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ABSTRACT The action of adenine nucleotides on vascular endothelial cells is apparently mediated by the local flow conditions. Because
nucleotides are sequentially degraded from ATP -* ADP -> AMP -* adenosine by ecto-enzymes at the endothelial surface, it has been
hypothesized that the observed flow effect is caused by the flow-dependent change of nucleotide concentration at the cell surface. In
this study, we have calculated the concentration profiles of adenine nucleotides at the cell surface under flow conditions encountered in
an in vitro parallel-plate flow system, as has been used in several related experimental studies. When medium containing uniformly
distributed ATP is perfused over endothelial monolayers, our results show that ATP concentration in the cell vicinity gradually decreases
in the streamwise direction as a result of enzymatic degradation. This hydrolysis of ATP results in the generation of ADP, and ADP
concentration in turn gradually increases at the cell surface. The concentration profiles of nucleotides are dependent on the levels of
applied wall shear rate. As the corresponding shear stress increases from 0.1 to 30 dynes/cm2, ATP concentration at the cell surface at
the center of coverslip increases from 0.66 to 0.93. Under no-flow conditions, our model predicts a steady decline of ATP concentration
and a transient increase of ATP-derived ADP, comparable to the published results of previous experiments. These numerical results,
combined with our recent experimental data, provide insights into the cellular mechanisms by which hemodynamic flow modulates the
effects of vasoactive agents on endothelium.

INTRODUCTION
Extracellular adenine nucleotides are important modula-
tors of vascular tone and platelet functions. Nucleotides
ATP and ADP can cause vasodilation, by acting at P2-
purinoceptors in endothelial cells to induce release of
endothelium-derived relaxing factor (EDRF) which re-
laxes subjacent smooth muscle cells (Burnstock and
Kennedy, 1985; Furchgott, 1984). Recent work has
shown that these effects ofATP and ADP on endothelial
cells are mediated by the hydrolysis of phosphatidylino-
sitol 4,5-bisphosphate and increase in cytosolic free Ca2+
([Ca21]i) (Pirotton et al., 1987). In vivo, adenine nu-
cleotides may be presented in blood as a result of secre-
tion from activated platelets, or leakage from damaged
cells within the vessel wall (Gordon, 1986). To regulate
the extent and time course ofnucleotide action, endothe-
lial cells possess three separate ectonucleotidases at the
luminar surface which sequentially hydrolyze ATP --

ADP -- AMP -- adenosine. (Pearson et al., 1980; Ols-
son and Pearson, 1990).

Vascular endothelial cells in vivo are constantly ex-
posed to blood flow. Previous experiments have demon-
strated that hemodynamic shear stress has a profound
influence on endothelial structure and functions. In vi-
tro, fluid shear stress stimulates rapid production of
prostacyclin (PGI2) (Grabowski et al., 1985; Frangos et
al., 1985), release of EDRF (Rubanyi et al., 1986), a
transient increase in cytosolic free calcium concentra-
tion ([Ca2+]i) (Shen et al., 1992), and alteration ofgene
expression (Diamond et al., 1989). Chronic exposure to
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shear stress results in a change of endothelial cell shape
and a rearrangement of cytoskeletal structure (Dewey et
al., 1981; Franke et al., 1984; Levesque and Nerem,
1985). Moreover, shear stress appears to enhance the
receptor-mediated binding, internalization, and degrada-
tion of low-density lipoprotein by endothelial cells
(Sprague et al., 1987).

