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The epithelial Na* channel (ENaC) in the aldosterone-sensitive distal
nephron (ASDN) is under negative-feedback regulation by the
renin-angiotensin-aldosterone system in protection of sodium
balance and blood pressure. We test here whether aldosterone is
necessary and sufficient for ENaC expression and activity in the
ASDN. Surprisingly, ENaC expression and activity are robust in ad-
renalectomized (Adx) mice. Exogenous mineralocorticoid increases
ENaC activity equally well in control and Adx mice. Plasma [AVP] is
significantly elevated in Adx vs. control mice. Vasopressin (AVP)
stimulates ENaC. Inhibition of the V, AVP receptor represses ENaC
activity in Adx mice. The absence of aldosterone combined with
elevated AVP release compromises normal feedback regulation of
ENaC in Adx mice in response to changes in sodium intake. These
results demonstrate that aldosterone is sufficient but not necessary
for ENaC activity in the ASDN. Aldosterone-independent stim-
ulation by AVP shifts the role of ENaC in the ASDN from pro-
tecting Na* balance to promoting water reabsorption. This
stimulation of ENaC likely contributes to the hyponatremia of
adrenal insufficiency.

epithelial transport | hypertension | sodium excretion | diabetes insipidus |
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enal sodium excretion is fine-tuned in the aldosterone-sensitive
distal nephron (ASDN). Here, the activity of the epithelial
Na™ channel (ENaC) is limiting for sodium reabsorption (reviewed
in refs. 1 and 2). ENaC serves as the apical entry pathway for
electrogenic Na™ reabsorption through principal cells. Normal
ENaC function is required for proper sodium balance and, thus,
normal blood pressure. Gain-of-function mutations in ENaC cause
inappropriate renal sodium retention and consequent increases in
mean arterial pressure (2, 3). Inhibition of ENaC corrects the renal
and blood pressure phenotypes resulting from such mutations.
Loss-of-function mutations in ENaC, in contrast, cause renal so-
dium wasting and corresponding decreases in blood pressure (2, 4).
The activity of ENaC is under negative-feedback regulation by
the renin—angiotensin—aldosterone system (RAAS; ref. 1). The
mineralocorticoid, aldosterone, is the final hormone in this
cascade. This antinatriuretic factor is essential for proper Na*
balance (5, 6). Decreases in blood pressure evoke via renin—
AnglI signaling secretion of aldosterone from the adrenal gland.
Aldosterone through the mineralocorticoid receptor (MR)
stimulates ENaC in the ASDN to minimize renal sodium
excretion in protection of Na* balance and vascular volume
(2, 4). Pathological increases in aldosterone elevate blood pres-
sure by promoting inappropriate renal sodium retention (7, 8).
Inhibition of ENaC ameliorates inappropriate renal sodium re-
tention. In contrast, pathological decreases in aldosterone result
in sodium wasting arising from inappropriate increases in renal
sodium excretion (4, 8, 9). MR agonism and antagonism increase
and decrease ENaC activity, respectively (10-12). There is strong
support for a tight positive relation between the levels and
actions of aldosterone and ENaC activity, sodium balance, and
blood pressure.

www.pnas.org/cgi/doi/10.1073/pnas.1201978109

Key aspects of these relations, however, remain obscure. For
instance, whereas the temporal coupling between changes in
blood pressure and sodium excretion is tight, pressure-induced
changes in circulating aldosterone are comparatively slow.
Moreover, residual but significant ENaC activity is present in the
ASDN of MR knockout mice (13), and, in some instances, ENaC
activity is high in the absence of significant changes in aldoste-
rone (12). Findings such as these suggest that, although
aldosterone is capable of increasing ENaC activity, its absence is
less effective at decreasing it.

Several hormones and paracrine factors, in addition to aldo-
sterone, modulate the activity of ENaC. For instance, vaso-
pressin (AVP) decreases renal sodium excretion by increasing
the activity of ENaC and sodium reabsorption in the ASDN in
parallel with aldosterone (14-16). Such observations suggest that
aldosterone serves as one of many factors modulating ENaC
activity, rather than functioning as a requisite master regulator of
the channel.

