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Abstract

The gene SLC4AS5 encodes the Na*-HCO3™ co-transporter electrogenic 2 (NBCe2), which is
located in the distal nephron. Genetically deleting NBCe2 (KO) causes Na*-retention and
hypertension, a phenotype that is diminished with alkali loading. We performed experiments with
acid-loaded mice and determined whether over-active epithelial Na* channels (ENaC) or the Na*-
CI~ co-transporter (NCC) causes the Na* retention and hypertension in KO. In untreated mice, the
mean arterial pressure (MAP) was higher in KO, compared with wild type (WT); however,
treatment with amiloride, a blocker of ENaC, abolished this difference. In contrast,
hydrochlorothiazide (HCTZ), an inhibitor of NCC, decreased MAP in WT, but not KO. Western
blots showed that quantity of plasmalemmal full-length ENaC-a was significant higher in KO than
in WT. Amiloride treatment caused a 2-fold greater increase in Na* excretion in KO, compared
with WT. In KO, but not WT, amiloride treatment decreased plasma [Na*] and urinary K*
excretion, but increased hematocrit and plasma [K*] significantly. Micropuncture with
microelectrodes showed that the [K*] was significantly higher and the transepithelial potential
(V) was significantly lower in the late distal tubule (LDT) of the KO compared with WT. The
reduced V¢ in KO was amiloride-sensitive and therefore revealed an upregulation of electrogenic
ENaC-mediated Na* reabsorption in this segment. These results show that, in the absence of
NBCe2 in the LDT, acid-loaded mice exhibit disinhibition of ENaC-mediated Na* reabsorption,
which results in Na* retention, K* wasting, and hypertension.
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INTRODUCTION

The protein NBCe2 (electrogenic Na*-HCO3~ co-transporter 2), encoded by the SLC4A5
gene, has been identified in choroid plexus (1), liver (2) and kidney (3), where it is
expressed in the distal nephron (4). Functional studies indicate that NBCe2 mediates Na*-
HCO3™ influx with a stoichiometry of 1:2 or 1:3 and is involved in intracellular pH
regulation (1;5;6).

Polymorphisms in the SLC4A5 gene are associated with hypertension in humans (7-9). A
previous study suggested that the hypertension exhibited by an NBCe2 knockout (KO) is
linked to renal metabolic acidosis (4). The detailed pathogenesis of the KO hypertension
was not established. However, the investigators suspected an up-regulation of one of the
recently identified Na* reabsorbing transporters in the distal nephron (4).

A primary defect in Na* reabsorption by NBCe2-KO could result from enhanced Na*
reabsorption by the epithelial Na* channels (ENaC), the Na*-CI~ co-transporter (NCC), or
the recently described Na*-dependent CI-/HCO3~ exchanger (NDCBE) (10). We
distinguished ENaC-mediated Na* retention from Na*-co-transporters by its specific
sensitivity to amiloride and its association with K* wasting. We distinguished NCC and
NDCBE from ENaC by their sensitivity to hydrochlorothiazide (HCTZ). In addition, we
performed in vivo micropuncture with microelectrodes to distinguish between the
electrogenic effect of ENaC activation and an electroneutral effect of increased NCC and
NDCBE-mediated Na* reabsorption in the distal nephron.

METHODS

Animal Studies

Wild type (WT) mice (C57BI/6) were purchased from Charles River (Wilmington). NBCe2
knockout (KO) mice (129) were generated as described previously (4). The KO were
backcrossed to C57BI/6 for at least 6 generations using marker assisted speed congenics
(11). All mice were maintained in accordance with the Institutional Animal Care and Use
Committee of the University of Nebraska Medical Center. For acid loading experiments,
mice (12-20 week-old) were fed an acid diet (1.5% NH,4CI, Harlan Laboratories) for 7 days.
Mean arterial pressure (MAP) was then measured using CODA-6 tail-cuff system (Kent
Scientific) as described before (12;13). For diuretic experiments, amiloride and HCTZ were
administered in the drinking water (25 mg/L) for 4 days after acid loading. For metabolic
cage experiments, mice were acclimated for 24 hours and then urine was collected for 12
hours as described previously (14). A single dose of vehicle (PEG) or amiloride (5 mg/kg)
was injected intraperitoneally. Arterial blood electrolyte values were analyzed with the MN:
300 i-STAT system (Abbott Point of Care), while the hematocrit was measured by capillary
tube. Urine [Na*] and [K*] were analyzed with a flame photometer (Jenway Clinical PFP7).
The urinary amiloride and HCTZ concentrations were measured by HPLC, and the luminal
[amiloride/HCTZ] in the terminal cortical collecting duct (CCD) was calculated as: urine
[amiloride/HCTZ] x plasma osmolality / urine osmolality, as described in a previous study
from our laboratory (14).
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Plasma membrane protein isolation and Western blotting