Recently, several groups including ourselves have re-

ported that the action of adenine nucleotide ATP and
ADP on endothelial cells can be modulated significantly
by fluid flow conditions around endothelial monolayers
(Dull and Davies, 1991; Mo et al., 1991; Shen et al.,
1992). In our experiments, we have monitored the intra-
cellular Ca 2+ responses in fura-2-loaded endothelial cells
during perfusion with ATP or ADP under defined flow
conditions using a parallel-plate flow chamber, and ob-
served that the endothelial [Ca>2i responses to ATP (or
ADP) are dramatically enhanced with increasing ap-

plied shear rate. Because the degradation of nucleotides
by endothelium could result in a shear-dependent
change of nucleotide concentration at the cell surface, it
has been suggested that flow modulation of endothelial
response to nucleotides may be caused in part by the
concentration effect.
The purpose of this study is to examine the influence

of fluid flow in regulating nucleotide concentration in
the vicinity of endothelial monolayers. We have devel-
oped a mathematical model for the transport of nucleo-
tides to endothelium under flow conditions encountered
in an in vitro parallel-plate system, as has been used in
numerous related experimental studies. The calculated
results indicate that the nucleotide concentration at the
endothelial surface changes slightly with shear stress over
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x=O Endothelial Monolayer x=L

FIGURE i Geometry of the parallel-plate chamber with height of
0.025 cm and width of0.5 cm. The endothelial monolayer is located on
the surface of the bottom plate. Adenine nucleotides are perfused
through the channel and catabolized at the endothelial surface by ec-
toenzymes. All of the numerical solutions presented in this paper are
based on this geometry.

must balance its degradation by endothelial cells. Assum-
ing the kinetic characteristics of endothelial ectonucleo-
tidases follow an irreversible Michaelis-Menten expres-
sion (Southerland), the boundary condition can be writ-

x ten as

D ac Km C at y= 0,

where Vm.. is the maximum enzyme reaction velocity
and Km is the Michaelis constant for the enzyme. At low
nucleotide concentration (c << Km), Eq. 3 can be simpli-
fied to the following linear form:

the range 0.1-30 dynes/cm2, in which shear-induced
physiological changes have been reported. Combined
with our recent experimental data (Shen et al., 1992),
these results provide insights into the mechanisms by
which flow modulates the effects of vasoactive adenine
nucleotides on endothelial cells.

FORMULATION AND SOLUTIONS
We consider transport ofadenine nucleotides to endothe-
lial monolayers in a parallel-plate flow chamber (Fig. 1 ),
which represents the geometry of a typical experimental
apparatus used in numerous studies (Shen et al., 1992;
Grabowski et al., 1985). Because the width of the chan-
nel (w = 5 mm) is much larger than the height (Ih = 0.25
mm), the problem can be simplified as two-dimensional.
In the region of interest, the flow is fully-developed and
laminar with a simple parabolic velocity profile

(1)

where v is the mean velocity.
When medium originally containing uniformly-dis-

tributed nucleotide substrate is perfused through the
channel and encounters endothelial cells at x = 0, nu-
cleotide is hydrolyzed by ectonucleotidases at the surface
of endothelium and its concentration gradually de-
creases. The governing mass transport equation describ-
ing the above problem can be written as (for a large Pe-
clet number, Pe > 500)

O9cc 02c
aat+ v(y) aaC = D dd c (2)

O9t O9x 4y2

where c is the concentration of nucleotide and D is the
diffusion coefficient of nucleotide in the perfusion me-
dium (Probstein, 1989).
The boundary condition of no mass flux at the top

wall surface is given by

9c

-= 0, at y= h.
ay

At the bottom wall surface where endothelial cells are
located, the flux of nucleotide toward cell monolayers

DOcI V,. c.D c maxc
dy Km

By introducing the following nondimensionalized vari-
ables:

x*= = t*= t

-h' h'9 T

c* = c Pe= vh

Da =
h

maStx=
h

'
DKm' T2v

Eq. 2 becomes

so t* +9C6*1- *) 02C*
St ~+ 6y*(1 I -dy*2

with the nondimensionalized boundary conditions

Y*=0, at y* ,

0c* 1
a* = D c, at y* = 0,

c*= 1, at x*=0, (5)

