
Di�erential e�ects of UTP and ATP on ion transport in porcine
tracheal epithelium

*,1S.K. Inglis, 1R.E. Olver & 1S.M. Wilson

1Lung Membrane Transport Group, Tayside Institute of Child Health, Ninewells Hospital and Medical School, University of
Dundee, Dundee DD1 9SY

1 Isolated segments of porcine tracheal epithelium were mounted in Ussing chambers, current
required to maintain transepithelial potential di�erence at 0 mV (short circuit current, ISC) was
monitored and e�ects of nucleotides upon ISC were studied.

2 Mucosal UTP (100 mM) evoked a transient rise in ISC that was followed by a sustained fall below
basal ISC maintained for 30 min. Mucosal ATP (100 mM) also stimulated a transient rise in ISC but in
contrast to UTP did not inhibit basal ISC. Submucosal UTP and ATP both transiently increased ISC.

3 UTP-prestimulated epithelia were refractory to ATP but prestimulation with ATP did not
abolish the response to UTP. The epithelia thus appear to express two populations of apical
receptors allowing nucleotides to modulate ISC.

4 The UTP-induced rise was reduced by pretreatment with either bumetanide (100 mM),
diphenylamin-2-carboxylic acid (DPC, 1 mM), or Cl7 and HCO3

7-free solution whilst the fall
was abolished by amiloride pretreatment.

5 Thapsigargin (0.3 mM) abolished the UTP-induced increase in ISC but not the subsequent
decrease. Staurosporine (0.1 mM) inhibited basal ISC and blocked UTP-induced inhibition of ISC.
Inhibitors of either protein kinase C (PKC) (D-erythro sphingosine) or PKA (H89) had no e�ect.

6 This study suggests that UTP stimulates Cl7 secretion and inhibits basal Na+ absorption. ATP
has a similar stimulatory e�ect, which may be mediated by activation of P2Y2 receptors and an
increase in [Ca2+]in, but no inhibitory e�ect, which is likely mediated by activation of a pyrimidine
receptor and possible inhibition of a protein kinase other than PKC or PKA.
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Introduction

CF is caused by mutations in the cystic ®brosis transmembrane
conductance regulator (CFTR), a protein that normally forms

a cyclic AMP-dependent anion channel (Anderson et al., 1991)
and exerts inhibitory control over epithelial Na+ channels
(Stutts et al., 1995; Ismailov et al., 1996). As a consequence, the
airway epithelia of patients with CF are characterized by

reduced anion secretion and enhanced Na+ absorption
(Boucher et al., 1986). These defects disturb the volume and/
or ionic composition of the liquid lining the epithelial surface

and, although the mechanism has not been determined (see
Boucher, 1999), this precipitates chronic chest disease that can
progressively destroy the lungs.

Luminal nucleotides stimulate anion secretion across airway
epithelia by acting on P2Y receptors present in the apical
membrane. The response is due to the activation of anion

channels other than CFTR, and so it persists in CF cells
(Mason et al., 1991; Stutts et al., 1992; 1994). Moreover, it has
recently become clear that these receptors also mediate
sustained inhibition of Na+ absorption (Iwase et al., 1997;

Devor & Pilewski, 1999; Inglis et al., 1999; Ramminger et al.,
1999). P2Y receptor agonists can thus oppose the defects in ion
transport that cause chest disease in CF patients and this has

led to the suggestion that such drugs may become useful in the

treatment of this disease (Knowles et al., 1996). Such responses
to apical nucleotides are often attributed to the activation of

receptors belonging to the P2Y2 subclass (Parr et al., 1994;
Knowles et al., 1996), which are equally sensitive to ATP and
UTP. However, other P2Y receptor subtypes are present in the
apical membranes of at least some cultured epithelia. These

receptors are activated by pyrimidine nucleotides but
essentially insensitive to ATP (Inoue et al., 1997; Lazarowski
et al., 1997; Wilson et al., 1998; Ko et al., 1999), and could

become important therapeutic targets if they were also
expressed by native tissues. In the present study, we have
therefore sought to establish whether such selective `pyrimidi-

noceptors' are present in the apical membranes of acutely
isolated airway epithelia.