The plasma membrane fraction of the kidney cortex was isolated using the Minute™ Plasma
Membrane Protein Isolation Kit (Invent Biotechnologies Inc.) (15). Western blotting was
performed as described previously by this laboratory (15). The primary antibodies were anti-
ENaC-a and NCC (rabbit polyclonal, diluted 1:500, Stressmarq), and anti-cadherin (goat
polyclonal, diluted 1:500, Santa Cruz), with goat anti-rabbit 1gG, or donkey anti-goat 1gG
conjugated HRP (diluted 1:10,000, Santa Cruz). Expression of proteins was quantified by
densitometry using Quantity One (Bio-Rad).

Micropuncture, Vie and tubular [K*] measurements

Micropuncture experiments of mice kidney tubules was performed as described previously
(16;17) (Supplementary).

Statistical analyses

Data shown in figures represent mean + SEM. Significant differences between each group
were determined by Student’s t-test or ANOVA analyses plus Student-Newman-Keuls test
(P < 0.05 considered significant).

RESULTS
Origin of hypertension in NBCe2-KO mice

As shown in figure 1A, the urinary Na* excretion rate (UNaV, umol/day) was similar
between WT (277.1 + 62.4, n = 4) and KO (267.9 + 34.0, n = 4) when they were on regular
diet, but it was significantly decreased in the KO after an acid diet for 3 days (201.8 + 12.4,
n =9), as compared to WT (255.6 + 22.9, n = 8). No significant difference in the diet/water
intake was found between each group. This indicates Na* retention in the KO after acid
loading.

Blood pressure was then measured in WT and KO. As shown in figurelB and 1C, the MAP
(mmHg) was similar between WT (n = 9) and KO on regular diet (n = 8). However, it was
significantly increased in the KO as compared to WT after acid diet for 7 days. This
difference in MAP was eliminated by treatment with amiloride. However, treatment with
HCTZ decreased the MAP in the WT, but not KO (n = 5/5), and the difference in MAP
remained. These results show that the increased activity of ENaC, but not NCC or NDCBE,
contributes to the hypertension caused by NBCe2 deficiency.

Using HPLC, the calculated luminal concentrations of amiloride and HCTZ in the terminal
CCD were 5.6 £ 1.0 uM (n = 4) and 241.0 £ 9.6 uM (n = 4), respectively, which were high
enough to inhibit ENaC and NCC/NDCBE (10). However, this concentration of luminal
amiloride would not inhibit the NHE, which has a Ki of more than 40 uM (18).

ENaC activity and K* excretion in NBCe2-KO

Western blot analysis was performed to determine the protein expressions of the ENaC-a
and NCC in the plasma membranes of the kidney cortex of WT vs KO. As shown in figure
2, the non-cleaved ENaC-a protein was significantly greater in the KO compared to WT;
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however, the level of cleaved ENaC-a expression was not different between each group.
These results indicate that the ENaC is activated in the KO while the NCC is inhibited as a
result of increased ENaC activity (19,20).