Here we ask whether aldosterone is an absolute requirement
for ENaC activity, testing the necessity and sufficiency of this
hormone for channel expression and activity in the ASDN. We
find that ENaC is expressed and active in the absence of aldo-
sterone. Adrenal insufficiency elevates plasma AVP concentra-
tion. AVP stimulates ENaC in adrenalectomized (Adx) mice
through a posttranslational mechanism via V, receptors. Thus,
although aldosterone is sufficient to stimulate ENaC activity in
the ASDN, it is not necessary for activity, and ENaC activity in
the ASDN can be high in the absence of this and other cortico-
steroids. These findings provide important insights about the role
of ENaC and its regulation in pathological states of hyponatremia,
such as that during adrenal insufficiency.

Results

ENaC Is Expressed and Active in the ASDN of Adx Mice. We tested the
necessity of adrenal steroids, including mineralocorticoids, to the
expression and activity of ENaC in principal cells by assaying
directly the activity of this channel with patch-clamp electro-
physiology in split-open ASDN isolated from Adx mice. As
expected, adrenalectomy significantly decreased plasma cortico-
sterone levels to the lower limit of quantification, and it signifi-
cantly increased plasma [K*], and decreased plasma osmolality
and body weight (Fig. S1). Surprisingly, ENaC expression and
activity were robust in ASDN from Adx mice. Fig. 1 (see also
Table 1) shows typical single-channel current traces from cell-
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Fig. 1. Mineralocorticoid is not necessary for ENaC activity in the ASDN. (A)
Representative gap-free current traces from cell-attached patches made on
the apical membrane of principal cells in split-open murine ASDN from
control (Upper) and Adx (Lower) mice. These seals contain at least two ENaC.
The closed state (c) is denoted with a dashed line. Inward current is down-
ward. The holding potential for these patches was -V, = —-60 mV. (B-D)
Summary graphs of P, (B), N (C), and NP, (D) for ENaC in control (gray) and
Adx (black) mice. Data are from experiments identical to that in A.
*Significantly greater compared with control.

attached patches formed on the apical membranes of principal
cells from control and Adx mice (Fig. 14), as well as corre-
sponding summary graphs of the open probability (P,; Fig. 1B),
number of active channels (N; Fig. 1C), and activity (NP,;
Fig. 1D) for ENaC in these patches. The P, of ENaC was not
different between control and Adx mice; however, N was sig-
nificantly greater in Adx mice, with ENaC in this latter group
having elevated activity.

The results of immunofluorescence studies of ENaC expres-
sion in the ASDN of control and Adx mice, as shown in Fig. 2
and Fig. S2, are consistent with these electrophysiology findings.
All three ENaC subunits are clearly expressed in AQP2-positive
cells of the ASDN in both control and Adx mice. This finding is
in agreement with what has been reported for the expression of

ENaC AQP2 merged

- - .--

Fig. 2. ENaC is expressed in the ASDN of Adx mice. Representative (n > 3)
fluorescence micrographs of ASDN from control (Upper) and Adx (Lower)
mice maintained with tap water probed with anti-ENaC (left; red) and anti-
AQP2 (second from left; green) antibodies and corresponding merged (third
from left) and bright-field images (right). Nuclear staining (blue) with DAPI is
included in merged images. Staining with anti-y-ENaC and anti—B-ENaC
antibodies are shown here for control and Adx mice, respectively. Complete
images with all three ENaC antibodies for both conditions are shown in
Fig. S2.

bright

ENaC subunits during MR antagonism (17) and in Adx rats
(18, 19).

Aldosterone Is Sufficient to Increase ENaC Activity. Fig. 3 (see also
Table 1) shows the summary graph of P, for ENaC in control
(gray bars) and Adx (black bars) mice with (hatched bars) and
without (filled bars) mineralocorticoid supplementation for 3 d.
Mineralocorticoid increased ENaC P, in both control and
Adx mice with a similar relative effective. A mineralocorticoid-
dependent increase in ENaC activity is consistent with previous
findings from our laboratory (14, 20, 21) and those of others (10).
As expected, exogenous mineralocorticoid significantly de-
creased Px in Adx mice from 6.1 = 0.8 (n = 5) to 3.8 + 0.4 mM
(n = 6), which is near that (4.1 + 0.3 mM; n = 15) in control
mice (data not shown in a figure).

ENaC in Adx Mice Is Capable of Responding to Changes in Sodium
Intake via Changes in N but Not P,. As shown in Fig. S3, support of
Adx mice with 1% saline compared with tap water offered some
protection, as expected (6, 9, 22-26), against the volume de-
pletion and hyponatremia of their hypoadrenal, sodium- and
water-wasting state.