where co is the original concentration of nucleotide; T is
the characteristic time, which is primarily determined by
the diffusion process of chemical species and is given by
h2/D; Pe is the Peclet number, representing the ratio of
mass transport by convection to mass transport by diffu-
sion; Da is the Damkohler number, representing the ra-
tio of reaction velocity to diffusion velocity; and St is the
Strouhal number. The solution of the above equations
gives the concentration profiles ofthe original nucleotide
substrate in the channel.
The hydrolysis ofATP results in generation and accu-

mulation ofADP. This ATP-derived ADP is in turn ca-
tabolized toAMP and finally to adenosine. ADP is about
equally (or more) active asATP to endothelial cells (e.g.,
in promoting [Ca2"]i responses and EDRF release) (Pi-
totton et al. 1987; Olsson and Pearson, 1990), while
AMP and adenosine are much less effective. The govern-
ing equation for calculating ADP concentration is the
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TABLE 1 Model parameters for adenine nucleotides

Brownian Maximum
diffusion Michaelis reaction

Chemical Molecular coefficient, constant, velocity,
species weight D Km Vm.

nmol/min
daltons cm2/s A1M per 106 cells

ATP 551 2.36 x 10-6 475 67
ADP 424 2.57 x 10-6 155 9.2

same as Eq. 2 except for the coefficients. However, the
boundary conditions (nondimensionalized) now be-
come

OCD-= at y* = 1,

aY* (DD )CT* + Da CD at y* = 0,CDy* D/0a y* DaD
c = 0 at x* =0, (6)

where CT and DT are the concentration and diffusion coef-
ficient for ATP, respectively; and CD and DD are those for
ADP; DaD is the Damkohler number for ecto-ADPase.
The first term on the right-hand side of Eq. 6 represents
generation ofADP, which is equal to the amount ofATP
hydrolysis, and the second term represents degradation
ofADP by ecto-ADPase.

Several groups have previously investigated the ki-
netic characteristics of endothelial ectonucleotidases of
cultured cells from a variety of animal species (Pearson
et al., 1980; Cusack et al., 1983; Coade and Pearson,
1989). The data used in our numerical model are cited
from the paper ofCusack et al. (1983) on the basis ofpig
aortic endothelial cells, as listed in Table 1. In addition,
the diffusion coefficient of nucleotides used in our calcu-
lation is based on the data given by Adams and Feuer-
stein (1983), and Folie and McIntire (1989). However,
the kinetic data reported by Cusack et al. may be diffu-
sion limited because the measurement was probably per-
formed under static conditions. To address this potential
limitation, we have examined the sensitivity of our nu-
merical solutions to the enzymatic parameters. The re-
sults at three different reaction rates are presented in the
next section.
The above equations were solved numerically. The

computation code developed in this study employed the
linear finite element in conjunction with the linear Euler
backward difference technique. The following solutions
are given in the next section: (1) steady-state concentra-
tion profiles ofthe original substrates (ATP and ADP) in
the presence of flow; (2) steady-state concentration pro-
files for the intermediate product ADP; and (3) time-
course of nucleotide degradation under no-flow condi-
tions.

RESULTS

The longitudinal delivery by flow and hydrolysis of nu-
cleotide substrate ATP by endothelial ecto-ATPase at
endothelial cell surface results in the streamwise develop-
ment of a diffusion boundary layer with reduced ATP
concentration in the vicinity of the cell monolayer. As
the boundary layer grows with the streamwise distance,
the nucleotide concentration at the cell surface gradually
decreases. Fig. 2 A shows the steady-state ATP concen-
tration profiles at the cell surface as function ofthe non-
dimensionized distance (x*) away from the point where
ATP encounters endothelium under three different flow
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FIGURE 2 Computed ATP concentration profiles when medium con-
taining ATP is perfused through the chamber at three different flow
rates (corresponding to wall shear stress of 0.1, 1.0, and 10 dynes/
cm2). (A) Concentration distribution at the endothelial cell surface as
functions of x*. (B) Concentration distribution in the medium at the
center of coverslip (x* = 50) as functions of y*.
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¶ _ =_. _ -- _ _ __==========sroremainsalmostunchanged( 1.0)with shear stress, in-
0.1 dicating that only a very small amount ofATP has been

