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Purinergic regulation of the epithelial Na" channel
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Summary Electrogenic N& absorption is a pas& [ocess,
o ) ~driven by an dectrochemical gradient across the apical
1. The epithelial Na channel (ENaC) is a major memprane, which is generated by witgiof the basolateral
conductve pathway that transports Naacross the apical nemprane N8K* ATPase. This electrochemical gradient
membrane of the distal nephron, the respiratory tract, Hig/oyrs ineux of Na ions from the luminal solution into the
distal colon and the ducts of exocrine glands. ENaC &noplasm. Activity of ENaC, therefore, causes
regulated by hormonal and humoralcfors, among which development of a ngdtive potential in the lumen, which in
are extracellular nucleotides that can ailable from the {,in diminishes the dring force for Cl secretiorf®
epithelial cells themselves. Hence, mechanisms that reduce\distiof ENaC are lilely
2. Extracellular nucleotidesjia the_ P2Y, receptors 4 hyperpolarise the cells, which in turn promotes Cl
(P2Y,Rs) at the basolateral and apical membrane @f.retion via CI conductie mthways at the apical

epithelia, trigger signalling systems that cause inhibition ¢hemprane of epithelial cells. Activity of ENaC is under
the activity of ENaC and awtition of C&*-dependent Cl tight regulation by a wideariety of hormond?-'3and non-

secretion. hormonal mechanism8:1317 These rgulators affect the
3. Recent data from our laboratory suggest th@mressiorﬁs’lgtrafCEckiné?zlor functior?? of the channel.
stimulation of the P2)Rs at the basolateral membrane It has become apparent that puriierregulation is

inhibits activity of ENaC by a signalling mechanism thaj,e important factor that controls Naransport via
involves (g sutunits freed from a PTX-sensiéi G potein  gNaC23.24 Extracellular nucleotides such as ATP and UTP
and phospholipase B4. A similar signalling mechanism .50 pecome wailable from may cell types including
is also partially responsible for inhibition of ENaC duringepithelial cells themsebs?® Epithelial cells release
activation of apical P2YRs _ nucleotides in response to ysiological signals, such as

~ 4. Stimulation of apical P2)Rs also stimulates an pechanical stimulatio?®2” changes in ion concentratiéh,
additional signalling mechanism that inhibits ENaCyate of «gn of » uid bathing the apical cell sade? and
involving the actvated Ga sulunit of a PTX-insensie G qyring pathological stat#sand infection$32In addition,
protein, and actetion of an unidentiEed PLC. The effect ofy,cjeotides can becomevailable from pathogens that
this PTX-insensitie g/stem requires the activity of the jyfect epithelial celld* Extracellular nucleotides, in turn,
basolateral NaK*/2CI co-transporter. regulate a range of piiological mechanisms by adting
nucleotide-sensite  P2Y receptors at the plasma
membrane. These effects include modulating &tal water

The epithelial N& channel (ENaC) mediates Na transport in the ren&3 and gastrointestinal epithef&3’

absorption across the apical membrane of polariséttreasing mucociliary clearance of the respiratory
epithelia including the distal colon, lung, distal nephrorgpitheliun?®3°and regulating blood pressifeMoreover,
and ecretory ducts of the sweat and saly glands! extracellular AP**4tand UTP2can be further metabolised
Activity of ENaC creates an osmotic driving force for suidby ecto-nucleotidases and other hydrolytic activities into
reabsorptiod3 which, in turn, play important roles in the nucleotide-diphosphates and nucleosf#es;****allowing
regulation of blood pressure and the maintenance of tls§mulation of other classes of purinegic receptor.
volume of alveolar suid and mucociliary cleararftENaC
is comprised of 3 homologous sutits,a-, b- and gENaC,
each of which shares 30-40% homology in their amino acid ¢ ngaive dfect of nucleotides on the electrogenic

sequence$.ENaC subinits contain short cytosolic NH nNa+ apsorption via ENaC, which accompanies their
and carboxy-termini, twmembrane spanning domains, andtjmylatory effect on Clsecretion in the same tissueasv
a lage amino acid loop that isgosed to thesracellular — gyst described for bronchial epithéfi48 This Ending
environment. ~ Constituvely actve ENaC at the cell prompted subsequent studies tuestigate the mechanism
membrane comprises all 3 sulits’ with a quaternary by which the purinergic agonistsTR and UTPregulate
composition of &, 1b and B> Although, the presence of aetiity of ENaC in other tissues, including tracheal
the transmembrane domains in all three ENaCumsitd epithelium?” distal lung epithelial cell$ the color®-5
suggests th_at tgemay contribute to the formation of the yigtq collecting tuble of the kidng5253mammary glankf
ion conducte pore of the channel, the presence of e ang endometrial epithelial cefi$. Results from these
Sum”'g s essential for generating the "Nzonductance of gygies underpin a consensuswibat the inhibitory eéct
ENaC> of extracellular nucleotides on the activity of ENaC is