Methods

Measurement of transepithelial ion transport

Cotswold pigs (*15 kg) were obtained from a local supplier.
The animals were sedated with inhaled Halothane and then

killed by an intravenous overdose of sodium pentobarbitone.
The trachea was removed and divided into three approxi-
mately equal segments, each of which was opened long-

itudinally and pinned onto a Sylgard support with the mucosa*Author for correspondence; E-mail: s.k.inglis@dundee.ac.uk
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uppermost. Epithelial sheets were then carefully dissected from
each segment and mounted in Ussing chambers (area of
exposed tissue 1.77 cm2) where they were bathed with Krebs ±

Ringer solution (378C) that was continually circulated by gas
lifts (5% CO2 in O2). All preparations were ®rst maintained
under open circuit conditions until the transepithelial potential
di�erence (PD) had stablized (30 ± 90 min). The transepithelial

PD was then clamped at 0 mV, and the current required to
maintain this PD (short circuit current, ISC) continually
monitored and displayed using standard techniques. Data

were recorded directly to disc using a MacLab computer
interface (ADInstruments Ltd., Hastings, U.K.).

Data analysis

Values of PD are reported with respect to the submucosal

compartment. Positive currents are de®ned as those that would
be carried by anions moving from the basolateral to the apical
compartments and are shown as upward de¯ections of the
traces. Experimentally-induced changes in ISC were quanti®ed

by subtracting the current ¯owing at the peak of a response
from basal ISC, where basal ISC is the current ¯owing
immediately prior to addition of agonist. In some instances,

responses were further characterized by integrating the current
records with respect to time using commercially available
software (AreaCalc 1.0, Cyber Solutions, Newport-on Tay,

Fife, U.K.). The basal ISC was assigned a value of zero so that
all responses re¯ect deviations from the charge transfer
occurring under unstimulated conditions. The dose response

relationship was ®tted using Gra®t (Erithacus Software,
Staines, U.K.).

Data are presented as mean+standard error (s.e.mean) and
values of n refer to the number of experiments undertaken

using tissues from di�erent animals. The statistical signi®cance
of any di�erence between mean values was assessed using
either Student's paired t-test or analysis of variance (ANOVA)

followed by Dunnett's test.

Solutions and chemicals

Krebs ±Ringer solution (in mM): NaCl 112; KCl 4.7; CaCl2 2.5;
MgSO4 2.4; KH2PO4 1.2; NaHCO3 25; D-glucose 11.6. Solution
was continuously bubbled with 5% CO2 in O2 to maintain

pH 7.4. Cl7 and HCO3
7-free solution was similar to KRB but

NaHCO3
7, NaCl and KCl were replaced with equimolar N-2-

hydroxyethylpiperazine-N'-2-ethanesulphonic acid (HEPES),

Na gluconate and K gluconate respectively. CaCl2 was replaced
with 11 mM Ca gluconate2 to counteract the chelation e�ect of
gluconate (Christo�ersen & Skibsted, 1975). Solution was

titrated to pH 7.4 with HCl and gassed with 100% O2. All
drugs and nucleotides were obtained from either Sigma
Chemical Co. (Poole, Dorset, U.K.) or Calbiochem (Notting-

ham, U.K.). Stock solutions of nucleotides and amiloride were
prepared in distilled water. Stock solutions of bumetanide,
diphenylamine-2-carboxylic acid (DPC),KN-93, staurosporine,
phorbol-12-myristate-13-acetate (PMA), D-erythrosphingo-

sine, H89 and forskolin were in dimethylsulphoxide whilst
thapsigargin was in ethanol. Appropriate experiments showed
that the solvent vehicles did not a�ect the electrical properties of

the experimental preparations.

Results

Under unstimulated conditions the bioelectrical properties of
the tracheal segments used in this study were: transepithelial

resistance (Rt) 168+6 O cm2; PD723.3+1.1 mV; and ISC
132+3 mA cm72 (n=190).