To test whether a functional adrenal gland—and, thus, the
ability to have dynamic mineralocorticoid signaling—is an absolute

Table 1. ENaC activity in control and Adx mice

Drinking water  Treatment' NP, N Po f

Control
H,0 — 0.78 + 0.17* 2.4 + 0.30* 0.28 + 0.03* 0.46 (36/79)
1% saline — 0.25 + 0.06 1.5+ 0.19 0.15 + 0.03 0.39 (20/51)
H,0 DOCA 1.4 + 0.22%** 3.0 + 0.40 0.44 + 0.04%** 0.60 (29/48)
1% saline DOCA 0.76 + 0.15** 2.7 + 0.35** 0.22 + 0.02** 0.56 (33/59)
H,O AVP 1.78 + 0.17** 3.8 + 0.42** 0.44 + 0.03** 0.75 (30/40)**
1% saline Tolvaptan 0.13 + 0.04 1.4 + 0.15 0.08 + 0.02 0.31 (19/62)

Adx
H,O — 1.4 + 0.59* 4.1 + 0.90** 0.23 + 0.02 0.44 (10/23)
1% saline — 0.53 + 0.11* 2.0 +0.20 0.22 + 0.03 0.50 (26/52)
H,O DOCA 1.6 + 0.21* 3.8 + 0.40* 0.36 + 0.05** 0.65 (35/54)
1% saline DOCA 0.76 + 0.10 2.2 +0.19 0.31 + 0.03** 0.65 (32/49)
1% saline Tolvaptan 0.17 + 0.04* 1.7 £ 0.16 0.09 + 0.01* 0.34 (33/96)

All groups were maintained with regular chow containing 0.32% [Na*].
*Significant increase/decrease compared with 1% saline drinking water. **Significantly greater compared with
no treatment. *Significantly greater compared with control mice under identical conditions.
TInjected with 2.4 mg of DOCA (in 150 pL of olive oil) for 3 consecutive days or treated with 30 mg/kg Tolvaptan
added to drinking water for 2 d before patch-clamp analysis or isolated ASDN treated with 1 pM AVP for at least

30 min before patch-clamp analysis.

*f, frequency (patches with at least one active channel/total number of viable seals for that condition) compared

with a z test.
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Fig. 3. ENaC in Adx mice responds to exogenous mineralocorticoid. Sum-
mary graph shows P, for ENaC in control (gray) and Adx (black) mice in the
absence (filled bars) and presence (hatched bars) of deoxycorticosterone
acetate (DOCA). Data are from experiments similar to that in Fig. 1A. *Sig-
nificantly greater compared with the absence of DOCA treatment.

requirement for dietary sodium-dependent regulation of ENaC,
we next compared the activity of ENaC in ASDN isolated from
control (gray bars) and Adx (black bars) mice maintained with tap
water (filled bars) and with 1% saline drinking solution (striped
bars). As shown in Fig. 4 (see also Table 1), an increase in sodium
intake significantly decreases ENaC P, (Fig. 44), N (Fig. 4B), and
activity (Fig. 4C) in control mice; restated, a decrease in sodium
intake causes a corresponding increase in ENaC activity. This
change in sodium intake, in contrast, is without effect on P, in Adx
mice. Channel number and activity, however, do significantly in-
crease in Adx mice in response to a decrease in sodium intake.
Although changed in both groups, ENaC activity remains signifi-
cantly greater in Adx compared with control mice in the presence
of 1% saline drinking solution.

