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1 Apical ATP, UTP and UDP evoked transient increases in short circuit current (ISC, a direct
measure of transepithelial ion transport) in con¯uent Caco-2 cells grown on permeable supports.
These responses were mediated by a population of at least three pharmacologically distinct
receptors.

2 Experiments using cells grown on glass coverslips showed that ATP and UTP consistently
increased intracellular free calcium ([Ca2+]i) whilst sensitivity to UDP was variable. Cross
desensitization experiments suggested that the responses to UTP and ATP were mediated by a
common receptor population.

3 Messenger RNA transcripts corresponding to the P2Y2, P2Y4 and P2Y6 receptors genes were
detected in cells grown on Transwell membranes by the reverse transcriptase ± polymerase chain
reaction. Identical results were obtained for cells grown on glass.

4 Experiments in which ISC and [Ca2+]i were monitored simultaneously in cells on Transwell
membranes, con®rmed that apical ATP and UTP increased both parameters and showed that the
UDP-evoked increase in ISC was accompanied by a [Ca2+]i-signal.

5 Ionomycin consistently increased [Ca2+]i in such polarized cells but caused no discernible change
in ISC. However, subsequent application of apical ATP or UTP evoked a small rise in ISC but no
rise in [Ca2+]i. UDP evoked no such response.

6 As well as evoking increases in [Ca2+]i, the ATP/UTP-sensitive receptors present in Caco-2 cells
thus allow direct control over ion channels in the apical membrane. The UDP-sensitive receptors,
however, appear to simply evoke a rise in [Ca2+]i.
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Introduction

Nucleotides in the luminal ¯uid exert control over epithelial ion
transport processes in many polarized epithelia, and these
responses are mediated by P2Y receptors in the apical plasma

membrane (see e.g. Devor & Pilewski, 1999; Inglis et al., 1999;
Kerstan et al., 1998; Wilson et al., 1996; Wong, 1988). Whilst
this apical control system's physiological role is unknown, a

body of evidence suggests that the apical receptors may be
activated by ATP originating from within the epithelial cells
themselves, and that they thus form part of an autocrine

control system (Schwiebert, 1999; Taylor et al., 1998).
Whatever their physiological signi®cance, these receptors have
attracted recent interest as they may allow pharmacological
correction of the ion transport defects seen in cystic ®brosis, a

potentially lethal genetic disease. Epithelial cells' sensitivity to
apical nucleotides is often attributed to receptors belonging to
the P2Y2 subclass (Knowles et al., 1996; Parr et al., 1994) that

are equally sensitive to UTP and ATP but insensitive to
nucleotide diphosphates (Nicholas et al., 1996). However, it has
recently become clear, that at least two other P2Y receptor

subtypes, P2Y4 and P2Y6, allow cells to respond to pyrimidine

nucleotides such as UTP (Communi & Boeymans, 1997;
Nicholas et al., 1996). Interestingly, these receptors are
essentially insensitive to ATP (Communi & Boeymans, 1997;

Nicholas et al., 1996) and our earlier work (Ko et al., 1997)
suggested that such `pyrimidinoceptors' may also allow apical
nucleotides to control epithelial transport processes (see also

Inoue et al., 1997; Lazarowski et al., 1997). In the present study
we have therefore explored the extent to which such receptors
allow apical nucleotides to control ion transport processes in a

human epithelial cell line cell line. Some of the data have been
presented to the Physiological Society (McAlroy et al., 1999).

Methods

Solutions and chemicals

Cell culture medium: Dulbeco's modi®ed Eagle's medium
supplemented with 10% foetal calf serum, 2 mM L-glutamine,

1% non-essential amino acids and penicillin/streptomycin
(50 u ml71/50 mg ml71). Physiological salt solution (mM):
NaCl 117, NaHCO3 25, KCl 4.7, MgSO4 1.2, KH2PO4 1.2,

CaCl2 2.5 and D-Glucose 11; pH 7.3 ± 7.4 when bubbled with
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5% CO2/95% O2. The membrane permeant, acetoxymethyl
ester form of Fura-2 (Fura-2-AM) was from Molecular
Probes (Eugene, OR, U.S.A.). Trypsin (0.5 g l71)/ethylene

diamine tetraacetic acid (0.2 g l71) (Trypsin/EDTA solution)
and all other cells culture reagents and consumables were
from Life Technologies Ltd. (Paisley, Scotland, U.K.). ATP
and UTP were obtained from Amersham Pharmacia (Little

