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Salt absorption via alveolar epithelial Na* channels (ENaC) is a
critical step for maintaining an airspace free of flooding. Previ-
ously, we found that 8-(4-chlorophenylthio)-guanosine-3’,5'-cyclic
monophosphate-Na (CPT-cGMP) activated native and heterologous
ENaC. To investigate the potential pharmacological relevance, we
applied this compound intratracheally to human lungs and found
that ex vivo alveolar fluid clearance was increased significantly. Fur-
thermore, this compound eliminated self-inhibition in human lung
H441 cells and in oocytes expressing human o3y but not 63y chan-
nels. To further elucidate this novel mechanism, we constructed mu-
tants abolishing (Bavs4s and vyp233r) or augmenting (aysssa and
Yma32c) self-inhibition. The mutants eliminating self-inhibition lost their
responses to CPT-cGMP, whereas those enhancing self-inhibition facil-
itated the stimulatory effects of this compound. CPT-cGMP was unable
to activate a high P, mutant (Bss20c) and plasmin proteolytically cleaved
channels. Our data suggest that elimination of self-inhibition of a3y
ENaC may be a novel mechanism for CPT-cGMP to stimulate salt reab-
sorption in human lungs.

Keywords: lung fluid reabsorption; amiloride-sensitive sodium channel;
CPT-cGMP; ENaC self-inhibition

Epithelial Na* channels (ENaC) in polarized absorptive tight
epithelium are responsible for the transapical salt influx. To-
gether with basolaterally located Na*/K*—~ATPase, the vectorial
solute/fluid transport pathway is crucial for maintaining luminal
and body fluid volume (1-3). Five subunits have been cloned:
a, B, 7, 8, and ¢ ENaC. Luminal impermeable reagents and hor-
mones have been confirmed to regulate salt reabsorption in lung,
kidney, and colon.

ENaC has long been proposed to function as a ligand-gated
channel on the basis of observations of other ENaC/DEG family
members (1, 4). Acid-sensing Na™ channels, a branch of the
ENaC/DEG super gene family, are gated by external protons.
Another branch of channels, termed FaNaC, are manipulated
by FMRFamide and related tetrapeptides (5). With respect to
ENaC channels, a number of luminal reagents, including para-
chloromercuribenzoate; benzimidazoly-2-guanidinium; bumeta-
nide; and H*, Zn?", and Ni** ions, have been reported to alter
external Na™ self-inhibition, a temperature-sensitive intrinsic
phenomenon of ENaC (1, 4, 6-10). Recently, a small molecule
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CLINICAL COMMENTARY

This work describes a novel mechanism for a broadly used 8-
(4-chlorophenylthio)-guanosine-3’,5'-cyclic monophosphate-
Na (CPT-cGMP) to activate lung epithelial sodium channels
that govern alveolar fluid clearance. CPT-cGMP may be
a potent reagent for removing edema fluid from injured
lungs.

(S6939), cpt-cAMP, halothane, glibenclamide, and extracellular
chloride ions (Cl ™) have been shown to act as ligands to regulate
heterologous ENaC (11-16). Among these, halothane and Cl~
ions may activate ENaC by eliminating Na* self-inhibition (17,
18). We recently found that 8-(4-chlorophenylthio)-guanosine-
3’,5'-cyclic monophosphate-Na (CPT-cGMP) stimulated human
afy ENaCin oocytes in a PKG-independent and domain-specific
manner (19). The underlying mechanisms are unknown.

Several ectodomains have been reported to modify self-inhibition
by unknown mechanisms. Given that self-inhibition is governed
by the extracellular Na* concentrations, the extracellular loop
was identified as the critical domain for self-inhibition of Xerno-
pus ENaC by Babini and colleagues (20). By systematic screening
mutagenesis, Sheng and coworkers found that external cysteine
and histidine residues are essential for self-inhibition of murine
ENaC (21, 22). This group recently discovered a number of key
amino acid residues in the thumb domains that boosted this in-
trinsic phenomenon (23). The CI™ binding sites, which affect self-
inhibition, are also located in the thumb domains (17). The finger
and palm domains have been shown to be critical for external
protons and furin to affect self-inhibition (13, 24). It has also been
demonstrated that manipulations that result in a maximum in-
crement in opening kinetics were capable of abolishing self-
inhibition, for example, serine protease proteolysis and locking
all channels in the open state (Bsszoc, @ degenerin mutant). A
mutation (aggir) at the amino terminal of the protein, adjacent
to the gating tract in the M1 domain, enhanced self-inhibition
(25). Our current understanding of the nature of ENaC gating
mechanisms provides no unequivocal answers to the question of
how the aforementioned domains affect self-inhibition.

