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Epithelial Na+ channels (ENaCs) control extracellular fluid volume by facilitating Na+ absorption across transporting
epithelia. In vitro studies showed that Cys-palmitoylation of the γENaC subunit is a major regulator of channel activity. We
tested whether γ subunit palmitoylation sites are necessary for channel function in vivo by generating mice lacking the
palmitoylated cysteines (γC33A,C41A) using CRISPR/Cas9 technology. ENaCs in dissected kidney tubules from γC33A,C41A

mice had reduced open probability compared with wild-type (WT) littermates maintained on either standard or Na+-
deficient diets. Male mutant mice also had higher aldosterone levels than WT littermates following Na+ restriction.
However, γC33A,C41A mice did not have reduced amiloride-sensitive Na+ currents in the distal colon or benzamil-induced
natriuresis compared to WT mice. We identified a second, larger conductance cation channel in the distal nephron with
biophysical properties distinct from ENaC. The activity of this channel was higher in Na+-restricted γC33A,C41A versus WT
mice and was blocked by benzamil, providing a possible compensatory mechanism for reduced prototypic ENaC function.
We conclude that γ subunit palmitoylation sites are required for prototypic ENaC activity in vivo but are not necessary for
amiloride/benzamil-sensitive Na+ transport in the distal nephron or colon.
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Introduction
Na+ transport in the aldosterone-sensitive distal nephron (ASDN) is a primary determinant of extracellular 
fluid volume and blood pressure (1, 2). Epithelial Na+ channel–mediated (ENaC-mediated) transport in prin-
cipal cells of the ASDN is one of the most highly regulated renal Na+ handling mechanisms (3–7), controlled 
mainly by volume-regulatory hormones such as aldosterone (8), vasopressin (9), and angiotensin II (10). ENaC 
activity also facilitates K+ secretion in the ASDN by providing the depolarizing force necessary for K+ efflux 
into the tubule lumen (11). Specific loss-of-function ENaC mutations cause type 1 pseudo-hypoaldosteronism 
(PHA-1), a disorder of renal salt wasting and hyperkalemia (12–14). Gain-of-function mutations have been 
described in patients with Liddle syndrome, where reduced rates of ENaC degradation lead to early-onset 
hypertension and hypokalemia (15, 16). Other ENaC gain-of-function variants may also contribute to salt-sen-
sitive hypertension (17–22).

ENaCs are heterotrimeric (αβγ), amiloride-sensitive channels that are regulated by several mechanisms 
(23). Synthesis and apical membrane trafficking of channel subunits are both aldosterone-regulated events 
that increase the number of channels (N) at the cell surface (24, 25). Other factors that increase ENaC open 
probability (PO) include proteolytic cleavage of the α and γ subunits (26–28), binding of acidic phospholipids 
such as phosphatidylinositol 4,5-bisphosphate (29–31), extracellular Na+ and H+ (32–34), shear stress (35), and 
Cys-palmitoylation (36–38).

Cys-palmitoylation is the reversible attachment of a 16-carbon acyl group (palmitate) to intracellular cyste-
ines. ENaC β and γ subunits were shown to be palmitoylated, which increases the channel’s PO (36, 37). Palmi-
toylation of the γ subunit at 2 residues in the intracellular N-terminus (γC33 and γC41) was necessary for normal 
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following Na+ restriction. However, γC33A,C41A mice did not have reduced amiloride-sensitive Na+ 
currents in the distal colon or benzamil-induced natriuresis compared to WT mice. We identified a 
second, larger conductance cation channel in the distal nephron with biophysical properties distinct 
from ENaC. The activity of this channel was higher in Na+-restricted γC33A,C41A versus WT mice and 
was blocked by benzamil, providing a possible compensatory mechanism for reduced prototypic 
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activity in vivo but are not necessary for amiloride/benzamil-sensitive Na+ transport in the distal 
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channel activity in vitro (37). Channels lacking either palmitoylation site had substantially reduced PO but no 
decrease in surface expression of α or γ subunits. Coexpression with a palmitoyltransferase (DHHC2) enhances 
currents from wild-type (WT) but not palmitoylation site–deficient channels (γC33A,C41A) expressed in Xenopus 
oocytes. Accordingly, catalytically dead DHHC2 did not increase WT currents. Inhibition of endogenous pal-
mitoyltransferase activity using 2-bromopalmitate reduces amiloride-sensitive ENaC currents in cultured mouse 
cortical collecting duct cells (37). Specific DHHC proteins co-immunoprecipitate with ENaC and increase cur-
rents in cultured cells, and at least 1 isoform (DHHC3) colocalizes with ENaC in mouse kidney (38). However, 
the physiological importance of ENaC regulation by palmitoylation in vivo remains unknown.

We developed a mouse model lacking γ subunit palmitoylation sites (γC33A,C41A) using CRISPR/Cas9 tech-
nology to study the role of  this mechanism in regulating ENaC in vivo (Figure 1). Using electrophysiological 
approaches, we assessed ENaC function in the kidneys and distal colons of  WT and γC33A,C41A littermates 
under normal and Na+-depleted conditions. We also assessed ENaC subunit expression and processing, as 
well as systemic electrolyte handling via metabolic cage analyses. Our results demonstrate that γ subunit pal-
mitoylation sites, γC33 and γC41, are required for channel activity in vivo. However, salt and fluid balance can 
still be maintained, likely because of  other benzamil-sensitive transport mechanisms.

Results
γC33A,C41A mice express ENaCs with reduced activity in the cortical connecting tubules/collecting ducts but maintain 
normal blood electrolytes and basal metabolic parameters. We first assessed whether γC33A,C41A mice exhibited 
phenotypic abnormalities at baseline due to possible deficits in ENaC-dependent Na+ absorption. Age-
matched γC33A,C41A mice and WT littermate controls (6–7 weeks) showed no differences in blood electro-
lytes or plasma aldosterone levels when maintained on a standard chow diet (Table 1). However, cell-at-
tached patch clamp recordings from split-open cortical connecting tubules/collecting ducts (CNT/CCDs) 
revealed that γC33A,C41A mice expressed ENaCs with significantly reduced activity at baseline compared 
with WT controls. This was detected as a decrease in total channel activity (NPO; measured as number of  
channels × PO), driven by a reduced PO without a change in the number of  observed channels per patch 
(Figure 2, C–E). The very low apparent single-channel PO from γC33A,C41A mice (Figure 2E) reduced the 
likelihood of  all channels opening simultaneously, leading to a likely underestimation of  N and an over-
estimation of  PO. An obvious reduction in NPO was nonetheless apparent, indicating a decrease in total 
ENaC activity in the apical membranes of  PCs from γC33A,C41A compared with WT mice. This observation 
is consistent with published data from heterologous expression systems using channels that carry the same 
γ subunit cysteine mutations (38). Estimated single-channel conductance was similar between genotypes 
(WT vs. γC33A,C41A: 7.3 ± 0.9 vs. 8.2 ± 0.7 pS with Li+ as the charge carrier; P = 0.11).