Chalfont, Bucks, U.K.) as ultra pure solutions (100 mM)
whilst UDP and all other general reagents were from Sigma
(Poole, Dorset, U.K.). As commercially-available nucleotide

diphosphates are almost invariably contaminated by the
corresponding nucleotide triphosphates (see e.g. Nicholas et
al., 1996), the UDP used in the present study was prepared

from a 10 mM stock solution that had been incubated (1 h,
378C) in 4-(2-hydroxyethyl)-1-piperazine sulphonic acid
(HEPES) -bu�ered saline containing 10 i.u. ml71 hexokinase

(Boehringer, Mannheim, Germany) and 22 mM D-glucose in
order to convert contaminating UTP into UDP.

Cell culture

Standard techniques were used to maintain Caco-2 colonic
adenocarcinoma cells (passage no. 34 ± 45, split ratio*1 : 12) in

water-saturated air containing 5% CO2. For experiments, cells
were removed from culture ¯asks using trypsin/EDTA solution
were plated (26105 cells cm72) onto Transwell 12 mm

polycarbonate ®lter cell culture inserts (Costar, High Wycomb,
Bucks, U.K) or small pieces of this membrane attached onto
specially-designed O rings that could be mounted in a miniature

Ussing chamber. In both instances the apical well was
completely ®lled with medium as previous work has shown
that Caco-2 cells maintained under these conditions consis-
tently become integrated into polarized epithelial sheet

consisting of a single layer of cells (Riley et al., 1991).
Experiments were undertaken after 10 ± 14 days in culture, by
which time the cells had developed transepithelial resistances

(Rt) ranging from 110 ± 490 O cm2. Experiments were also
undertaken using cells plated onto glass coverslips or glass Petri
dishes that had also been cultured for 10 ± 14 days.

Quantification of ion transport and [Ca2+]i

Cells on 12 mm Transwell membranes were mounted in

standard Ussing chambers, bathed with physiological salt
solution and allowed to stabilize under open circuit
conditions. The transepithelial potential di�erence was then

clamped to 0 mV using a W.P.I. DVC 1000 voltage/current
clamp ampli®er (World Precision Instruments. Stevenage,
Herts, U.K.). The current required to maintain this potential

(short circuit current, ISC) was continuously displayed and
recorded to computer disk using a PowerLab-400 interface
(AD Instruments, Hastings, East Sussex, U.K.). Positive

currents were de®ned as those carried by anions moving from
the basolateral to the apical solution and are shown as
upwards de¯ections of the traces. Rt was monitored by
measuring the currents ¯owing in response to a 1 mV

excursion from this holding potential. Cells were stimulated
by adding nucleotides directly to the apical solution and the
resultant responses quanti®ed by measuring ISC at the peak

of a response and subtracting the current measured
immediately prior to stimulation.
Cells on coverslips were loaded with the Ca2+-sensitive

¯uorescent dye Fura-2 by incubation (30 ± 40 min) in culture
medium containing 3 mM Fura-2-AM. This loading solution
also included Pluronic F127 (0.002%, v v71), a non ionic
detergent, and probenecid (2.5 mM), an inhibitor of organic

cation extrusion systems as the cells accumulated very little of
the dye unless these compounds were present. Coverslips
bearing Fura-2-loaded cells were mounted in a heated

chamber attached to the stage of an Nikon Diaphot inverted
microscope where the cells were superfused (3 ± 4 ml min71,
378C) with physiological saline. A rise in [Ca2+]i causes a
corresponding rise in the Fura-2 ¯uorescence ratio recorded

from cells loaded with this dye, which allows changes in
[Ca2+]i to be monitored using standard techniques (Grynkie-
wicz et al., 1985). In the present study, groups of 10 ± 20

Fura-2-loaded cells were viewed using a 406oil immersion
objective (Nikon Fluor 40, 1.3 numerical aperture) and Fura-
2 ¯uorescence ratios (excitation wavelengths 340 and 380 nm)

recorded at 4 Hz using a Cairn Research (Faversham, Kent,
U.K.) microspectro¯uorimetric system. Data were recorded
directly to computer disc using a Cairn Research interface

and associated software (Version 5.2).
ISC and [Ca2+]i were measured simultaneously using a

method that is detailed elsewhere (Ko et al., 1999). Brie¯y
cells grown to con¯uence on pieces of Transwell membrane

attached to specially-designed O rings were loaded with Fura-
2 (30 ± 40 min in 3 mM Fura-2-AM) and mounted in a
miniature Ussing chamber attached to the stage of a Nikon

