the extracellular milieu, including exocytosis of 
ATP-containing vesicles, transport via connexin hemichannels, 
and direct transport through ABC proteins (35). Platelets have 
well-established dense granule degranulation mechanisms for 
ATP release (3), while PMNs and other cell types utilize connexin 
43–mediated ATP release (36). In this regard, other inflammatory 
cells including lymphocytes and macrophages also express con-
nexin 43 (37, 38) and thus likely have the capacity to liberate ATP 
in this fashion. Moreover, since ATP release by PMNs (and pre-
sumably other leukocytes) is activation dependent (23) and plate-
lets enhance leukocyte activation through mechanisms involving 
surface P-selectin–PSGL-1 (3), it is probable that platelets may 

Figure 7
Proposed model of facilitated platelet translocation and activation of epithelial electrogenic Cl– secretion 
during PMN transmigration. During active inflammation, platelets are caught in the flow of PMN trans-
migration, resulting in platelet translocation across the apical side of mucosal epithelial cells (I). PMN- 
and platelet-derived ATP (II) is selectively metabolized to Ado by a 2-step enzymatic reaction involving 
ecto-apyrase and ecto-nucleotidase (CD73) (III). Ado binding to apical Ado A2B receptors (A2BR; IV) 
results in activation of electrogenic Cl– secretion (V) and the paracellular movement of water (VI). Such 
a platelet/PMN–epithelial crosstalk pathway may serve as a defensive response by which mucosal sur-
faces are flushed from bacteria and bacterial products under inflammatory conditions.
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enhance leukocyte ATP release. Further studies will be necessary 
to define these principles.

Consistent with a number of previous studies (26, 39), the pres-
ent results highlight extracellular nucleotide phosphohydrolysis 
and nucleoside signaling through biochemical crosstalk involving 
more than one cell type. We have previous demonstrated that PMN-
derived ATP can be “auto-hydrolyzed” to AMP through PMN surface 
NTPDase-1 (CD39) (23, 30). However, the current studies extended 
this work to examine whether epithelial cells might also express 
NTPDase surface activity. Indeed, the phosphohydrolysis of ATP 
(either platelet derived or native) did not require PMNs, implicating 
the expression NTPDase activity on the apical surface of epithelial 
cells. An mRNA screen revealed the expression of at least 3 ecto-
NTPDase family members with rank order of expression NTPDase-
2>>NTPDase-1>NTPDase-8. Attempts to target these molecules 
with shRNA have proven difficult. Differentiated, chloride-secret-
ing epithelia are famously difficult to transfect: specific reagents to 
study these various family members (e.g., selective inhibitors) have 
not become available, and therefore, the extent to which they could 
be studied at the protein level has been limited. Nonetheless, a non-
selective polyoxometalate NTPDase inhibitor (POM-1) confirmed 
the existence of significant NTPDase activity on the apical surface of 
the epithelium. One family member, NTPDase-1, also called CD39, 
has been extensively studied on vascular endothelial cells (27). This 
molecule is thought to function primarily in a thromboregulatory 
manner to modulate platelet aggregation at the vascular surface. 
Moreover, we have shown that this molecule regulates the rate of 
Ado generation at the vascular interface (22) and thus may be immu-
noregulatory. Under such conditions, this first-step reaction results 
in the liberation of AMP, and further metabolism of AMP to Ado 
requires the contribution of CD73 activity as a means to generate 
Ado. The expression pattern and function of CD73 are better under-
stood than those of the NTPDases, and CD73 is highly expressed on 
endothelial cells, epithelial cells, and lymphocytes (26). Thus, the 
findings of apically expressed NTPDase(s) identify this molecule as 
a regulatory control point, requiring close spatial relationship to 
surface-expressed CD73 for Ado-mediated signaling pathways.