converted to AMP and adenosine.
1.0 * | DThe kinetic characteristics ofendothelial ectonucleoti-

o dases vary among different animal species. In addition,
o o6 L o , - I the original measurements of ectonucleotidases of endo-

u -ATP ' thelial cells appeared to be performed under static condi-
ADP tions, and the efficiency of nucleotidases could have

o - 0TP+AOP been underestimated because of diffusion limitation.
u o01 .Thus, we have estimated how nucleotide concentration

....... ...............
... ..... |profiles vary depending on the efficiency ofectonucleoti-

0.2 - ..----'---- ' . 1-0 dases, which is fully represented by the Damkohler num-
..... ....... .............. ..... ...|berDa in our model. Fig. 5 (A) and (B) show the con-

.......................................centration of nucleotides at the cell surface in the middle

o 0~: I.00 of coverslip (x* = 50) as functions of shear stress when

0 20 40 60 so 100 Damkohler numbers for both ATP and ADP are5 or 1O
Distonce (x/h) times greater than the normal number. At high Dam-

kohler numbers, ATP concentration is significantly re-
FIGURE 3 Concentration profiles of ATP, ATP-derived ADP, and ad- duced at all shear stress levels over the entire range exam-
dition ofATP and ADP at the endothelial cell surface as function ofx*, ined and varies near logarithmically with shear stress. In
as medium containing ATP is perfused at three different flow rates . .

(corresponding to wall shear stress of 0.1, 1.0, and10 dynes/cm2). additon, wesee that mostof the hydrolyzed ATP re-mains as ADP in the channel and the total amount of

ATP and ADP varies with shear stress in a similar fash-
ion as ATP.

conditions (corresponding shear stress: 0.1, 1.0, and 10 We have next numerically simulated the time-course
dynes/cm2). At a shear stress of 0.1 dynes/cm2, ATP of ATP catabolism under no-flow conditions (in static
concentration drops from 1.0 to 0.59 across the full medium). Both the bulk phase and cell surface concen-
length of the monolayer (2.5 cm). As the shear stress tration of ATP and ATP-derived ADP is plotted as a
increases, the longitudinal delivery of ATP overcomes function of time (Fig. 6). The bulk ATP concentration
the hydrolysis of ATP by endothelial cells and the con- steadily declined with time, with a half-life of -4 min.
centration decrease becomes less significant (Fig. 2 A). The ATP concentration at the cell surface is lower than
Fig. 2 B shows the ATP concentration profiles above the the bulk concentration over the entire time-course. The
center of the monolayer (x = 1.25 cm) as a function of
the perpendicular distance (y*). As expected, the con-
centration gradually decreases as the cell surface is ap-
proached.
The hydrolysis of original substrate ATP results in gen-

eration and accumulation of ADP. ADP is nearly as ef-
fective as ATP in stimulating release of EDRF and in-
crease in [Ca2+]i in most endothelial cells (Pirotton et
al., 1987). Therefore, we have estimated the concentra-
tion profiles of ATP-derived ADP by solving Eq. 2 in
conjunction with the boundary condition (Eq. 6). The
concentration profiles of ATP-derived ADP, along with
ATP and total addition of ATP and ADP at the cell sur-
face, as a function of x* for three given shear rates, are
shown in Fig. 3. As is clear from the figure, most hydro-
lyzed ATP remains as ADP in the channel over the shear
stress range examined.