Introduction

P2Y, receptor signalling inhibits activity of ENaC
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epithelia remains elug. The Erst description of the G
* protein irvolved in the purinergic regulation of ENaGasv
_ _ j - provided by a study by #nzelmannet al,*” where the

- o o effect of UTP on the aatity of ENaC in mouse trachezas
—~ _ investigated. The inhibitory effect of UTRpplied to the
Smin apical cell surface, on the adty of ENaC in the tracheal
o) ey EPIthelium vas attenuated by pertussis toxin (PTXYhis
Ending suggested that the mechanism by which nucleotides

regulate the activity of ENaC maywvalve a G potein of
either the Gi or Go class. Ouwn studies in Fisher Rat

e G bp S SRiA b “Sn Wi | Thyroid (FRT) cells expressing ENaC conErm with this
o |2~ |~ I~ o ous report. FRT cells do not express ENaC

o o | ) |~ i endogenously howeve, when transfected with ENaC

Ut TP (basal) sulunits, FR cell monolayers grown on permeable
———  supports exhibit an amiloride-seng#ti aurrent that is

sensitve o ENaC regulators, including insulin, aldosterone,

SGK1, AKT1 and PI3K85” The presence of UTP (100

mM) in the solution bathing the apical membrane off FR
cell monolayers inhibited activity of ENaC by 45%,
s ﬂ ﬂ whereas only 15% inhibition was obsedvwhen UTP was
added into the solution bathing the basolateral celbsarf
«*‘\ m*

0
LIS @@o\% (Figure 1A). This differential é&ct of apical and
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& & Q Q basolateral nucleotides on the wityi of ENaC observed in
this cell type is in agreement with reports in porcine
Figure 1. Extracellular nucleotides mediate inhibition of tracheal epithe”urﬁs and mouse Co”ecting duct celfs.
ENaC via P2Y, receptor A (left panel): representative To ducidate the purinergic receptor responsible for
tracings of tansepithelial potential measurement in FRTmediating the effect oféracellular nucleotides on ENaC in
cell monolayes transfected with ENaC obtained underthis cell type, we used gene interference techniques to
open- -cicuit conditions (see Leet al.2009” for methods) Spec|(Eca||y knockdownxm’essmn of PZX P2Y and
Cells wee o-transfected with plasmids containieg, 6~ p2Y, receptors, all of which are senedito UTP. We “ound
and ¢ ENaC subunits in pcDNA3.1 (0mg/ml eat). UTP  that the inhibitory d&ct of UTP on the activity of ENaC
(100 nM) was added to the solutions bathing the apical ofjas completely abolished in cells in whickmession of
basolateal side of the monolaysr Activityof ENaC was the P2YR was inhibited (Figure 1B). Knocking dm
determined by addlng amiloride (W) to the aplcal bath expressmn of PZFS or PZ%RS havever, has no effect on
solution.A (right panel): Average elative amiloride-sensi- the inhibition of ENaC by UTPThe effect of nucleotides
tive current (l.,) in FRT cells in response to apical oron ENaC in FR cells is, therefore, mediatedia the
basal UTP teatmentB (upper panel):RT-PCR analysis of p2y,R. Thecontritution of PTX-sensitie G poteins vas
the effect of the siR on apression of P2)R, P2YR, subsequently determined by incubating TFRcell
P2Y;R. Cells wee transfected with ENaC alone or cartr- monolayers in PTX (200 ng/ml) for 16 hours before the
fected with ENaC and sambled siRM or SRNA directed effect of UTP on ENaC was determined_evfbund, in
against P2YR, P2YR or P2Y;R (50 pmol eak). Expes- agreement with a previous repbfthat the effect of UTP
sion of p-actin was used as a cootr B (lower panel):  on the activity of ENaC in FRcells is inhibited by PTX
effect of apical or basolateral UTP on thelative L, in  (Figure 2A). It is notable that PTX completely inhibits the
FRT cells. * and ** indicatesp < 0.05 andp < 0.01, effect of basolateral UTPub only partially inhibits the
respectively. effect of apical UTP on ENaCTaken together these data
support the existence of a PTX-sengitls potein pathvay
linked to the P2Y2Rs in both the basolateral and apical
membranes. @en that the effect of apical P2R