Feedback Regulation of ENaC Is Compromised in Adx Mice. To better
understand the effects of exogenous mineralocorticoid and
changes in dietary sodium intake on ENaC activity in Adx
compared with control mice, we plotted summarized NP, as
a function of both parameters (Fig. S4) and as fractional ENaC
activity in the presence and absence of exogenous mineralocor-
ticoid (Fig. 4D). The latter—which is activity when maintained
with 1% saline drinking solution divided by activity in the pres-
ence of drinking tap water—reflects how capable signaling
pathways are at adjusting ENaC activity to counter changes in
Na* balance: Elevated fractional ENaC activity denotes a loss of
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Fig. 4. Feedback regulation of ENaC is compromised in Adx mice. (A-C)
Summary graphs of P, (A4), N (B), and NP, (C) for ENaC in control (gray) and
Adx (black) mice drinking tap water (solid bars) and 1% saline solution
(striped bars). Data are from experiments similar to that in Fig. 1A.
*Significantly greater vs. 1% saline drinking water. **Significantly greater
compared with control under identical conditions. (D) Fractional ENaC ac-
tivity (NP, drinking 1% saline solution/NP, drinking tap water) for control
(gray) and Adx (black) mice in the absence and presence of DOCA.
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responsiveness to changes in sodium balance (21). Because
changes in sodium intake do not change P, in mice with com-
promised adrenal function, ENaC is less responsive to this per-
turbation in Adx mice. Exogenous mineralocorticoid clamps
ENaC activity high in both groups, disrupting normal feedback
regulation to the channel in response to changes in sodium
intake, which is shown as elevations in fractional ENaC activity
[in the presence of deoxycorticosterone acetate (DOCA)].

Adrenal Insufficiency Increases Plasma [AVP]. The above results
demonstrate that some regulatory factor stimulates ENaC in the
absence of adrenal steroids in Adx mice. We tested first whether
AnglI could function in this regard, and results were negative.
The finding that plasma [AVP], as shown in Fig. 5, is significantly
increased in Adx compared with control mice—maintained with
normal chow and tap water—identifies this hormone as a po-
tential candidate mediating this effect. This observation that loss
of adrenal gland function increases plasma [AVP] is consistent
with the findings of others (22, 27-29).

AVP Increases ENaC Activity. To test whether AVP can serve as
a stimulator of ENaC activity in the absence of adrenal gland
function, we assessed the actions of this neurohormone on
channel activity as shown in Fig. 6 (see also Table 1). As can be
seen clearly in the summary graphs of P, (Fig. 64), N (Fig. 6B),
and NP, (Fig. 6C), AVP significantly increases ENaC activity by
increasing the P, and number of functional channels in the
membrane (N and f). This finding is in agreement with those
made earlier by us and others (14-16).

AVP via V, Receptors Maintains ENaC Activity High in Adx Mice. To
test whether AVP stimulates ENaC in Adx mice, the expression
and activity of ENaC in ASDN from control and Adx mice in the
absence and presence of treatment with the V, antagonist Tol-
vaptan was compared. As shown in the summary graph of NP, in
Fig. 74 (see also Table 1), V, antagonism significantly decreased
the activity of ENaC in Adx mice to levels that were not different
from that in control animals. Although decreasing ENaC activity,
Tolvaptan as shown in Fig. 7B (see also Fig. S5) had no overt
effect on the expression of ENaC subunits in AQP2-positive cells
of the ASDN of Adx mice. This finding excludes decreases in
expression as the cause of decreased ENaC activity in Adx mice
with V, receptor blockade. Such findings are consistent with
aldosterone-independent activation of ENaC by AVP involving
a posttranslational mechanism.

Discussion

The expression and activity of ENaC are surprisingly robust in
the absence of adrenal steroids in Adx mice. Adrenalectomy
increases plasma [AVP]. An increase in AVP via V, receptors
maintains ENaC activity high via a posttranslational mechanism
in the ASDN of Adx mice, resulting in elevated activity at all
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Plasma [AVP], pg/ml

control ADX
Fig. 5. Plasma AVP concentration is increased in Adx mice. Summary graph

of plasma [AVP] in control (gray; n = 20) vs. Adx (black; n = 13) mice main-
tained with tap water. *Significantly increased vs. control.
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Fig. 6. AVP increases ENaC activity. Summary graphs show P, (A), N (B), and
NP, (C) for ENaC in control mice maintained with normal chow and tap
water in the absence (gray) and presence of 1 pM AVP (black). Data are from
experiments similar to that in Fig. 1A. *Significantly greater vs. the absence
of AVP.

levels of sodium intake tested in the present study. Addition of
exogenous mineralocorticoid increases the activity of ENaC
equally well in control and Adx mice, independent of sodium
intake. These findings demonstrate that aldosterone is sufficient,
but not necessary, for ENaC activity in the ASDN and that
elevations in AVP resulting from adrenal insufficiency are ca-
pable of stimulating ENaC in an adrenal steroid-independent
manner. A consequence of elevated AVP and loss of regulation
by adrenal steroids is that ENaC is no longer under normal
feedback control in response to changes in sodium balance in
Adx mice.