ENaC protein expression is not altered in γC33A,C41A versus WT mouse kidney. Under basal conditions, we did 
not observe a change in either α or γ subunit expression between WT and γC33A,C41A mouse kidney homog-
enates (Figure 3; see complete unedited blots in the supplemental material). These results again comport 
with previous findings in Fischer rat thyroid cells or Xenopus oocytes. We did detect a small increase in the 
N-terminal cleavage fragment of  the α subunit in γC33A,C41A versus WT male mice (Figure 3D) but not female 
mice. These data hint that male mice may be more sensitive to the observed loss of  ENaC function.

ENaC activity in the CNT/CCD remains low in γC33A,C41A mice under dietary Na+ restriction. ENaC-mediated 
absorption in the ASDN has a minor role in Na+ and fluid homeostasis in mice under basal dietary con-
ditions. However, during dietary Na+ restriction, elevated aldosterone levels dramatically enhance ENaC 
activity, which then becomes a more prominent component to tubular Na+ reabsorption (8, 25, 39). We 
therefore evaluated the effects of  Na+ restriction on channel activity and systemic salt and fluid balance 
in these mice.

During 7 days on a low-Na+ diet (<0.01%), mutant mice maintained similar body weight and total 
body water composition compared to WT littermates (Figure 4, A and B), suggesting no global deficits 
in maintaining fluid balance. Blood electrolytes and metabolic parameters were also similar between 
groups following treatment (Table 2). However, plasma aldosterone levels were significantly higher in 
male γC33A,C41A mice than in WT male controls (Figure 4C and Table 2), indicating these animals were 
more sensitive to Na+ restriction and required more aldosterone to maintain homeostasis. As with α 
subunit cleavage on a Na+-replete diet (Figure 3), this effect was not observed in females. Sex differences 
with respect to salt handling in the nephron have been reported (40) and are likely involved in the differ-
ing compensatory responses between male and females in this experiment.
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Cell-attached recordings of  PC apical membranes from WT mice maintained on low-Na+ diet revealed 
robust ENaC activity, as expected (Figure 5A). Under these conditions, NPO was approximately 3 times 
higher compared with WT mice on a standard diet (1.3 ± 0.9 vs. 0.4 ± 0.4, P = 0.02 by unpaired t test; Figure 
2C vs. Figure 5C). However, channel activity in γC33A,C41A mice remained very low, even after Na+ restriction 
(Figure 5, C–E). This suggests that channels lacking γ subunit N-terminal cysteines cannot be activated by 
elevated aldosterone signaling that is associated with dietary Na+ restriction. As mentioned above, the very 
low PO observed in mutant mice likely results in an underestimation of  N in these experiments.

ENaC activity is also observed in the late distal convoluted tubule (DCT2) and early CNT (8). In the 
DCT2, relatively low levels of 11β-hydroxysteroid dehydrogenase expression permit mineralocorticoid recep-
tor activation by glucocorticoids (i.e., corticosterone/cortisol), rather than mineralocorticoids (i.e., aldosterone) 
(41). ENaC activity in the DCT2/CNT is therefore robust under both normal and Na+-restricted conditions. 
Whether ENaC activation by palmitoylation is region specific within the ASDN is unclear. Because ENaC reg-
ulation differs between the DCT2 and more distal segments, we assessed whether augmented channel activity 
in the DCT2/CNT might compensate for the loss of function observed in CNT/CCDs from γC33A,C41A mice. 
Cell-attached recordings revealed that ENaC activity in the DCT2/CNT was also significantly reduced in 
γC33A,C41A versus WT mice (Figure 6). This indicates that ENaC function in γC33A,C41A mice is reduced throughout 
the ASDN and is not a region-specific phenomenon.

WT and γC33A,C41A mice have comparable γ subunit cleavage. One major consequence of  aldosterone signaling 
in the distal nephron is ENaC γ subunit cleavage (42–44), which activates the channel by releasing a short 
inhibitory peptide located in the extracellular domain (28, 45). This event increases PO, in part, by rendering 
the channel insensitive to the inhibitory effect of  extracellular Na+ (i.e., by removing Na+ self-inhibition) 
(46). We therefore investigated whether our mutation impaired γ subunit proteolysis in mice, as this could 
explain the reduced channel activity observed under high-aldosterone conditions.

We examined γ subunit cleavage by treating kidney lysates with peptide:N-glycosidase F (PNGase F) 
to deglycosylate the protein prior to SDS-PAGE, as previously described (47). This approach facilitates 
visualization of  the uncleaved subunit protein (~70 kDa), subunits processed at the proximal furin cleavage 
site (~55 kDa), and subunits processed by other proteases at a distal cleavage site (~50 kDa). The 50 kDa 
band likely reflects twice-cleaved γ subunits corresponding to a fully activated form of  the channel. Patterns 

Figure 1. Schematic for the γC33A,C41A mouse genotype. (A) Amino acid (upper) and nucleotide (lower) partial sequences 
of mouse γ subunit’s N-terminal region. CRISPR-mediated cysteine to alanine mutations are shown in red. (B) Geno-
typing of WT and γC33A,C41A mice, showing PCR products after digestion with Mlul1 (see Methods for details). DNA ladder 
and corresponding molecular weights are shown to the left. (C) Cartoon depicting the locations of putative palmitoyla-
tion sites, C33 and C41, within γ subunit’s N-terminal region (α helices within the γ subunit are depicted in red; α and β 
subunits are translucent).
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of  γ subunit cleavage were identical between WT and γC33A,C41A mice under Na+-restricted conditions, as 
were the overall levels of  γ subunit expression (Figure 7). This suggests that the decreased ENaC activity 
observed in γC33A,C41A mice reflects a reduction in PO that is independent of  channel proteolysis.

WT and γC33A,C41A mice have similar expression of  upstream Na+ transport proteins, NCC and NKCC2. Given 
that ENaC activity in cell-attached patch recordings was remarkably low in γC33A,C41A mice even under 
Na+-restricted conditions, we assessed whether Na+ transport mechanisms in other upstream nephron seg-
ments may be altered in order to compensate for loss of  ENaC function. We measured the expression of  
2 other critical Na+ transporters, NCC and NKCC2, which mediate electroneutral Na+ reabsorption in the 
distal convoluted tubule and thick ascending limb, respectively. Western blot analysis revealed no differ-
ences in the expression of  either total NCC protein or its active phosphorylated form (phosphothreonine 
at position 53) between WT and γC33A,C41A mice of  either sex (Figure 8, A–D). NKCC2 expression was also 
similar between WT and γC33A,C41A mice (Figure 8, E and F). These data indicate that γC33A,C41A mice do not 
require enhanced Na+ transport in upstream segments to maintain homeostasis, despite substantial loss 
of  ENaC function.

