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In vitro studies suggest that collecting duct–derived (CD-derived) endothelin-1 (ET-1) can regulate renal Na 
reabsorption; however, the physiologic role of CD-derived ET-1 is unknown. Consequently, the physiologic 
effect of selective disruption of the ET-1 gene in the CD of mice was determined. Mice heterozygous for 
aquaporin2 promoter Cre recombinase and homozygous for loxP-flanked exon 2 of the ET-1 gene (called 
CD-specific KO of ET-1 [CD ET-1 KO] mice) were generated. These animals had no CD ET-1 mRNA and 
had reduced urinary ET-1 excretion. CD ET-1 KO mice on a normal Na diet were hypertensive, while body 
weight, Na excretion, urinary aldosterone excretion, and plasma renin activity were unchanged. CD ET-1 
KO mice on a high-Na diet had worsened hypertension, reduced urinary Na excretion, and excessive weight 
gain, but showed no differences between aldosterone excretion and plasma renin activity. Amiloride or 
furosemide reduced BP in CD ET-1 KO mice on a normal or high-Na diet and prevented excessive Na reten-
tion in salt-loaded CD ET-1 KO mice. These studies indicate that CD-derived ET-1 is an important physi-
ologic regulator of renal Na excretion and systemic BP.

Introduction
Endothelin-1 (ET-1) was initially described as a potent endothelial 
cell–derived vasoconstrictor (1); however, the peptide is now 
known to be produced by many cell types and to elicit multiple 
biologic effects (2). The kidney is likely an important target; 
ET-1 causes renal vasoconstriction, mesangial cell contraction, 
glomerular cell proliferation, ECM accumulation, and alterations 
in nephron fluid and electrolyte transport (2). While many renal 
cell types synthesize and bind ET-1, the collecting duct (CD) is of 
particular importance: The renal inner medulla contains the high-
est concentration of ET-1 in the body (3), and the inner medullary 
CD (IMCD) is the predominant renal site of ET-1 production (4–8) 
and receptor expression (9–11).

In vitro studies suggest that ET-1 inhibits Na and water 
reabsorption in the cortical CD (CCD) and IMCD and that this 
occurs through activation of the ET B receptor (ETRB). ET-1 inhib-
its vasopressin-stimulated (AVP-stimulated) water flux in isolated 
CCD (9, 12) and reduces AVP-stimulated cyclic AMP accumula-
tion (13–15) and osmotic water permeability (16, 17) in isolated 
IMCDs. ET-1 also inhibits mineralocorticoid and AVP-stimulated 
Na and Cl reabsorption in isolated CCDs (12, 18, 19) and decreases 
Na/K-ATPase activity in suspensions of IMCDs (20). Despite these 
data, demonstrating such an ET-1 effect in vivo and clarifying how 
CD-derived ET-1 physiologically regulates Na and water trans-
port has been problematic. This difficulty stems, in part, from 

the inability to discriminate between ET-1 effects on the nephron 
as opposed to the vasculature. Administration of ET agonists or 
antagonists typically alters renal plasma flow and glomerular fil-
tration rate, effects that can impact urinary Na and water excretion 
(2). Even when ET has been given systemically in doses titrated to 
not detectably alter renal hemodynamics, increased Na excretion 
is observed in some (21, 22), but not all (23–26), studies. A num-
ber of studies have determined that systemically administered ET 
increases water excretion, even in the absence of any increase in Na 
excretion (23–25). Taken together, these studies suggest that ET-1 
may inhibit nephron sodium and water reabsorption. It is unclear, 
however, if CD-derived ET-1 does in fact regulate Na and water 
reabsorption. Furthermore, there is no agreement on what physi-
ologic or pathophysiologic roles the peptide serves in modulating 
renal salt and water excretion.