1.0 Adx + Tolvaptan
NP, =+ Tolvaptan

0.8

0.6

0.4+

0.2

0.0-

control Adx

Fig. 7. AVP stimulates ENaC through a posttranslational mechanism in Adx
mice. (A) Summary graph of ENaC activity in control (gray) and Adx (black)
mice maintained with 1% saline drinking solution in the absence (filled bars)
and presence (hatched bars) of 30 mg/kg V, receptor inhibitor Tolvaptan.
Data are from experiments similar to that in Fig. 1A. *Significant decrease vs.
the absence of Tolvaptan. (B) Representative (n > 7) fluorescence micro-
graphs of ASDN from Adx mice treated with Tolvaptan probed with anti-
ENaC (Left Upper; red) and anti-AQP2 (Left Lower; green) antibodies and
corresponding merged (Right Upper) and bright field images (Right Lower).
Nuclear staining (blue) with DAPI is included in merged images. Staining
with the anti-a-ENaC antibody is shown here. A complete image with all
three ENaC antibodies is shown in Fig. S5.
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All studies investigating the actions of aldosterone on (ami-
loride-sensitive) renal sodium excretion, transport, and the ac-
tivity of ENaC in the ASDN are in agreement that increases in
aldosterone are sufficient to increase ENaC activity (11, 12, 30,
31). Conclusions from the current results are consistent with
aldosterone being sufficient to increase ENaC activity.

We report here that aldosterone, although sufficient, is not
necessary for ENaC activity in the ASDN. The results in support
of this finding are the observations that ENaC expression and
activity are robust in Adx mice, although these mice lack sig-
nificant levels of adrenal gland function and plasma cortico-
steroids and are clearly in a hypoadrenal, sodium- and water-
wasting state. In the only other study directly investigating ENaC
activity with patch-clamp analysis in Adx animals, no significant
ENaC activity was observed in cortical collecting tubules from
Adx rats maintained with a normal sodium diet (12). This ex-
perimental condition, in general, is similar to that used in the
present studies. There are potentially important differences,
however. For instance, rodents were maintained with some glu-
cocorticoid replacement in the earlier study but not in the
present study. As discussed below, glucocorticoids can influence
the circulating concentration of AVP. Interestingly, a high K*
diet increased ENaC activity in Adx and control rats in the ab-
sence of significant changes in plasma aldosterone levels in the
earlier study (12). It is not clear yet whether these discrepancies
represent true incongruence or whether they reflect rather slight
variations in experimental conditions or differences in sensitivity.

Our rationale is that we consistently find significant ENaC
activity, albeit at lower levels compared with a sodium deficient
diet, in ASDN isolated from rats and mice maintained with
regular-sodium (0.32% [Na*]) and high-sodium (2% [Na*])
diets (14, 20, 21). Aldosterone should be low (extremely so in the
latter case) with these feeding regimens. In contrast, these others
find no significant ENaC activity in cortical collecting tubules
isolated from rodents maintained with normal and high-sodium
diets (11, 30). We interpret our results as showing that the
activity of ENaC in the ASDN is high in the presence of aldo-
sterone and low, but significant, in the absence of this hormone
in normal animals.

Nevertheless, it is accepted that in ASDN from normal ani-
mals, ENaC activity is related in a positive manner with aldo-
sterone levels (11, 12, 14, 21). Adx mice, which are not normal
(see below), represent an exception, then, where ENaC activity is
high in the absence of aldosterone and other adrenal steroids.
This exception demonstrates that ENaC can be active in the
absence of aldosterone and, thus, that aldosterone is not nec-
essary for the activity of this channel in the ASDN.

This interpretation is consistent with what has been reported
for ENaC activity in neonatal MR-null mice (13). These mice do
not survive long after the first week of life without sodium sup-
plementation due to pathological renal sodium excretion. During
this critical phase of early life, renal sodium loss cannot be
compensated by nursing pups because of the low sodium and
water content of mother’s milk. However, neonatal MR-null
mice retain residual, but significant, ENaC activity—~24% of
normal—as extrapolated from amiloride-sensitive fractional Na*
excretion and transport across isolated, perfused collecting ducts.