Metabolic cage experiments were then used to examine the function of ENaC in WT and
KO. The food intake was similar between WT and KO (0.44 £ 0.15 vs0.56 + 0.15, n=5/7, P
= 0.601), as well as the water intake (1.04 £ 0.31 vs1.33 £ 0.17, n=5/7, P = 0.399). Figure 3
shows the amiloride-sensitive rate of urinary Na* excretion, plasma [Na*], and hematocrits,
indications of the amount of ENaC-mediated Na* and volume retention in WT and KO
mice. As shown in 3A, the urinary Na* excretion (umol/day) in WT with vehicle was 186.7
+ 23.7 (n = 5) and was significantly greater with amiloride treatment (274.2 + 19.3; n = 11).
In KO, the value for Na* excretion (umol/day) with vehicle was 126.5 + 20.8 (n = 5), which
was significantly less than WT. On treatment with amiloride, the value for Na* excretion
increased to 499.2 + 35.9 (n = 8), which was significantly greater than vehicle WT,
demonstrating a large increase in amiloride-sensitive Na* reabsorption in the KO. As shown
in 3B, amiloride treatment significantly decreased the plasma [Na*] in the KO (vehicle:
156.0 + 1.4; amiloride: 148.3 £ 1.4; n = 7/6) but not WT (vehicle: 155.1 = 1.7; amiloride;
152.8 + 0.4; n = 7/6). The hematocrit, an indicator of plasma volume, was increased in the
KO (vehicle: 42.0 £ 1.7; amiloride: 50.3 + 1.0; n = 11/8) but not WT (vehicle: 44.1 + 1.5;
amiloride: 45.7 £ 1.5; n = 5/5) with amiloride treatment. These results demonstrate
considerable ENaC-mediated Na* reabsorption and volume retention in the KO.

As shown in figure 4A, the rate of urinary K* excretion (umol/day) was not significantly
different when WT treated with vehicle (240.6 £ 25.5; n = 6) was compared with amiloride
treatment (219.0 + 35.8; n = 11). However, for KO, the value of K* excretion with vehicle
(435.2 £ 11.6; n = 5) was significantly greater than that of amiloride-treated mice (140.0 +
23.7; n = 8). Thus, KO exhibited a large amiloride-sensitive K* sparing effect that was not
present in WT. The effects of amiloride on the plasma [K*] values for WT and KO are
shown in figure 4B. As shown, the plasma [K*] was increased with amiloride treatment in
the KO (vehicle: 3.8 £ 0.1; amiloride: 6.1 £ 0.6; n = 7/6) but not the WT (vehicle: 4.2 +0.2;
amiloride: 4.1 £ 0.2; n=7/6).

Micropuncture assessment of ENaC activity

Micropuncture was used to further investigate the ENaC activity in the distal nephron of
KO. Figures 5 and 6 show the results of in vivo conventional and K*-selective
microelectrode measurements to determine the site of ENaC-mediated Na* reabsorption and
K* wasting of WT and KO. The early distal tubule (EDT) was localized as the first site of
appearance of fast green dye after its disappearance into the thick ascending limb. The late
distal tubule (LDT) was the last site of appearance of fast green before descending below the
surface and into the collecting ducts. Figure 5A is a photograph of a latex-filled
micropunctured LDT, showing the site of micropuncture and its extension into the CCD.
The average length for LDT measurements, from site of micro-puncture to entry into CCD,
was 158.6 + 18.0 um (n = 7). This distance places the LDT measurements at the distal
convoluted tubule (DCT2) and connecting tubule (CNT) transition as previously described
(212).
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As shown in figure 5B, using K*-selective microelectrodes, we found the [K*] in the EDT
was not different in KO compared with WT; however, the [K*] was significantly higher in
the LDT of KO mice, compared with WT (WT: 17.9 + 1.5 vs KO: 21.9 + 0.6 mM, n = 5/5).

Figure 6 shows the Vi in the LDT for WT and KO before and after amiloride injection. As
shown by the V recording of LDT from WT in figure 5A, the luminal Vi was significantly
increased to a higher stable value within two minutes after amiloride administration. As
shown by the summary scatter plots of figure 6B, the late distal Vi, (mV) of WT was —-1.6 +
0.2 (n = 6) before amiloride and 0.7 = 0.4 (n = 6) after amiloride addition. The Vi (mV) of
KO was —-3.2 £ 0.2 (n = 7) before amiloride and significantly increased to -0.1 £ 0.2 (n=7)
with amiloride addition. Amiloride treatment caused a significantly greater increase in Vi of
KO (AVi = 3.1 £0.1; n =7), compared with WT (AV = 2.3 £ 0.2; n = 6). We are uncertain
why the Vi was significantly greater in WT after amiloride treatment; however, the Vs
were not significantly different from zero after amiloride treatment, indicating little H*
secretion in WT and KO in this segment. Nevertheless, the greater amiloride-sensitive Ve in
KO indicates increased ENaC activity in the LDT.

