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Abstract ATP is released from the basolateral membrane
of A6 epithelia in response to hypotonic treatment. This
study addresses the problem of ATP diffusion through
the permeable supports used to culture the cells. A the-
oretical analysis of a recently introduced experimental
protocol is presented and a model of ATP diffusion
through the compartments of the measuring system is
proposed. The model provides the ATP profiles near the
cell layer and in the measurement chamber. Comparison
of results from computer simulations and experimental
data showed that the permeable support introduces a
marked delay for ATP diffusion, supporting the corre-
lation of apparently time-separated events: the mobili-
zation of Ca2+ from internal stores and release of ATP
from the cell. The model is consistent with experimental
data obtained with the luciferin–luciferase pulse proto-
col and provides an indirect proof of related processes
like the closure and opening of the lateral interspace that
occur after imposing the hyposmotic shock. The influ-
ence of the pore structure of the permeable support in
modulating the measured release rates revealed by
computer simulation is experimentally validated for two
types of Anopore filters.

Keywords Epithelia Æ Diffusion model Æ
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Introduction

In addition to its ubiquitous function as a main intra-
cellular energy source, there is increasing evidence that,
in non-excitable tissues, extracellular ATP plays an
important role in auto- and paracrine feedback regula-
tion of a broad range of cellular responses (Burnstock
1997). Release of ATP has been demonstrated in
response to osmotic and mechanical stress (Grygorczyk
and Hanrahan 1997; Taylor et al. 1998; Van der Wijk
et al. 1999; Kimura et al. 2000; Mitchell 2001; Roma-
nello et al. 2001) and neuro-hormonal stimuli, shedding
some light over the possible release mechanisms,
whereas the identification of the involved pathways is
still uncertain. Several hypotheses concerning the path-
ways of ATP release have been proposed in recent years
[ranging from a conductive pathway to a vesicular
release mechanism (Knight et al. 2002)]. Connexin
hemichannels have been identified as a signaling path-
way that couples ATP liberation to intracellular Ca2+

changes after mechanical stimulation of astrocytes
(Stout et al. 2002), but involvement of the cystic fibrosis
transmembrane conductance regulator (CFTR)
(Braunstein et al. 2001), of the related multidrugresis-
tance-1 protein (Roman et al. 2001) and large conduc-
tance anion channels (Bell et al. 2003) in regulating the
membrane permeability for ATP are still controversial.

The uncertainties concerning the identity of pathways
underlying ATP release partially stem from a variety of
methodological problems in assaying ATP release. The
most commonly and sensitive technique used for detec-
tion of ATP release is based on the luminescence that
follows oxidation of luciferin upon catalysis by lucifer-
ase in the presence of oxygen, Mg2+ and ATP. When
using this principle to determine the ATP released from
the basolateral membrane of polarized epithelia, the
assay is confounded by a multitude of factors, including:
(1) ATP release by mere mechanical stimulation, (2)
effects of unstirred layers, (3) sequestration of ATP re-
leased into the microdomains of the lateral intercellular
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spaces (LIS), (4) lack of selective inhibitors that modu-
late ATP release through candidate ion channels, (5)
extremely low levels of release coupled with rapid
extracellular ATP hydrolysis by membrane-bound ecto-
ATPases, (6) consumption of ATP by the assay reaction
itself, and last but not the least (7) the diffusional barrier
represented by the permeable support over which cells
were grown to confluent layers.

Recent experiments demonstrated that a sudden hy-
posmotic shock gives rise to a biphasic [Ca2+]i upturn
(Jans et al. 2002). The first rapid phase is inhibited by the
presence of basolateral suramin, a purinergic (P2)
receptor antagonist, indicating an autocrine effect in-
duced by ATP. The relation between ATP release and
[Ca2+]i rise has been further explored (Jans et al. 2002),
but a direct correlation between ATP release and the
suramin-sensitive increase in [Ca2+]i during hypotonic-
ity was shadowed by the time lag between the [Ca2+]i
peak occurring at 45 s after the initiation of the hypos-
motic shock and the maximum in measured ATP
amounts appearing 6 min after the initiation of osmotic
shock.

As a first step in elucidating the causal link between
ATP release and the mobilization of Ca2+ from intra-
cellular stores, the problem of ATP diffusion through
the permeable support, acting as a diffusion barrier and
delaying the ATP recordings, has to be analysed. The
aim of this study is to address, from both experimental
and theoretical points of view, the influence of the per-
meable filter support on the diffusion of ATP into the
measurement chamber and to provide an insight into the
possible dynamics of the ATP release through the
basolateral membrane in relation to the characteristic
pattern of ATP accumulation in the measurement
chamber.