Diaphot TE300 inverted microscope. The cells were viewed
using a 406 extra long working distance objective (Nikon
CFI Plan Fluor ELWD, 0.6 numerical aperture) whilst the

apical and basolateral sides of the cell layer were
independently superfused with physiological salt solution
(378C). Fura-2 ¯uorescence ratios were recorded at 1 Hz (PTI

Ratiomaster Fluorescence System, Photon Technology Inter-
national, NJ, U.S.A.) from an optical ®eld, containing 20 ± 40
cells whilst ISC was simultaneously recorded using a voltage
clamp ampli®er (VCC 600: Physiologic Instruments, San

Diego, CA, U.S.A.). Both signals were digitized and recorded
directly to computer disk.

RNA extraction and reverse transcriptase / polymerase
chain reaction (RT ±PCR) assay

These experiments were undertaken using strictly paired
protocols in which cells at the same passage were cultured for
identical lengths of time on Transwell membranes or glass Petri
dishes. Cells were then harvested by scraping and lysed using

Tri-Zol reagent (* 1 ml 1076 cells). After standing on ice for
15 min, 20% (v v71) of ice cold chloroform was added to the
lysate and the tube vigorously shaken before being centrifuged

(12,0006g, 15 min, 48C). The aqueous phase was carefully
transferred to a separate tube to which isopropanol (0.5 ml)
was added in order to precipitate the RNA. This was then

pelletted by centrifugation (12,0006g, 10 min), re-suspended
in 75% (v v71) ethanol and stored at 7708C pending analysis.
Aliquots (50 mg) of extracted RNA were treated (15 min, 378C)
with 1 unit per mg of RNAase-free RQ1 DNAase (Promega,
Southampton, Hants, U.K.) in a reaction bu�er composed of
(mM): Tris / HCl (pH 7.9) 40, NaCl 10, MgCl2 6 and CaCl2 10.
RNA was then isolated from the reaction mixture by phenol /

chloroform extraction / isopropanol precipitation, and the
mRNA present in this extract reverse-transcribed into cDNA
using oligo dT primers and MMLV reverse transcriptase (RT,

Clontech, Palo Alto, CA, U.S.A.). Aliquots of the resultant
cDNA corresponding to 0.8 mg of extracted RNA then served
as templates in the polymerase chain reaction (PCR).

The primers used were designed to amplify cDNA
sequences speci®c to the human P2Y2 (sense: 5'-CTTCAAC-
GAGGACTTCAAGTACGTGC-3', antisense: 5'-CATGTT-
GATGCGTTGAG-3', annealing temperature (Ta) 608C,
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predicted product size 850 base pairs), P2Y4 (sense: 5'-
CCACCTGGCATTGTCAGACACC-3', antisense: 5'-GAG-
TGACCAGGCAGGGCACGC-3', Ta 608C, predicted pro-

duct size 431 base pairs) and P2Y6 (sense: 5'-cgcttcctcttctatgc-
caacc-3', antisense: 5'-CCATCCTGGCGGCACAGGCGGC-
3', Ta 588C, predicted product size 380 base pairs) receptor
genes. All samples were ®rst denatured at 948C (5 min) and

the PCR reaction then allowed to proceed for 40 denaturing
(1 min, 948C) / annealing (1 min at Ta) / polymerization
(1 min, 728C) cycles, followed by a ®nal polymerization

period of 7 min at 728C. The resultant products were
fractionated on 1% (w v71) agarose / ethidium bromide gels
and visualized under ultraviolet light. The size of the

generated products was determined by comparing their
electrophoretic mobilities with those of standard cDNA
fragments of known size. All products were extracted from

the gels (Qiaex II agarose Gel Extraction Kit, Qiagen,
Crawley, West Sussex, U.K.) and their origin veri®ed by
sequencing (ABI Prism automated DNA sequencer). PCR
reactions were also undertaken using aliquots of extracted

RNA that had not been treated with MMLV-RT, but which
had otherwise been handled identically. The reason for this is
that genomic DNA can contaminate extracted RNA and, as

all known P2Y receptor subtypes are encoded by genes that
do not include introns, this DNA will contain sequences
identical to those generated in the reverse transcription

reaction. Genomic DNA will thus give a false positive result
under these conditions and so the inclusion of such a control
is vital if the formation of a PCR product is to unequivocally

demonstrate the presence of a de®ned mRNA transcript.
Negative controls were also undertaken by running PCR
reactions in which neither RNA nor cDNA had been added
to the reaction tubes in order to verify that there had been no

contamination of the reagents used.