The epithelium normally functions to provide a selective barrier 
to luminal contents and to provide vectoral ion transport, the basis 
of water movement across the epithelium (40). We demonstrate 
here that luminal ATP provides a strong driving force for water 
movement into the mucosal lumen. Indeed, the use of an intes-
tinal ligation model revealed prominent vectoral water transport 
in response to luminal ATP. Further studies using CD73–/– mice 
(25) provided definitive evidence that such responses require the 
apical metabolism of ATP to Ado. These animals show no outward 
or obvious signs of inflammation at baseline (25, 41), and there-
fore we are confident that the differences in water transport do 
not reflect differences resulting from underlying inflammation. 
Thus, we can only surmise that a physiological function for such a 
pathway is the “flushing” of potentially noxious components from 
the luminal surface during an ongoing inflammatory response. 
Some evidence suggests that such a mechanism may be protective 
in mucosal disease. For example, Asfaha et al. used a murine colitis 
model and demonstrated that at 6 weeks after colitis induction, 
barrier function defects had resolved but colonic secretory dys-
function persisted (42). These findings paralleled increased bacte-
rial translocation and increased colonic aerobes, suggesting that 
prolonged secretory impairment may underlie the chronic nature 
of enteropathies such as IBD.

In summary, these results define a previously unappreciated 
metabolic pathway prevalent at the mucosal interface during 
inflammation. We show here that PMN- and platelet-derived ATP 
selectively activates epithelial ion transport through metabolism 
of ATP to Ado. Central to this pathway is the coordinated metabo-
lism of extracellular ATP by ecto-nucleotidases localized on the 
apical epithelial membrane.

Methods
Isolation of neutrophils. PMNs were freshly isolated from whole blood 
obtained by venipuncture from volunteers and anticoagulated with acid 
citrate/dextrose, as described previously (43). Prior to blood donation, all 
volunteers signed informed consent statements according to existing pro-
tocols approved by the Colorado Multi-Institutional Review Board. Briefly, 
platelets, plasma, and mononuclear cells were removed by aspiration fol-
lowing centrifugation through a double layer of Histopaque-T1077 and 
Histopaque-T1119 (Sigma-Aldrich) at 500 g for 30 minutes at 22°C. PMNs 
were found at the interface between T1077 and T1119. Residual erythro-
cytes were removed by lysis in cold NH4Cl buffer. Remaining cells were 
greater than 97% PMNs as assessed by microscopic evaluation. PMNs were 
studied within 2 hours of their isolation.

Isolation of platelets. Platelet-rich plasma was obtained from whole blood 
anticoagulated with acid/dextrose following centrifugation at 150 g for 15 
minutes at 22°C (31). Numbers of platelets were assessed by microscopic 
evaluation. One milliliter of platelet-rich plasma was resuspended in 5 ml 
HBSS minus and centrifuged at 1,400 g for 10 minutes at 4°C. Platelets 
were studied within 2 hours of their isolation.

Immunohistochemical localization of PMNs and platelets. Sections from 
archived human tissue from patients definitively diagnosed with IBD 
were obtained under research protocols approved by the Colorado Multi-
Institutional Review Board or the University of Calgary Conjoint Ethics 
Committee. Paraffin-embedded tissues were sectioned and H&E stained 
by IHCtech. For fluorescence immunohistochemistry, sections were rehy-
drated and subjected to heat-mediated antigen retrieval, according to stan-
dard protocols. Autofluorescence was quenched as described previously 
(44). Nonspecific binding was blocked with a mixture of 5% normal serum 
and 1% IgG-free BSA in PBS. Primary antibodies used were monoclonal 
anti-CD41 at 1:50 (Abcam; clone 283.16B7) and prediluted polyclonal 
anti-MPO used neat (Abcam; ab15484). Secondary antibodies used were 
anti-rabbit Alexa Fluor–488 and anti-mouse Alexa Fluor–555 (Invitrogen) 
at a 1:100 dilution. Nuclei were counterstained with DAPI, and slides were 
mounted with ProLong antifade gold (Invitrogen). Sections were imaged at 
100× oil immersion using a Zeiss AxioImager A1 with an AxioCam MRc5.