CPT-cGMP, but not parent cGMP, acutely activated human
ENaC activity as an external ligand (19, 26). The aim of this
study was to examine whether CPT-cGMP could be used as
a pharmaceutical strategy to up-regulate alveolar fluid clearance
(AFC) via stimulating ENaC and its underlying mechanisms.
Our results demonstrate that intratracheally instilled CPT-
cGMP significantly enhanced the rate of fluid reabsorption in
human lungs. This compound only activated afy ENaC exter-
nally in a dose-dependent manner via blunting self-inhibition.
Mutagenesis of the self-inhibition domains modulated this stim-
ulatory effect.
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METHODS AND MATERIALS

Ex Vivo AFC in Human Lungs

The studies followed the guide principles of the Declaration of
the People’s Republic of China and were approved by the
Ethics Committee of the China Medical University (CMU) at
Shenyang, China. All patients were given oral and written in-
formed consent forms. Human lung tissues were obtained during
pulmonary resection surgeries of 30 patients with lung cancers
(16 patients with lung squamous carcinoma and 14 patients with
lung adenocarcinoma) at the First Affiliated Teaching Hospital
of CMU (October 2009 to June 2010). There were no fibrous or
emphysematous lesions as assessed by preoperative chest CT.

Human lung segments were prepared and AFC measure-
ments were done as described previously (27, 28). Briefly, the
segmental bronchus was occluded by a 10-Fr. balloon catheter
immediately after removal of the lung, and occluded segments
that were located furthest away from the focus of tumor were
chosen. A warmed physiologic saline solution (20 ml; 37°C)
containing 5% BSA with or without amiloride (1 mM) and/or
CPT-GMP (0.5 mM) was instilled into the distal air spaces
through the catheter. After instillation, the lungs were inflated
with 100% oxygen at an airway pressure of 7 cm H,O. Alveolar
fluid was aspirated 60 minutes after instillation. Aspirated alve-
olar fluid was centrifuged at 3,000 X g for 10 minutes, and the
supernatant was obtained for measurement of protein concen-
trations. AFC values were calculated as follows (29): AFC =
[(Vi = Vp)/V;] X 100, where V is the volume of the instilled al-
bumin solution (i) and the final alveolar fluid (f), and Vi = V; X
P,/P;, where P is the concentration of protein in the instilled
albumin solution (i) and the final alveolar fluid (f).

Cell cGMP Level Assay

Cell cGMP levels were examined with ELISA Kits as described
in the online supplement.

Oocyte Expression and Voltage Clamp Studies

Wild-type human «, 8, and y ENaC cDNAs were a gift from Dr.
Lingueglia (30). ENaC mutants were constructed as described
previously (31). Preparation of oocytes and the two-electrode
voltage clamp studies were performed as described in the online
supplement (31).

To study the self-inhibition, a bath solution (ND1) with a low
concentration of Na* ions (1 mM) was used (the 95 mM Na*
ions in regular ND96 medium was substituted with equal molar
N-methyl-d-glucamine). To elicit self-inhibition, oocytes were
held at —60 mV continuously while the bath solutions were
switched quickly from ND1 and ND96 solutions, controlled
with a SF-77B Perfusion Fast-Step (Warner Ins., Hamden, CT)
fluidic exchange system and software pCLAMP as previously
described (32, 33). CPT-cGMP (AXXORA, LLC, San Diego,
CA) stock solution (50 mM) was prepared in water and stored
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at —20°C. MTSET (Toronto Research Chemicals, Downsview,
ON, Canada) was freshly prepared every 10 minutes.