Interestingly, NCC and NKCC2 co-transporters were both more highly expressed in female versus 
male mice, regardless of  genotype (Figure 8, D and F). This suggests that females may rely more heavily 
on Na+ reabsorption in the distal convoluted tubule and/or the thick ascending limb under Na+-restricted 
conditions. This finding may also explain, at least in part, the lower aldosterone levels measured in female 
versus male mice after maintenance on a low-Na+ diet (Figure 4C).

WT and γC33A,C41A mice display similar responses to chronic and acute K+ loading. ENaC is required for K+ 
excretion in the ASDN, although under certain conditions some degree of  ENaC-independent K+ excretion 
has been reported (11). Clinical use of  ENaC-selective blockers (e.g., amiloride) is limited for this reason, 
as treatment often causes hyperkalemia (48). Given that channel activity was quite low in γC33A,C41A mice, we 
tested whether this conferred increased sensitivity to K+ loading. To this end, we administered both chronic 
(10% KCl diet for 8 days) and acute (150 μL gavage of  5% KCl) K+ loads. In either case, we did not detect 
increased blood K+ for γC33A,C41A compared to WT mice (Figure 9, A and C). Aldosterone levels after chronic 
K+ loading were also similar between the groups (Figure 9B). Thus, if  there was any impairment in the abil-
ity of  γC33A,C41A mice to deal with an excess K+ load, the effect was too subtle to detect.

WT and ENaCγC33A,C41A mice display robust benzamil-sensitive natriuresis. To evaluate the consequences of  
diminished ENaC activity on renal Na+ handling at the whole-organ level, we used metabolic cages to mea-
sure urinary volume and electrolyte composition before and during dietary Na+ restriction, as well as in 
response to selective ENaC blockade. Urinary Na+ excretion (UNaV) was similar between the groups at base-
line and progressively diminished at similar rates during Na+ restriction (Figure 10C). Urinary K+ excretion 
(UKV) was also similar between genotypes throughout the experiment (Figure 10D). Likewise, body weight 
(Figure 10A) and effects on urine output over time (Figure 10B) were similar between groups. These data are 
consistent with the strong antidiuretic and antinatriuretic responses typical of  dietary Na+ depletion.

Table 1. Basal electrolytes, metabolic parameters, and aldosterone levels in WT and γC33A,C41A mice

Parameter WT n γC33A,C41A n P
Na+ (mM) 143 ± 1.4 12 143 ± 2.2 12 0.73
K+ (mM) 4.4 ± 0.3 12 4.7 ± 0.5 12 0.14
Cl– (mM) 112 ± 1.8 12 111 ± 4.6 12 0.42

Total CO2 (mM) 22.8 ± 1.1 12 23.8 ± 2.3 12 0.23
Glucose (mg/dL) 228 ± 17 12 220 ± 19 12 0.26

Blood urea nitrogen (mg/dL) 29.0 ± 6.8 12 28.5 ± 5.2 12 0.84
Hematocrit (% packed cell vol) 41.5 ± 1.6 11 41.6 ± 1.5 12 0.84

Hemoglobin (g/dL) 14.2 ± 0.6 12 14.1 ± 0.5 12 0.86
Anion gap (mM) 14.3 ± 1.3 12 13.5 ± 1.6 12 0.21

Aldosterone (pg/mL) 162 ± 54 10 179 ± 71 10 0.57

Metabolic parameters and aldosterone levels measured in whole blood and plasma, respectively, from male and female WT and γC33A,C41A mice. All 
mice were maintained on a standard chow diet. Data are listed as mean ± SD. Statistical comparisons were made via Student’s unpaired t test, with 
no significant differences detected.

https://doi.org/10.1172/jci.insight.172051
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In contrast with our patch clamp data, which clearly showed impaired ENaC function in γC33A,C41A mice, 
both groups responded to benzamil administration (1.5 mg/kg i.p.) with robust natriuresis (Figure 10E) and 
accompanying diuresis (0.6 ± 0.2 mL for both groups) over a 3-hour period. Even more surprising were the 
greater natriuretic (Figure 10E) and chloruretic (Figure 10G) responses to benzamil in γC33A,C41A versus WT 
mice. These data demonstrate that benzamil-sensitive Na+ transport was not only present, but also greater, in 
γC33A,C41A mice than in WT littermates under these conditions. Kaliuresis after benzamil was similar between 
groups (Figure 10F). Following the benzamil experiment, aldosterone levels in γC33A,C41A male mice may have 
been higher than WT (Figure 10H), although any difference did not reach significance (P = 0.06). However, 
aldosterone levels in both groups were substantially higher than previous experimental cohorts on a low-Na+ 
diet (Figure 4C and Figure 9B), which may reflect benzamil-induced diuresis and/or environmental stress 
induced by housing in the metabolic cages.

WT and γC33A,C41A mice both display robust amiloride-sensitive Na+ absorption in the distal colon. The distal colonic 
mucosa represents another major aldosterone-sensitive epithelium that participates in global electrolyte homeo-
stasis (49–51). Here, aldosterone signaling induces the expression of ENaC β and γ subunits (α expression is 
constitutive), resulting in channel activity that can be readily measured as short-circuit current (ISC) in an Uss-
ing chamber (52, 53). We found no differences between Na+-restricted WT and γC33A,C41A mice regarding their 
responses to another ENaC-selective blocker, amiloride (100 μM), when added to the mucosal bath (Figure 11, 
A and B). In distal colon, γ subunit expression was also similar between WT and γC33A,C41A mice under these con-
ditions (Figure 11, C and D). Together, these data suggest that ENaC-dependent (amiloride/benzamil-sensitive) 
Na+ transport is readily observed in the kidneys and colons of γC33A,C41A mice, despite remarkably low ENaC 
activity in cell-attached recordings from isolated tubules.

WT and γC33A,C41A mice express a benzamil-sensitive 20 pS channel in the CNT/CCD. Our measurements of  
ENaC function at the single-channel level (split-open cell-attached recordings, Figures 2 and 5) and the 
whole-organ level (benzamil-induced natriuresis and amiloride-sensitive colonic ISC, Figures 10 and 11) 
are contradictory. Others have reported apical membrane, Na+-permeable channels in the distal nephron 

Figure 2. Baseline ENaC activity is reduced in split-open cortical connecting tubules /collecting ducts (CNT/CCDs) 
from γC33A,C41A versus WT mice. (A and B) Representative recordings from cell-attached patches of principal cell (PC) api-
cal membranes in split-open CNT/CCDs from WT (A) and γC33A,C41A (B) mice maintained on a standard chow diet. Channel 
closed (C) and open (O) states are depicted to the right of each recording. (C–E) Total channel activity (NPO; C), number 
of observed channels per patch (N; D), and single-channel open probability (PO: E) in apical membrane patches from WT 
(n = 9) and γC33A,C41A mice (n = 10). Data from male and female mice are shown as black and white circles, respectively. 
Lines and error bars represent mean ± SD. NPO, N, and PO data were analyzed via Student’s unpaired t test.

https://doi.org/10.1172/jci.insight.172051
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(54–56), as well as other ENaC-expressing epithelia (57–59), that display slow gating kinetics typical of  the 
ENaC/Degenerin family. However, these channels are generally nonselective and usually have a unitary 
conductance of  approximately 20 pS, much larger than that of  typical ENaCs. In some cases, these nonse-
lective channels were inhibited by amiloride with varying affinity (55).