Materials and methods

Cell culture

The amphibian A6 renal cell line (a gift of Dr J.P. Johnson, Uni-
versity of Pittsburgh, Pittsburgh, Pa., USA) is derived from the
distal part of the nephron of Xenopus laevis. A6 cells were grown on
two types of permeable Anopore filters (Nunc Intermed, Roskilde,
Denmark) in a humidified incubator maintained at 28 �C and 1%
CO2. We used 60 lm thick filters, 25.4 mm diameter, with pore
sizes of 0.2 lm (relative porosity 30%) and 0.02 lm (relative
porosity 50%). Cells were seeded at a density of 2·105 cm)2. The
growth medium was renewed twice weekly and consisted of a 1:1
mixture of Leibovitz’s L-15 and Ham’s F-12 media, supplemented
with 10% fetal bovine serum (Sigma, St. Louis, Mo., USA),
3.8 mM L-glutamine, 2.6 mM NaHCO3, 95 IU mL)1 penicillin
and 95 mg mL)1 streptomycin. We used confluent, polarized
monolayers cultured for 8–9 days. The tightness of the monolayer
was tested by recording the transepithelial resistance.

Solutions and chemicals

Hyposmotic solutions of 140 mosmol (kg H2O))1 contain (in
mM): 70 Na+, 2.5 K+, 1 Ca2+, 5 Hepes and 69.5 Cl) (pH 7.4).
Isosmotic solutions of 260 mosmol (kg H2O))1 were prepared by

adding 65 mMNaCl. The amount of ATP release in the basolateral
compartment was determined with a luciferin–luciferase kit from
Sigma (FL-AAM). The solutions that we used to probe for ATP
release contained 50 lL of the luciferin–luciferase (LL) assay
mixture per mL. This resulted in a final concentration for the fol-
lowing components (in mM): 0.5 MgSO4, 0.05 EDTA, 0.005
dithiothreitol, 2.5 tricine and 0.03 luciferin; and (in mg L)1): 3.3
luciferase and 50 bovine serum albumin.

Measurement of ATP release

We used a custom-designed setup that enables the quantification of
the extracellular ATP amount in the measurement chamber via
photo-detection of the light emitted during luciferase-catalysed
oxidative decarboxylation of luciferin (LH2), in the presence of
ATP, Mg2+ and O2 (Gomi and Kajiyama 2001):

LH2 þATP Mg2

������!
luciferase

luciferase � LH2 �AMPþ PPi

luciferase � LH2�AMPþO2 ! luciferaseþAMP
þCO2 þ oxyluciferinþ hm

ð1Þ

The setup is shown schematically in Fig. 1A. It uses a photon-
counting head with a broad dynamic range, enabling the detection
of amounts of ATP extending from 0.1 pmol to 25 nmol with
50 lL mL)1 LL reagent mixture. An important advantage of this
setup is the availability of continuous perfusion of the polarized
monolayer, allowing a fast replacement of solutions at each border.
Moreover, removal of the permeable support from the culture cup
is unnecessary, thus avoiding cell damage at the edges. The
experimental set-up is described in detail elsewhere (Jans et al.
2002).

The measurement can be carried out either through a pulse
protocol or by continuously recording the light originating from
ATP accumulation in the basolateral compartment (the measure-
ment chamber) containing the LL reagent that is well mixed. The
pulse protocol consists of repeated periods of wash-out of the ATP
and LL additions alternated by 90-s intervals when ATP accumu-
lation was monitored. At the beginning of these intervals, the
solution containing the LL reagent is injected into the measurement
chamber. The pulse protocol implies that the accumulation of re-
leased ATP is measured at defined moments, with the initial ATP
amount in the bath reset to zero by continuous perfusion of hy-
posmotic solution. The LL assay kit is refreshed for each pulse. The
initial rate of rise of the luminescence, proportional to the ATP
release, is determined by regression analysis. For clarity, the term
‘‘released’’ will be used for the ATP leaving the filter while ‘‘gen-
erated’’ will be used for the ATP leaving the basolateral membrane,
at the upper side of the filter.

In the accumulation protocol the LL assay mixture is added to
the basolateral chamber and the perfusion is suspended to allow the
accumulation of ATP. The continuous recordings provide a time
evolution dependent on both the release rate and the consumption/
dissociation coefficients of the experiment. The accumulation pro-
tocol implies that the amassment of released ATP is assessed in the
measurement chamber in which a certain amount of LL kit is
injected at the beginning of the recording and not replenished in the
meantime.