Knockout of aldosterone synthase (AS) agrees with findings
from MR-null mice (25, 32). AS-null mice have pronounced
renal sodium and water wasting, which cannot be compensated
during the critical neonatal period. Sodium and water wasting
results in dehydration, failure to thrive, and death of ~1/3 of AS-
null mice in the first weeks of life. Sodium restriction exacerbates
renal salt and water wasting in both AS- and MR-null mice
compared with control animals, which have appropriate feed-
back regulation by RAAS of ENaC and other mechanism for
decreasing renal Na* excretion. These observations are remi-
niscent of human infants carrying inactivating MR mutations and
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AS deficiency, which require sodium supplementation to survive
4, 8,9, 33).

Clearly the hormonal state, and thus phenotype, of loss-of-
function of MR or AS do not completely overlap that of adre-
nalectomy. With MR dysfunction, the RAAS is up-regulated
(13). With AS dysfunction, aldosterone is absent, but the levels
of other adrenal steroids capable of mineralocorticoid action—in
particular, corticosterone—are increased (9, 32, 33). In Adx
mice, there is no aldosterone or other adrenal steroids and
catecholamines; thus, these animals receive no input from the
adrenal gland to ENaC. Moreover, akin to adrenal insufficiency,
removal of the adrenal glands, as shown here and by others
(27-29), causes marked increases in plasma AVP levels. Increases
in AVP are not present with either MR or AS dysfunction (25).

Usually, AVP release is primarily controlled by plasma os-
molality. Elevated AVP release in adrenal-insufficient states
(that lack both glucocorticoids and mineralocorticoids) results
from two events. There is loss of negative-feedback regulation by
glucocorticoids of the hypothalamic—pituitary axis controlling
AVP release. There also is strong nonosmotic stimulation of
AVP release, resulting from volume depletion due to sodium
and water wasting by the kidney (27, 28).

It is recognized that adrenal insufficiency and central diabetes
insipidus are counterpoints when considering the equilibrium
distribution of sodium and water: The pattern of sodium and
water distribution in either deficiency depends in part on the
activity of the remaining gland. As such, the hyponatremia of
adrenal insufficiency is absent when combined with neurohypo-
physeal deficiency and in the Brattleboro rat, which has central
diabetes insipidus (22, 27, 29, 34). Thus, the hyponatremia of
adrenal insufficiency is dependent on elevated AVP release.

As we (14) and others (15, 16) have demonstrated, AVP
stimulates renal Na™ reabsorption in the ASDN by increasing
ENaC activity. The current results demonstrating that AVP
increases ENaC activity are consistent with these earlier findings.

Akin to its regulation of aquaporin 2 water channels, AVP
stimulates ENaC in principal cells via the V, receptor (14). The
current findings that AVP levels are increased in Adx mice and
that inhibition of the V, receptor decreases ENaC activity in
ASDN from these mice to levels that are identical to those ob-
served in control animals demonstrates that elevated AVP is
the driving force maintaining ENaC activity high in Adx mice.
Moreover, the findings that all three ENaC subunits are
expressed in the ASDN of Adx mice and that V, receptor
antagonism in these animals does not overtly affect ENaC
subunit expression are consistent with AVP stimulating ENaC
via a posttranslational mechanism.

The current electrophysiology results enable elaboration of the
mechanism by which elevated AVP levels in Adx mice increase
ENaC activity. We find that ENaC P,, is clamped and N is elevated
in these mice resulting from the new balance between stimulation
by AVP as countered by loss of stimulation by a dearth of aldo-
sterone. Both aldosterone and AVP increase ENaC P, and N with
the major, long-term effect of AVP being an increase in N (10, 11,
14, 21).

Irrespective of the exact molecular mechanism, a consequence
of adrenalectomy is that ENaC is no longer regulated in a nor-
mal manner by feedback signaling in response to changes in
sodium balance. Loss of feedback regulation is a result of stim-
ulation by elevated AVP release combined with disruption of
regulation by the RAAS.