Patch Clamp Assay

Whole-cell and single-channel patch clamp recordings in H441
cells were performed as described in the online supplement (26).

Statistics

All results are presented as mean * SE. Dose-response curves
were fitted to the Hill equation. One-way ANOVA computa-
tions were used to analyze the difference of the means for nor-
mally distributed data. P < 0.05 was considered as significant.

RESULTS
CPT-cGMP Stimulates Fluid Resolution in Human Lungs

CPT-cGMP is a cell-permeable compound. Its concentration
within human lungs is reduced due to its entrance into alveolar
epithelial and nonepithelial cells. We reported that a median ef-
fective concentration (ECsp) value of 147 uM was required for
CPT-cGMP to activate ENaC activity in H441 cells and that the
apparent saturated dose was 1 mM (26). In addition, up to 2 mM
c¢GMP analog was applied to primary lung epithelial cells in vitro
for ENaC studies (34, 35). As an external ligand, CPT-cGMP was
required to maintain an effective dose at least two times above its
ECs, value. Therefore, we applied 200 uM of CPT-cGMP to
H441 cells and oocytes and 500 uM CPT-cGMP to lungs.

To examine the potential effects of cGMP on fluid resolution
in distal lung, we measured ex vivo AFC in isolated human lung
lobes. Intratracheally delivered CPT-cGMP markedly increased
the AFC value (n = 5-15) (Figure 1A). Moreover, CPT-cGMP
stimulated fluid resolution in human lungs ex vivo through aug-
mented ENaC activity, as revealed by amiloride-inhibitable
AFC fraction (P < 0.05) (Figure 1B).

CPT-cGMP Eliminates Self-Inhibition in Human Lung
Epithelial Cells

To test the hypothesis that CPT-cGMP activated native ENaC by
blunting self-inhibition, we studied the effects of CPT-cGMP on
the self-inhibition of native ENaC in H441 cells, a human lung epi-
thelial cell line (Figure 2A). Analogous to the effects on heter-
ologous human a-containing channels, CPT-cGMP significantly
elevated the sustained/maximal current ratio (Figure 2B). In
sharp contrast, in the presence of amiloride, CPT-cGMP did
not evoke currents associated with non-ENaC channels (Figure
2A, right panel).

CPT-cGMP Stimulates apy but Not 8By ENaC

The o and & subunits are expressed in human lung tissues and
primary alveolar type II cells (26, 32). 8 ENaC-like channels

*
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Figure 2. CPT-cGMP alters self-inhibition in human lung epithelial
cells. (A) Self-inhibition traces recorded at —60 mV in H441 cells in
the absence (Basal) and presence of CPT-cGMP and amiloride (right).
(B) Sustained (ls,s)/maximal (I%max) current ratio. *P < 0.05; n = 5.

have been functionally detected in human nasal epithelial cells
(36). We previously found that CPT-cGMP activated 3oy ENaC
in oocytes (26). Here we further distinguished the responses of the
afy and 3By channels to CPT-cGMP (Figure 3). CPT-cGMP
evoked inward and outward currents associated with afy but
not 3By channels (Figures 3A and 3B). The increment in afy
ENaC activity was more than 3-fold (Figure 3C). The ECsg
values were 71 = 2 pM and 95 * 4 uM, respectively, for cur-
rents at —100 and +80 mV (Figure 3D).

Our previous studies found that heterologous ENaC ex-
pressed in oocytes may not be regulated by PKG (19). In
PKG-deficient cells, the extent of compound stimulation of
ENaC was identical to those transfected with scramble siRNA.
We substantiated these observations by single-channel record-
ings. In a cell-free mode that lacks cytosolic PKG signaling mol-
ecules, single-channel activity was elevated approximately 3-fold
by CPT-cGMP in outside-out patches (Figures 3E and 3F). How-
ever, the single-channel activity appeared reduced when CPT-
cGMP was applied to cell-attached patches (Figure 3G). Taken
together, our results show that heterologous ENaC expressed in
oocytes is not regulated by cGMP/PKG pathway. It is reminis-
cent of the well known fact that ENaC expressed in oocytes is not
cAMP/PK A-dependent. We subsequently took the advantage of
this expression model to study the mechanisms beyond PKG.