P2Y, receptors (P2)Rs) are members of the purinestimulation on ENaC agtity is only partially inhibited by

or pyrlmldlne nucleotide-sensié G potein-coupled P 1% it seems ligly that the effect of apical P2KR
receptor (GPCR)aimily, which are known to couple with stimulation on ENaC is mediated by both PTX- sevesiti
Gg/ll, Go or Gif® Stimulation of the receptors by @nd PTX-insensiie mechanisms.

nucleotides leads to ae#tion and dissociation cd andbg

sulunits of heterotrimeric G proteins and subsequent

stimulation of phospholipase - (PLChH) and its

downstream signalling cascac®®sSo far, the exact identity

of the G proteins responsible for mediating the fRY

signalling pathways that inhibit the adty ENaC in

largely attributable to aatétion of P2 purinoceptors of the
P2Y, class.
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A B activate distinct cellular signalling pattays and rgulatory
UTP (apical) UTP (basal) UTP (apical) UTP (basal)  Proteins?®4 For instance, the free g released during

P2Y,R dimulation is irvolved in actvation of PLCI5! and

" 125 G protein-actvated inwardly rectifying K channel$5 Our

(7) . . . . .
100 100 ® ® own gudies in human colonic epithelial (HT29) cells
75 51 @ ©
50 - 50
25 25
0 0
' &-\~

()]
suggested that free b released during W muscrinic
& &

7)
receptor stimulation, mediates mobilization of?Cérom
intracellular store&® and that free 6g released during
P2Y,R dimulation, regulates membrane Laineux
(unpublished data). One of our most surprising Endings is
N the discoery that the mechanisms by which PRY
signalling regulates the aeity of ENaC irvolves thebg
sutlunits of G proteins. W found that wer-expression of

the c-terminal ob-adrenegic receptor kinaseb@RK) that
acts as a swanger of Gbg, completely abolishes thefett
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of basolateral UTP on the agty of ENaC (Figure 3A).
bARK, however, only partially inhibits the déct of the
apical application of UTP on the channel. These (Endings
suggest that the PTX-sengéi component of the P2)R

B-actin = s — — - 850

signalling may be mediated by thebgs sukunits. The
inhibitory effect of bARK on the inhibition of ENaC by

Figure 2: The efect of UTP on ENaC is mediated by a apical UTP further suggests a degree of similarity between
pertussis tain-sensitive G potein. A: Effect of apical and Signalling mechanisms utilized by the apical and basolateral
basolateal UTP on the relative ] . in FRT cell monolay- P2Y,R. Corversely the inability of bARK to completely

ers transfected with ENaC. The monolayeere incubated abolish the déct of apical UTP (Figure 3A) suggests that
with or without pertussis toxin (PTX, 200 ng/ml) for 16ree Ga may be inolved, at least in part, in mediating the
hours prior to experimentsB: Effect of apical or basolat- €ffect of apical nucleotides on ENaC.

eral UTP on the elative |, in FRT cells co-@ansfected To further irvestigate the characteristics of the
with siRM\ directed against @, Gall, Gal4 and Gi16 P2Y,R-mediated signalling system that regulates the
or with a scrambled siRA (50 pmol eak). C:, actvity of ENaC, we used siRNAs to speciCEcally
Immunoblot or RPPCR analysis showing effect of sl knockdavn expression of PL®-isoforms in FR cells.

on the &pression of @q, Gall, Gal4 and Gi16. Expes- SiRNA-mediated knockdown of PL84 expression totally
sion ofp-actin was used as a control for loadir@glls wee abolished the &dct of basolateral UTP on ENaC, whereas
transfected with ENaC alone or co-tranfected with ENaSiRNAs directed aginst PLCb1, PLCb2 or AL.C-b3 were
and scrambled siRAI(200 pmol) or siRN directed gainst Without ary effect (Figure 3B). Thus, PTX-sensii 2Y,R