Results

Nucleotide-evoked increases in ISC

Studies of cultured epithelia mounted in standard Ussing
chambers showed that apical ATP and UTP (100 mM)
increased ISC. These responses occurred with no discernible

latency, rising to clear peaks reached after *1 min (Figure 1).
Thereafter, ISC fell rapidly despite the continued presence of
agonist until, after 5 ± 10 min, it had returned to its basal level

(Figure 1). There was no statistically signi®cant di�erence
between the responses to UTP and ATP (Table 1). Apical
UDP (100 mM) also increased ISC (Table 1) but the response

to this nucleotide was smaller than the responses evoked by
ATP and UTP (P50.001 for both, Students t-test).
Experiments in which the cells were challenged with two

separate aliquots (both 100 mM) of ATP, UTP or UDP
showed that all three nucleotides evoked essentially complete
(490%) autologous desensitization (Table 1). UTP also
caused essentially complete loss of sensitivity to ATP (Figure

1A) and UDP (Table 1) whereas ATP-prestimulated epithelia
retained * 50% of their sensitivity to UTP (Figure 1B, Table
1) and analysis of these data con®rmed that UTP desensitized

the cells to ATP more e�ectively (P50.001, Students t-test)
than ATP desensitized the cells to UTP. ATP-prestimulated
cells continued to respond to UDP; indeed, the response to

UDP seen in such cells appeared larger than normal although
the e�ect was not statistically signi®cant (Table 1). Prestimu-
lation with UDP had no e�ect upon the cell's sensitivity to
UTP, and exerted minimal loss of sensitivity to ATP (Table

1). In further experiments (n=4) ATP-prestimulated (100 mM)
cells were stimulated with 100 mM UDP followed by 100 mM
UTP (Figure 2). The initial application of ATP increased ISC
by 62.2+2.5 mA cm72 and, as anticipated, these cells
subsequently responded to UDP (18.7+2.9 mA cm72).

However, the ®nal addition of UTP also elicited a clear
response (18.2+2.2 mA cm72). Similar increases in ISC were
observed in epithelia (n=5) that were exposed to 100 mM
apical UDP (14.5+3.3 mA cm72) followed by 100 mM ATP
(39.7+4.3 mA cm72) and then 100 mM UTP (41.2+3.2 mA
cm72). These data indicate that apical nucleotides can activate
at least three pharmacologically distinct receptor populations.

One of these appears to be sensitive to ATP and UTP whilst
the others are much less sensitive to ATP but can be activated
by UTP and UDP respectively.

Nucleotide-evoked [Ca2+]i signals in cells on glass
coverslips

ATP and UTP (both 100 mM) elicited essentially identical
[Ca2+]i signals in cells on glass coverslips, each response of a
rapid rise to a peak value followed by a slow fall.

Figure 1 Nucleotide-evoked increases in ISC. Cells grown to
con¯uence on Transwell membranes were mounted in standard
Ussing chambers to explore the e�ects of apical nucleotides upon ISC.
(a) Addition of 100 mM UTP followed by 100 mM ATP. Essentially
identical records obtained in four instances. (b) Addition of 100 mM
ATP followed by 100 mM UTP. Essentially identical records obtained
in nine instances.
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Experiments in which cells were repeatedly stimulated with
pulses (30 s) of increasing concentrations (0.3 ± 300 mM) of
ATP or UTP (see e.g. Wilson et al., 1996) showed that the

EC50 values for these nucleotides were 6.7+1.9 mM (n=4)
and 3.4+0.4 mM (n=3) respectively. To explore the
possibility that the responses to ATP and UTP were

mediated by a common receptor population, cells stimulated
with 100 mM UTP were subsequently exposed to 100 mM
ATP in the continued presence of UTP. The responses to
ATP seen under these conditions were then compared with

those of age-matched control cells at identical passage. UTP
caused the cells to lose 93.8+1.3% (n=6) of their sensitivity
to ATP. Experiments in which the nucleotides were delivered

in the reverse sequence showed that prestimulation with
ATP caused 84+3.4% (n=5) desensitization to UTP; the
desensitizing actions of ATP and UTP did not di�er

signi®cantly. Moreover, comparison with the results of the
electrometric studies (Table 1) showed that pre-stimulation
with ATP desensitized UTP-evoked [Ca2+]i signals more
e�ectively (P50.01, Students t-test) than the increases in

ISC.
UDP (100 mM) failed to elicit a discernible response in ®ve

experiments although each preparation subsequently showed

a clear response to 100 mM ATP or UTP. However, responses
to UDP were seen in some instances and studies of these cells
(n=5) suggested that the response to 100 mM UDP was

similar to that evoked by 100 mM ATP or UTP, with an EC50

value of 12.0+2.2 mM.