Computer simulations and modeling

The process of diffusion, through which matter is transported from
one part of a system to another as a result of random molecular
motion, becomes particularly important when trying to establish
causal links between spatially separated events by creating new
‘‘dynamics’’. Owing to a slower effective diffusion, the rapid
changes in one compartment might be translated into slowly
changing concentrations in another compartment, dampening the
‘‘fluctuations’’ or transient changes.
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The well-known one-dimensional diffusion equation along a
cartesian axis is essentially an equation for the conservation of mass:

@Cðx; tÞ
@t

¼ D
@2Cðx; tÞ
@x2

ð2Þ

Analytical solutions are only possible in special cases. More-
over, solutions are highly dependent on the initial and boundary
conditions that shape the concentration profile. For this study we
have used the Mathematica 4.0 environment (Wolfram Research)
and custom-made routines based on a finite differencing scheme
through which the set of coupled differential equations, modeling
the experimental conditions, was numerically solved.

Using computer simulations we attempted to determine the
possible concentration profiles above and below the filter. We de-
rived the complete set of equations associated with ATP release,
diffusion towards, into and out from the permeable support, with
the measurement via the LL reaction. A diagram of the modeling
‘‘layout’’ is presented in Fig. 1B. Based on experimental conditions,
several assumptions have been made:

1. The tightness of the epithelial monolayer ensures that only the
ATP released on the basal side of the polarized epithelium is
recorded and that ATP does not leak from the apical com-
partment.

2. The monolayer is able to release (RATP is the associated release
rate) as well as to degrade extracellular ATP through exo-en-
zymes or ecto-apyrases. The rate of degradation (Dexo

ATP) depends
on the total amount of ATP in the vicinity of the basolateral
membrane of the monolayer.

3. ATP diffuses away, through the filter, into the measurement
compartment, at a rate of diffusion RDiff, which depends on the
ATP concentration near the cell layer, on the concentration
gradient inside the filter and on the constant of diffusion inside
the permeable support.

4. Instantaneous mixing of the ATP released from the permeable
matrix is obtained by the stirring system.

5. The measurement of ATP via LL detection gives rise to con-
sumption of the ATP and inactivation of the LL assay. A global
degradation rate, DLL

ATP, accounting for the two processes is
considered for the measurement chamber.

Based on these assumptions, the following equations are pro-
posed. For the amount of ATP at the cell side of the filter (QA):

dQA½t�
dt

¼ RATP½t� � Dexo
ATPQA½t� � RDiff½t� ð3Þ

The rate of diffusion, RDiff, is proportional to the flux through
the filter (in the uppermost layer of the filter) given by:

jAF½t� ¼ �Dw
dCAF

dx
ð4Þ

where Dw stands for the diffusion constant of ATP in water
[numerous studies suggest that the diffusion of ATP in cytosolic
space is only two times lower than in water (de Graaf et al. 2000); in
cytoplasm it is 0.15·10)5 cm2 s)1]. dCAF=dx is the concentration
gradient between the layer beneath the cells and the upper inside
surface of the filter, given by:

dCAF½t�
dx

¼ CF½0; t� � CA½t�
Dx

ð5Þ

with:

CF½0; t� ¼
QDiff½t�

VF
ð6Þ

where QDiff½t� is the amount of ATP entering the filter and is related
to jAF.

The concentration in the compartment above the filter is:

CA½t� ¼
QA½t�
VLIS

ð7Þ

VLIS is estimated at 1.6·10)4 mL; ATP is considered to be released
in the lateral interspace that accounts for 5.5% of the cell volume;
the thickness of the A6 epithelium is 6.27 lm (Van Driessche et al.
1999).

Fig. 1 A Experimental set-up: cells are grown in a confluent
monolayer on the top of the permeable support mounted in a
holder that separates the basolateral and apical compartments of
the set-up. The hyposmotic shock imposed by lowering the
osmolality of the basolateral bath (the measurement chamber)
determines the release of the ATP from the cells into the filter and
further into the measurement chamber, where it reacts with the
luciferin–luciferase assay kit. The photons emitted are detected by a
photon counting tube and the light impulses are further processed
using a PC-based 32-bit counter/time board and custom-built
software. B Modeling layout: the ATP is considered to be released,
in response to an osmotic hyposhock, with a constant release rate
RATP, in a small volume VLIS beneath the cell layer; degradation
due to exo-enzymes present on the cell membrane is associated with

the parameter DATP
EXO. Inside the filter, ATP diffusion is governed

by concentration gradients at the upper and lower sides of the filter,
of VLIS and VBL (volume of the measurement chamber), respec-