DISCUSSION

Our study reports hypertension in acid-loaded NBCe2-KO, associated with increased ENaC
activity in the distal nephron. Our evidence included increased full-length ENaC-a
expression in the renal plasma membrane, increased amiloride-sensitive Na* reabsorption
and K* secretion, and increased [K*] and decreased Ve in the lumen of LDT. Treatment
with amiloride decreased MAP more in the KO compared to WT. On the other hand, HCTZ
decreased MAP in WT but not KO. The increases in plasma [Na*] and hematocrit of KO
with amiloride treatment were consistent with excessive ENaC-mediated Na* reabsorption
with volume retention.

ENaC-mediated fluid retention and hypertension in NBCe2-KO

A previous study reported that the increased blood pressure in KO on a mixed SV129/C57
background was linked to renal metabolic acidosis. Moreover, alkali loading eliminated the
difference in BP between WT and KO (4). In the present study, KO on a pure C57
background did not exhibit significantly enhanced MAP when on a regular diet. However,
when given an acidic load, we found clear phenotypic differences between KO and WT with
respect to fluid retention and hypertension. The acidic load may be more translational to the
human Western diet, with its higher protein content that generates acid for renal excretion.
However, a standard rodent chow provides a large dietary alkali load (22).

We discerned the Na* reabsorbing pathway in the distal nephron with HCTZ, and amiloride.
Our experiments showed that amiloride, but not HCTZ, ablated the hypertension and the
Na* retention of KO, with a large increase in Na* excretion. In KO, amiloride also caused a
large increase in the hematocrit, used as an indicator of plasma volume (13). The large
increase in hematocrit with acute amiloride treatment indicated a large amount of volume
retention associated with ENaC-mediated Na* reabsorption.
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The significantly reduced rate of K* excretion and elevation in plasma [K*] in KO with
amiloride treatment is additional evidence that enhanced ENaC activity is responsible for
Na* retention. The primary driving force for K* secretion is the electronegative lumen
potential generated by ENaC-mediated Na* reabsorption.

One limitation of our current study is that we used tail-cuff to measure the MAP. Although
we trained the mice to limit sympathetic stimulation, future studies using telemetry could
yield more accurate information about the changes in BP after diuretic therapy (23).

Micropuncture experiments

Micropuncture with microelectrodes was used to obtain more direct evidence that ENaC, an
electrogenic transporter, rather than an electroneutral Na* co-transporter, was responsible
for the Na* retention and hypertension of KO. The [K*] in the LDT of WT of approximately
17 mM is similar to that of a previous study (24). The amiloride-sensitive Vi in KO was
significantly greater than WT, consistent with enhanced ENaC-mediated Na* reabsorption
compared with WT. The greater [K*] of 23 mM in KO, compared with WT, demonstrates
that the site of K* wasting is evident in the CNT/DCT2 where ENaC is active.

Mechanism of enhanced ENaC activity in KO

The aldosterone signaling cascade, involving SGK-1 regulation of ENaC expression via
inhibition of Nedd4-2, is well established. However, the plasma [aldosterone] is lower in
KO, compared with WT, as shown previously (4). Thus, the activation of ENaC and K*
wasting in KO is not a result of hyperaldosteronism secondary to a failure of NBCe2-
mediated Na* reabsorption, but rather a primary defect of ENaC-mediated Na* reabsorbing
principal cells (PC). This effect is consistent with a role for NBCe2 to inhibit ENaC-
mediated Na* reabsorption when animals are on an acid diet.