Gene-targeting strategies might permit more specific evaluation 
of ET-1–regulated Na and water excretion. Unfortunately, every 
mouse homozygous for KO of a component of the ET system (ET-1,  
ET-2, ET-3, ET receptor A, ETRB) has a lethal phenotype (27–31). 
Of greater utility are studies using spotted lethal rats that carry a 
natural mutation in the ETRB gene resulting in toxic megacolon 
(32). Transgenic expression of the ETRB gene under control of 
a gut-specific promoter (dopamine β-hydroxylase) rescues these 
rats, and they develop severe hypertension on a high-Na diet (33). 
Normal BP is restored by amiloride, suggesting that ETRB is 
involved with regulation of the epithelial Na channel (ENaC) in 
CD cells (33). This same group (33), however, using cross-trans-
plantation studies, concluded that salt-sensitive hypertension in 
rescued ETRB-deficient rats is not due to mechanisms intrinsic 
to the kidney (34). In these studies, transplantation of an ETRB-
deficient kidney into bilaterally nephrectomized WT rats did not 
cause salt-sensitive hypertension. Furthermore, transplantation 
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of a WT kidney into bilaterally nephrectomized ETRB-deficient 
rats did not prevent salt-induced hypertension. Consequently, the 
antihypertensive effect of amiloride in ETRB-deficient rats could 
not be ascribed to correction of a primary defect in renal sodium 
excretion. These findings underscore an important consider-
ation: Even in the rescued ETRB-deficient rats, ETRB was absent 
from all renal cells that normally express this receptor. Cells that 
normally express ETRB include most renal tubular, mesangial, 
glomerular epithelial, vascular smooth muscle, endothelial, and 
possibly interstitial cells (2). Furthermore, circulating ET-1 levels 
are markedly elevated in ETRB KO mice (35). Hence, it is virtu-
ally impossible to make meaningful conclusions about the physi-
ologic or pathophysiologic role of ET-1 or ET receptors in the CD 
using these types of studies.

The current study describes a novel approach to examining 
the physiologic role of CD-derived ET-1. Mice expressing Cre 
recombinase under control of the aquaporin2 (AQP2) promoter 
were bred with mice with loxP-flanked exon 2 of the ET-1 gene to 
achieve CD-specific KO of ET-1, called CD ET-1 KO. We report 
that these mice are hypertensive and have reduced sodium excre-
tion in response to sodium loading.

Results
Generation of mice with CD-specific KO of the ET-1 gene. AQP2-Cre 
mice were originally generated on a C57Bl6/CBA background, 
and the line was maintained by crossing with C57Bl6/CBA F1 
mice. Floxed ET-1 mice were originally generated from SVJ129 
ES cells; however, they were mated for over ten generations with 
C57Bl6/CBA F1 mice. Mice homozygous for floxed ET-1 and 
heterozygous for AQP2-Cre were generated by maintaining the 
AQP2-Cre transgene in the maternal line. AQP2-Cre transgenic 
mice express Cre recombinase in postmeiotic sperm (36); when 
male AQP2-Cre mice are mated with ROSA26-lacZ reporter ani-
mals, ubiquitous loxP recombination occurs due to presumed 
Cre recombinase activity in the oocyte. In contrast, offspring 
from female AQP2-Cre mice show CD-specific and male repro-
ductive tract–specific Cre-mediated recombination (36, 37). 
CD ET-1 KO mice generated in this latter way grew and devel-
oped normally until at least 1 year of age. These animals had no 
gross morphologic abnormalities. In situ hybridization yielded a 
strong signal for ET-1 mRNA in a CD pattern primarily in renal 
inner medulla of the parents (floxed ET-1 and AQP2-Cre), while 
ET-1 mRNA was undetectable in the CDs of CD ET-1 KO mice 
(Figure 2). ET-1 mRNA signal intensity was similar in the parents 

(Figure 2). In situ hybridization of renal cortex revealed no ET-1 
mRNA in any mice (floxed ET-1, AQP2-Cre, or CD ET-1 KO). The 
lack of detectable renal cortical ET-1 is in agreement with other 
studies using in situ hybridization, immunostaining, or RT-PCR 
of immunodissected CCD (6, 8, 38, 39). To confirm that recombi-
nation had occurred in CCDs, the ducts were microdissected and 
DNA PCR amplified using the primers used for genotyping. Only 
recombined product was seen in CCDs from CD ET-1 KO mice, 
while only the WT allele was seen in homozygous floxed ET-1 
mice. To further demonstrate that, within the kidney, Cre was 
active only in the CD, AQP2-Cre mice were bred with ROSA26-
YFP reporter mice, and kidney sections were immunostained 
for AQP2. As shown in Figure 3, AQP2 expression and YFP fluo-
rescence precisely overlap within inner medulla, outer medulla, 
and cortex. In situ hybridization for the ET-1 message was also 
performed on lung and stomach from the parental strains and 
in CD ET-1 KO mice. No difference in ET-1 mRNA signal inten-
sity was observed between all three lines, supporting the tissue 
specificity of CD ET-1 KO. Finally, and as predicted, plasma ET-1 
levels were not affected in ET-1 mice as compared with mice con-
taining the unrecombined ET-1 gene (Table 3). Urinary ET-1 was 
reduced in CD ET-1 KO mice as compared with unrecombined 
floxed ET-1 animals (Table 3). In summary, CD ET-1 KO mice 
have CD-specific inactivation of the ET-1 gene. Although not spe-
cifically tested, it was presumed that ET-1 was also disrupted in 
male reproductive tract.