tively, dCAF ½t�
dx ¼ CF ½0;t��CA ½t�

Dx and dCFB ½t�
dx ¼ CLL ½t��CF ½x¼60 lm;t�

Dx , and the filter

characteristics (pore size and width). JAF and jBF are fluxes through
the upper and lower sides of the filter. The stability criterion
determines the maximum step over the dimension axis Dx
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This process (Eqs. 4, 5, 6, 7) must be equated, due to the
porosity of the filter which decreases the active surface and alters
the dynamics of the flux. Inside the filter (VF, the pores total vol-
ume, was estimated to 0.01 mL for larger pore filters and 0.015 mL
for smaller pore filters), we have considered the transport in one-
space dimension, for which the diffusion equation has, according to
Fick’s second law, the form:

@CFðx; tÞ
@t

¼ DF
@2CFðx; tÞ

@x2
ð8Þ

The presence of physical restricting barriers – the porous support –
makes the effective diffusion coefficient, DF, dependent on the
shape, the size and the permeability of the restricting barriers, as
well as on the diffusion time.

The dimensions of the pores, 0.2 lm and 0.02 lm, and the
uniform tubular shape they retain throughout the filter thickness,
imply that this process could be foreseen as free diffusion. Yet,
owing to the negative charge of ATP, inside the filter (made out of
aluminum oxide with a highly controlled, uniform capillary pore
structure) ATP could electrostatically interact with the walls of the
pores and be bound inside the filter; therefore the diffusion con-
stant in the filter is considered smaller than the one in water,
DF<DW, and dependent on pore size (for 0.2 lm pore filters,
DF=5.5·10)8 cm2 s)1; for 0.02 lm pore filters, DF=
3.3·10)8 cm2 s)1). Cell-free experiments (not presented in this
article), in which different concentrations of ATP are injected on
the apical side of the filter (having no cells attached) and the release
rates from the filter are measured, were the basis for the chosen
values for the diffusion constant inside the permeable support.

The diffusion flux at the basal side of the filter is related to the
concentration gradient between the inside of the filter and the
measurement chamber:

jFB½t� ¼ �DF
dCFB

dx
ð9Þ

where dCFB=dx is given by:

dCFB½t�
dx

¼ CLL½t� � CF½x ¼ 60 lm; t�
Dx

ð10Þ

The measurement chamber is well stirred so the concentration
in the uppermost layer equals the concentration in the whole
measurement chamber. Therefore the concentration in the mea-
surement chamber is expressed as:

CLL½t� ¼
QLL½t�

VBL
ð11Þ

Taking into account the degradation coefficient DLL
ATP, the time

evolution of the ATP amount in the measurement chamber is ex-
pressed by the following equation:

dQLL ½t�
dt ¼ Rrelease½t� � DLL

ATPQLL½t � 1�

where Rrelease½t� ¼ dQF ½t;x¼60 lm�
dt

ð12Þ

QLL[t] is the amount of ATP in the measurement chamber and
DLL

ATP is the rate of consumption of ATP due to the LL reaction.
To solve the equations for a membrane–filter–measurement

chamber system, we assume a regular distribution for the system
variables onto a lattice grid and then solve a finite-difference rep-
resentation of the equations on the grid. The self-consistent solu-
tions of these equations are obtained using a Forward Time
Centered Space algorithm including zero-flux boundary conditions
for lattice points next to the cell membrane and filter walls as well
as the initial conditions (release rates, breakdown constants). One
should note that this algorithm is fully explicit and requires
evolving through discrete steps (with the dimension dictated by the
stability criterion) towards the spatial scale of interest. Since the
time scale of interest is in the order of tens of seconds, this algo-
rithm proved to be reliable and fast, providing the time evolution of

the concentration features of every volume unit of the grid. If a
broader time scale is required, one could always use the Crank–
Nicolson algorithm, which can be easily implemented and provides
a good stability for every time step.

The maximum step over the dimension axis was determined, by
considering the time step Dt as unity, as Dx ¼

ffiffiffiffiffiffi

2D
p

, in accordance
with the stability criterion of the differencing scheme:

2DDt

ðDxÞ2
61 ð13Þ

The NDSolve routine in Mathematica 4.0 was used for finding
solutions to the set of coupled differential equations (Eqs. 3, 4, 5, 6,
7, 8, 9, 10, 11, 12) associated with the system with different per-
meable supports while changing the ATP generation rates.