We also observed a 20 ± 0.3 pS (n = 12) channel in PC apical membrane patches from both WT and 
γC33A,C41A mice (Figure 12, A, B, and F). Interestingly, the activity (NPO) of  this channel was greater in Na+-re-
stricted γC33A,C41A compared with WT mice (Figure 12C). Given the presence of  an inward Cl– concentration 
gradient, current reversal at a holding potential of  0.1 ± 0.7 mV (n = 12) indicates that this is a nonselective 
cation channel. By comparison, the 8 pS channel displayed current reversal at 14 ± 2 mV holding potential 
(n = 13; P < 0.01 vs. 20 pS channel). Benzamil (50 μM) in the bath and patch pipette solutions decreased 
the likelihood of  observing the 20 pS channel from 35% to 8% (P = 0.02; Mann-Whitney U test), as well as 
canonical 8 pS ENaC from 54% to 8% (P < 0.01; Mann-Whitney U test) (Figure 12G). Furthermore, when 
the 20 pS channel was observed in the presence of  benzamil, its activity was low and diminished rapidly 
during the recording (example trace shown in Figure 12H), indicating that channel blockage increased with 
time. These data suggest that an apical membrane channel species, distinct from the canonical 8 pS conduc-

Figure 3. Baseline ENaC α and γ subunit expression is similar between WT and γC33A,C41A mice. (A and B) Repre-
sentative Western blot images showing the detection of ENaC subunits in kidney homogenates from male (A) 
and female (B) WT and γC33A,C41A mice maintained on a standard chow diet. Standard molecular weight markers are 
shown in the far-left lane, along with corresponding weights, in kDa. Full-length α subunit, as well as the cleaved 
N-terminal fragment, are indicated by arrows and arrowheads, respectively. Stain-free gel images showing total 
protein content for each sample are shown below blots. (C–E) Densitometric quantification of full-length α sub-
unit (C), cleaved α subunit (D), and γ subunit (E) was performed by first normalizing to the total protein signal for 
each sample, then transforming the data such that WT values were set equal to 1 (WT and γC33A,C41A males, n = 6; 
WT and γC33A,C41A females, n = 5). Lines and error bars represent mean ± SD. Comparisons were made via Student’s 
unpaired t test for each sex.

https://doi.org/10.1172/jci.insight.172051
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tance attributed to αβγ ENaC, may be involved in Na+ handling within the ASDN. This may also explain our 
finding of  benzamil-sensitive natriuresis in γC33A,C41A mice despite markedly reduced PO of  prototypic ENaC.

Discussion
Previous studies established that palmitoylation of  the γ subunit at C33 and C41 activates ENaC in vitro. 
Disrupting palmitoylation at these sites markedly reduces channel activity and prevents palmitoyltrans-
ferase-dependent channel activation when expressed in a heterologous system (37). To date, the broader 
physiological importance of  this regulatory mechanism has been unclear. We now demonstrate that mice 
lacking these N-terminal cysteines (γC33A,C41A mice) express ENaCs in the ASDN with greatly reduced activ-
ity compared with WT littermates.

Cell-attached recordings from split-open CNT/CCDs revealed that single-channel PO, as well as NPO, 
were significantly reduced in γC33A,C41A compared with WT mice receiving a control diet (Figure 2). This 
finding is consistent with data from 2-electrode voltage clamp and patch clamp experiments using Xenopus 
oocytes expressing channels that carry the same mutations (37). We further observed that channel activity 
in γC33A,C41A mice remained quite low under dietary Na+-restricted conditions (Figure 5), suggesting that a 
loss of  function was not overcome by the effects of  aldosterone.

Na+ restriction induced higher aldosterone levels in male γC33A,C41A versus WT mice (Figure 4), which 
was likely a compensatory response to impaired ENaC function, although we did not observe a similar 
effect in females. Sex differences associated with epithelial ion transport regulation are known to play a 
major role in the adaptive responses to various dietary manipulations (40, 60–63). Increases in aldosterone 
levels in response to Na+ restriction are more modest in female versus male rats (64). We found that NCC 
and NKCC2 expression were approximately 50% greater in female versus male mice of  either genotype 
(Figure 8), suggesting an enhanced capacity for Na+ reabsorption upstream of  the CCD. Thus, females may 
require less aldosterone to maintain homeostasis, which would be consistent with the observed sex-depen-
dent effect of  Na+ restriction on aldosterone production between γC33A,C41A and WT mice.

Patch clamp experiments showed that prototypic ENaC function was clearly diminished in γC33A,C41A mice, 
despite no apparent changes in channel subunit expression or proteolysis (Figure 7). Because γ subunit cleavage 
at the distal site is thought to occur after channels traffic to the apical membrane (65), our biochemical findings 
further suggest that ENaC surface expression was similar in γC33A,C41A and WT mice. These data accord with 
results from WT and γC33A,C41A channels expressed in Xenopus oocytes (37). However, a direct assessment of  
ENaC surface expression (e.g., in vivo biotinylation of surface proteins in mouse tubules) was not performed. 
We therefore rest on the assumption that the abundance of double-cleaved γENaC approximates that of the 
surface-localized channel pool.

Surprisingly, when we examined Na+ transport at the whole-organ level, we found that WT and 
γC33A,C41A mice both exhibited robust benzamil-induced natriuresis (Figure 10), as well as amiloride-sen-

Figure 4. Dietary Na+ restriction induces higher aldosterone levels in male γC33A,C41A compared with male WT mice. 
(A and B) Body weight (A) and total body water percentage (B) measured in WT (squares) and ENaCγC33A,C41A mice 
(triangles) of both sexes during 7 consecutive days on low-Na+ (<0.01%) diet (n = 9 for WT, n = 11 γC33A,C41A). (C) Plasma 
aldosterone levels measured in WT versus γC33A,C41A mice after 8 days of dietary Na+ depletion (n = 9 for WT male, n = 6 
for γC33A,C41A male, n = 5 for WT female, n = 7 for γC33A,C41A female). Data from male and female mice are shown as black 
and white circles, respectively. Lines and error bars represent mean ± SD. Time course percentage starting body weight 
and percentage body water measurements were compared via 2-way ANOVA with repeated measures. No significant 
differences were found regarding body weight or water content between the groups. Endpoint aldosterone levels were 
assessed via 2-way ANOVA and multiple comparisons made with Tukey’s post hoc analysis.
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sitive ISC in the distal colon (Figure 11). Thus, the response to classical ENaC-selective blockers remains 
intact in γC33A,C41A mice, despite a profound reduction in PO and no apparent increase in channel expres-
sion. Further, K+ handling in response to acute or chronic K+ loading was not impaired in γC33A,C41A mice 
(Figure 9), indicating these animals possess a sufficient capacity for electrogenic Na+/K+ exchange in the 
ASDN. How can these conflicting observations be reconciled?