Normal Na diet. Systolic BP and pulse rate were determined in 
floxed CD ET-1 KO and littermates that were homozygous for 
floxed ET-1 but contained no Cre recombinase (hereafter referred 
to as controls). CD ET-1 KO mice were hypertensive as compared 
with controls (Table 1 and Figures 4 and 5). Pulse rate was not sig-
nificantly different between the groups (Table 1). There was no sig-
nificant difference in BP or pulse rate between males and females 
in CD ET-1 KO mice, indicating that ET-1 gene disruption in the 
male reproductive tract did not influence this phenotype.

Figure 1
Constructs used in generating CD-specific KO of the ET-1 gene. The 
top construct, AQP2-Cre, contains 14 kb of the human AQP2 pro-
moter, an amino-terminus nuclear localization sequence (NLS), a 
carboxy-terminus HSV glycoprotein D epitope tag, Cre recombinase, 
and an SV40 PolyA sequence. The bottom construct, floxed ET-1 
gene, contains loxP sites flanking exon 2 of the ET-1 gene.

Figure 2
In situ hybridization using an antisense probe for ET-1 mRNA in renal 
inner medulla from mice containing floxed ET-1 (A), CD ET-1 KO (B), 
and only the AQP2-Cre transgene (D). (C) The results obtained using 
the sense probe for ET-1 mRNA in floxed mice. Note that the staining 
is in a CD pattern. Images shown (×400) are representative of five 
mice in each group.
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Renal function was assessed to determine if hypertension 
in CD ET-1 KO mice on a normal Na diet was associated with 
altered salt and/or water excretion. Importantly, all mice had 
precisely matched food and water intake. This was achieved by 
ration feeding them a gelled diet that met all their nutritional 
needs and provided a normal amount of water. Mice liked the 
gel and ate everything provided (9 ml/day). Because of the gel’s 
consistency, mice did not break off any pieces and drop them 
into the bottom of the cage. No water bottles were used — all the 
water came from the gels. This prevented the large error nor-
mally found when measuring water intake in mice on a normal 
diet. Thus, we were certain that any differences in urinary excre-
tion were not due to changes in intake.

Despite the hypertension in CD ET-1 KO mice, there were no 
differences in body weight, urine volume, urine Na or K excretion, 
urine or plasma osmolality, plasma aldosterone concentration, or 
plasma renin activity (PRA) (Tables 1 and 3). Creatinine clearance 
was similar between floxed ET-1 and CD ET-1 KO mice, suggest-
ing that within the limits of these measurements glomerular fil-
tration rate was unchanged by CD ET-1 KO. As expected, plasma 
ET-1 concentration was unaffected by CD KO of ET-1 (Table 3). 
Urine volume is substantially less than water intake; this is typical 
of mice (they have high insensible fluid loss). These data indicate 
that hypertension occurs in CD ET-1 KO mice on a normal Na 
diet, but it is not due to ongoing renal Na and water retention or 
changes in aldosterone levels or PRA.

High-Na diet. Essential hypertension may result from initial Na 
retention, followed by resetting of the pressure-natriuresis curve 
and return to Na balance. Thus, CD ET-1 KO mice were Na loaded 
to attempt to uncover an impaired natriuretic response. Mice were 
fed a high-Na diet (eightfold increase in Na) for up to 2 weeks. 
Systolic BP rose in CD ET-1 KO mice but did not change in con-
trols (Figure 4 and Table 2). This rise occurred on the first day of 
the high-Na diet and remained elevated thereafter for the duration 
of the experiment (Figure 4). Coincident with this, CD ET-1 KO 

mice had reduced Na excretion that was evident over the first 3 
days of the high-Na diet (Figure 4 and Table 2). After the first 3 
days, urinary Na excretion was similar between the two groups and 
indicated return to Na balance. Table 2 shows the urine, blood, 
hemodynamic, and weight parameters on day 2 of a high-Na diet, 
the day when Na retention was maximal in CD ET-1 KO mice. 
Urine volume tended to be less, but this did not achieve statisti-
cal significance. Na loading caused a comparable fall in plasma 
aldosterone and PRA in CD ET-1 KO mice and controls. ET-1 
excretion rose in both groups, but to a lesser degree in CD ET-1 KO 
mice. There was no difference in ClCr or K excretion between the 
groups. Thus, CD ET-1 KO mice have reduced ability to excrete a 
Na load associated with weight gain and worsened hypertension.