Gaq, Gall, Gal4 and Gil6 (50 pmol edr). * indicatesp  Signalling in the basolateral membrane is coupled with
<0.01. PLC-b4. Knocking down expression of PL& partially

inhibits the efiect of apical UTP on ENaC (Figure 3B).
. . . This &Ending is consistent with a notion that a similar
Itis known that P2YR may functionally couple with - 02 1ing mechanism to that generated by the basolateral
more than one G protein. Foxaepple, the effect _Of P2Y P2Y,R is partially involved in the apical P2)R sgnalling.
receptgr stimulation on the ac;thon of phosphollpase C Interestingly the efect of apical UTP but not that of
(F.)L.C) in human_ery.throleukem|a cell_gwmed|gted by basolateral UTPon the activity of ENaC is sensig 0 a
distinct G pr.otelns ie., a PTX—sgnsﬁlG potein and thg blocker of phospholipase C, U73122 (Figure 3@iven
Gal6™ It is, therefore, possible that the signallingyai the effect of basolateral UTP on ENaC is insaesii
mechanism ggnerateq by the apical FYof FRT cells this blocler, we conclude that the P2R-actvated PTX-
may be associated with more than one class of G protelil, <ite sgnalling pathvay is coupled with PLCb-4The
Interestingly SRNA-mediated knockdown ofx@ression of b1y _insensitie mmponent of the P2RR signal, actvated
Gag, Gall, Gal4 and @16 (Figure 2C) has no effect ony,, 4nica| nucleotides, @ver, is coupled with a dierent
the inhibitory efect of apical UTP on the activity of ENaC PLC isoform that is sensit © this blocler Other
(Flgure 2B). Th.us, the PTX-|nseqsvﬁne cnmponent of thg phosphoinositol-speciEc PLC isozymes such asgPkdC-
apical P2YR sgnalling system' is nqt_ associated with, 4 o isozymes that are sensdi o U7312267 might be
Ga/11 or 16. Whether the PTX-insens#tiGL2 or G13 aré .,nqijered as candidates of the mediator of the PTX-
involved in these mechanisms remains to lvestigated. insensitve mathway.

_G-pr(.)t.ein bgsubunits play a role in the P2YR The P2Y,R inhibition of ENaC: role of intracellular CI -
inhibition of ENaC
. ) ) As mentioned earlierinhibition of ENaC actiity
The free GBgsuhunits released from heterotrimeric Gy o rnqjarises the epithelial cells, which, in turn, increases
proteins subsequent to digd stimulation of GPCRs can
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Na'/K*/2CI co-transporter is one of the basolateral Cl

A UTP (apical) TP (basal) transport mechanisms that play an important role n Cl

125 . secretiorf899 Inhibition of this co-transporter signiCEcantly
100 — o attenuated nucleotide-induced - Clsecretion in the
S5 o5 @ wse berkoa | respiratory epitheliur@®7® An insight into the role of
% 50 | eme- -« | basolateral Cltransport on purinergic gelation of ENaC

f 25 p-actin. -51 came from a prgous report that showed that the inhibitory
N effect of apical UTP on the aeify of ENaC in mouse
& &‘?@ & @\L\@@ trachea was abolished if the concentration of Gh the

¥ ¥ extracellular euid bathing both sides of the membrane is

low.*” In our own studies, replacing all but 5 mM @i the
_ S e 0a solution bathing the basolateral g of monolayers of
UTP (apical) UTP(basal)  |eosr @] FRT cells expressing ENaC with gluconate inhibits the
o effect of apical and basolateral UTP on ENaC (Figure 4A).
SRNA - SRNA Corversely, depletion of Ci from the apical bathing
L--------—--———-—-4  solution is without ay effect on inhibition of ENaC by
Serambied PLCP3 UTP. Moreover, the presence of bumetanide in the