Simultaneous measurement of [Ca2+]i and ISC

Experiments in which ISC and [Ca2+]i were measured

simultaneously con®rmed that 100 mM ATP (n=13), UTP
(n=8), and UDP (n=7) consistently increased both para-
meters. Analysis of these data (Figure 4) showed that the
ATP- and UTP-evoked increases in ISC (ATP: 49.6+4.7 mA
cm72, UTP: 49.2+5.2 mA cm72) and [Ca2+]i (0.40+0.17 ratio
units, 0.37+0.06 ratio units, P50.005) were essentially
identical. However, both components of the response to

100 mM UDP (ISC: 30.9+3.5 mA cm72; [Ca2+]i signals:
0.13+0.02 ratio units) were smaller than the corresponding
responses to 100 mM ATP or UTP (P50.05). Experiments in

which cells were exposed to a series of 30 s pulses of
increasing concentrations (0.3 ± 500 mM) of ATP, UTP and
UDP gave EC50 values for the Ca2+ signals of 4.3+0.7,
1.3+0.4 and 4.6+0.4 mM respectively. The corresponding

EC50 values for the increases in ISC were 9.2+1.1, 5.0+0.7
and 6.1+0.8 mM (Figure 3).

Cross desensitization experiments con®rmed that UTP

(100 mM) increased both [Ca2+]i and ISC and showed that
subsequent application of apical ATP (100 mM) evoked no
discernible Ca2+ signal and only a minimal rise in ISC (Figure

5a). However, experiments in which these nucleotides were
delivered in the reverse sequence showed that ATP-
prestimulated cells retained sensitivity to UTP (Figure 5b).

Analysis of these data con®rmed that, for the increases in
both Ca2+ and ISC, UTP was a more e�ective desensitizing
agonist than ATP (Figure 5c,d). Analogous experiments
showed that UDP-prestimulated cells retained sensitivity to

ATP, and vice versa, and formal analysis of these data
showed no statistically signi®cant di�erence between the
desensitizing actions of these nucleotides (Figure 5c,d). The

results of this entire series of experiments showed clearly that
the Ca2+ signals were always subject to more extensive
desensitization (P50.02 for each protocol) than the increases

in ISC. We therefore undertook experiments to explore the
relationship between the Ca2+ signals and the electrometric
responses.

Nucleotide-evoked changes in ISC can occur without a
change in [Ca2+]i

Figure 6 shows that exposing the cultured epithelial cells to
ionomycin evoked a sustained rise in [Ca2+]i (0.18+0.03 ratio
units, n=22) but this response was never accompanied by an

signi®cant rise in ISC (0.05+0.05 mA cm72). Exposing

Table 1 Nucleotide-evoked autologous and cross-desensitization

Control cells ATP-Prestimulated cells UTP-Prestimulated cells UDP-Prestimulated cells
Increase in ISC Increase in ISC Increase in ISC Increase in ISC

Test stimulus (mA cm72) (mA cm72) Desensitization (mA cm72) Desensitization (mA cm72) Desensitization

100 mM ATP 53.8+2.0 (27) 1.9+0.4 (6) 95.9+0.8% 4.4+0.9 (5) 91.0+1.5% 41.4+4.0 (13) 17.8+8.6%
100 mM UTP 48.8+3.1 (20) 22.7+2.7 (9) 54.9+4.3% 0.3+0.3 (4) 99.6+0.4% 42.5+4.7 (9) ±
100 mM UDP 13.4+1.4 (20) 18.8+3.8 (11) ± 70.6+0.3 (7) 104.8+1.8% 0.0+0.0 (4) 100+0.0%

Responses evoked by the test stimuli were quanti®ed (increases in ISC, mA cm72) both in control cells and in cells that had been
previously stimulated with either ATP, UTP or UDP (all 100 mM). These data are tabulated as mean+s.e.mean with values of n in
parentheses. All nucleotides were added to the apical solution and, in prestimulated cells, the test nucleotides were only added once the
response evoked by the initial stimulus had fallen back to its resting level (5 ± 10 min). Where the response to a particular nucleotide
was signi®cantly reduced (Student's t-test) by prestimulation, the increases in ISC measured in the control and prestimulated cells were
used to calculate extent to which exposure to the initial, desensitizing agonist had evoked loss of sensitivity to the test stimulus. The
results of this analysis are also tabulated (per cent desensitization) as mean+s.e.mean.