The e�ects of mucosal UTP and ATP

Both ATP and UTP (both 100 mM mucosal) evoked transient
increases in ISC that reached clearly de®ned peaks of a similar

magnitude after *1 min (Figure 1A, Table 1). Thereafter, the
responses to ATP and UTP di�ered markedly. In ATP-
stimulated tissues ISC decayed back towards its basal level

until, after 10 min, it did not di�er signi®cantly from basal ISC
(basal ISC=121+5 mA cm72, 10 min after ATP addition
ISC=120+6 mA cm72, P40.05, Figure 1A). In contrast, ISC
fell much more sharply in response to UTP. Indeed, ISC
remained above the basal level for only 3 min and, after
10 min, had fallen to a level signi®cantly below the basal ISC
(basal: 134+8 mA cm72, after 10 min with UTP:
108+6 mA cm72, P50.05, Figure 1A). Although some
recovery occurred ISC remained depressed for at least 30 min.
For the purpose of clarity, we termed the period during which

ISC is elevated the stimulatory phase and the period during
which ISC is depressed the inhibitory phase of the response. To
further quantify the di�erence in the responses to ATP and

UTP, the transepithelial charge movement occurring during
the two phases of the response was quanti®ed. During the
stimulatory phase, ATP-evoked charge transfer exceeded that

seen during stimulation with UTP, while the reverse was true
during the inhibitory phase (Figure 1B and Table 1). Indeed,
over a 16 min period, ATP caused a net stimulation of charge

transfer whilst the overall action of UTP was inhibitory
(Figure 1B and Table 1).

To establish the extent to which the responses were
concentration dependent, epithelial segments were stimulated

with one of six concentrations of UTP (0.1 ± 500 mM, all
mucosal). Each response was compared with that evoked by
100 mM UTP in tissues isolated from the same animal. Analysis

showed that both the peak and inhibitory phases of the
response to UTP were dose dependent (Figure 2) and that the
stimulatory phase had a slightly lower EC50 (*5 mM) than the

inhibitory phase (*20 mM). Analogous experiments (n=3)
con®rmed that 100 mM ATP elicits a monophasic response but
also showed that this nucleotide did not evoke a discernible
change in ISC at 1 mM (Basal ISC=97.4+12.4 mA cm72, after

1 mM ATP=98.6+11.7 mA cm72). At 10 mM, however, ATP
evoked a clear increase in ISC (14.6+3 mA cm72) that was
signi®cantly smaller than that seen during stimulation with

100 mM ATP (32.9+8.3 mA cm72, P50.05).

Cross desensitization experiments

To test whether mucosal ATP and UTP act upon a common
receptor population, epithelia were treated with UTP (100 mM
mucosal) and a second aliquot of this nucleotide (also 100 mM)
added once ISC had stabilized. The initial stimulus elicited a
response essentially identical to that described above, whilst
the second simply evoked a small decrease in ISC (Figure 3A,

Table 2). The response to UTP is thus subject to essentially
complete autologous desensitization and analogous experi-
ments showed that this was also true of the response to ATP

(Table 2).
Cross desensitization experiments showed that ATP-

stimulated tissues subsequently responded to UTP (Figure

3B, Table 2). Although it was smaller than the control
response, this response to UTP was clearly biphasic. More-
over, both of its phases were signi®cantly greater than those
induced by UTP in tissues pretreated with UTP (P50.05,
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Figure 1 E�ect of ATP and UTP on ISC across tracheal epithelium. Paired tissues were treated with either UTP (100 mM mucosal)
or ATP (100 mM mucosal). (A) Shows mean ISC+s.e.mean of 11 pairs. (B) Shows charge transfer, calculated as area between UTP-
induced ISC and basal ISC (dotted line in A). Positive charge transfer represents increased mucosal negativity. *Indicates signi®cant
di�erence from e�ect of UTP (Paired Student's t-test, P50.05).