Results

To complete the analysis of the ATP release process in
response to osmotic shock, the continuous and pulse
protocol measurements were complemented with com-
puter simulations of the accumulation profiles near the
cell layer and in the measurement chamber. In an
accumulation protocol, arresting the perfusion of the
LL-containing solution results in a gradual increase in
luminescence that shows, after �20 min, a tendency to
reach a plateau. Figure 2A illustrates a typical experi-
ment where ATP accumulation was continuously mon-
itored, during hypotonic conditions, after interruption
of the perfusion and addition of LL reagents in the ba-
solateral compartment. A typical recording after suc-
cessive washouts and additions of LL reagents in the
basolateral compartment is shown in the insert. The time
course of the total amount of ATP in the measurement
chamber obeys Eq. (12), reflecting both the release and
consumption rates. Figure 2B presents a typical experi-
ment using the pulse protocol during the hyposmotic
shock as well as after the return to isosmotic conditions.
Experimental data reveal a biphasic pattern of ATP re-
lease in the measurement chamber in response to hy-
posmotic conditions, consisting of a transient phase of
higher release rates followed by a long-term, steady re-
lease rate (Fig. 3). A correlation between the ATP
accumulation profile and the ATP release from the cell
layer can be demonstrated by taking into account the
diffusion of ATP through the permeable support.

In order to evaluate the actual dynamics of ATP re-
lease from the A6 cell layer, we simulated the time
course of the accumulation of ATP near the cell layer
and in the measurement chamber, considering several
patterns of ATP generation (i.e. constant, pulse and
mixed) in a thin layer adjacent to the permeable matrix.
Computer simulations (Fig. 4) reveal that the diffusional
barrier represented by the permeable support determines
a significant delay of the ATP accumulation in the
measurement chamber in comparison to the actual
dynamics near the cell layer

We used different patterns of ATP release from the
cells to simulate the biphasic behavior obtained
experimentally (Fig. 3): (1) a single pulse (50 pmol
min)1 starting 5 s after the onset of hypo conditions
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and lasting for 15 s); (2) a constant generation rate,
Rgen
ATP=3 pmol min)1; and (3) a mixture of constant

and pulse-shaped rates (a 15 s pulse accounting for
Rgen
ATP=50 pmol min)1 appearing 4 min after the onset

of hyposmotic conditions superimposed on a plateau of
Rgen
ATP=3 pmol min)1). Figure 5A depicts the time

course of the amount of ATP near the membrane for
the three patterns of ATP generation. Figure 5B shows
the accumulation profiles revealed by the pulse proto-
col for the three shapes of the ATP generation rates.
Figure 5C illustrates the simulation of the pulse pro-

tocol for the three patterns of ATP generation. The
simulations proved that the biphasic behavior obtained
experimentally (Figs. 2B, 3) cannot be accounted for by
considering only the diffusion dampening and delaying
effects as well as constant or pulse RATP generation
rates. Consequently, for both accumulation and pulse
protocols, the ATP profiles above and below the per-
meable matrix when the generation rate is variable in
time were computed. The physiological reason behind
this approach is based on the documented transient
closure of the lateral interspace in A6 cells in response
to hyposmotic shock. As will be further elaborated in
the Discussion, this transient closure could have a
modulating effect on the dynamics of ATP release. The
data suggest that the ATP generation profile should
contain a mixture of constant and stepwise generation
rates to provide an evolution similar to the experi-
mental one; in the following, this pattern was used for
the simulations.

Fig. 2 A Continuous ATP accumulation measurement. The hypo-
tonic shock was initiated by reducing the osmolality of the
perfusing solution from 260 mosmol (kg H2O))1 to 140 mosmol
(kg H2O))1 by removal of NaCl. ATP accumulation is recorded
during hypotonicity after addition of the LL reagent and
interruption of the perfusion. RATP and DATP were determined
by fitting an exponential function, QATP ¼ RATP

DATP
ð1� e�DATPtÞ, to the

data: RATP=2.72 pmol min)1 and DATP=0.36 min)1. B Typical
pulse protocol recordings. The perfusion was interrupted during 90
intervals after 5 mL of the LL-containing solutions had passed
through the basolateral bath. The sensitivity and high dynamic
range of the photon counter enables the determination of RATP in
iso- as well as in hyposmotic conditions [260 mosmol (kg H2O))1

and 140 mosmol (kg H2O))1, respectively]. The basolateral osmo-
lality (p) was reduced to 140 mosmol (kg H2O))1 while continu-
ously perfusing at a rate of 5 mL min)1

Fig. 3 Time course of RATP during and after hyposmotic shocks.
Probing of ATP release was performed in isosmotic conditions
prior to and after the hypotonic shock, and in hyposmotic
conditions at 2, 6, 10, 14, 18 and 37 min