Figure 2 Evidence for multiple receptor subtypes in the apical
membrane. ISC was recorded whilst cells were exposed to apical ATP
followed by UDP and then UTP. Arrows denote the addition of the
appropriate nucleotides (100 mM); these were present throughout the
remainder of the experiment. Essentially identical records were
obtained in four instances.
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ionomycin-stimulated cells to apical ATP, however, failed to
evoke a further rise in [Ca2+]i. Indeed apical ATP evoked a
fall in [Ca2+]i in many such experiments. However, ATP

consistently caused a rise in ISC (17.1+1.6 mA cm72) under
these conditions. Further experiments showed that UTP
evoked clear electrometric responses in such ionomycin-
stimulated cells showed to (18.0+2.5 mA cm72) in the

absence of any further rise in [Ca2+]i. Apical UDP, however,
had no discernible e�ect upon either parameter (n=3).

Expression of P2Y receptor mRNA transcripts

Analysis of RNA isolated from Caco-2 cells showed that

mRNA transcripts speci®c for the P2Y2, P2Y4 and P2Y6

receptor genes were present in cells grown for 11 days on
Transwell membranes or glass Petri dishes (Figure 7).

Discussion

The present study, in common with data presented by Inoue
et al. (1997), shows that apical nucleotides increase ISC in
Caco-2 cells grown to con¯uence on permeable supports.

Cross desensitization experiments (present study, Inoue et al.,
1997) indicate that these responses are mediated by a
complex receptor population that appears to include

receptors with properties similar to the recently characterized
P2Y2, P2Y4 and P2Y6 subclasses (see Nicholas et al., 1996).
This observation predicts that mRNA transcripts correspond-
ing to these genes should be present in Caco-2 cells, and this

was veri®ed by analysis of RNA extracted from cells grown
on transwell membranes. As all known P2Y receptors allow
nucleotides to increase [Ca2+]i by activating phospholipase C

(see e.g. Nicholas et al., 1996), we explored the properties of
this receptor population further by studying nucleotide-
evoked [Ca2+]i-signals in cells plated onto glass cover slips.

As anticipated, this widely-used approach con®rmed that
ATP and UTP increased [Ca2+]i and showed that these
nucleotides acted with similar potencies. This is consistent

with the expression of P2Y2 receptors (Nicholas et al., 1996).

Although UDP, which is not a P2Y2 receptor agonist, did
increase [Ca2+]i in some experiments, this was not a
consistent response and cross desensitization experiments
indicated that ATP and UTP increased [Ca2+]i by acting

upon a common receptor population in this experimental
system. These experiments, in contrast to the electrometric
studies, thus failed to provide convincing evidence for the

presence of multiple receptor subtypes.
Studies of other cell types have shown that the functional

expression of P2Y receptor subtypes can be in¯uenced by the

Figure 3 Simultaneously measured changes in [Ca2+]i in ISC. Cells
grown to con¯uence on culture membranes were loaded with Fura-2
and membranes bearing these cells and mounted in a miniature
Ussing chamber attached to the stage of an inverted microscope so
that changes in [Ca2+]i (upper panel) and ISC (lower panel) could be
measured simultaneously. The ®gure shows the responses evoked by
a series of 30 s pulses of increasing concentrations (1 ± 500 mM) of
ATP that were delivered to the cells' apical membrane as denoted by
the arrows.

Figure 4 Pharmacological properties of the apical receptor. Cells
grown to con¯uence on Transwell membranes were repeatedly
stimulated with a series of pulses (30 s) of increasing concentrations
(0.1 7 500 mM) of ATP (n=13), UTP (n=8) or UDP (n=6) whilst
[Ca2+]i and ISC were monitored simultaneously (see Methods). The
resultant responses were quanti®ed and have each been normalized to
the responses evoked by a maximally-e�ective concentration (100 mM)
of the appropriate nucleotide. These data are plotted against the
concentration of nucleotide used. As every concentration of the
appropriate nucleotide could not be tested in each experiment, each
data point is the mean+standard error of between four and 13
observations. The solid curves in each ®gure are sigmoid curves ®tted
to the appropriate data sets using a least squares regression
procedure implemented in a commercially-available software package
(Gra®t 4, Erithacus Software, Staines, U.K.).
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conditions under which cells are maintained in vitro (Clunes
et al., 1998; Wilson et al., 1998). We therefore explored the