Table 1 Contrasting e�ects of mucosal ATP and UTP

Change in ISC (mA cm72) Charge transfer (mC cm72)
Basal ISC Stimulatory Inhibitory Time above Stimulatory Inhibitory
(mA cm72) phase phase basal ISC (min) phase phase Net

UTP
ATP

134+8
121+5

30.6+3.3
37.8+4.3

726.8+2.6
70.5+2.2*

3.0+0.3
9.2+1.1*

3.3+0.5
8.1+2.0*

716.8+1.8
71.9+0.6*

713.4+2.5
6.2+2.4*

Table compares e�ects of UTP and ATP (both 100 mM mucosal) on ISC and charge transfer measured across paired tracheal segments.
ISC before addition of ®rst mucleotide (Basal ISC), peak increase above basal (Stimulatory phase), change in ISC after 10 min
((Inhibitory phase); negative value represents fall below basal ISC), and time above basal ISC are shown. Also charge transfer during
stimulatory and inhibitory phases, and net charge transferred in 16 min are shown. Data are mean.+s.e.mean *Indicates signi®cant
di�erence from response to UTP (Student's paired t-test, P<0.05, n=11).

P2Y receptors in tracheal epithelia 369S.K. Inglis et al

British Journal of Pharmacology, vol 130 (2)



n=8) (Table 2). Further experiments revealed that the
response of UTP-pretreated tissues to ATP was not
signi®cantly di�erent from the response of tissues pretreated

with ATP (Table 2). These results suggest that the apical
membrane contains at least two P2Y receptor subtypes, one
desensitized by both ATP and UTP and one desensitized by
UTP but not by ATP.

The e�ects of submucosal UTP and ATP on ion
transport

To test whether the biphasic e�ect of UTP was mediated by
receptors present on the basolateral as well as the apical

membrane, UTP (500 mM) was applied to the submucosal side
of the epithelia. This high dose was chosen since we anticipated
thatthebasolateralreceptorsmaybelessaccessiblethantheapical

ones. Submucosal UTP evoked a transient increase in ISC
(8.1+1.5 mA cm72) that was signi®cantly smaller than the
response to mucosal UTP seen in paired tissues (18.4+2.2,
n=5, P50.05). Submucosal UTP caused no inhibition of basal

ISC (Figure 4). Net charge transfer was positive
(5.4+1.1 mC cm72), and signi®cantly di�erent from charge
transfer induced by mucosal UTP (714.1+4.4 mC cm72,

P50.05). Addition of mucosal UTP after submucosal UTP

inducedaresponse(peakincrease29.8+5.6 mA cm72, inhibition
after 10 min 724.4+1.5 mA cm72, net charge transfer
710.1+0.3 mC cm72) indistinguishable from that induced by

mucosal UTP alone (peak increase 18.4+2.2 mA cm72, inhibi-
tion after 10 min 728.2+6.4 mA cm72, net charge transfer
714.1+4.4 mC cm72) (Figure4). Incontrast to thedi�erence in
the responses inducedbymucosalUTPandATP, the response to

submucosal ATP (peak increase 11.2+2.4 mA cm72, ISC after
10 min 8.8+3.4 mA cm72 above basal, net charge transfer
7.2+2.1 mC cm72) was indistinguishable from the response to

submucosalUTP (Figure 4).

Ionic basis of the UTP-evoked changes in ISC

Treatment with bumetanide (100 mM submucosal) to inhibit
Cl7 secretion, blocked *33% of basal ISC (Table 3). Addition

of UTP to these trachea induced an initial increase that was
signi®cantly smaller than the increase in paired control tissues
(P50.05, Figure 5, Table 4). The subsequent inhibition of ISC

Figure 2 Dose dependency of the increase (Peak) and decrease
below basal after 10 min (after 10 min) induced by UTP. Trachea
were treated with either 1077, 1076, 1075, 561075, 1074 or
561074

M mucosal UTP. Responses are represented as a fraction
of the response of paired tissues to 100 mM UTP. Data are
mean+s.e.mean (n=6 (1076, 1075), 7 (1077, 561075) or 3
(561074

M)).

Figure 3 Cross desensitization of ATP and UTP. Paired tissues were
pretreated with either UTP (100 mM mucosal; (A), or ATP (100 mM
mucosal; (B), before addition of UTP (100 mM mucosal). Data are
mean+s.e.mean (n=5).