The detailed localization of NBCez2 is not well-established. We propose that it may be a
basolateral transporter like NBCn1 of the thick ascending limb (25), where it buffers the cell
during acidosis. In the basolateral membrane, NBCe2 would have more access to high
plasma HCO3~ of 20-25 mM that would help drive the HCO3™ into the cell against the
cellular negative potential. However, the HCO3™ concentration of the distal tubule lumen is
very low with acidifying conditions. The acidosis causes H* entry into the PC of the distal
nephron, causing the activation and up-regulation of NBCe2 in order to buffer the cell and
increase pH;. Increasing the activity of NBCe2 will effectively increase intracellular [Na*]
and hyperpolarize the cell at the same time. The increased intracellular [Na*] will prevent
ENaC-mediated Na* reabsorption by negative feedback (26) and the hyperpolarization
decreases the driving force for K* secretion. The reduction of Na* reabsorption via ENaC is
associated with a reduction in CI™ reabsorption in exchange for HCO3™ secretion via pendrin
in B-intercalated cells, an effect that would exacerbate the acidosis. Therefore, the role of the
NBCe2 in the PC will prevent HCO3™ secretion and promote H* secretion.

PERSPECTIVES

Single nucleotide polymorphisms (SNPs) in the gene SLC4A5/NBCe2 are associated with
hypertension in humans. We used the NBCe2-KO mice to investigate the potential

Hypertension. Author manuscript; available in PMC 2016 July 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wen et al.

Page 7

mechanism. Although the KO mouse model is different from the SNPs of SLC4A5/NBCe2
in the human condition, it provides important information on the NBCe2 function in vivo.
Our study shows that increased activity of ENaC, but not NCC, in the LDT plays an
important role in the pathogenesis of hypertension in the KO mice. Thus, amiloride is better
than thiazide for the treatment of hypertension in KO.

Gain-of-function mutations in ENaC cause hypertension in humans, mice (27-30) and other
animal models (31-33), illustrating the importance of ENaC in the regulation of blood
pressure (34). It is important to identify hypertensive patients with SLC4A5 SNPs, and test
the ENaC function/amiloride effect on the BP of these patients.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Urinary Na* excretion and blood pressurein WT and KO
(A) Urinary Na* excretion rate (UNaV) in WT and KO on regular diet and after 3 days of

acid diet. (B) Tracing of MAP in WT and KO on regular diet, acid diet and after treatment
with amiloride. Acid diet was started on Day 8, and amiloride was administered on Day 22.
(C) Tracing of MAP in WT and KO before and after treatment with HCTZ. HCTZ was
administered on Day 15. (* P < 0.05 vs WT, # P < 0.05 vs regular diet, & P < 0.05 vs acid

diet).
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A. B. ENaC-a expression
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Figure 2. Expressions of ENaC-a and NCC in renal plasma membranes of WT and KO on acid
diet
N =4 in each group; *P < 0.05 vs WT.
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Figure 3. Effects of amiloride on urinary Na* excretion (A), plasma[Na'] (B), and hematocrit
(C) in WT and KO with acid loading

* P < 0.05 vs vehicle; # P <0.05 vs WT.
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Figure 4. Effects of amiloride on urinary K* excretion (A), and plasma[K*] (B) in WT and KO
with acid loading
* P < 0.05 vs vehicle; # P <0.05 vs WT.
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Figure5. Microelectrode localization and measurements of luminal [K*] in distal tubules
A. Photograph of latex cast of late distal tubule (LDT) showing the distance from the site of

microelectrode puncture (arrow) to the cortical collecting duct (CCD). B. Bar plots
illustrating the luminal [K*] in the early (EDT) and late distal tubules (LDT). *P < 0.05 vs
WT; #P <0.05vs EDT.
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Figure 6. Effects of amiloride on Ve in thelate distal tubule
A. Tracing of Vi in late distal tubule of WT, illustrating an increase in stable Vi, from 0 to

1.5 mV approximately 90 seconds after amiloride treatment (IP: arrow). B. Summary scatter
plots of Vi, (means £ SEM) of WT and KO before and after amiloride treatment. Amiloride
increased the Vi more in the KO as compared with WT. (*P < 0.05 vs before amiloride; # P
<0.05vs WT.)
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