Fig. 4 Simulation of ATP accumulation in the measurement
chamber (M) in comparison with the one near the cell layer (R).
A marked delay is observed, caused by the diffusion barrier
constituted by the permeable support. The value of the diffusion
constant in the filter used for the simulation is 5.5·10)8 cm2 s)1.
QATP release represents the estimated amount of ATP accumulated
near the cells for a constant generation rate, Rgen

ATP=3 pmol min)1,
for the whole epithelial surface, a rate of destruction of
Dexo

ATP=0.25 min)1 and diffusional flow through the filter (curve
R). A consumption constant, Dexo

ATP=0.007 min)1, caused by the
LL oxidative reaction was assumed for the measurement chamber
(QATP measured represents the time course of the ATP amount in
the measurement chamber)
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It must be stressed that the pulse protocol provides an
accurate experimental tool to discern minute changes of
the release rates that could, in a continuous protocol, be
overlooked.

The global diffusion constant (encompassing possible
interaction of the molecules with the permeable matrix)
that determines the dynamics of the average movement
of ATP molecules towards regions of lower concentra-
tion should be dependent to some extent on the struc-
tural properties of the available pores. It is conceivable
that, if the delay in the measured response is mainly due
to the diffusional barrier represented by the filter, the
filter characteristics (porosity and pore diameter) would
alter the dynamics of the ATP accumulation in the
measurement chamber. Therefore we tested the effect of
permeable matrices with different pore sizes and poros-
ities: (1) an Anopore filter having larger pores (LP) with
109 pores cm)2, 0.2 lm pore diameter and an associated
30% porosity; and (2) smaller pores (SP) with an Ano-
pore filter having 1011 pores cm)2, 0.02 lm pore diam-
eter and a 50% associated porosity. We considered a
slightly decreased diffusion constant for the SP filter in
comparison with the one associated with the LP, in

conjunction with possibly enhanced interactions be-
tween ATP and the filter.

Computer simulations presented in Fig. 6 suggest
that for a SP permeable matrix, assuming a decreased
diffusion constant (�60% from the one corresponding
to large pores), the dynamics of the ATP accumulation
in the measurement chamber, revealed by both contin-
uous measurements and the pulse measurement proto-
col, will not only be slowed down but there will be a
decrease in the measured plateau values as well. Despite
the biological variability, the experimental results show
a good correlation with the theoretical assumptions: a
lower measured rate of ATP release for SP filters.
Figure 7 shows, for comparison, the experimental (E)
and computed (S) accumulation rates revealed by
the pulse protocol. In terms of simulation, the values of
the parameters and the rate of degradation, as well as
the value of the LIS volume, affect the absolute amounts
of ATP in the ‘‘measurement chamber’’ (as well as near
the cell layer) and could be adjusted for a closer match
with the experimental values. This should be further
considered in view of the nonlinear fitting of real data.

Discussion

The present study addresses, from both theoretical and
experimental points of view, the problem of ATP release
across the basolateral membrane in A6 cells in response
to hypotonic treatment and the effect of support per-
meable matrices in modulating the measured dynamics
of ATP accumulation. Computer simulations substan-
tiate the fact that owing to the diffusional barrier rep-
resented by the permeable support on which the cells are
grown, the dynamics of the ATP accumulation in the
measurement chamber is largely delayed in comparison
to the concentration change near the cell border. This
observation encouraged us to reconsider possible

Fig. 5A–C Computer simulations of the time course of the amount
of ATP in the measurement chamber when different generation
patterns near the cell layer are considered. A The simulated
evolution of the amount of ATP generated (near the cell
monolayer) for: Pulse, a single pulse (a 15 s pulse accounting for
Rgen
ATP=50 pmol min)1 appearing 5 s after the onset of hypoos-

motic conditions); Step, constant generation, Rgen
ATP=3 pmol min)1,

for the duration of the hyposmotic shock; and Mixt, a mixture of
constant and pulse generation rates (a 15 s pulse accounting for
Rgen
ATP=50 pmol min)1, appearing 4 min after the onset of

hypoosmotic conditions superposed on a plateau of Rgen
ATP=3 pmol

min)1). B The evolution of the accumulated ATP in the
measurement chamber for the three release profiles, with indices
corresponding to the same conditions as in A. C The ATP amounts
revealed by the pulse protocol for the three release profiles, with
indices corresponding to the same conditions as in A
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correlations between intracellular events (with fast
dynamics, e.g. the occurrence of the [Ca]i peak) and
para- and autocrine signaling via ATP. The involvement
of extracellular ATP signaling has been demonstrated in
response to mechanical (Homolya et al. 2000) and os-
motic shocks. Particularly, the ATP release in response
to osmotic variations (Hamada et al. 1998; Hazama
et al. 1999; Van der Wijk et al. 1999; Kimura et al. 2000;

Schwiebert and Kishore 2001; Hisadome et al. 2002) and
the related involvement in volume regulation (Wang
et al. 1996; Roman et al. 1997; Lange 2000; Knight et al.
2002; Leipziger 2003) have been extensively studied.