CPT-cGMP Blunts Self-Inhibition of Heterologous ENaC

To corroborate the observations in H441 cells, we investigated
the effects of CPT-cGMP on self-inhibition associated with human
apy ENaC in oocytes. The first three sweeps were recorded in
the absence of CPT-cGMP as controls (Figure 4A). As antici-
pated for the self-inhibition, approximately half of the maximal
current was the sustained current after fast fluidic exchange
(Figure 4A). CPT-cGMP (0.2 mM) stimulated the maximal
and the sustained currents reversibly. In the presence of this
compound, the sustained/maximal current ratio increased sig-
nificantly (P < 0.01) (Figure 4B). In contrast to a3y ENaC, 3By
ENaC showed a slight self-inhibition. Moreover, CPT-cGMP
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did not alter the kinetics of this process in cells expressing
3By ENaC (Figure 4C).

Responses of Self-Inhibition Abolishing Mutants
to CPT-cGMP

Because CPT-cGMP regulates self-inhibition, mutation of the self-
inhibition domains should modulate its effects. We constructed two
self-inhibition—abolishing mutants, Bavz4s and yga33r, as previ-
ously reported for murine ENaC (7, 17). The responses of these
mutants to CPT-cGMP were almost completely depressed (Figure
5A). In contrast, By ENaC showed a more than 3-fold increment
in the maximal currents after CPT-cGMP perfusion (Figure 5C).

Responses of Self-Inhibition Boosting Mutants
to CPT-cGMP

A series of amino acid residues within the thumb domains, which
amplified self-inhibition, have recently been identified (23).
Based on the observation that the self-inhibition—abolishing
mutant (yup33r) Was not sensitive to CPT-cGMP (Figure 5A),
we postulated that the self-inhibition boosting mutants (ay4sga
and ym432c) might be more sensitive to CPT-cGMP and found
this to be the case experimentally. The responses to CPT-cGMP

(Icpr-camp/Ibasar) Of ctyassa (P < 0.01) and ayassaymazeg (P <
0.001) were increased significantly (Figures 5B and 5D).

CPT-cGMP Cannot Increase Fully Opened Channel Activity

Elimination of self-inhibition by CPT-cGMP may result in an in-
crement in open probability. We therefore measured the ability
of CPT-cGMP to activate DEG mutant channels, which were
already fully open (Bsszoc). CPT-cGMP reversibly activated
aBss2ocy in the absence of MTSET, suggesting that this mutant
responds to CPT-cGMP in the same manner as wild-type chan-
nels (19). However, reapplication of the same dose of CPT-
cGMP, after all channels were fully opened and clamped by
MTSET, could not duplicate the stimulation (Figure 6A). The
current ratio before and after addition of CPT-GMP was close
to 1.0 for fully open channels, significantly less than that in the
absence of MTSET for aBssxocy (P < 0.001) (Figure 6B).

Cell cGMP Levels in Lung Tissues, H441 Cells, and Oocytes

The ¢cGMP level in lung instilled with CPT-cGMP was 8.1 =+
2.7 pmol/mg protein, which was much greater than the level in
control lungs (0.2 = 0.05 pmol/mg protein; n = 6; P < 0.01)
(Figure 7A). Perfusion of CPT-cGMP elevated the intracellular
cGMP level in H441 cells from 25.5 * 8.4 to 327.0 = 74.6 pmol/mg
protein (P < 0.01; n = 10). Similarly, an increment in cGMP
content in oocytes exposed to CPT-cGMP was seen (from 0.5 =
0.1 to 11.8 £ 2.9 pmol/mg protein; P < 0.01; n = 100). The
compound increased cell cGMP levels 54-, 12-, and 24-fold, re-
spectively, in lungs, H441 cells, and oocytes. The diverse
responses may be due to various exposing periods. In addition,
the yield of cell protein may vary between these models.