Table 2 Cross-desensitization of UTP and ATP

Order of Basal ISC First nucleotide D ISC (mA cm72) Second nucleotide D ISC (mA cm72)
Application n (mA cm72) Stimulatory phase Inhibitory phase Stimulatory phase Inhibitory phase

UTP±UTP
ATP±UTP
ATP±ATP
UTP±ATP

8
8
3
3

126+12
124+7
114+1
158+10

32+2
39+6
34+6
26+10

725+4
0+3

71+5
732+5

75+1
9+2*
5+1
4+1

75+1
710+1*
73+1
74+2

Table shows cross-desensitization experiments using UTP (100 mM mucosal) and ATP (100 mM mucosal). Tissues were treated with two
nucleotides (as shown in Order of Application), the second nucleotide was added in the presence of the ®rst nucleotide, once the ISC had
stabilized. ISC before addition of ®rst nucleotide (Basal ISC), peak increase above basal (Stimulatory phase) and change in ISC after
10 min ((Inhibitory phase); negative value represent fall below basal ISC) in response to ®rst and second nucleotides are shown. Data
are mean+s.e.mean, n indicates number of trachea. *Indicates signi®cant di�erence from response to UTP after UTP pretreatment
(Student's t-test, P<0.05).
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by UTP was not signi®cantly di�erent than control tissues.
DPC (1 mM mucosal), a Cl7 channel inhibitor, had a similar

e�ect on both basal ISC (Table 3) and the response to UTP
(Table 4). Replacement of Cl7 and HCO3

7 with the
impermeant anion gluconate inhibited ISC to 25% of control.

The initial increase stimulated in ISC by UTP was signi®cantly
smaller than in control tissues (Table 4). The subsequent
inhibition also tended to be attenuated compared with control,

but this was not signi®cant.
Amiloride (10 mM mucosal), a blocker of epithelial Na+

channels, inhibited *65% of basal ISC (Table 3). In the

presence of amiloride the initial, stimulatory component of the
response to UTP was augmented and the subsequent,
inhibitory phase of this response was completely abolished
(Figure 5, Table 4). In a separate series of experiments,

amiloride inhibited signi®cantly less ISC after UTP treatment
(42+6 mA cm72) than in paired trachea not treated with UTP
(78+6 mA cm72), con®rming that UTP inhibits basal amilor-

ide-sensitive ISC.

E�ect of thapsigargin and Ca2+/calmodulin-dependent
kinase inhibitor on response to UTP

To investigate the role of changes in [Ca2+]in in the response to

UTP, epithelia were pretreated with thapsigargin, to inhibit the
uptake of Ca2+ into intracellular stores and thereby clamp
[Ca2+]in at a high level. Thapsigargin alone (0.3 mM, mucosal
and submucosal) induced a transient rise in ISC (from

108+15 mA cm72 to 125+11 mA cm72, n=4) followed by a
gradual decline. The initial UTP-induced stimulation of ISC
was abolished in the presence of thapsigargin. The subsequent

UTP-induced inhibition of ISC was not signi®cantly di�erent

from control tissues (Table 5). Pretreatment with the Ca2+/
calmodulin-dependent kinase inhibitor, KN-93 (30 mM muco-
sal) signi®cantly attenuated both the initial increase and

secondary decrease in ISC (Table 5). KN-93 itself had no e�ect
on basal ISC (Table 3).

E�ect of protein kinase inhibitors on basal ISC and
response to UTP

Staurosporine, a relatively non-speci®c kinase inhibitor
(0.1 mM, mucosal and submucosal) inhibited *30% of basal
ISC (Table 3). This e�ect was abolished by pretreatment with
amiloride (67+16 mA cm72 after amiloride alone;

61+15 mA cm72 after subsequent treatment with staurospor-

Figure 4 E�ects of submucosal ATP and UTP. Paired tissues were treated with either mucosal or submucosal UTP (A) or ATP (B)
before addition of the same nucleotide to the contralateral side. Data are mean+s.e.mean (n=5).