Recent studies have revealed a significant involve-
ment of Ca2+ signaling in both mechanical and osmotic
stress responses (Gordjani et al. 1997; Mahoney et al.
1998; Ostrom et al. 2000; Stout et al. 2002; Woda et al.
2002). Here we focus on the possible correlation between
ATP release and intracellular events, most notably the
Ca2+ mobilization from intracellular stores (Jans et al.
2002). The relation between ATP release and [Ca2+]i rise
has been recently addressed (Jans et al. 2002), but a di-
rect correlation between ATP release and the suramin-
sensitive increase in [Ca2+]i during hypotonicity was
shadowed by the time lag between the [Ca2+]i peak and
Rpeak
ATP. The delay of the measured ATP peak can be

related to: (1) the unstirred layer effect; (2) closure of the
lateral intercellular spaces (LIS), a rapid transient clo-
sure of the LIS during cell swelling described previously
(Van Driessche et al. 1999); (3) the hindered diffusion of
ATP into the bulk fluid (through the permeable sup-
port). The improved experimental procedure incorpo-
rating a magnetic stirrer (Jans et al. 2002) in the
measurement chamber reduced unstirred layers in the
chamber. Comparison of the results from computer
simulations and experimental data showed that the
permeable support indeed introduces a marked delay for
ATP diffusion. This result supports the correlation of
apparently time-separated events: the occurrence of the
[Ca2+]i peak and the ATP release. However, the simu-
lations showed that diffusion limitation alone cannot
mimic the time course of ATP accumulation and ATP
release (presented in Figs. 2 and 3). A biphasic feature in
ATP generation, involving larger release rates imposed
with a significant delay over a ‘‘basal’’ value, has to be
introduced to obtain similar patterns for RATP and QATP

Fig. 6A–D The effect of the diffusion associated with two types of
permeable supports: large pores (LP) and small pores (SP), having
0.2 lm and 0.02 lm pore diameters, respectively, on the ATP
profiles above and below the permeable support in response to a
sequence of hypo- and isosmotic conditions (after returning to
ISO a small but constant Rgen

ATP is considered=0.3 pmol min)1).
A Calculated ATP accumulation profile near the cell layer.
B Evolution of accumulated ATP amount. C The same evolution
as revealed by pulse measurement protocol. D Estimated Rrelease

ATP
rates from pulse protocols for the simulated data

Fig. 7 Comparison between simulated (S) and experimental data
(E) related to the ATP accumulation rates revealed by the pulse
protocol. A mixture of constant and pulse generation rates (a 15 s

pulse accounting for Rgen
ATP=50 pmol min)1 appearing 4 min after

the onset of hyposmotic conditions superposed on a plateau of
Rgen
ATP=3 pmol min)1) near the cell layer was considered
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as recorded experimentally. To our knowledge, there is
no information regarding specific processes that would
lead, for the same degree of osmotic insult, to increased
ATP release rates. Therefore we analyse our findings in
view of the hypothesis that a temporary entrapment of
ATP might provide this biphasic behavior, while con-
sidering a constant ATP release maintained for the
whole duration of the osmotic stress. The documented
closure and reopening of the LIS (Van Driessche et al.
1999) during osmotic shock provides the suitable phys-
iological framework for the delayed and augmented
ATP release. Previous data from our laboratory (Van
Driessche et al. 1999) have shown that the LIS closes
rapidly after imposing the hyposmotic challenges and
opens with a delay of up to 3 min. Such a mechanism
will capture ATP released from the cells in the LIS and
release it for diffusion through the filter matrix after
opening. Unfortunately, there are extreme experimental
difficulties in addressing the issue of ATP compartmen-
talization in the LIS, but the calculations presented in
this study could provide an indirect proof of this matter.

Since the first Ca peak occurs 30 s after the hypos-
motic shock and its appearance is blocked by inhibitors
of the purinergic receptors (e.g. suramin), it is conceiv-
able that the local [ATP] levels required to activate the
purinergic receptors are attained before that moment,
via an immediate release of ATP from the basolateral
membrane following the hyposhock. Nevertheless, the
complete ATP release pattern is far from being resolved;
therefore, with the support of the computer simulation
presented in this study, we propose a scheme for ATP
release that would provide (taking into account the
diffusion through the permeable matrix) an evolution
consistent with the measured experimental data.