DISCUSSION

Our results reveal a novel mechanism for CPT-cGMP to stimu-
late ENaC in human lungs; that is, elimination of external Na™*
self-inhibition of native ENaC, an intrinsic feature of the channels.
However, mechanistic studies found that this compound cannot
up-regulate two self-inhibition abolishing mutants (Bavs4g and
Yr23sr) or a fully opened channel (Bssyoc). In sharp contrast,
mutants boosting self-inhibition displayed a greater response to
CPT-cGMP. Although CPT-cGMP does not regulate heterolo-
gous 3By ENaC in oocytes, we cannot exclude the potential
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regulation of native 8 ENaC—containing channels by this com-
pound because ENaC channels expressed in oocytes do not re-
spond to cAMP/PKA and cGMP/PKG pathways.

Two amiloride-sensitive ion transport systems may contribute
to the increment in AFC in human lungs instilled with CPT-
cGMP. First, apically located ENaC can be regulated by the
NO/cGMP/PKG signaling pathway (37, 38). In vitro studies
on the regulation of Na™ transport by cGMP across confluent
monolayers of cultured rat type IT alveolar (ATII) cells have led
to contradictory results. cGMP did not alter the short-circuit
current (Isc) across rat ATII monolayers (39), supporting a pre-
vious study using dome formation as a parameter for active salt
and water transport (40). In contrast, cGMP, as well as NO,
increased Isc and ’Na influx in tracheal and distal lung epithelia
(41, 42). In addition, regulation of Na™ channel activity in A549
and rat ATII cells, as revealed by patch clamp studies, is not

consistent. Jain and colleagues reported that cGMP and GSNO
significantly decreased single-channel activity in rat ATII cells
(34). A stimulatory effect of cGMP has been reported in the
same cells (43). Furthermore, different responses of whole-cell
Na™ conductance to cGMP and GSNO in A549 cells were pub-
lished by three independent groups (44-46). Cyclic GMP stim-
ulated amphibian ENaC in urinary bladder epithelium (47, 48).
We recently found that CPT-cGMP stimulated human but not
murine ENaC (19). The biophysical features of ENaC channels
depended on the culture conditions (49, 50). Species- and cul-
ture dependence of ENaC properties and the strategies used for
elevating cell cGMP content, including NO donors and PKG
isoform-specific cGMP analogs, may contribute to these diver-
gent observations. Second, CPT-cGMP may enhance AFC in
human lungs through activating cyclic nucleotide-gated Na™
channels. Cyclic GMP increased AFC (30-70%) across rat,
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Figure 4. CPT-cGMP modifies self-inhibition of afy ENaC in
oocytes. Self-inhibition was measured by fast switching the
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rabbit, and sheep adult lungs (51-54) at least partially by acti-
vating cyclic nucleotide-gated Na* channels.

CPT-cGMP also increased amiloride-insensitive AFC in human
lungs, possibly due to cGMP-sensitive CFTR and K™ channels.
Classical studies clearly demonstrated that CFTR played an es-
sential role in lung liquid reabsorption (55, 56). CFTR was

— low Na™ bath solution (1 mM) to regular ND96 medium

9 (96 mM). (A) Representative whole-cell current trace digi-
tized at —60 mV. CPT-cGMP (0.2 mM) was added after the
first three sweeps and washed out for the last three sweeps.
(B) Current ratio. n = 9. *P < 0.05; **P < 0.01 versus the
first sweep. (C) Comparison of CPT-cGMP on self-inhibition
of a3y and 3By ENaC channels. Paired traces were recorded
before and after application of CPT-cGMP.

activated by ¢cGMP via PKG isoform II (57, 58). In addition,
c¢GMP may accelerate the K* recycling across basolateral mem-
brane and may indirectly facilitate transalveolar salt transport
(29). We cannot exclude the contribution of these non-ENaC
pathways and others at the high dose of CPT-cGMP applied to
lungs. When CPT-cGMP is applied luminally (extracellularly), it
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serves as an external ligand to activate ENaC via releasing self-
inhibition of ENaC and then acts as a signal molecule in cytosol
to stimulate PKG (Figure 7B). Eventually, the cGMP-sensitive
pathways, including CFTR, K channels, and ENaC, are acti-
vated to expedite AFC coordinately.