Fig. 4 shows the concentration of ATP, ADP, and ad-
dition ofATP and ADP at the endothelial cell surface at
the center of coverslip (x = 1.25 cm) as a function of the
applied shear stress over a range of 0.1-30 dynes/cm2.
As shear stress increases from 0.1-30 dynes/cm2, ATP
concentration gradually increases from 0.66-0.93, while
the concentration of ATP-derived ADP decreases from
0.28-0.06. The total concentration of ATP and ADP
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FIGURE 4 Concentration of ATP, ADP, and addition of ATP and
ADP at the cell surface at the center ofcoverslip (x* = 50) as functions
of wall shear stress.
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hydrolysis ofATP results in a transient accumulation of 1

ADP, which reaches the maximum (0.4) in about 6 min, **. bulk phase

followed by a steady decline ofADP concentration as a \ cell surface

result of its hydrolysis by ecto-ADPase. These numerical >_ 0.8:

results are in a good agreement with the experimental \
data previously reported (Cusack et al., 1983). ATP

The concentration profiles of ADP at the cell surface ° 0.6 - ATP+ADP
under various flow conditions were also computed when c

ADP is used as the original substrate (Fig. 7). The data c
show that the degradation ofADP is less significant than

that ofATP under same flow conditions. The hydrolysis

of ADP results in generation of AMP which does not /
0 0.2.

A (Da=5X)

0< _ _ _- - ~~~~~~~~~ ] o slo~0 1 15 20

Time (min)
0.8_

C ,- ' FIGURE 6 Time-course of catabolism of ATP in static medium. The
,o , - / concentrations oforiginal substrate ATP, ATP-derived ADP, and addi-
.,.' tion of ATP and ADP are plotted as functions of time.
° 0.6

_ ~~~~~~~~~~~~~~ATP
0 ....- ADP
u - ATP+ADP

0.4 cause [Ca2'+j response in endothelium (Pirotton et al.,
1987).

O 0.2

DISCUSSION

z , In the previous experimental studies (Shen et al., 1992),
0.1 1.0 10.0 30.0 we have demonstrated that the action of nucleotides on

Shear stress (dynes/cm2) endothelium can be significantly modulated by fluidShearstress(dyns/cm2 )flow. The aim ofthis study was to determine the capacity

B (Do=10X) of endothelial ectonucleotidases to regulate the concen-
1 tration distribution ofadenine nucleotides in the vicinity

of the flow-endothelium interface. When the medium
_ _ containing nucleotide ATP is perfused over endothelial

° F-8t _. _ ATP monolayers in a parallel-plate flow chamber, our com-

_- ' ...- ADP putational results indicate that its concentration at the
.° , ,- - - ATP+ADP cell surface gradually decreases with the streamwise dis-

(x*=50.y*=0) tance. This decrease in ATP concentration is dependent

on the shear rate induced by the perfusion flow. In our

c § ,, lmodel system, as the corresponding shear stress in-

0 creases from 0.1-30 dynes/cm2 (Shen et al., 1992), the

0 .... / .. ATP concentration at the center of the coverslip ( 1.25
cm from the starting point where medium encounters

0.2 cells) is increased by approximately 30%.

The major pathway of nucleotide catabolism has
z been previously shown to be sequential hydrolysis from

O.1 1.0 10.0 3a0. ATP -> ADP -- AMP -> adenosine by three separate
Shear stress (dyne s/cm 2) ectoenzymes (Cusack et al., 1983). Because ADP is

about as effective as ATP in causing several responses in
FIGURE 5 Concentration of ATP, ADP, and addition of ATP and endothelial cells, including release ofEDRF, production
ADP at the cell surface at the center of coverslip (x* = 50) as functions of PGI2 and increases in [Ca2+]i (Pirotton et al., 1987),
of wall shear stress for two larger Damkohler numbers. (A) Da is 5 we have calculated the concentration profile ofADP, the
times the value of the normal number; (B) Da is 10 times the value of intermediate product ofthe catabolism reaction. Our re-

the normal number. sults (Fig. 4 A) indicate that ADP is the dominant prod-
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FIGURE 7 ADP concentration profiles at the cell surface when me-

dium containing original substrate ADP is perfused through the chan-
nel at three different flow rates (corresponding to wall shear stress of
0.1, 1.0, and 10 dynes/cm2) .