Diuretic studies. To determine if CD-derived ET-1 regulates CD 
Na reabsorption through modulation of ENaC activity, amiloride 
(3 mg/kg per body weight per day intraperitoneally) was admin-
istered to CD ET-1 KO and control mice on normal or high-Na 
diets (amiloride started simultaneously with normal or high-Na 
diet). Amiloride inhibited Na-loading exacerbation of hyperten-
sion in CD ET-1 KO mice on a high-Na diet and slightly reduced 
systolic BP in CD ET-1 KO mice on a normal Na diet (Figure 5). 
Amiloride did not significantly change systolic BP in control mice 
on normal or high-Na diets (Figure 5). Amiloride did prevent Na 
loading–induced excessive Na retention in CD ET-1 KO mice (Fig-
ure 6). Thus, baseline and salt-sensitive hypertension in CD ET-1 
KO mice is partially due to amiloride-inhibitable pathways.

To determine if another natriuretic agent would also ameliorate 
hypertension in CD ET-1 KO mice, furosemide (4.2 mg/kg/day) 
was administered to CD ET-1 KO and control mice on normal or 
high-Na diets (furosemide started simultaneously with normal or 
high-Na diet). Furosemide ameliorated Na-loading exacerbation 
of hypertension and excessive Na retention in CD ET-1 KO mice 
on a high-Na diet (Figures 5 and 6). Furosemide did not reduce 
systolic BP in CD ET-1 KO mice on a normal Na diet (Figure 5). 
Furosemide, like amiloride, did not significantly change systolic 
BP in control mice on normal or high-Na diets (Figure 5).

Figure 3
Colocalization of YFP expression and AQP2 immunofluorescence in mice 
doubly heterozygous for ROSA26-YFP and AQP2-Cre. A representative 
photomicrograph is shown from five separate animals. Images are ×600.

Table 1
Metabolic balance data in control and CD ET-1 KO mice on a nor-
mal (0.3%) sodium diet

 Control CD ET-1 KO
Systolic BP (mmHg) 93 ± 6 114 ± 5A

Pulse (bpm) 587 ± 45 603 ± 38
Weight (g) 22.3 ± 1.5 23.1 ± 1.8
Gel intake (g) 9 ± 0.1 8.9 ± 0.1
Urine volume (ml/day) 2.4 ± 0.5 2.4 ± 0.6
Urine [Na] (mEq/l) 345 ± 45 357 ± 37
Urine [K] (mEq/l) 132 ± 19 135 ± 24
Urine osm (mOsm/l) 2,613 ± 351 2,685 ± 402
Urine [creatinine] (mg/dl) 22.1 ± 0.9 19.2 ± 3.0
Plasma [Na] (mEq/l) 142 ± 2 140 ± 3
Plasma [K] (mEq/l) 4.6 ± 0.2 4.6 ± 0.3
Plasma osm (mOsm/l) 309 ± 3 313 ± 3
Plasma [creatinine] (mg/dl) 0.28 ± 0.04 0.27 ± 0.02
Urine Na excretion (mEq/day) 0.90 ± 0.13 0.84 ± 0.15
Urine K excretion (mEq/day) 0.34 ± 0.05 0.32 ± 0.06
ClCr (ml/min) 0.13 ± 0.01 0.12 ± 0.04

n = 9–18 per data point. AP < 0.01 vs. control. bpm, beats per minute; 
osm, osmolality.
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Discussion
The current studies demonstrate that CD-derived ET-1 is an 
important physiologic regulator of systemic BP and renal Na and 
water excretion. Deficiency of CD-derived ET-1 leads to baseline 
(normal Na diet) hypertension as well as salt-sensitive hyperten-
sion. CD ET-1 KO mice also have impaired ability to excrete a 
Na load. These studies are also the first to describe hypertension 
resulting from deficiency or mutation of a single nontransporter 
protein in a specific nephron segment. Importantly, these studies 
employed the AQP2 promoter to drive Cre recombinase expression 
— AQP2 is normally expressed throughout the entire CD as well 
as in the connecting segment. In contrast, the HoxB7 promoter 
has recently been used to drive Cre expression specifically in CDs; 
however, this promoter has the disadvantage of not being active in 
the connecting segment and perhaps not in early CCDs (40).

The role of ET-1 in hypertension has been intensively investi-
gated (41); however, relatively little attention has been paid to 
the involvement of intrarenal ET-1 in the pathogenesis and/or 
maintenance of hypertension. Medullary ET-1 production is 
reduced in some animal models of hypertension, including SHR, 
Dahl S, and Prague hypertensive rats, suggesting that decreased 
ET-1–mediated inhibition of CD Na and water 
reabsorption contributes to the hypertensive 
state (42–45). These findings are supported 
by the observation that acutely isolated or cul-
tured IMCD cells from hypertensive SHR rats 
synthesize less ET-1 as compared with IMCD 
cells from normotensive WKY controls (43). 
Several groups observed that humans with 
essential hypertension, and particularly those 
with salt-sensitive hypertension, excrete less 
urinary ET-1 than do normotensive subjects 
(46–48), although one group reported increased 
urinary ET-1 in salt-sensitive as compared with 
salt-resistant hypertensive patients (49). In sum-

mary, these studies suggest that renal medullary and, in particu-
lar, CD ET-1 production may be reduced in the setting of genetic 
hypertension. Taken together with the finding that deficiency of 
CD-derived ET-1 leads to salt retention and hypertension, these 
studies provide an impetus to more closely examine renal ET-1 
production in patients with essential hypertension.