In the presence of AVP, water via activated aquaporin 2
channels is free to follow the Na* reabsorbed through activated
ENaC in the ASDN. Sodium reabsorbed at the ASDN in this
manner facilitates water reabsorption by supporting the axial
corticomedullary hyperosomotic gradient as established by the
loop of Henle (35).
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Adx mice, similar to other adrenal-insufficient states, however,
have pronounced renal sodium and volume wasting. Yet, as shown
here, ENaC activity is high in Adx mice because of elevations in
AVP. It is unclear whether the latter is a compensatory response
or an effect of adrenal insufficiency, independent of actions on
vascular volume. Nevertheless, that ENaC activity is high in the
face of elevated sodium excretion suggests that there are other
aldosterone-dependent processes involved in control of renal so-
dium and volume excretion—perhaps the Na—Cl cotransporter—
that are also compromised in Adx animals and that elevations in
AVP are not able to stimulate these aldosterone-dependent, non-
ENaC processes to compensate fully for sodium and volume loss.
Regardless of whether increases in ENaC activity are compensa-
tory or a primary effect, a consequence of adrenal insufficiency is
that AVP-stimulated ENaC, in the absence of input from RAAS,
becomes a slave to water reabsorption rather than a key mediator
of sodium balance, exacerbating the hyponatremia of this state.

Methods

Animals. All animal use and welfare adhered to the NIH Guide for the Care
and Use of Laboratory Animals (36) following a protocol reviewed and ap-
proved by the Institutional Laboratory Animal Care and Use Committee of
the University of Texas Health Science Center at San Antonio. Adult (~25g,
6-8 wk old) male C57BL/6J control mice and those with bilateral adrenal-
ectomy (Adx) were purchased from Jackson Laboratories. Experiments were
conducted 2-3 wk after surgery. Mice were maintained with standard chow
(0.32% [Na*]; TD.7912; Harlan Teklad). One week before experimentation,
mice were divided into two groups: one maintained with tap water and the
other with 1% saline drinking solution. For some experiments, mice were
injected s.c. with 2.4 mg of DOCA dissolved in 150 uL of olive oil for three
consecutive days before euthanizing. In others, mice were provided with
30 mg/kg AVP V, receptor inhibitor Tolvaptan in drinking water for 2 d.

Isolated, Split-Open ASDN Preparation. Isolation of the ASDN containing
connecting tubule and collecting duct suitable for electrophysiology has been
described (14, 20, 21). Refer to S/ Methods for additional description.

Patch-Clamp Electrophysiology. ENaC activity in principal cells of murine ASDN
was quantified in cell-attached patches of the apical membrane made under
voltage-clamp conditions (-V,, = —60 mV) by using standard procedures (14,
20, 21). For the current experiments, typical bath and pipette solutions were
(in mM): 150 Nacl, 5 KCl, 1 CaCl,, 2 MgCl,, 5 glucose, and 10 Hepes (pH 7.4);
and 140 LiCl, 2 MgCl,, and 10 Hepes (pH 7.4), respectively. For each exper-
imental condition, ASDN from at least three different mice was assayed.
Refer to S/ Methods for additional description.

Immunohistochemistry. Kidneys were prepared and sectioned for immuno-
labeling and subsequently imaged for immunofluorescence by using stan-
dard methods, closely following those published for the anti-ENaC antibodies
used in the current studies (17). Antibodies to each of the three ENaC sub-
units were a gift from Mark A. Knepper (National Institutes of Health,
Bethesda, MD) and have been characterized (17, 37). Kidney slices immu-
nolabeled with anti-ENaC and anti-AQP2 antibodies were imaged with
epifluorescence on an inverted microscope by using a 40x objective (1.4 NA)
on a system built around a Zeiss Axiovert 200M equipped with DAPI, FITC,
and CY5 excitation and emission filters. Images were collected and analyzed
with Slidebook 4.2 software. Refer to S/ Methods for additional description.

Analysis of Hormones and Electrolytes. Urinary and plasma electrolyte con-
centrations and osmolality were determined by using standard procedures
with a flame photometer and vapor pressure osmometer, respectively.
Plasma corticosterone and AVP concentrations were quantified by using
standard procedures with HPLC on a reversed-phase, cation exchange column
(4.6 x 150 mm; 5-pm particle size; part number C-18; fAlltech) and a com-
petitive enzyme-linked immunoassay (Arg®-Vasopressin EIA kit; Enzo Life
Sciences), respectively (38). Refer to S/ Methods for additional description.

Statistical Analysis and Data Presentation. Data are reported as mean + SEM.
Unpaired data were compared with a two-sided unpaired Student t test. The
criterion for significance was P < 0.05. For presentation, slow baseline drifts
were corrected, and current data from some patches were software-filtered
at 50 Hz.
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