uct ofATP hydrolysis remaining in the channel over the
shear stress range examined, and the total concentration
ofATP and ADP only changes slightly (6%) as the shear
stress increases from 0.1-30 dynes/cm2.
The results presented in this paper are the steady-state

nucleotide concentration profiles. After the initial appli-
cation of shear stress, the characteristic time to reach the
steady-state profile is primarily determined by the diffu-
sion process and can be estimated using the following
formula:

32

D

where 6 is the boundary layer thickness, and D is the
diffusion coefficient ofATP. On the basis of Fig. 2 B, the

boundary layer thickness is approximately 0. 1-0.5h in
the shear stress range of 0.1-30 dynes/cm2, and the
characteristic time was estimated between 3-66 seconds.
This transient time is significantly less than the time pe-
riod during which shear stress was applied in most ofour
experimental studies. Therefore, the steady-state results
are the most relevant to the conditions encountered in
the in vitro experiments reported previously (Shen et al.,
1992).
To verify our mathematical model, we have numeri-

cally simulated the time-course of ATP degradation in
static medium. Our results show a steady decline of
ATP, with a half-life about 4 min, and a transient accu-

mulation ofATP-derived ADP in the medium, reaching
the maximum concentration in about 6 min, followed
by a decline as a result of its hydrolysis by ecto-ADPase.
These numerical results are essentially the same as those
obtained previously by experiments (Cusack et al.,
1983), indicating that our model can correctly predict
the basic patterns of nucleotide catabolism by endothe-
lial cells.
The mathematical model developed in this study is

based on previously published data ofthe kinetic charac-
teristics of ectonucleotidases in cultured pig aortic endo-
thelial cells. Because the kinetic parameters could vary
among the cells from different animal species, we have
investigated how nucleotide concentration profiles
change, depending on the efficiency of nucleotidases. At
large Damkohler numbers (corresponding to high effi-
ciency of enzymatic degradation), although ATP con-

centration becomes low over the entire shear stress range
examined, the concentration does not change signifi-
cantly as shear stress varies. At the cell surface, ATP con-

centration increases roughly logarithmically with shear
stress.
Modulation of the effects of adenine nucleotides on

endothelial cells by fluid flow has been demonstrated in
recent experiments (Dull and Davies, 1991; Mo et al.,
1991; Shen et al., 1992). In a previous experimental
study carried out in the apparatus modeled in this report,
we have measured intracellular Ca>2 responses ofbovine
aortic endothelial cells (BAEC) during perfusion with
medium containing ATP or ADP (0.1-1.0 um) under
defined flow conditions, and observed that perfusion
with ATP or ADP evokes repetitive oscillations in
[Ca2 ]i in single BAEC. The frequency of these oscilla-
tions increases with level of applied fluid shear stress.
Comparison of the experimental data (Shen, J., M. A.
Gimbrone, Jr., F. W. Luscinskas, and C. F. Dewey, Jr.,
unpublished observations) to the numerical results sug-

gests that a change of concentration due to degradation
of nucleotides alone cannot account for the observed
change of [Ca2+]i response induced by applied fluid
flow. From our experimental results, the frequency of
[Ca2]i oscillations increases nearly linearly with shear
stress, while the concentration of ATP and ADP at the
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cell surface changes much less significantly with shear
stress, as shown in Fig. 4. This conclusion is consistent
with the direct observation that shear-dependent [Ca2' ]i
responses can be induced with nonhydrolyzable nucleo-
tide analogues ATP-yS and ADPfS (Shen et al., 1992).