The mechanisms by which deficiency of CD-derived ET-1 causes 
renal Na and water retention and hypertension remain to be 
fully determined. In vitro studies suggest that ET-1 may act in an 
autocrine manner by activation of CD ETRBs to inhibit AVP-stim-
ulated cAMP accumulation (13–15), decrease Na/K-ATPase activ-
ity (20), and inhibit ENaC activity (50). Both amiloride (at a dose 
specific for ENaC; see refs. 51, 52) and furosemide ameliorated 
salt-sensitive hypertension in CD ET-1 KO mice, supporting the 
notion that renal Na retention is pathogenic in the hypertensive 
response to Na loading. Nonetheless, it is not possible to infer that 
the CD, or the thick ascending limb, are the principal sites of Na 
retention in this model simply because these are the sites of action 
of the diuretics used. CD-derived ET-1 may also influence Na and 
water reabsorption through paracrine actions. Renal medullary 
interstitial cells are a likely target of CD-derived (and particularly 
IMCD-derived) ET-1. Interstitial cells are present in abundance in 
the inner medulla and are adjacent to the CD. These cells are a 
likely target of ET-1; they express ET receptors (53), but do not syn-
thesize the peptide (54). ET-1 induces cultured medullary intersti-
tial cell nitric oxide and PGE2 production (55, 56). It is conceivable 
that such nitric oxide and/or PGE2 released in response to ET-1 
could inhibit Na reabsorption by the CD. In addition, these agents 
may modulate medullary blood flow (MBF). Exogenous ET-1 con-
stricts isolated outer medullary descending vasa recta (57), sug-
gesting that the peptide reduces MBF. In contrast, in vivo studies 
show that ET-1 increases MBF. Two groups found that intrave-
nous ET-1 markedly decreased rat renal cortical blood flow associ-
ated with an increase in MBF (58, 59). It is possible, therefore, that 
CD-derived ET-1 may indirectly affect MBF through stimulation 
of vasodilator release from medullary interstitial cells.

Finally, the possibility must be considered that CD-derived ET-1  
modulates endocrine factors. Although not fully characterized, 
medullipins are cytochrome P450 lipid metabolites produced by 
medullary interstitial cells that cause hypotension, diuresis, and 
natriuresis (60). Since ET-1 has been described to increase renal 
cytochrome P450 activity (61), it is tempting to speculate that CD-
derived ET-1 might modulate medullary interstitial cell medullipin 
release. We also observed that, despite the different BP responses to 
Na loading, CD ET-1 KO and control mice had similar levels of and 
suppression of plasma aldosterone and PRA. Thus, for the degree 

Table 2
Metabolic balance data in control and CD ET-1 KO mice on day 2 
of a high-sodium diet

 Control CD ET-1 KO
Systolic BP (mmHg) 95 ± 8 130 ± 7A

Pulse (bpm) 611 ± 20 598 ± 32
Weight (g) 23.8 ± 2.8 26.1 ± 2.4
Weight change vs. previous day (g) +0.7 ± 0.3 +1.5 ± 0.4B

Total intake (g) 17.8 ± 0.2 17.7 ± 0.2
Urine volume (ml/day) 11.6 ± 2.1 9.6 ± 3.2
Urine [Na] (mEq/l) 521 ± 61 509 ± 48
Urine [K] (mEq/l) 38 ± 5 41 ± 6
Urine osm (mOsm/l) 1,693 ± 321 1,662 ± 294
Urine [creatinine] (mg/dl) 4.9 ± 0.8 6.1 ± 0.9
Plasma [Na] (mEq/l) 139 ± 2 141 ± 3
Plasma [K] (mEq/l) 4.5 ± 0.2 4.5 ± 0.3
Plasma osm (mOsm/l) 307 ± 5 304 ± 4
Plasma [creatinine] (mg/dl) 0.27 ± 0.03 0.28 ± 0.03
Urine Na excretion (mEq/day) 6.01 ± 0.48 4.93 ± 0.59C

Urine K excretion (mEq/day) 0.42 ± 0.08 0.38 ± 0.07
ClCr (ml/min) 0.14 ± 0.03 0.14 ± 0.02

n = 9 per data point. AP < 0.001 vs. control; BP < 0.025 vs. control;  
CP < 0.01 vs. control.