Preparation of activated PMNs and PMN supernatants. Freshly isolated PMNs 
(106 cells/ml in HBSS with 10–6 M fMLP) were incubated as described pre-
viously (45). Activated PMNs were then either immediately used in chloride 
secretion experiments or pelleted (1,000 g for 20 seconds, 4°C) and super-
natants filtered (0.45 μm; Phenomenex). For initial experiments isolating 
active PMN fractions, 106 PMNs/ml were activated, cells were removed 
by pelleting, and supernatants were filtered (0.2 μm). Resultant cell-free 
supernatants were resolved by HPLC and identified by their chromato-
graphic behavior as described previously (30).

Preparation of activated platelets. To measure the time course of ATP release 
from platelets, 106 platelets were activated with collagen for indicated 
periods of time, supernatants were collected, and ATP content was quanti-
fied using CHRONO-LUME reagent (Chrono-log Corp.). Luciferase activ-
ity was assessed on a luminometer (Turner Designs) and compared with 
internal ATP standards.

PMN transmigration and platelet translocation assays. Migration assays 
were performed in the presence of platelets. Briefly, 106 PMNs were 
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added together with 6 × 106 platelets to the upper chambers of Transwell 
inverts in which T84 cell monolayers were plated on the opposing side.  
A chemotactic gradient was established by adding 1 μM fMLP to the lower 
chambers. PMN transmigration studies were performed at 37°C for 90 
minutes in the presence of MHC-1, CD11b, or CD47 antibodies or vehicle. 
Transmigrated cells were BCECF labeled and evaluated for fluorescence in 
the above-mentioned conditions.

Cell culture. Human intestinal epithelial cells (T84) were grown on col-
lagen-coated permeable supports to confluent monolayers that exhibited 
a steady-state transepithelial resistance. Monolayers were thoroughly 
washed in HBSS and placed in apical and basolateral baths of HBSS during 
all experiments. All experiments were carried out in a 37°C room to ensure 
ideal testing conditions. To measure agonist-stimulated Isc’s, transepithe-
lial potentials, and resistance, a commercially available voltage clamp (Iowa 
Dual Voltage Clamps, Bioengineering, University of Iowa) interfaced with 
an equilibrated pair of calomel electrodes was used, as described in detail 
elsewhere (19) Sodium polyoxotungstate, a water-soluble polyoxometalate 
(POM-1, Na6[H2W12O40]), was a generous gift from C.E. Müller, Pharma-
ceutical Institute, Pharmaceutical Chemistry (Bonn, Germany).

RNA isolation and transcriptional analysis. RNA was isolated and cDNA syn-
thesized as described previously (10). Potential contaminating genomic 
DNA was digested using DNA-free (Ambion). Semiquantitative and real-
time PCR were performed using increasing numbers of cycles of 95°C 
for 45 seconds, 59°C for 35 seconds, and 72°C for 45 seconds and a final 
extension time of 7 minutes (10). The following primers were used to 
quantify ecto-NTPDase activity on intestinal epithelial cells: E-NTPDase-1 
forward, 5′-AGCAGCTGAAATATGCTGGC-3′ and reverse, 5′-GAGACAG-
TATCTGCCGAAGTCC-3′; E-NTPDase-2 forward, 5′-GCCTCTACCCA-
GATCACTTTTG-3′ and reverse, 5′-AGCACTTGGGTGGAAAAGC-3′; 
E-NTPDase-3 forward, 5′-AGTTTCTGGCAATGCTCCTG-3′ and reverse, 
5′-GGTCCCCAGTTCCTTCAAA-3′; E-NTPDase-8 forward, 5′-CCTCTAC-
GGCTCCGACTACA-3′ and reverse, 5′-TTGCCTGTCCCTTCAACTGT-3′. 
Transcript levels and fold change in mRNA were determined as described 
previously (30). Intron-overlapping primer pairs for NTPDase-2, -3, and -8 
were designed using Primer3 software (http://frodo.wi.mit.edu/). Primer 
properties and secondary structures including hairpins, self-dimers, and 
cross-dimers were evaluated in a second step using NetPrimer software 
(http://www.premierbiosoft.com/netprimer). Primer sets contained  
10 pM each of the sense primer and the antisense primer. The primer set 
was amplified using increasing numbers of cycles of 94°C for 1 minute, 
59.5°C for 1 minute, 72°C for 1 minute, and a final extension of 72°C for 
7 minutes. Samples were controlled for β-actin using the following prim-
ers: sense 5′-ACTGGAACGGTGAAGGTGACAG-3′, antisense 5′-GGTG-
GCTTTTAGGATGGCAAG-3′.