One possible explanation is that other benzamil/amiloride-sensitive transport mechanisms, aside from 
prototypic ENaCs, contribute to Na+ reabsorption in the ASDN. We observed a second cation channel spe-
cies in PC apical membranes that displays unitary conductance larger than that of  ENaC (20 vs. 8 pS with 
Li+ as the charge carrier) but was blocked by 50 μM benzamil (Figure 12). This 20 pS channel is likely nonse-
lective, given its reversal potential of  near 0 mV in cell-attached patches. However, opening of  a nonselective 
cation channel at the PC apical membrane would still heavily favor Na+ entry from the tubule lumen as a 
result of  the attendant electrochemical driving forces. Blockage of  such a channel could significantly impact 
Na+ transport in the ASDN, especially considering the relatively high PO and unitary conductance, as well as 
the frequency at which these channels were observed.

Interestingly, the activity of  this 20 pS channel was greater in Na+-restricted γC33A,C41A mice compared 
with WT littermates, raising the possibility that it may have a compensatory role when prototypic ENaC 
activity is compromised. We cannot determine the molecular identity of  the 20 pS nonselective cation chan-
nel observed in our experiments based on the current data. The role of  this channel in tubular Na+ reabsorp-
tion therefore remains to be defined. However, future studies will be aimed at exploring the composition and 
physiological importance of  this channel in greater detail.

Other ENaC-like, amiloride-sensitive cation channels with diverse biophysical characteristics have 
been described in transporting epithelia (54–56, 58). For example, alveolar epithelial cells express a non-
selective cation channel species that, when compared with typical ENaCs, exhibits shorter open/closed 
times, is approximately 100 times less sensitive to amiloride, and has a larger unitary conductance of  
around 20 pS with Na+ as the charge carrier (57). Eaton and colleagues provide evidence that these non-
selective cation channels comprise ENaCα and acid-sensing ion channel (ASIC1a) subunits. ENaCα/
ASIC1a channels were further shown to have an important role in alveolar fluid clearance, which depends 
on vectorial ion transport.

In the kidney, Fila et. al. recently demonstrated that a novel splice variant of  ASIC2 is amiloride 
sensitive and contributes to Na+ retention in a rodent model of  nephrotic syndrome (66), a phenom-
enon that was previously considered to be largely mediated by ENaC (67–69). Other ~20 pS cation 
channels have also been documented in patch clamp recordings of  native collecting duct PCs (70) and 
cultured collecting duct cell lines (71–73). In mouse CCDs, such a channel was observed in PC apical 
membrane patches from animals lacking primary cilia (70). Activity of  this channel was increased in 
ciliopathic mice compared with WT littermates. This was concurrent with increased abundance of  
TRPV4 and TRPP3 mRNA, although the authors did not demonstrate a functional connection. Inter-
estingly, TRPP3 is sensitive to amiloride and benzamil (74). TRPM4, another nonselective, 23 pS cation 

Table 2. Blood electrolytes and metabolic parameters in WT and γC33A,C41A mice following dietary Na+ restriction

Parameter WT n ENaCγC33A,C41A n P
Na+ (mM) 144 ± 2.4 14 144 ± 0.9 15 0.93
K+ (mM) 4.7 ± 0.4 14 4.4 ± 0.4 15 0.15
Cl– (mM) 110 ± 2.0 14 111 ± 3.5 15 0.40

Total CO2 (mM) 25.3 ± 1.9 12 24.0 ± 2.8 13 0.21
Glucose (mg/dL) 213 ± 23 9 207 ± 36 9 0.40

Blood urea nitrogen (mg/dL) 26.2 ± 2.5 9 24.0 ± 4.9 10 0.18
Hematocrit (% packed cell vol) 43.6 ± 1.7 9 42.0 ± 2.4 10 0.07

Hemoglobin (g/dL) 14.8 ± 0.6 9 14.3 ± 0.8 10 0.09
Anion gap (mM) 13.2 ± 2.5 9 12.6 ± 2.0 10 0.55

Aldosterone (pg/mL) 1,810 ± 690 14 1,985 ± 1,119 13 0.63

Metabolic parameters and aldosterone levels measured in whole blood from male and female WT and γC33A,C41A mice after 8 days of maintenance on low-
Na+ diet. Statistical comparisons were made via Student’s unpaired t test, with no significant differences detected.
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channel, was also identified in mpkCCD cell apical membrane patches (75). A functional role for the 
aforementioned TRP channels with respect to Na+ transport in the CCD has not yet been determined.

Our experimental model system is a constitutive disruption of  known palmitoylation sites, rather 
than an inducible mechanism. Therefore, γC33A,C41A mice carry these mutations throughout develop-
ment and postnatal maturation. Nephron development may be affected in these mutants to compen-
sate for diminished ENaC function in the distal tubule. However, our analysis of  transporter protein 
expression in kidney lysates indicates that distal convoluted tubule– or thick ascending limb–localized 
Na+ transport mechanisms are not upregulated in γC33A,C41A mice (Figure 8). If  upstream tubule seg-
ment remodeling occurs in γC33A,C41A mice (e.g., hyperplasia or hypertrophy), such adaptations were not 
evident in these studies.

In agreement with in vitro studies, we observed that prototypic ENaCs in the CNT/CCDs of  γC33A,C41A 
exhibited a dramatically reduced PO compared with WT littermates. While our results suggest that ENaC 
palmitoylation has an important role in activating the channel in vivo, we cannot provide direct evidence 
that the γ subunit is modified by palmitoylation in the kidney. We previously used fatty acid exchange 
chemistry to demonstrate palmitoylation of  N- and C-terminally tagged β and γ subunits using heterol-
ogous expression systems (36, 37). To date, we have not been successful in using a similar approach to 
demonstrate ENaC palmitoylation in native (untagged) proteins.