The ATP release is assumed to start a few seconds
after the hyposmotic shock and its accumulation, due to
the compartmentalization in the LIS [the transient clo-
sure is proved by complementary capacitive measure-
ments (Van Driessche et al. 1999)] will reach very soon
the physiological levels required to activate the puri-
nergic receptors and to trigger the intracellular Ca peak.
Since the surface of the LIS is far larger than the one of
the basal membrane, for the same release rate of the ATP
considered over the whole basolateral surface of the A6
cell, the closure of the LIS provides ‘‘locally enhanced’’
ATP concentrations. At the same time, the ATP released
through the basal membrane is diffusing away through
the filter. After some delay (due to the diffusional barrier
provided by the porous matrix) it reaches the measure-
ment chamber, where it is instantly mixed with the LL
assay and is measured. Accordingly, one measures in the
first pulse protocol a certain release rate of ATP
(Fig. 2B). The release rate is directly connected with the
flux of ATP molecules leaving the pores of the filter.
According to Fick’s law, the flux is proportional to the
concentration gradient, and since the pulse protocol in-
volves zero ATP concentration in the measurement
chamber at the beginning of the pulse, it is proportional
to the concentration on the upper side of the filter.

Under a constant release rate assumption, on the basal
side of the cells the ATP is continuously diffusing away,
while in the LIS the accumulation of ATP reaches a level
that triggers, in conjunction with other intracellular sig-
nals, a volume regulatory mechanism (regulatory volume
decrease) that determines the re-opening of the LIS and
the release of the trapped ATP. Even considering a lower
diffusion constant related to the LIS, it would take only
seconds until the ATP ‘‘pulse’’ (Fig. 4) reaches the upper
side of the filter and diffuses away through it. The
opening of the LIS is fully accomplished in up to 4 min
after the hyposhock (Van Driessche et al. 1999). Con-
sidering this time scale, one could understand why the
second pulse protocol (Fig. 5) provides a higher release
rate of ATP from the filter. It only illustrates the addi-
tional amount of ATP present on the upper side of the
filter due to the discharge of ATP from the LIS ‘‘store’’.
We stress once again the fact that what is actually mea-
sured is the release rate of ATP from the filter and not the
rate of ATP generation from the cell layer.

The ATP generation rate remains constant during the
whole interval, and yet, one measures dynamics related
to the ‘‘availability’’ of the released ATP. After this
‘‘pulse’’, the ATP amount on the upper side of the filter
equilibrates again to a value related to the constant
generation rate, the breakdown constants and the flux
into the filter. Correspondingly, one determines a quasi-
constant release rate throughout the third and following
pulses (the Rplat

ATP). It is conceivable that the cells keep
their ATP generation rate constant as long as the
osmotic insult is maintained.

When turning back to the normal isosmotic condi-
tions (ISO), the ATP release rate is either stopped or
greatly diminished and the following pulse protocols
provide release rates decaying towards near-zero values
(Figs. 3 and 6D). Although the local concentration of
ATP might have been high, after stopping the ATP
generation by returning to ISO, the degradation and the
washout of the ATP between the pulses determine its
rapid decrease, and accordingly, smaller and smaller
release rates from the filter into the measurement
chamber. The fact that after subtraction of the back-
ground the release rates are not zero, even after long
times (i.e. the last pulse is 31 min after the return to ISO
conditions), can either account for a small but contin-
uous ATP generation (the ‘‘maintenance’’ physiological
level) or for a possible washout of the ATP bounded
inside the pores of the filter.

Considering the influence of the characteristics of the
permeable matrix (pore size and porosity) on the
dynamics of the measured ATP, as revealed by both
experiment and simulation (Fig. 7), we stress the
necessity to use the same kind of permeable support
when comparing different sets of experiments. In addi-
tion, a possible influence of the support on the charac-
teristics of the epithelium cannot be ruled out. A
systematic study (Helman and Liu 1997) showed an
effect of the support matrix on the electrical character-
istics of confluent monolayers.
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The advantage of the experimental method used in
this study relies on the fact that it enables continuous,
non-invasive estimation of the amount of ATP released
basolaterally from a polarized epithelium in response to
osmotic shock. In conjunction with appropriate model-
ing of the diffusion through the permeable support, the
method might provide complementary experimental
proof of indirectly connected processes like the closure
and opening of the LIS.
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