possibility that the apparent discrepancy between cells
maintained on glass and on Transwell membranes was due
to di�erential expression of such genes. However, RT ±PCR-

based analysis showed that mRNA transcripts speci®c for the
P2Y2, P2Y4 and P2Y6 receptor subtypes were present under
both culture conditions. The di�erences between the two

experimental systems may, therefore, re¯ect events down-
stream of gene expression, such as the insertion of receptors
into the plasma membrane. Alternatively, there may be
di�erences between the mechanisms that allow nucleotides to

increase [Ca2+]i and ISC. Whatever its basis, it was clear that
this contradiction would not be resolved using standard
techniques in which ISC and [Ca2+]i are monitored separately

in cells grown on di�erent substrates. We therefore expanded
our initial experiments using a technique (Ko et al., 1999)
that allows changes in [Ca2+]i and ISC to be measured

simultaneously in cells grown to con¯uence on Transwell
membranes.
In these experiments ATP, UTP and UDP evoked

electrometric responses similar to those recorded using
standard techniques. However, the new approach allowed
us to expand upon earlier work (Inoue et al., 1997) by
establishing the EC50 values for these nucleotides, which lay

within the range 1 ± 10 mM. The rank order of potency was
UTP4UDP4ATP which does not correspond to any known

P2Y receptor subtype (Nicholas et al., 1996). Because we
could also measure [Ca2+]i-signals during these experiments,
we could establish that each such response was accompanied

by a rise in [Ca2+]i. Although the EC50 values for these
signals also lay within the 1 ± 10 mM range, the nucleotide
concentrations required to raise [Ca2+]i were slightly lower

than those needed to increase ISC. Moreover, for the [Ca2+]i-
signals, the rank order of potency was UTP4ATP&UDP
which is slightly di�erent to that associated with the
electrometric responses.

We also undertook cross desensitization experiments which
clearly con®rmed that apical nucleotides exert control over
epithelial ion transport processes by activating selective

pyrimidinoceptors as well as P2Y2 receptors. However, these
experiments showed that the [Ca2+]i-signals were more
susceptible to desensitization than were the corresponding

increases in ISC. This rather surprising observation may, at
least in part, unify the seemingly disparate results of the
experiments in which ISC and [Ca2+]i were measured

separately and could explain why the studies of cells on
glass coverslips did not provide convincing evidence for
multiple receptor subtypes. The discrepancy also indicates
that receptor-mediated changes in [Ca2+]i may not be the

Figure 5 Cross desensitization experiments. In each experiment, a nucleotide was ®rst added to the apical solution (100 mM) and a
second, test nucleotide (100 mM) then added in the continued presence of the ®rst stimulus. The resultant changes in [Ca2+]i (upper
panels) and ISC (lower panels) were monitored simultaneously. The responses evoked by the second stimuli were then compared
with control responses measured in age-matched cells at identical passage in order to calculate the extent to which the initial stimuli
had evoked loss of sensitivity. Student's t-test was then used to test the nul hypothesis that the sequence in which the nucleotides
were delivered had no e�ect upon the extent to which they evoked desensitization. This protocol was used to explore the
desensitizing interactions between ATP / UTP and ADP / UDP (a) Typical traces showing the e�ects of ATP upon UTP-
prestimulated cells (b). Results of an experiment in which these nucleotides were delivered in the reverse sequence. (c) The loss of
sensitivity calculated (mean+s.e.mean) for the Ca2+ signals. (d) The results of a directly analogous analysis of the changes in ISC.
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only means by which apical nucleotides exert control over ion

transport processes, and this possibility prompted us to

explore the e�ects of nucleotides upon ionomycin-treated
cells. This substance is an ionophore that prevents the
cytoplasmic sequestration of this cation by rendering cell

membranes permeable to Ca2+ (see e.g. Lui & Hermann,
1978; Morgan & Jacob, 1993). As anticipated, ionomycin
consistently evoked a sustained rise in [Ca2+]i but this was
never accompanied by a discernible increase in ISC. This was

surprising in view of the central role of [Ca2+]i in stimulus-
secretion coupling, but similar discrepancies have been noted
in other epithelial tissues. In cultured human sweat gland