siRNA  siRNA

PLCB3- 153 basolateral, but not in the apical, bathing solution inhibited

Om@o:&i&ﬁ&f&* m@”’z&ﬁ&%&f&@ practin- S e 42 the effect of apical UTP (Figure 4B). Wever, the effect of
s ¢ o, s s | basolateral UTP on the adty of ENaC is not insuenced
e ——— by bumetanide (Figure 4B).aken togetherthese data
frecn: ~21 suggest that Cltransportvia the basolateral N#&*/2CF
¢ - co-transporter is required for the apical BRYto generate
UTP (spical)  UTP (basal) its inhibitory signal that regulates activity of ENaC.
100 T 0 ©® Evidence has emged from recent studies that,
) indeed, intracellular Cl concentration ([Cl;) plays an
” important role in the regulation of the adty of ENaC in
epithelia’* The effect of [Ci], on ENaC was (Erst described
TeF T PP in our studies in isolated mouse mandibular duct ¢&f3.
S Subsequent studies reported a similagaiee relationship
between Cl transport*”® or [CI'].7578 and the actity of
Figure 3: Gogand PLCb-4 are involved in mediating the ENaC in a wariety of cell systems. This inhibitory effect of
effect of P2Y,R gimulation on ENaC. A (left panel): Rel- [CI"], may be of physiological important in theguatory
ative |, of FRT monolayerin response to apical or baso- mechanism by which cystic Ebrosis transmembrane
lateral UTP treatment. Cellswere o-transfected with conductance mulator (CFTR) dwnregulates activity of
ENaC and an empty pSE vector/#ml)) or c-myc tgged  ENaC in epithelid?’® Using chloride-sensite enhanced
bARK in pSE vector (8g/ml). A (right panel): Immunoblot  yellow «uorescent protein YRR, to determine [CI,
analysis showing>gression ofbtARK detected by an anti- Adam et al, reported that application of ATP signiCEcantly
body directed against c-myc. Eggsion ofp-actin was increased [C], in mouse collecting duct (M1) cefi$.This
used as a contt. B (left panel): The effect of apical or change in [Cll, is inhibited by mmetanide but not
basolateal UTP on the relative | ; in FRT cells co-@ns-  attributable to the effect of changes in ceblume or
fected with ENaC and smmbled siRM or SRNA drected intracellular pH that might occur during PR
against PLCH1, PLCH2, PLC3 or PLC-p4. B (right  stimulation’* Thus the change in [d| during P2YR
panel): Immunoblot analysis of the effect of siRNAs on thimulation, which is associated with activity of the
expression of PL(Gs isozymes. Expssion oft-actin was basoalteral NdK*/2CI co-transportemmay at least in part,
used as a contt. C: Effect of apical or basolateral UTP play a role in the inhibitory &ct of nucleotides on ENaC.
on the relative | ; in ENaC tansfected FRT cell monolay- Since bumetanide inhibits only thefesft of apical UTP on
ers treated with 1nM PLC inhibitor U73122 or its inactive the activity of ENaC in FRcells (Figure 4B), it is tempting
analogue U73343. * indicatgs< 0.01. to speculate that intracellular "Ciight be an important
component of the PTX-insensi#éi F2Y,R sgnalling

the driving force for CI efeux across the apical membrane.Pathvay that is gclusve © the receptor in the apical
CI secretion, haever, cannot proceed fctively unless Mmembrane.

there is a pathV\_/ay or pathways in tht_a basqlgtera_l membr%@nclusion

that allows an ineux of Cl from the interstitium into the

cell to supply necessary Clons for secretion. Recent Our current data suggest that there are tigtinct
evidence indicates that the basolateral” Gfansport signalling pathwys actiated during P2YR simulation
mechanism itself may ineuence the P/ dgnalling which can inhibit actity of ENaC in epithelia (Figure 5).
mechanism that gulates activity of ENaC. The The Erst signalling pathway is associated with,R&¥n
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P2Y,R dimulation, may provide an additional inhibitory

A . .
UTP (apical) UTP (basal) effect on the actity of ENaC allowing for gtracellular
125- il * nucleotides present in the luminal euid tovleaa nore
100 ®) ® potent effect on Nareabsorption.
z
= 75 ® 6 ]
2 ® Na* umen
2 501 uTP uTP
14
R 257 \A?V\PZYZ ] || enac PZYZ\.
1 | L | Gl ,| I I |\ G
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1007 ®) o 72V N Na 26r ket
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Figure 5. Sbematic diagram of the P2)R sgnalling
pathways that regulate the activity of ENaQ.his model
predicts the pesence of a PTX-sensitive signalling system
that is activated by apical and basolateral BR¥ and a
PTX-insensitive signalling system that is speciCEc to the api-
Figure 4. Extracellular C1 and bumetanide inhibits the g] P2YR. The PTX-sensitive pathway involves the activa-
effect of UTP on the activity of ENaCEffect of apical and tion of Gog and PLG4. The PTX-insensitive pathway
basolateal UTP on the relative |, in FRT cell monolay- inyolves activation of & and a PLC that is sensitive to
ers ransfected with ENaCA: The apical or basolatet (73122, and ther is dso a role for CI absorptionvia
surface of FRT cell monolayenere perfused with a modi- NKCCI. G, = pertussis toxin-sensitive G proteinaG:

Eed physiajecal solution containing 5 mM Cfor 10 min-  4-sutunit of G protein, Bg = Gbg sutunits of G potein,

utes prior and during the psence of UTP and amiloride pLC = phospholipase C, NKCCI = N&*/2CI co-trans-

B: Bumetanide (1 mM) was gsent in the apical or baso- porter.

lateral bathing solution 10 minutes prior to and in thegpr
ence of UTP and amiloride and ** indicatesp < 0.05
andp < 0.01, respectively.

N
a1

(5)
(5) 4)
control apical basal

o

control  apical basal

Bumetanide Bumetanide
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