Measurement of surface NTPDase enzyme activity. We assessed NTPDase sur-
face enzyme activity as described previously (46) by quantifying the conver-
sion of etheno-ATP (E-ATP) to etheno-AMP (E-AMP). Briefly, HBSS (with 
or without addition of the NTPDase inhibitor POM-1; 10 μM) was added to 
T84 epithelial monolayers on a 6-well plates. After 10 minutes, E-ATP (final 
concentration, 100 μM) was added. Samples were taken at indicated time-

points, removed, acidified to pH 3.5 with HCl, spun (10,000 g for 20 seconds, 
4°C), filtered (0.45 μm), and frozen (–80°C) until analysis via reverse-phase 
HPLC. The ratio of E-ATP (Molecular Probes; Invitrogen) to E-AMP (Sigma-
Aldrich) was measured with a 0%–50% methanol/H2O gradient mobile phase 
(2 ml/min over 10 minutes). Absorbance was measured at 260 nm, and ultra-
violet absorption spectra were obtained at chromatographic peaks. NTPDase 
activity was expressed as percent E-ATP conversion in this time frame.

In vivo intestinal secretion model. After a fasting period of 12 hours, mice 
were anesthetized using sodium pentobarbital (50 μg/mg) and mechani-
cally ventilated for 1.5 hours. A small laparotomy incision was made, and 
a stool-free 2- to 3-cm-long segment of the small intestine was localized. A  
3-0 silk suture (Ethicon Endo-Surgery Inc., Johnson & Johnson Health 
Care) was placed and tightened around the middle of the chosen segment, 
thereby not affecting the arterial blood supply. A second suture was placed 
more distal from the first suture, thereby creating a loop of 1–1.5 cm in 
length. A 22-gauge catheter was inserted over the suture into the lumen 
through a small incision distal to the loop. After injection of 100 μl vehi-
cle solution, the second suture was instantly tightened and the catheter 
removed. The same procedure was performed within the adjacent proxi-
mal segment with a 1-mM ATP solution. The bowel was placed back in 
the peritoneal cavity, and the laparotomy incision was closed. Mice were 
euthanized 1 hour later and the colonic loops excised. Wet/dry ratios were 
then calculated as percentage of water increase/decrease after drug injec-
tion compared with vehicle as described previously (47). Where indicated, 
mice deficient in CD73 were generated, their genotypes validated, and char-
acterized as described previously (25). Original CD73–/– breeding stock was 
kindly provided by Linda Thompson (Oklahoma Medical Research Foun-
dation, Oklahoma City, Oklahoma, USA). Littermate control mice were 
matched according to sex, age, and weight. This protocol was in accordance 
with NIH guidelines for use of live animals and was approved by the Insti-
tutional Animal Care and Use Committee at the University of Colorado.

Statistics. All experiments were performed at least in triplicate and results 
expressed as mean ± SEM. Comparisons between multiple groups were 
made using ANOVA and between 2 groups using 2-tailed Student’s t test; 
P < 0.05 was considered significant.
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