Beyond the cGMP/PKG signal pathway, our data suggest that
CPT-cGMP may activate human afy ENaC extracellularly by
serving as an ENaC ligand, particularly when applied at a concen-
tration above 100 pM. CPT-cGMP activated single-channel
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Figure 6. Effects of CPT-cGMP on fully opened channels. (A)
Representative traces showing the responses of afsszocy to
CPT-cGMP (0.2 mM) before and after the addition of MTSET
(1 mM). (B) Activation of ENaC by CPT-cGMP. The current
ratios are 3.1 = 0.1 before MTSET and 1.1 *= 0.03 after
MTSET, respectively. ***P < 0.001. n = 11.

+MTSET

activity in outside-out but not cell-attached patches, which sepa-
rate clamped channels within the pipette from bath CPT-cGMP
(19). Even though CPT-cGMP is a cell permeable-specific
PKGII activator with an ECsq value in the micromolar range,
the time course for activating ENaC in the order of seconds was
not supportive of the involvement of this pathway. The ECs
value for CPT-cGMP to rapidly and reversibly activate ENaC is
15-fold greater (71 wM) than that required to activate PKGII
(4.6 uM) (59). More specific membrane-permeable analogs of
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Figure 7. Analysis of cell cGMP contents by ELISA. (A) Average cell cGMP contents in instilled lungs (left), H441 cells (middle), and oocytes (right).
n =6 lungs, 10 H441 monolayers, and 100 oocytes. **P < 0.01. (B) Divergent regulation of ENaC by CPT-cGMP in oocytes (left) and epithelial cells
(right). Heterologous ENaC channels are not regulated by cGMP/PKG and cAMP/PKA pathways. CPT-cGMP therefore does not regulate cloned
human ENaC in oocytes via the cGMP/PKG signaling pathway and only serves as an external ligand. This compound stimulates native ENaC function
by acting as an external ligand and activating internal PKG in sequence. cGMP is anticipated to accumulate around ENaC as an autocrine.
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PKGII activators did not stimulate ENaC in a similar manner
(19). In addition, specific chlorophenylthio moiety is required to
acutely activate ENaC (16, 19).

The following lines of evidence support that CPT-cGMP
leads to the relief of the external Na™ self-inhibition of ENaC.
First, CPT-cGMP reversibly reduces the declining rate of the
maximal current, a hallmark of the release of self-inhibition (6).
Second, the sustained/maximal current ratio, another methodology
for evaluating self-inhibition, is not altered in peptidase (plasmin)-
cleaved channels. Third, and the most direct evidence, is the absence
of CPT-cGMP-induced activation in the self-inhibition abol-
ishing mutants Bavass and ypo3sr. Finally, the self-inhibition
boosting mutants augment CPT-cGMP-activated current. These
results suggest that CPT-cGMP abolishes the Na* mediated self-
inhibition process.

What is the physiological and pharmacological relevance?
Under physiological conditions, cytosolic cGMP may be secreted
through nucleotide transporters such as CFTR and multidrug re-
sistance proteins (60, 61). In human plasma, the cGMP level is 6
nM (62). In human bronchoalveolar lavage, it is up to 3-fold
higher (63). Because cGMP in lung fluid regulates ENaC as
autocrine and paracrine, the anticipated concentration at the sur-
face of apical membrane is much greater than the average con-
tent in lavage (Figure 7B). As shown by the dose-response curve,
this compound abrogates self-inhibition at micromolar level.

Regarding the potential pharmaceutical significance, the con-
centration of cGMP analogs clinically delivered into patients was
up to 1 mg/kg (64, 65). Numerous studies applied cGMP reagents
(from 100 pM to 2 mM) to lung tissues and primary alveolar
epithelial cells (34, 35, 43). Aspiration of CPT-cGMP may there-
fore acutely ameliorate the severity of edematous lung injury by
two distinct mechanisms for ENaC activation: activation of the
c¢cGMP/PKG signal pathways and relief of self-inhibition of ENaC.
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