Table 3 E�ect of various agents on basal ISC

ISC (mA cm72)
Drug n Basal +Drug

Bumetanide
DPC
Amiloride
KN93
Staurosporine
PMA
D-erythro sphingosine
PMA+staurosporine
H89

6
5
6
4
3
3
3
4
6

161+14
115+4
119+8
115+15
133+14
141+13
128+10
155+14
154+16

100+7*
73+9*
42+7*
119+6
91+10*
121+13*
129+14
80+4*
103+18*

Table shows ISC before (Basal) and after (+Drug) addition
of various drugs. Data are mean+s.e.mean, n indicates
number of trachea. *Indicates signi®cant di�erence from
basal ISC (Paired Student's t-test, P<0.05).
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ine for 20 min, n=3). In the presence of staurosporine the
UTP-induced increase in ISC was not signi®cantly di�erent
from the response of paired control tissues (P40.05, n=4),

whilst the inhibitory e�ect of UTP was abolished (Table 5).
To investigate the role of PKC in regulation of basal Na+

absorption tissues were treated with PMA, which activates

PKC. This substance (16.2 nM, mucosal and submucosal)
inhibited *14% of basal ISC (P50.05, n=3, Table 3) whilst
D-erythro sphingosine, a relatively speci®c PKC inhibitor,

(10 mM, mucosal and submucosal) had no e�ect on basal ISC
(P40.05, n=3, Table 3). The subsequent response to UTP was
una�ected by pretreatment with either PMA or D-erythro
sphingosine (Table 5). To investigate whether the e�ect of

staurosporine was mediated by inhibition of PKC, epithelia

were treated with both staurosporine and PMA because under

these conditions any e�ects of staurosporine on PKC are likely
to be opposed by PMA and residual e�ects of staurosporine
are thus likely to be mediated by mechanisms other than

inhibition of PKC. This pretreatment signi®cantly inhibited
*46% of basal ISC (P50.05, n=4, Table 3) and the
subsequent response to UTP resembled the response of
epithelia pretreated with staurosporine (Table 5).

To investigate the role of PKA in regulation of basal ISC,
tissues were treated with the PKA inhibitor, H89 (20 mM,
mucosal). H89 inhibited basal ISC (P50.05, n=6, Table 3) but

had no e�ect on the subsequent response to UTP (Table 5).

Discussion

The results of this study indicate that mucosal UTP has a
biphasic e�ect on ISC in porcine tracheal epithelium and similar

e�ects have been noted in a number of other airway epithelia
(Mason et al., 1991; Devor & Pilewski, 1999; Inglis et al., 1999;
Ramminger et al., 1999). We now show, however, that mucosal

ATP simply evokes a monophasic response in porcine tracheal
epithelium. To our knowledge, this is the ®rst demonstration
that ATP and UTP have di�erent e�ects upon airway ion

transport, and it suggests that the e�ects of nucleotides upon
this tissue may be mediated by at least two distinct populations
of P2Y receptors. Since UTP and ATP induce initial increases

in ISC of similar magnitudes, it is likely that this early response
is mediated, at least in part, by P2Y2 receptors, which are
equally sensitive to these nucleotides and have been widely
implicated in nucleotide-induced Cl7 secretion in airway

epithelia (Knowles et al., 1991; Mason et al., 1991; Van Scott
et al., 1995; Yamaya et al., 1996). After this initial peak,
however, an inhibitory phase of the response to UTP becomes

apparent. This, together with the cross desensitization
experiments suggests that additional P2Y receptors sensitive
to UTP but not to ATP are present in this tissue. Interestingly,

submucosal UTP and ATP simply elicited a monophasic
response. The inhibitory phase of the response to UTP thus
appears to be mediated by ATP-insensitive receptors that are
essentially con®ned to the apical membrane.

At least two such receptor subtypes have been described in
airway epithelia. Lazarowski et al. (1997) showed that P2Y6

receptors, which are activated primarily by UDP, are expressed

in cultured human nasal epithelia. Since UDP has no
discernible e�ect on either porcine trachea or bronchi (Inglis
et al., 1999) it is unlikely that these receptors regulate ion

transport in these tissues. This may indicate that human and
porcine airways express di�erent P2Y receptor subtypes.
Alternatively, it is possible that P2Y6 receptors are not

normally expressed in native airways, and that their expression

Figure 5 E�ect of ion transport blockers on response to UTP
(100 mM mucosal). (A) Shows e�ect on paired tissues either pretreated
with bumetanide (100 mM submucosal; bumetanide) or left without
pretreatment (control) (n=6). (B) Shows e�ect on paired tissues
either pretreated with amiloride (10 mM mucosal; amiloride) or left
without pretreatment (control) (n=6). Data are mean+s.e.mean.

