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Introduction

Th e kidneys control reabsorption and excretion of water and electrolytes. Th is abil-
ity is pivotal for maintaining plasma volume and, thus, blood pressure (BP). Im-
proper handling of a particular electrolyte, such as Na+, results in many diseases 
associated with hypo- or hypervolemia. Sodium reabsorption at the distal part of 
the renal nephron fi nalizes plasma Na+ levels. ENaC is localized at the apical plasma 
membrane of principal cells, where its activity is rate limiting for sodium move-
ment across epithelial barriers. ENaC is a highly Na+-selective, non-voltage gated, 
non-inactivating ion channel in the ENaC/Deg superfamily (Benos and Stanton, 
1999). It is a heteromeric channel comprised of three distinct but similar subunits: 
α, β, and γ having stoichiometry of 1:1:1. ENaC activity is under tight control of 
systemic hormones via the renin-angiotensin-aldosterone system (RAAS). Th e 
physiological importance of ENaC to negative-feedback regulation of blood pres-
sure in humans is emphasized by inheritable forms of severe hypertension resulting 
from gain of function mutations in the channel. In contrast, loss of function muta-
tions leads to salt wasting and low blood pressure (Schild, 1996).

In addition to systemic control of ENaC activity by endocrine inputs via 
RAAS, complementary regulation of ENaC activity by paracrine factors has re-
cently been suggested. Th us, increases in Na+ delivery to the distal nephron upon 
salt loading do not cause as much increase in Na+ reabsorption as expected. It ap-
pears that local signaling is blunting sodium reabsorption and probably ENaC 
activity in response to the elevated sodium input. Adonesine triphosphate (ATP) 
has been identifi ed as a candidate signaling molecule possibly mediating intrinsic 
control of distal nephron Na+ reabsorption. ATP is released by collecting duct 
cells constitutively and in response to increases in luminal fl ow. Moreover, ATP 
levels are precisely controlled by extracellular enzymes, such as ectonucleotidases. 

Fig. 1. ATP decreases ENaC activity in freshly isolated mice collecting duct cells; a — Repre-
sentative continuous current trace from a cell-attached patch before and aft er treatment with 
ATP. Areas (1) and (2) are shown below at an expanded time scale. A c denotes the closed 
state; b — Genetic deletion of P2Y2 receptors obliterates ATP actions on ENaC
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Together, this argues that local purinergic signaling is well designed to regulate 
ENaC activity in a paracrine manner.

We used patch clamp electrophysiology on freshly isolated split-opened mu-
rine collecting ducts to test the hypothesis that ENaC activity is directly regulated 
by local purinergic signaling. Th e representative current trace in Fig. 1A is a typi-
cal cell-attached experiment demonstrating that ATP acutely decreases ENaC ac-
tivity by reducing open probability (Po). ATP targets ligand-gated P2X and G-
protein coupled P2Y receptors. A number of diff erent purinergic receptors are 
expressed in the collecting duct, including P2Y1,2,4,6,11 and P2X1,3-6. Pharmacologi-
cal inhibition of distinct purinergic receptors revealed that P2Y2 receptors play 
the major role in the signaling cascade coupling ATP to ENaC (Pochynyuk et al., 
2008a). Importantly, experiments on mice engineered to lack P2Y2 receptors are 
consistent with this conclusion. Th us, ATP slightly aff ect ENaC activity and Po in 
P2Y2 -/- animals as shown in Fig. 1, b. Th is unequivocally demonstrates that P2Y2 
receptors are essential in the control of ENaC by local purinergic signaling. 

Next, we asked: what are the patho-physiological consequences of ENaC fun-
ction of inappropriate purinergic regulation? Single channel analysis revealed 
that disruption of local ATP signaling in P2Y2 -/- mice resulted in elevated basal 
ENaC activity with the channel being locked in a hyperactive state with an ex-
tremely high Po (Pochyniuk et al., 2008a). Th is is consistent with the recent fi nd-
ing that mice lacking P2Y2 receptors have hypertension associated with facilitated 
renal sodium reabsorption (Rieg et al., 2007). Th is raises an intriguing probabil-
ity that ENaC activity in the distal nephron is tonically inhibited by endogenous 
ATP and that disruption of this regulation in P2Y2 -/- mice releases ENaC from 
the inhibition causing excessive Na+-reabsorption and subsequently hyperten-
sion. Indeed, quenching endogenous ATP with hexokinase causes marked in-
creases in ENaC activity above basal values as demonstrated in Fig. 2, a. More-

Fig. 2. Endogenous ATP released from collecting duct principal cells tonically decreases 
ENaC activity: a — representative continuous current trace for ENaC before and aft er addi-
tion of hexokinase. (1) and (2) are shown below at an expanded time scale; b — representative 
current traces from cell-attached patches containing ENaC from WT mice kept on low and 
high Na+ diets in the absence (top) and presence of hexokinase plus suramin (bottom) to de-
grade local ATP and prevent nucleotide receptor activation, respectively
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over, inhibiting purinergic receptors with suramin in the absence of any other 
stimuli yields similar results (Pochynyuk et al., 2008a; Pochynyuk et al., 2008b). 