Table 3
Plasma and urine hormone levels in control and ET-1 KO mice under varying 
dietary conditions

  Urine ET-1 Plasma ET-1 Aldosterone PRA
  (pg/day) (pg/ml) (pg/day) (pgAI/μl/h)
Normal Na Control 16.2 ± 2.8 5.3 ± 0.8 0.93 ± 0.05 0.42 ± 0.18
 CD ET-1 KO 10.1 ± 2.4A 5.6 ± 0.9 1.01 ± 0.06 0.50 ± 0.22
High Na Control 31.2 ± 4.1 5.0 ± 1.2 0.50 ± 0.03 0.32 ± 0.11
 CD ET-1 KO 16.8 ± 3.6B 5.1 ± 1.3 0.50 ± 0.03 0.36 ± 0.10

n = 5–9 per data point. AP < 0.01 vs. control, BP < 0.001 vs. control. Aldosterone, urinary 
aldosterone excretion; pgAI, pg angiotensin I.
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of hypertension, the renin-aldosterone axis was not apparently 
appropriately suppressed in CD ET-1 KO mice. The reasons for 
this observation remain speculative, including relative insensitiv-
ity of the renin-angiotensin-aldosterone system in rodents, release 
of factors from kidneys of CD ET-1 KO mice that modulate this 
system, or relatively poor sensitivity of the assays employed. While 
not necessarily analogous to CD-specific KOs, it is nonetheless 
interesting to note that PRA and plasma aldosterone levels were 
also not different between salt-loaded normotensive control rats 
and severely hypertensive rats homozygous for a naturally occur-
ring mutation in the ETRB (33). In summary, CD-derived ET-1 
may act through a variety of autocrine, paracrine, or endocrine 
mechanisms to reduce BP and induce a natriuresis and diuresis.

The findings in the current study beg the question as to why a 
CD-derived factor would be an important physiologic regulator of 
systemic BP and renal Na and water excretion. It is notable that the 
bulk of CD-derived ET-1 is made in the medullary CD, the site of 
final regulation of urine sodium and water content. Factors that 
regulate CD ET-1 production should, therefore, be able to sub-
stantially impact urinary Na and water excretion. Renal medul-
lary ET-1 production is markedly enhanced by volume expansion, 
while dehydration reduces renal medullary ET-1 content (62). The 
factors mediating volume-related changes in medullary ET-1 pro-
duction are unknown. Identification of such factors is important 
in understanding how the kidney can sense and appropriately 
respond to changes in extracellular fluid volume status.

Methods
Generation of transgenic mice. Three types of mice were used: loxP-flanked 
(floxed) ET-1 gene (SVJ129 × C57BL6/CBA); AQP2-Cre (C57BL6/CBA); 
and AQP2-Cre × floxed ET-1 (Figure 1). Floxed ET-1 mice were obtained 
from Masashi Yanagisawa at the Howard Hughes Institute at University 
of Texas Southwestern Medical Center. These mice contain loxP sites 
inserted into introns 1 and 2 in the ET-1 gene (flanking the critical exon 
2 that was targeted in the original traditional ET-1 KO mice; ref. 30) by 
homologous recombination in ES cells. The sequence for this mutation 
has been confirmed in M. Yanagisawa’s laboratory and our laboratory. 
AQP2-Cre mice contain a transgene with 14 kb of the human AQP2 gene 

5′ flanking region driving expression of Cre recombinase (36). An SV40 
nuclear localization signal is located on the amino terminus of Cre, 
and an 11–amino acid epitope tag, derived from herpes simplex virus 
(HSV) glycoprotein D, is located on the carboxy terminus of Cre. The 
polyadenylation signal from the SV40 late region, without an intron, 
was also added for efficient expression. Female AQP2-Cre mice were 
mated with male floxed ET-1 mice; female offspring heterozygous for 
both AQP2-Cre and floxed ET-1 were bred with males homozygous for 
floxed ET-1. Animals homozygous for floxed ET-1 and heterozygous for 
AQP2-Cre (CD ET-1 KO) were used in all studies.

Genotyping. Tail DNA was prepared by standard methods and PCR 
amplified for the AQP2-Cre transgene using oligonucleotide prim-
ers hAQP2 F2 (5′-AGTCAGAGAGATGGGGGCCGG-3′) and CreTag R 

Figure 4
Differences in systolic BP (A) and urinary sodium excretion (UNaV) (B) in control and CD ET-1 KO mice on a normal or high-Na diet. n = 9 per 
data point. *P < 0.01 vs. control; **P < 0.001 vs. control and P < 0.01 vs. CD ET-1 KO normal Na diet.