Table 4 E�ect of ion transport inhibitors and ion replacement on response to UTP

Basal ISC Stimulatory phase D ISC Inhibitory phase D ISC
Inhibitor/Ion (mA cm72) (mA cm72) (mA cm72)
replacement n Control +Inhib/Replace Control +Inhib/Replace Control +Inhib/Replace

Bumetanide
DPC
Cl7 and HCO3

7 free
Amiloride

6
5
6
6

156+8
122+13
120+6
121+12

100+8
73+9
24+7
41+6

31+5
24+4
31+5
27+6

12+4*
9+2*
13+3*
51+6*

732+7
726+6
724+6
728+4

730+8
712+2
77+4
19+3*

Table shows e�ect of UTP (100 mM mucosal) on paired tissues either in the absence (Control) or presence (+Inhib) of an ion transport
inhibitor (either bumetanide (100 mM submucosal), DPC (1 mM mucosal) or amiloride (10 mM mucosal)); or after ion replacement
(Replace). ISC before addition of UTP (Basal ISC), peak increase above basal (Stimulatory phase) and change in ISC after 10 min
((Inhibitory phase); negative value represents fall below basal ISC) are shown. Data are mean+s.s.mean, n indicates number of trachea.
*Indicates signi®cant di�erence from paired control response (Paired Student's t-test, P<0.05).
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may have been induced during the isolation and culture of
human nasal epithelia. It is clear that culture conditions can
acutely alter the functional expression of P2Y receptors,
possibly by controlling gene expression (Clunes et al., 1998;

Wilson et al., 1998). A second pyrimidine receptor, P2Y4,
which is sensitive to UTP with UDP acting as a weak partial
agonist, has been reported in airway epithelia (Merten et al.,

1998; Communi et al., 1999), and this may well be the receptor
subtype that mediates UTP-induced inhibition of basal ISC in
porcine trachea. We cannot, however, rule out the possibility

that another, as yet unidenti®ed receptor mediates these
responses.

Experiments with ion transport blockers and ion substitu-

tion suggest that UTP initially stimulates anion secretion
before inhibiting basal Na+ absorption. Nucleotide-induced
stimulation of Cl7 secretion has been described both in vivo
(Knowles et al., 1991) and in vitro, in native (Iwase et al., 1997;

Inglis et al., 1999) and in cultured (e.g. Mason et al., 1991; Van
Scott et al., 1995; Yamaya et al., 1996) airways. Inhibition of
Na+ absorption has also been reported in a number of airway

epithelia (Mason et al., 1991; Devor & Pilewski, 1999; Inglis et
al., 1999; Ramminger et al., 1999). The increased peak
response seen in the presence of amiloride is likely to re¯ect

an increased Cl7 secretion, driven by amiloride-induced
depolarization of the apical membrane. The maximal dose of
UTP inhibited 40% of amiloride-sensitive ISC, indicating that a
substantial portion of amiloride-sensitive ISC is not sensitive to

inhibition by UTP. Similarly, in cultured human bronchial
epithelia, 25% of amiloride-sensitive Na+ absorption remains
after UTP-evoked inhibition (Devor & Pilewski, 1999).

Since P2Y2 and P2Y4 receptors allow external nucleotides to
increase [Ca2+]in, we anticipated that UTP-induced regulation
of Cl7 secretion and Na+ absorption would be mediated by

changes in [Ca2+]in. Certainly the stimulation of Cl7 secretion
appears to be almost completely dependent on [Ca2+]in. This is
in contrast to our recent studies of porcine distal bronchi

showing that their Cl7 secretory response to UTP is [Ca2+]in-
independent (Inglis et al., 1999), and it suggests that the
mechanisms that regulate Cl7 secretion are di�erent in
di�erent regions of the airway. The mechanisms are clearly

complex, since both Ca2+-dependent and Ca2+-independent
components of nucleotide-induced Cl7 secretion have been
reported (Stutts et al., 1992; 1994; Hwang et al., 1996).