Fluid flow can cause a variety of responses in vascular
endothelium when ATP-containing medium (Medium
199, 1.8 ,uM) is used as perfusion fluid in the experi-
ments (Ando et al., 1988; Frangos et al., 1985; Nollert et
al., 1991 ). As recently reported by Nollert et al. ( 1991 ),
these responses also appear not to be fully accounted for
by the shear-dependent ATP transport model alone.
However, it is unclear whether the observed responses
are caused by the direct mechanical shear stress effect or
a complex interplay between vasoactive agonist and he-
modynamic flow. On the basis of our recent studies on
[Ca2+]i (Shen et al., 1992), it appears that endothelial
cells respond to fluid flow very differently, depending on
whether ATP is present in the medium. In the absence of
agonist, an increase in shear stress stimulates a transient,
relatively low amplitude increase in [Ca2+]i while, in the
presence ofATP, application ofsteady flow evokes large
repetitive oscillations in [Ca2+ ]i.

Recently, Nollert and McIntire ( 1992) also have in-
vestigated this problem and have found a similar change
ofATP concentration as a function ofshear stress. How-
ever, in the interpretation of their data, they apparently
did not consider the generation ofthe intermediate prod-
uct ADP, which is almost equally effective in endothelial
cells as ATP. In addition, no experimental results show
the responses of endothelial cells under flow conditions
with multiple levels of shear stresses to compare with the
theoretical prediction. These differences may contribute
to the discrepancy in the conclusions of their report,
compared with ours. On the basis of our theoretical and
experimental results, it appears that the change of nu-
cleotide concentration due to enzymatic degradation at
the endothelial cell surface is not the primary mecha-
nism for the observed flow modulation of nucleotide ac-
tion on endothelium, although it may contribute to this
phenomenon. On the other hand, it is also possible that
the modulation may be caused by a direct influence of
flow on the interaction between ATP (or ADP) with
P2-purinoceptors. To date, no direct evidence has been
obtained as indicating the influence of flow on endothe-
lial P2-receptors. However, a previous study by Sprague
et al. ( 1987) has demonstrated that laminar fluid shear
stress can alter the binding, internalization, and degrada-
tion of low-density lipoproteins (LDL) by endothelial
cells, indicating that shear stress can modulate endothe-
lial surface receptor expression and function.
Whatever the mechanism responsible, flow modula-

tion of the effects of adenine nucleotides on vascular
endothelial cells may have important physiological im-
plications. Nucleotides may be presented at the vessel
wall-blood interface due to release from endothelial

cells, smooth muscle cells, and stimulated platelets
under various pathophysiological conditions (Gordon,
1986; Olsson and Pearson, 1990). Earlier studies have
shown that ATP stimulates the release of EDRF and
PGI2 from endothelial cells which, in turn, can induce
vasodilation (Burnstock and Kennedy, 1985). On the
basis of our observations, the ability ofATP to promote
EDRF and PGI2 release is likely to be influenced and
enhanced by local hemodynamic flow. This effect may
be particularly important at low concentrations ofATP
relevant to physiological conditions in vivo, and could be
involved in the flow-induced regulation ofvascular tone.
Although the computational results presented in this
paper are limited to the flow conditions encountered
with exogenous ATP in an in vitro apparatus, the analy-
sis can be extended to in vivo conditions ifone takes into
account the possibility of alternative sources (local ver-
sus systemic) for the ATP.
To conclude, we have calculated the concentration

profiles of adenine nucleotides and estimated the effects
of viscous shear flow in regulating the concentration at
the endothelium-fluid interface. On the basis of enzy-
matic characteristics ofendothelium reported previously
(Cusack et al., 1983), our results demonstrate that nu-
cleotide ATP and ADP concentration in the vicinity of
endothelial monolayer is not significantly different from
bulk concentration and only changes slightly with in-
creasing shear stress. Even at assumed large Damkohler
numbers (corresponding to increasing ectonucleotidase
efficiency), nucleotide concentration does not vary sig-
nificantly with shear stress. Together with other experi-
ment results, it appears that the transport model cannot
fully account for the observed flow modulation ofendo-
thelial responses to nucleotides, although it may partially
contribute to this phenomenon.
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