A recently developed technique to detect palmitoylated cysteine residues involves replacing the acyl group 
with a large polyethylene glycol, resulting in an upward shift in the target protein when assayed by immunoblot 
(76). Our attempts at using this approach were also unsuccessful, likely because the palmitoylated cysteines in 
γENaC reside within the N-terminal segment, which is cleaved during channel processing. Due to the loca-
tion of  the epitope sequence targeted by the γENaC antibody used here (residues 629–650 in the C-terminus), 
the mature N-terminal fragment that contains the palmitoylated cysteines cannot be visualized by immu-
noblotting. We therefore cannot rule out the possibility that loss of  γ subunit N-terminal cysteines confers a 
reduction in ENaC activity independent of  palmitoylation. For example, Kellenberger et. al. suggested that 
intracellular cysteines regulate ENaC function through redox chemistry (77). Reducing or oxidizing reagents 
enhanced or inhibited ENaC activity in excised membrane patches, respectively. Collective mutation of  all 

Figure 5. CNT/CCD ENaC activity in γC33A,C41A mice remains low under dietary Na+ restriction. (A and B) Representative 
recordings from cell-attached patches of PC apical membranes in split-open CNT/CCDs from WT (A) and γC33A,C41A mice 
(B) maintained on a low-Na+ (<0.01%) diet. Channel closed (C) and open (O) states are depicted to the right of each 
recording. (C–E) Total channel activity (NPO; C), number of observed channels per patch (N; D), and single-channel open 
probability (PO: E) in apical membrane patches from WT (n = 10) and γC33A,C41A (n = 11) mouse collecting ducts. Data from 
male and female mice are shown as black and white circles, respectively. Lines and error bars represent mean ± SD. 
NPO, N, and PO data were analyzed via Student’s unpaired t test.
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intracellular cysteines in the α, β, and γ subunits attenuated these responses. We cannot exclude the possibility 
that a similar mechanism is at least partially responsible for the loss of  function observed in γC33A,C41A mice.

Evaluating the consequences of  a total loss of  ENaC function is made difficult by the fact that con-
stitutive knockout of  ENaC subunits causes perinatal lethality due to impaired fluid clearance in the lung 
and severe salt wasting (78–80). Hummler and colleagues developed a series of  inducible, nephron-specific 
ENaC-knockout mouse models as a strategy to circumvent this issue (81–84). Mice with induced γ sub-
unit knockout exhibit a PHA-1–like phenotype with salt wasting, weight loss, hyperkalemia, and elevated 
aldosterone. This may reflect a downregulation on NCC as well as ENaC, given that urinary Na+ wasting 
and weight loss were not observed in mice maintained on a K+-deficient (<0.1% K+) diet (82, 85). Here, 
we show that γC33A,C41A mice display a profound loss of  prototypic ENaC activity in the ASDN but have no 
overt phenotype. It is therefore unlikely that the γC33A,C41A mutation described here is functionally similar to 
a knockout of  the γ subunit. Single-channel recordings from inducible γ subunit–knockout mice were not 
reported but may yield important insights into Na+ transport in the ASDN, including the possible involve-
ment of  other channels.

In conclusion, our study demonstrates that 2 key cysteine residues in the γ subunit N-terminus, γC33 
and γC41, are required for robust ENaC activity in vivo. However, a benzamil-sensitive, nonselective cation 
channel in the ASDN may compensate for the loss of  prototypic ENaC function caused by mutation of  
these residues (γC33A,C41A).

Methods
Animals. γC33A,C41A mice were generated on a 129SVE background using CRISPR/Cas9 technology, with 
the assistance of  the mouse embryonic services core facility at the University of  Pittsburgh Department of  
Immunology. Alanine substitutions at cysteines 33 and 41 (γC33A,C41A) were induced via homology-directed 

Figure 6. ENaC activity in the DCT2/CNT is reduced in γC33A,C41A mice under dietary Na+ restriction. (A and B) Represen-
tative recordings from cell-attached patches of DCT2/CNT cell apical membranes from male WT (A) and γC33A,C41A mice 
(B) maintained on a low-Na+ (<0.01%) diet. Channel closed (C) and open (O) states are depicted to the right of each 
recording. (C–E) Total channel activity (NPO; C), number of observed channels per patch (N; D), and single-channel open 
probability (PO; E) in apical membrane patches from WT (n = 10) and γC33A,C41A (n = 9) mouse DCT2/CNTs. Lines and error 
bars represent mean ± SD. NPO, N, and PO data were analyzed via Student’s unpaired t test.
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repair (HDR). Embryos were injected with single-guide RNA (50 ng/μL; 5′-TAATACGACTCACTATAGG-
CACGATGCGCCGGCAGCCGTGTTTTAGAGCTAGAAATAGCA-3′), Cas9 mRNA (100 ng/μL), and 
single-stranded oligo DNA nucleotides for HDR (50 μM; 5′-AAGAATCTGCCAGTTCGAGGCCCCCAG-
GCACCGACCATTAAGGACCTGATGCATTGGTACGCGTTGAACACCAACACCCACGGAGCTC-
GGCGCATCGTGGTGTCCCGAGGCCGCCTTCGGCGCCTGTTGTGGATTGCGTTCACGCTG-3′). 
Mlu1 restriction sites were introduced into γC33A,C41A mice near A33 such that digestion of  PCR-amplified 
products yielded fragments of  395 bp in WT and 195/205 bp in mutant mice, respectively (Figure 1). Found-
er mice were genotyped by PCR (forward primer 5′-GACATAGGGCTGACACACCA-3′, reverse primer 
5′-CCCACCAGTTTCTTCGACTCA-3′) and confirmed by sequencing the amplification products. These 
mice were backcrossed against WT 129SVE mice for 3 generations before arranging heterozygous mating 
schemes for producing experimental cohorts. After establishing colonies, mice were moved to Charles River 
Laboratories for breeding and genotyping. Experimental cohorts were then shipped to the University of  Pitts-
burgh for experiments and genotype confirmation.

Blood electrolyte and aldosterone measurements. Mice were anesthetized with isoflurane and blood was collected 
via left ventricular puncture or via retro-orbital sinus bleed. Whole blood was analyzed with an iStat analyzer 
(Abbott Laboratories) using chem8+ cartridges to gather electrolyte and metabolic parameters. For left ventric-
ular punctures, remaining blood was centrifuged for 15 minutes at 1,500g at 4°C to isolate the plasma. Plasma 
aldosterone was measured via ELISA (IBL-America IB79134) according to the manufacturer’s instructions.

Immunoblotting. Kidney homogenates were prepared by lysing tissues in CelLytic MT lysis buffer 
(MilliporeSigma; 5% weight/volume) using a glass homogenizer. After determining protein concentra-
tions for each lysate, 30 mg of  total protein was resolved using 4%–15% TGX-Stain–free polyacrylamide 