ENaC activity in the collecting duct is known to be controlled by sodium 
intake via RAAS. Th us, dietary salt restriction causes increase in ENaC activity 
and, conversely, salt loading markedly decreases ENaC activity. Interestingly, we 
found that local purinergic signaling has greater inhibitory eff ect on ENaC in 
mice loaded with Na+ compared to salt restricted ones. Quenching endogenous 
ATP upon treatment with hexokinase plus suramin exerted only a minor stimula-
tory eff ect on ENaC activity in mice kept on a nominally free Na+ diet but mark-
edly increased ENaC Po in animals kept on a high (2%) Na+ regimen (Fig. 2, b). 
Th e salt-dependent eff ect of purinergic regulation of ENaC might have a benefi -
cial role by dampening Na+ reabsorption upon increased sodium intake. Th is can 
help avoiding excessive sodium conservation. Surprisingly, we found that ENaC 
Po is always clamped to a high level and no longer sensitive to changes in dietary 
sodium for P2Y2 -/- mice. Th is inability to adjust ENaC activity results in inap-
propriate sodium handling and, thus, hypertension which becomes more severe 
upon increased sodium intake. 

We next delineated the signaling pathway coupling ATP with changes in 
ENaC activity. As discussed above, we found that, among diff erent purinergic 
receptors expressed in the collecting duct cells, P2Y2 receptors play the central 
role in transducing ATP actions. P2Y2 receptors are mainly coupled to phospho-
lipase C (PLC) via the Gq/11 cascade. Direct stimulation of PLC acutely decreases 
ENaC activity in similar to ATP manner and extent. Moreover, inhibition of PLC 
abolishes ATP-mediated decreases in ENaC activity (Pochynyuk et al., 2008b). 
Th ese fi ndings place PLC as a requirement for purinergic signaling pathway to 
ENaC. Activation of PLC hydrolyses the membrane phosphatidylinositide, PI(4,5)
P2 to yield DAG and IP3 leading to stimulation of protein kinase C (PKC) and 
raises in intracellular Ca2+. However, inhibiting PKC and the endoplasmic Ca2+ 
pump (SERCA) did not prevent ATP actions on ENaC (Pochynyuk et al., 2008b) 
(unpublished observations, 2009). We hypothesized that changes in membrane 
PI(4,5)P2 levels rather than its downstream eff ectors may account for decreases in 
ENaC activity in response to ATP stimulation.

To directly monitor PI(4,5)P2 metabolism during purinergic signaling, we next 
expressed a fl uorescent PI(4,5)P2 reporter, GFP-tagged PLC-δ1-PH, in cultured po-
larized principal cells. Total internal refl ection fl uorescent microscopy (TIRF) al-
lows isolating a fl uorescent signal from the apical plasma membrane (Axelrod, 
1989). Th e representative TIRF micrographs in Fig. 3 show GFP emissions upon 
addition of vehicle (top), ATP (middle), and the PLC inhibitor, U73122 (bottom). 
ATP rapidly decreases apical PI(4,5)P2 levels. Inhibiting PLC with U73122, in con-
trast, increases PI(4,5)P2 levels above the basal values. ATP failed to act when co-
applied with U73122. Th ese results are important for several reasons. First, they 
demonstrate that rapid changes in PI(4,5)P2 levels correspond to decreases in ENaC 
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activity upon purinergic stimulation. Second, they suggest that resting PI(4,5)P2 
levels are not saturated and inhibiting PLC alone is able to further increase apical 
PI(4,5)P2 levels. Th is is consistent with ENaC activity being tonically inhibited by 
endogenous purinergic signaling via control of PI(4,5)P2 levels. 

Several recent fi ndings are consistent with the idea that ENaC activity can be 
acutely regulated by membrane PI(4,5)P2 levels (Pochynyuk et al., 2006; Pochynyuk 
et al., 2007b). In general, channel-PI(4,5)P2 interactions are likely to be electro-
static in nature where negatively charged head groups of PI(4,5)P2 are attracted by 
positive charged regions within the channel which are rich in basic residues. All 
three ENaC subunits contain such regions at their N-terminus and near both 
trans-membrane domains. Th us, we next created mutant subunits that lack posi-
tive charged residues within their intracellular domains and reconstituted ENaC 
into Chinese Hamster Ovary (CHO) cells. Acute depletion of the plasma mem-
brane PI(4,5)P2 levels markedly decreased both macroscopic ENaC current and 
channel Po for wild type. However, channels lacking positive charged residues in 
the extreme N-termini in β- and γ- subunits (γN+βN) were resistant to manipu-
lations of PI(4,5)P2 (Pochyniuk et al., 2007a). Moreover, direct administration of 
PI(4,5)P2 increased ENaC Po for wild type but not for γN+βN mutant channels. 
Th erefore, we concluded that PI(4,5)P2 interacts and possibly binds to these spe-
cifi c regions within ENaC to control open channel probability. Dwell time analy-
sis revealed that PI(4,5)P2 availability directly controls ENaC gating. Decreases in 
the PI(4,5)P2 levels increased ENaC closed time durations and decreased open 
time durations. In contrast, increases in PI(4,5)P2 caused shortened closed time 
durations and prolonged open time durations (Pochynyuk et al., 2008b). 