Although we cannot rule out the involvement of Ca2+-
independent mechanisms, our data suggest that in porcine
trachea UTP-induced Cl7 secretion is mediated primarily by

changes in [Ca2+]in.

It is well known that increases in [Ca2+]in can inhibit
epithelial Na+ channels (Ishikawa et al., 1998) and transe-
pithelial Na+ absorption (e.g. Graham et al., 1992; Koster et
al., 1996) so we may have expected this to be the main

mechanism involved in the inhibitory phase of the response to
UTP. However, it was clear that the e�ect of UTP upon Na+

absorption is not entirely dependent on [Ca2+]in, suggesting

that the pyrimidine receptor expressed by this tissue is coupled
to additional intracellular mechanisms that allow inhibition of
basal ISC. Studies using inhibitors of di�erent kinases suggested

that basal ISC was reduced both by increased activity of PKC
(as described in sheep trachea Graham et al., 1992) and by
inhibition of PKA. These results suggest that the basal rate of

ion transport is under complex control, and may be set by the
relative activities of PKA and PKC within the cell.
Surprisingly, however, the inhibitory e�ect of UTP on basal
Na+ absorption does not seem to be mediated by either PKA

or PKC, since neither PMA, H89, nor the PKC inhibitor D-
erythro sphingosine had any e�ect on this response. This was
unexpected since P2Y receptor-induced activation of phos-

pholipase C is likely to activate PKC. However, a similar lack
of involvement of PKC was found in the response of bronchial
epithelia to UTP (Devor & Pilewski, 1999). The inhibitory

e�ect of UTP was however blocked by staurosporine, a non
speci®c protein kinase inhibitor. This suggests that another, as
yet unidenti®ed protein kinase is involved in this e�ect of UTP.
Another possible mechanism by which UTP may inhibit Na+

absorption is through inhibition of basolateral K+ channels, as
described in human bronchial epithelia (Devor & Pilewski,
1999). This mechanism is also involved in inhibition of Na+

absorption by other Ca2+-mobilizing agonists, e.g. acetylcho-
line (Venglarik & Dawson, 1986; Inglis et al., 1992).

In summary, since P2Y receptor agonists can both stimulate

Cl7 secretion in CF (Mason et al., 1991), and inhibit basal
Na+ absorption, they provide a potential mechanism by which
the ion transport defects in CF may be bypassed therapeuti-

cally. The results of this study suggest that the e�ects on Cl7

secretion and Na+ absorption may be mediated by distinct
P2Y receptor subtypes, which may potentially be activated
separately by di�erent therapeutic drugs.

The authors thank Elaine A. Waller for technical assistance. This
work was supported by Wellcome (Project Grant 049986;
Programme Grant 039124; Career Development Fellowship (S.K.
Inglis)), Anonymous and Tenovus Trusts.

Table 5 E�ects of agents that modulate signal transduction on response to UTP

Basal ISC Stimulatory phase D ISC Inhibitory phase D ISC
(mA cm72) (mA cm72) (mA cm72)

Drug n Control +Drug Control +Drug Control +Drug

Thapsigargin
KN93
Staurosporine
PMA
D-Erythro

sphingosine
Staurosporine

+PMA
H89

4
4
3
3
3

4

6

136+20
160+11
137+8
138+12
148+6

144+6

122+10

93+7
106+9
91+10
122+12
130+14

79+3

103+18

34+4
20+3
28+3
26+4
32+4

32+3

35+5

4+1*
11+1*
31+4
32+5
46+8

21+3

23+8

732+14
736+2
718+5
717+7
718+2

720+3

717+2

712+2
715+5*
71+3*
722+6
713+3

74+3*

713+4

Table shows e�ect of UTP (100 mM mucosal) on paired tissues either in the absence (Control) or presence (+Drug) of a drug that
modulates signal transduction. ISC before addition of UTP (Basal ISC), peak increase above basal (Stimulatory phase) and change in ISC
after 10 min ((Inhibitory phase); negative value represents fall below basal ISC are shown. Data are mean+s.e.mean, indicates number
of trachea. *Indicates signi®cant di�erence from paired control response (Paired student's t-test, P<0.05).
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