Figure 7. Expression and cleavage pattern of the γ subunit is similar between Na+-restricted WT and γC33A,C41A mice. (A) 
Western blot image showing cleavage fragments of the γ subunit after treating samples with (+) or without (-) PNGase F to 
remove N-linked sugar residues. Standard molecular weight markers are shown in the far-left lane, along with corresponding 
weights, in kDa. Arrow indicates the full, uncleaved fragment. Single and double arrowheads indicate proximally (furin) and 
distally (presumably double) cleaved fragments, respectively. All samples were from male mice maintained for 8 days on a 
low-Na+ diet. (B) Stain-free gel image showing total protein content for each sample. Dark bands appearing in the stain-free 
gel image correspond to PNGase enzyme (~36 kDa) in the sample preparation. Densitometric quantification of full-length (C) 
and furin (D) distally cleaved γ subunit (E) was performed as described above (n = 4 for WT and γC33A,C41A mice). Lines and error 
bars represent mean ± SD. Statistical comparisons were made via Student’s unpaired t test.
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Figure 8. Expression of upstream Na+ transport proteins is similar between Na+-restricted WT and γC33A,C41A mice but varies 
by sex. (A, C, and E) Western blot images showing expression of Thr-53 phosphorylated Na+,Cl– co-transporter (p-NCC; A), total 
NCC (C), and Na+, K+, 2Cl– co-transporter (NKCC2; E) proteins from whole-kidney lysates of WT and γC33A,C41A mice of both sexes 
(n = 4 for each group). Data from male and female mice are shown as black and white circles, respectively. Standard molecular 
weight markers are shown in the far-left lane, along with corresponding weights, in kDa. Stain-free gel images showing total 
protein content for each sample are shown below each blot. All mice were maintained for 8 days on a low-Na+ diet. (B, D, and 
F) Densitometric quantification of p-NCC (B), total NCC (D), and NKCC2 (E) was performed as described above. Lines and error 
bars represent mean ± SD. Statistical comparisons were made via 2-way ANOVA with Tukey’s post hoc analysis.

Figure 9. Responses of WT and γC33A,C41A mice to K+ loading. (A and B) Blood K+ (A) and plasma aldosterone levels (B) measured 
from WT and γC33A,C41A (n = 13 and 15, respectively for A; n = 10 and 11, respectively for B) male mice maintained on a 10% KCl 
diet for 8 days. Lines and error bars represent mean ± SD. Statistical comparisons were made via Student’s unpaired t test. (C) 
Blood K+ levels measured following an acute oral gavage of 150 μL 5% KCl solution in WT (n = 6) and γC33A,C41A (n = 6) mice main-
tained on a standard chow diet. Sequential measurements were taken at 30- and 60-minute time points postgavage. Statisti-
cal comparison was made with 2-way ANOVA with repeated measures. No difference between genotypes was observed.
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gels (BioRad). For some experiments, N-linked glycosylation products were removed using PNGase F 
(New England Biolabs P0704) prior to gel loading, as per the manufacturer’s instructions. Uniform pro-
tein loading between samples was confirmed after electrophoresis by imaging the stain-free gels using a 
Chemidoc imager (BioRad), before transferring the resolved proteins to PVDF membranes (BioRad). 
After transfer, membranes were incubated in blocking buffer (5% milk dissolved in Tris-buffered saline 
with 0.1% Tween 20; TBST) for 2 hours at room temperature. Membranes were then incubated at 
4°C overnight in blocking buffer containing primary antibodies against the ENaC α subunit (gift from 
Johannes Loffing, University of  Zurich, Zurich, Switzerland; 1:1,000; raised against mouse αENaC 
residues 2–21) (86), ENaC γ subunit (Stressmarq SPC-405; 1:1,000; raised against rat γENaC residues 
629–650), NCC (David Ellison, Oregon Health & Science University, Portland, Oregon, USA; 1:5,000; 
raised against mouse NCC residues 1–98) (87), phospho-NCC (Phosphosolutions p1311-53, 1:5,000; 
raised against residues surrounding pThr53 in mouse NCC), or NKCC2 (Stressmarq SPC-401; 1,1000; 
raised against rat NKCC2 residues 33–55). The following day, membranes were washed 4 times, 10 
minutes each, with TBST and incubated in blocking buffer containing HRP-conjugated secondary anti-
body (Thermo Fisher Scientific 31460; goat anti-rabbit, 1:10,000) for 1 hour at room temperature. Target 
proteins were detected by chemiluminescence using Clarity peroxide substrate reagent (BioRad). Blots 
were imaged with a Chemidoc imager, and protein abundance was quantified by measuring the signal 
intensity via ImageJ software (NIH) and normalizing to the total protein signal detected in each sample 
from corresponding stain-free gel images.

Patch clamp electrophysiology. Freshly isolated kidneys were sliced into approximately 1 mm sections 
and rinsed thoroughly in warm L-15 medium (Gibco). Using a stereomicroscope, small portions of  the 
renal cortex were separated from the medulla and incubated in type II collagenase (MilliporeSigma C2-22; 
1 mg/mL) for 40 minutes at 37°C. After incubation, tissue segments were rinsed 5 consecutive times in 
ice-cold L-15 medium to stop enzymatic digestion. CNT/CCDs were isolated using very fine needles 
under a stereomicroscope. CNT/CCD segments were identified based on the following spatial/morpho-
logical features: 1) being located just downstream of  distal convolutions, 2) coarse appearance, 3) presence 

Figure 10. WT and γC33A,C41A mice exhibit robust benzamil-sensitive natriuresis following dietary Na+ restriction. (A–D) Body weight (A), daily urine output 
(B) and urinary Na+ (C) and K+ excretion (D) recorded from male WT (squares; n = 6) and γC33A,C41A mice (triangles; n = 6) over the course of 4 days on a low-
Na+ diet. No statistical differences were detected for any parameter by 2-way ANOVA with repeated measures. (E–G) Urinary Na+ (E), K+ (F), and Cl– (G) 
excretion from WT (n = 5) and γC33A,C41A (n = 5) mice in response to 1.5 mg/kg benzamil injection. Urines were collected over the first 3 hours following ben-
zamil administration. (H) Plasma aldosterone levels measured in WT (n = 6) and γC33A,C41A (n = 6) mice following the benzamil injection experiment. Lines 
and error bars represent mean ± SD. Comparisons were made via 2-way ANOVA with repeated measures (A–D) or Student’s unpaired t test (E–H).
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of  branched segments, and 4) medium-sized tubule diameter (i.e., between that of  the proximal tubule and 
loop of  Henle segments). DCT2/CNTs were identified as the last third of  the convoluted segment and the 
tubule areas upstream of  branching points.

Tubules were mounted to poly-l-lysine–coated coverslips and transferred to a perfusion/recording 
chamber continuously perfused with physiological saline solution (in mM: 140 Na+, 4.5 K+, 2 Ca2+, 1.2 
Mg2+, 150.9 Cl–, 5 glucose, 10 HEPES, 5 Tris, pH 7.4) at a rate of  ~1 mL/min. Immobilized tubules were 
split open using sharpened micropipettes controlled by a micromanipulator (Sutter Instruments), to gain 
access to the cells’ apical membranes. PCs were identified based on the appearance of  a small, flat apical 
membrane surface and a prominent nucleus. Apical membrane seals were made using micropipettes pulled 
from borosilicate glass (Sutter Instruments), polished to give a series resistance of  5–8 MΩ, and filled with 
LiCl solution (in mM: 140 Li+, 144 Cl–, 2 Mg+, 10 HEPES, pH 7.4). High-resistance seals (>2 GΩ) were 
made by applying gentle suction to the pipette using a glass syringe. Membrane currents were recorded in a 
cell-attached configuration using a PC-One Patch Clamp amplifier (Dagan Corp.), operated by pClamp 10 
software (Molecular Devices). Currents were recorded at a sampling frequency of  5 kHz and filtered at 100 
Hz by a built-in 4-pole low-pass Bessel filter. All recordings were manually inspected and corrected for any 
baseline drift prior to analyzing channel transitions via single-channel event detection in Clampfit software. 
Channel transition events were then measured over a period of  at least 2 minutes. All analyses were again 
visually inspected prior to inclusion of  the data.