Overall, as outlined in our model of purinergic control of ENaC (Fig. 4), di-
etary Na+ restriction stimulates RAAS and consequently ENaC to conserve sodium. 

Fig. 3. Apical plasma membrane PI 
(4,5)P2 levels are dynamically cont-
rolled by exogenous ATP via activa-
tion of PLC. Fluorescence microgra-
phs of emission from the PI(4,5)P2 
reporter in the apical plasma mem-
brane of cultured principal cells wi-
thin a confl uent monolayer befo re (1), 
and 5 (2), and 15 (3) min aft er treat-
ment with vehicle (top), ATP (mi d-
dle), and the PLC inhibitor U73122 
(bottom). Emissions were collected 
in a paired manner using TIRF mi-
croscopy
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Simultaneously, this leads to decrease in paracrine ATP release. Scarce ATP fails to 
induce P2Y2 receptor activation. When P2Y2 receptors are not activated, the inner 
leafl et of the apical plasma membrane contains high concentrations of negatively-
charged PI(4,5)P2, which are bound to positively charged regions of the N-termini 
in β- and γ-subunits of ENaC, thereby maintaining ENaC open and promoting Na+ 
reabsorption. Conversely, high NaCl intake increases the apical availability of ATP 
most likely via increases in luminal fl ow. Stimulation of P2Y2 receptors activates 
PLC, which, in turn, hydrolyzes and lowers the membrane PI(4,5)P2 concentration. 
Th is induces conformation changes in the N-termini of β- and γ-ENaC and lowers 
ENaC Po thereby dampening Na+ reabsorption.

Our fi ndings are consistent with ATP acutely aff ecting ENaC gating. How-
ever, the exact location and the mechanisms that control ENaC gate remain elu-
sive. ENaC belongs to a large superfamily of ENaC/Deg channels. In contrast to 
other members of the family, ENaC is constitutively active with no prominent 
voltage sensitivity and demonstrates no time-dependent activation and inactiva-
tion. In addition, ENaC has slow gating kinetics with open and close times rang-
ing within seconds (Fig. 5, a). 

All members of the ENaC/Degenerin channel superfamily contain an abso-
lutely conserved tryptophan (Trp) at the base of their fi rst trans-membrane do-
main. Trp residues oft en reside at lipid-water interfaces in helical trans-membrane 
domains of many ion channels. When facing an aqueous environment, Trp may 
form a ring-like structure that acts as a gate, as found for M2 proton channels. In 
addition, these Trp residues may play an important role in stabilizing the inner 

Fig. 4. A model for the regulation of ENaC open by dietary NaCl and 
aldosterone through altering apical ATP/P2Y2 receptor tone in the al-
dosterone-sensitive distal nephron
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vestibule of the pore. Th us, we next tested whether these Trp residues serve a 
critical role with respect to ENaC function and gating. Targeted substitution of 
the Trp in α- and β-ENaC markedly decreased ENaC activity and, unexpectedly, 
unmasked pronounced voltage-sensitivity. Mutant ENaC increased steady-state 
activity upon hyperpolarizing compared to hyperpolarizing voltages with tran-
sient activation and deactivation kinetics, respectively. Th is voltage-sensitivity 
refl ected voltage dependent changes in ENaC Po (Fig. 5, b). Voltage sensitivity was 
Na+ dependent with intracellular [Na+] playing a particularly important role in 
setting the voltage at which mutant ENaC has half-maximal activity. We have 
concluded that stabilization of the pore by Trp at the base of TM1 lessens Na+-
dependent modulation of wild type channels likely by interfering with an allos-
teric or pore block mechanism (Pochynyuk et al., 2009). In addition, all ENaC/
Deg channels have an absolutely conserved Histidin-Glycine (HG) motif at the 
position that precedes the Trp by 12 amino acids. Surprisingly, targeted substitu-
tion of either residue revealed a phenotype identical to that for Trp substitution. 

Fig. 5. Substitution of the conserved Trp at the base of TM1 confers ENaC voltage-sensitivity. 
Representative families of macroscopic currents evoked by a voltage-step protocol (inset) for 
wild type (a) and mutant ENaC (containing W112C α-subunits) (b) in voltage-clamped CHO 
cells in symmetrical solutions. Shown at the bottom are representative single channel current 
traces at test potentials ranging from 80 to –80 mV in excised, outside-out patches for wild 
type (left ) and the mutant ENaC (right) expressed in CHO cells
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Importantly, mutations in the HG motif cause pseudohypoaldosteronism type 1 
and associated renal salt wasting in humans. We speculate that the conserved Trp 
in TM1 interacts with the cytosolic HG motif to stabilize the pore and acts as an 
actual channel gate. Disruption of this structure then can destabilize the pore to 
increase sensitivity to intracellular Na+ with voltage aff ecting Na+ block or bind-
ing in the destabilized state.
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