Figure 5
Systolic BP in control and CD ET-1 KO mice on a normal or high-Na 
diet with or without amiloride (3 mg/kg/day) or furosemide (4.2 mg/
kg/day). n = 5–9 per data point. *P < 0.01 vs. control, **P < 0.001 vs. 
control and P < 0.01 vs. CD ET-1 KO normal Na; †P < 0.05 vs. ET-1 
normal Na; #P < 0.01 vs. CD ET-1 KO high Na.
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(5′-GCGAACATCTTCAGGTTCTGCGG-3′), which amplify the 730-bp 
junction between the AQP2 promoter and the Cre gene. Genotyping the 
ET-1 gene involved three primer sets. The first set used primers ET-1CF 
(5′-GCTGCCCAAAGATTCTGAATTC-3′) and ET-1BR (5′-GATGATGTC-
CAGGTGGCAGAAG-3′), which amplify 800 bp of the endogenous ET-1 
allele. The second set used primers ET-1AF (5′-CCCAAAGATTCTGAATT-
GATAACTTCG-3′) and ET-1BR (5′-GATGATGTCCAGGTGGCAGAAG-
3′), which amplify the same 800-bp region; however, the forward primer 
overlaps loxP and hence recognizes only the floxed ET-1 allele. The third 
set used primers ET-1AF and ET-1DR (5′-AACCTCCCAGTCCATACG-
GTAC-3′), which amplify the region in the targeted allele spanning the 
loxP sites. The PCR product of the nonrecombined allele is 2 kb, while the 
recombined allele yields a 300-bp product. PCR products were visualized 
after electrophoresis through 1.5% agarose.

In situ hybridization. Organs were fixed in 10% buffered formalin, 
embedded in paraffin, and 5- to 10-μm sections were made. Sections 
were rehydrated and post-fixed in 4% paraformaldehyde. Some sections 
were stained with H&E, while in most, endogenous peroxidase activ-
ity was quenched with 1.5% H2O2 and sections acetylated with 0.1 M 
triethanolamine (pH 8.0) containing 0.25% acetic anhydride. Sections were 
prehybridized for 2 hours and then hybridized overnight at 42°C with 
125 ng/ml digitonin-labeled (DIG-labeled) riboprobes complementary to 
antisense and sense mouse ET-1 cDNA. The prehybridization and hybrid-
ization buffer contained 50% deionized formamide, 10% dextran sulfate, 
4× SSC, 250 μg/ml transfer RNA (tRNA), 250 μg/ml single stranded DNA 
(ssDNA), and 10 mM DTT. Slides were washed, incubated in 1:10 dilution 
of blocking reagent in maleic acid buffer (Roche Diagnostics, Indianapo-
lis, Indiana, USA), and incubated with 1:100 dilution of anti–DIG-POD 
Ab in blocking solution (Roche Diagnostics) for 1–2 hours. Sections were 
then washed, developed for a color reaction with DAB (SK-4100; Vector 
Laboratories, Burlingame, California, USA), rinsed, and viewed.

For riboprobes, pmET1, containing 380 bp of the SacI-HindIII frag-
ment of mouse ET-I cDNA in pBluescript II, was used. This fragment is 
complementary to ET-1 mRNA that is encoded by all of exon 2 and part 
of exon 3. The 380-bp ET-1 cDNA insert was excised, blunted with T4 
DNA polymerase, phenol/chloroform extracted, and used for generation 
of DIG riboprobes with the DIG RNA labeling mix (Roche Diagnostics), 

along with standard in vitro transcription components (0.5 μg linear-
ized template, 10 mM DTT, 1 U/μl RNAsin, 1 U/μl RNA polymerase). 
The transcription reaction was carried out for 2 hours, DNase I was 
added, and the probe ethanol was precipitated.

Colocalization of Cre activity and AQP2 expression. AQP2-Cre mice were bred 
with ROSA26-YFP mice (generous gift of Frank Costantini, Columbia 
University, New York, New York, USA; ref. 63), and doubly heterozygous 
offspring were analyzed. Cells expressing active Cre recombinase excise 
the floxed STOP sequence downstream of the ROSA26 promoter with 
resultant YFP expression. Kidneys were sectioned (200 μm) on a vibratome 
(OTS-3000; Electron Microscopy Sciences, Fort Washington, Pennsylva-
nia, USA), fixed and immunostained for AQP2 using an affinity-purified 
rabbit polyclonal anti-AQP2 Ab (generous gift of Mark Knepper, NIH, 
Bethesda, Maryland, USA) as previously described (36). Sections were then 
incubated with Cy5-conjugated anti-rabbit IgG (Vector Laboratories) and 
visualized by confocal microscopy.