Body composition analysis. Total body water content in restrained mice was determined using a quanti-
tative magnetic resonance imager (EchoMRI-100H). Measurements were performed in duplicate for each 
mouse during the course of  dietary Na+ restriction. Total body water mass (including free water) was taken 
as a percentage of  total body weight to yield percentage body water values. All measurements were taken 
in 24-hour intervals.

K+ gavage experiments. Mice maintained on standard chow were administered 150 μL of  a solution 
containing 5% KCl and 2% sucrose via gastric gavage. At 30- and 60-minute time points, mice were briefly 

Figure 11. WT and γC33A,C41A mice exhibit amiloride-sensitive Na+ transport in the distal colon. (A) Representative short-cir-
cuit current (ISC) recordings of distal colons obtained from WT (black) and ENaCγC33A,C41A mice (red) maintained for 8 days on 
low-Na+ diet. Where indicated 100 μM amiloride was added to the apical chamber bath. (B) Amiloride-sensitive ISC mea-
sured in WT (n = 13) and γC33A,C41A (n = 12) mouse distal colons. Data from male and female mice are shown as black and white 
circles, respectively. (C) Representative Western blot images showing the detection of the γENaC subunit in colon mucosal 
homogenates from male WT (n = 4) and γC33A,C41A (n = 4) mice maintained on a low-Na+ diet for 8 days. Standard molecular 
weight markers are shown in the far-left lane, along with corresponding weights, in kDa. Stain-free gel image showing total 
protein content for each sample is also provided. (D) Densitometric quantitation of γ subunit abundance was performed as 
described above. Lines and error bars represent mean ± SD. Statistical comparisons were made via Student’s unpaired t test 
and no significant differences were detected.
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anesthetized with 5% isoflurane, and blood samples were collected via retro-orbital bleed. Blood K+ values 
were measured using an iStat as described above.

Ussing chamber electrophysiology. Colons were harvested from anesthetized mice, and mucosa/submuco-
sa preparations were made by blunt dissection. The colon was opened longitudinally along the mesenteric 
line and pinned down in a sylgard dish with the mucosal surface facing downward. Using a razor blade, a 
superficial lateral incision was made near the rectum, allowing separation of  the mucosa/submucosa and 
muscularis propria. The tissue layers were then teased apart using fine forceps under a dissecting micro-
scope. Tissues were mounted on custom-made sliders (aperture 0.3 cm2) for use in an Ussing-style record-
ing chamber (Physiologic Instruments) and were bathed in Ringer’s solution containing the following, in 
mM: 140 Na+, 119.8 Cl–, 25 HCO3

–, 5.2 K+, 1.2 Ca2+, 1.2 Mg2+, 2.4 HPO4
2–, 0.4 H2PO4

–, and 10 glucose. 
The solution was continuously bubbled with 5% CO2 balanced with oxygen to maintain pH at 7.41 and 
gradually warmed to 37°C using a circulating heated water bath. Tetrodotoxin (0.5 μM) was added to the 
serosal bath to suppress residual neurogenic activity. Trans-epithelial voltage (VTE) was monitored using a 

Figure 12. Presence of a benzamil-sensitive, 20 pS apical membrane conductance in CNT/CCDs of both WT and 
γC33A,C41A mice. (A and B) Representative recordings from cell-attached patches of PC apical membranes in split-open 
CNT/CCDs from WT (A) and γC33A,C41A mice (B) maintained on a low-Na+ diet for 8 days. Channel “closed” (C) and “open” 
(O) states are depicted to the right of each recording. (C–E) Total channel activity (NPO; C), number of observed channels 
per patch (N; D), and single-channel open probability (PO: E) in apical membrane patches from WT (n = 10) and γC33A,C41A 
(n = 12) mouse CNT/CCDs. Data from male and female mice are shown as black and white circles, respectively. (F) 
Current/voltage relationship of 8 pS and 20 pS channels observed in CNT/CCD apical membrane patches with Li+ in 
the patch pipette. (G) Frequency of channel appearances for both 8 and 20 pS conductance populations in the absence 
(left) or presence (right) of 50 μM benzamil in the bath and patch pipette solutions. (H) Representative recording of a 
20 pS channel from a WT male mouse in the presence of benzamil, illustrating diminishing channel activity over time.
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multichannel voltage clamp/amplifier (VCC MC6; Physiologic Instruments) until the tissues stabilized. 
VTE was then clamped to 0 mV using computer-operated software (pClamp 10, Molecular Devices) to mea-
sure ISC. After currents stabilized, ENaC activity was measured as the change in ISC after addition of  100 
μM amiloride to the apical bath.

Metabolic cage experiments. For baseline urine collections, mice were singly housed in metabolic cages 
(Techniplast) for an acclimation period of  3 days with free access to food and water. The standard pelleted 
diet was replaced with a gel mixture (pelleted diet blended with 3% agar) to prevent contamination of  the 
urine by pellet debris. After acclimation, baseline urines were collected over 24 hours, and Na+ and K+ con-
centrations were measured with an EasyLyte analyzer (Medica). Total urine output (in milliliters) was also 
recorded for the 24-hour period, which was used to calculate rates of  UNaV and UKV. For benzamil response 
experiments, mice were maintained on a low-Na+ gel diet for 5 days to enhance ENaC expression. This diet 
was prepared in the same manner as normal gel diet but with <0.01% Na+ chow (Teklad) instead of  standard 
chow. Body weight, daily urine output, and UNaV/UKV were monitored over the treatment period. After 
5 days of  Na+ restriction, each mouse was injected i.p. with 1.5 mg/kg benzamil (dissolved in sterile saline 
+ 0.1% DMSO), and urine was collected over the following 3 hours. Following the experiment, mice were 
euthanized, and blood was collected for aldosterone measurements.

Statistics. Methods of  statistical analysis are described in detail in the text and/or figure legends. End-
point comparisons between genotypes were made via unpaired 2-tailed Student’s t test. Time course com-
parisons between genotypes were made via 2-way ANOVA with repeated measures. Sex- and genotype-de-
pendent comparisons were made via 2-way ANOVA with Tukey’s post hoc. Comparison of  observed 
channel appearances between treatment groups was performed via Mann-Whitney U test. For all analyses, 
P < 0.05 was considered significant.

Study approval. Animal protocols were approved by the University of  Pittsburgh Institutional Animal 
Care and Use Committee.

Data availability. All data presented in this manuscript are accessible in the Supporting Data Values 
(supplemental material available online with this article; https://doi.org/10.1172/jci.insight.172051DS1) 
XLS file or by request to the corresponding author.
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