epithelial cells, for example, thapsigargin causes a large rise in
[Ca2+]i but no change in ion secretion even though
muscarinic agonists evoke robust secretory responses in these

cells, apparently by activating a Ca2+-dependent signal
transduction pathway (Pickles & Cuthbert, 1992). Similarly,
in polarized equine epithelial cells, maximally e�ective

concentrations of ATP evoke similar Ca2+-signals when
applied to the apical or the basolateral plasma membrane.
In these cells, however, apical ATP evokes a secretory
response whilst the basolaterally-mediated Ca2+-signals are

not associated with any change in the rate of transepithelial
ion transport (Ko & Wong, 1999). It is therefore clear that
changes in [Ca2+]i do not necessarily evoke corresponding

changes in transepithelial ion transport.
The present experiments also show that apical UTP and

ATP can increase ISC in ionomycin-treated cells and that

these responses are not accompanied by increases in [Ca2+]i.
Indeed ATP caused [Ca2+]i to fall in many such experiments
and this phenomenon, which has been described previously,

may re¯ect P2Y-receptor-mediated control over the plasma
membrane Ca2+-extrusion pump (Wol� et al., 1993).
However, these experiments clearly show that Caco-2 cells
express apical P2Y receptors that allow [Ca2+]i-independent

control over ion channels. Although P2Y receptors that allow
nucleotides to evoke cyclic AMP accumulation have been
described, these are unlikely to underlie this part of the

response as they are characteristically insensitive to UTP
(Communi et al., 1999). Moreover, work from this
laboratory, and elsewhere, suggests that extracellular UTP

actually lowers cellular cyclic AMP levels (Schulze-Loho� et
al., 1995; Sipma et al., 1994; Wilson et al., 1996; 1999). A
number of previous studies have shown, however, that
epithelial P2Y receptors can exert control over anion channel

activity by activating a signaling pathway that does not
involve a cytoplasmic second messenger (Guo et al., 1995;
1997; Ko et al., 1999; Stutts et al., 1994). Although the

present data suggest that such direct control also occurs in
Caco-2 cells, the increases in ISC seen in ionomycin treated
cells exposed to ATP or UTP were only *20% of those seen

under control conditions. It is therefore possible that the
control response involves both a local rise [Ca2+]i and direct
control over channels in the apical membrane. Interestingly,

UDP, in contrast to ATP and UTP, had no e�ect upon
ionomycin-treated cells suggesting that the receptors sensitive
to this nucleotide may not allow direct control over ion
channels. This may explain why the electrometric response to

UDP is smaller that evoked by ATP or UTP. Similarly,
previous studies of equine epithelial cells showed that loading
cells with BAPTA, and so increasing the intracellular

bu�ering capacity, essentially (490% inhibition) abolishes
the response to apical UDP whilst causing only *70%
inhibition of the response to ATP (Wilson et al., 1998).

Responses to nucleotides present in the luminal ¯uid have
generally been attributed to the activation of P2Y2 receptors
(Knowles et al., 1996; Parr et al., 1994). The present data
show clearly that the apical membrane also contains [Ca2+]i-

Figure 6 [Ca2+]i-independent responses to ATP. Fura-2-loaded cells
on culture membranes mounted in the miniature Ussing chamber that
changes in [Ca2+]i (upper panel) and ISC (lower panel) could be
measured simultaneously. The cells were ®rst exposed to 1 mM
ionomycin and then stimulated with a pulse of 100 mM in the
continued presence of this ionophore. Essentially identical responses
were obtained in 22 experiments.

Figure 7 Expression of P2Y receptor mRNA. (a) PCR products
obtained using RNA isolated from cells grown on glass Petri dishes.
(b) Products obtained RNA isolated from age-matched cells at
identical passage grown on Transwell membranes. For each set of
primers, products obtained under standard conditions are in lane i,
whilst the results of the `no RT' and negative (i.e. water) controls are
in lanes ii and iii respectively. Essentially identical data obtained in
three independent analyses.
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mobilizing receptors that are insensitive to ATP and these
appear to belong to the P2Y4 and P2Y6 subclasses (see e.g.
Communi & Boeymans, 1997; Nicholas et al., 1996). The

apical expression of such pyrimidinoceptors would allow
nucleotides such as UTP and UDP to contribute to the
autocrine control of epithelial transport processes (Taylor et
al., 1998). Moreover, it is possible that drugs which activate

these receptors may permit correction of ion transport defects
such as those seen in the genetic disease cystic ®brosis.
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