Metabolic balance studies. All mice used were 2–4 months old. All mice were 
acclimated for 1 week to Nalgene Labware metabolic cages (Rochester, New 
York, USA). Mice were fed 9 ml of a gelled diet that contained all nutrients 
and water. The gelled food was made by dissolving 65.7 g of PMI rodent 
powdered diet (LD101; LabDiet, Richmond, Indiana, USA) and 7 g gelatin 
in 110 ml water. NaCl was added to give a final sodium concentration of 
0.3%. The gel was solidified in plastic scintillation vials and served as the 
sole source of food and water. BP and pulse were determined daily by tail-
cuff plethysmography (BP-2000; Visitech Systems, Apex, North Carolina, 
USA); the values were not recorded during this conditioning period. After 
1 week, metabolic balance studies were performed for 3 consecutive days. 
Daily gel intake was measured and urine collected under oil. BP and pulse 
were determined daily and were averaged from 8–10 recordings each day. 
Mice were sacrificed at this point by exsanguination by cardiac puncture 
under halothane and Avertin anesthesia.

For sodium-loading studies, mice were studied as described above except 
that after 3 days of a normal (0.3%) sodium diet, they were placed on a 
high-sodium diet for 10 days. The high-sodium diet consisted of 9 ml of 
gelled diet containing 1% sodium. In addition, mice were given normal 
saline to drink. Daily weights and vital signs were obtained and urine col-
lected. At the end of this period, mice were exsanguinated.

For amiloride studies, mice were studied as described above except 
that they were given 3 mg/kg body weight amiloride in 100 μl normal 
saline intraperitoneally daily during either the normal or the high-Na 
diets. Daily weights and vital signs were obtained and urine collected. At 
the end of this period, mice were exsanguinated. For furosemide studies, 
mice were similarly treated except that osmotic minipumps (1003D; Alzet 
Corp., Cupertino, California, USA) containing furosemide (12.5 mg/kg 
delivered over 3 days at 1 μl/h) were implanted subcutaneously under 
ketamine (100 mg/kg) and xylazine (5 mg/kg) anesthesia immediately 
prior to being studied on a normal or high-Na diet.

The ethics of all animal experiments were approved by the University of 
Utah Institutional Animal Care and Use Committee.

Electrolyte and hormone analysis. Plasma from all animals was analyzed 
for Na and K concentrations (EasyVet analyzer; Medica Corp., Bedford, 
Massachusetts, USA), osmolality (Osmett II; Precision Systems, Natick, 
Massachusetts, USA), and creatinine (Jaffe colorimetry method using a 
commercially available kit from Sigma-Aldrich, St. Louis, Missouri, USA). 
Plasma from exsanguinated mice was also analyzed for ET-1 and PRA. 
For ET-1 determination, heparinized samples (100 μl) were applied to a 
100-mg Sep-Pak C18 cartridge (Waters Corp., Milford, Massachusetts, 
USA), equilibrated and eluted as previously described (64), and ET-1 deter-
mined by radioimmunoassay (Peninsula Laboratories Inc., San Carlos, 
California, USA). PRA was measured as the amount of Ang I generated 

Figure 6
Differences in urinary sodium excretion between control and CD 
ET-1 KO mice on a normal or high-Na diet. n = 6–9 per data point. 
*P < 0.01 vs. control.
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after incubation with excess angiotensinogen as previously described (65). 
Two microliters of plasma were incubated for 20 minutes at 37°C with 
excess porcine angiotensinogen (4 μM; Sigma-Aldrich) in a 10-μl reaction 
containing sodium acetate (50 mM, pH 6.5), aminoethylbenzene sulfonyl 
fluoride (2.5 mM), 8-hydroxyquinoline (1 mM), and EDTA (5 mM). The 
reaction was stopped by boiling, and Ang I measured using an indirect 
radioimmunoassay (NEN-DuPont, Boston, Massachusetts, USA). Results 
are expressed as Ang I generated/h/μl plasma.

Urine was measured for ET-1, volume, Na, K, and osmolality as described 
above. Urine from basal and sodium-loading studies was analyzed for 24-
hour aldosterone excretion. Urine was hydrolyzed with HCl, ethyl acetate 
was extracted, and aldosterone was determined by radioimmunoassay 
(Coat-a-Count; Diagnostic Products Inc., Los Angeles, California, USA).

Statistics. Comparisons between floxed ET-1 and CD ET-1 KO mice 
were analyzed by the unpaired Student’s t test. Comparisons within 
floxed ET-1 and CD ET-1 KO mice were analyzed by the paired Student’s 
t test. Comparisons between systolic BPs in three lines of mice as well as 
mice on high-sodium or normal sodium diets plus or minus amiloride 
or furosemide were made using ANOVA with the Bonferroni correction. 

P values less than 0.05 were taken as significant. Data are expressed as 
mean plus or minus SEM.
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