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Abstract

The sodium/proton exchanger isoform 3 (NHE3) is expressed in the intestine and the kidney
where it facilitates sodium (re)absorption and proton secretion. The importance of NHE3 in the
kidney for sodium chloride homeostasis, relative to the intestine, is unknown. Constitutive tubule-
specific NHE3 knockout mice (NHE3loxloxCre) did not show significant differences compared to
control mice in body weight, blood pH or bicarbonate and plasma sodium, potassium or
aldosterone levels. Fluid intake, urinary flow rate, urinary sodium/creatinine and pH were
significantly elevated in NHE3loxloxCre mice while urine osmolality and GFR were significantly
lower. Water deprivation revealed a small urinary concentrating defect in NHE3loxloxCre mice on
a control diet; exaggerated on low sodium chloride. Ten days of low or high sodium chloride diet
did not affect plasma sodium in control mice; however, NHE3loxloxCre mice were susceptible to
low sodium chloride (about —4 mM) or high sodium chloride intake (about +2 mM) versus
baseline, effects without differences in plasma aldosterone between groups. Blood pressure was
significantly lower in NHE3loxloxCre mice and was sodium chloride-sensitive. In control mice,
the expression of the sodium/phosphate co-transporter Npt2c was sodium chloride-sensitive.
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However, lack of tubular NHE3 blunted Npt2c expression. Alterations in the abundances of
sodium/chloride cotransporter and its phosphorylation at threonine 58 as well as the abundances of
the a-subunit of the epithelial sodium channel, and its cleaved form, were also apparent in
NHE3loxloxCre mice. Thus, renal NHE3 is required to maintain blood pressure and steady state
plasma sodium levels when dietary sodium chloride intake is modified.
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proximal tubule; aldosterone; distal tubule; hypernatremia; hyponatremia

Introduction

The kidneys play an important role in maintaining body sodium (Na*) and volume
homeostasis and thus blood pressure regulation. If Na* homeostasis cannot be achieved
despite activation of various Na* conserving mechanisms, Na* loss and volume depletion
results in hypotension, circulatory collapse and ultimately, death. Body Na* balance is
maintained, predominantly, by interplay between uptake in the gastrointestinal tract and
reabsorption/excretion by the kidney. In the intestine, the luminal Na*/H* exchanger isoform
3 (NHEJ) is critical for Na* absorption.1=3 NHE3 is also expressed in the luminal membrane
of the renal proximal tubule, where the majority of renal Na* reabsorption (60-75%)
occurs.3 Perfusion studies in proximal tubules of whole body NHE3 knockout mice
(NHE3") determined that Na* reabsorption was reduced by ~63% /n vivo* and ~46% in
vitro.> During microperfusion, inhibition of NHE3 Jn vivo using $3226 (inhibitor)
determined that the maximum reduction of Na* reabsorption was ~30%.6 This ~2-fold
difference between Na* reabsorption in genetically modified mice or subsequent to
pharmacological inhibition was previously attributed to a contribution of NHE3 to both
direct and indirect reabsorption of Na* in the proximal tubule.

Due to the role of NHE3 in the intestine for Na* absorption and volume regulation, NHE3~/~
mice have diverse problems with regard to Na* homeostasis. The mice suffer from severe
diarrhea, dilation of the intestinal tract and a high mortality rate subsequent to weaning, with
only ~30% of mice surviving into adulthood.3: 7 When fed a low NaCl diet, NHE3~~ mice
experience severe dehydration resulting in hypovolemia, body weight loss, and death.?
When NHE3~~ mice are fed a high-NaCl diet (5% NaCl), the small intestine becomes
severely swollen, consequently resulting in death within 2 days.8: @ This was attributed to the
osmotic effect exerted by the high NaCl levels in the intestine.

NHE3 has been linked directly to blood pressure regulation;10 however, the exact role of
NHES3 is complex. In hereditary strains of hypertensive rats, NHE3 activity is increased
before the onset of hypertension.11: 12 However, after hypertension is established, proximal
tubular fluid reabsorption is decreased, consistent with the activation of pressure
natriuresis.1! NHE3~/~ mice with transgenic expression of NHE3 in the small intestine
(tgNHE3~/") show a blunted pressure natriuresis.? Alterations in blood pressure may result
in pressure natriuresis due to redistribution of NHE3 out of the microvilli to intermicrovillar
clefts below the apical microvilli and then to endosomal pools.13 These effects, in part, may
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be due to angiotensin I (Angll). Angll has a biphasic effect on blood pressure; acutely
applied pressure doses of Angll induce pressure natriuresis possibly via internalization of
NHE3,14 15 whereas long-term application of subpressor doses of Angll increase NHE3
expression and blood pressure.16-18 Vice versa, inhibiting angiotensin-converting enzyme
induced a redistribution of NHE3 from enriched microvillar membranes to intermicrovillar
membrane-enriched fractions.1® The role of NHE3 is supported by recent studies using
NHE3~/~ 20 and tgNHE3 ™'~ 21 mice that have an absence of Angll-induced hypertension. Of
note, in humans, NHE3 polymorphisms have not been linked to essential hypertension.22

Since the severe defects from global NHE3 deletion can arise due to lack of NHE3 in the
intestine or the kidney,2 3: 7 we examined whether renal tubular NHE3 plays a significant
role in NaCl homeostasis and blood pressure regulation. We examined the effects of altered
dietary NaCl on whole body NaCl homeostasis and blood pressure in control and
constitutive tubule-specific NHE3 knockout mice.23 The results demonstrate that in the
absence of tubular NHE3, dietary NaCl alterations directly impact total body NaCl levels by
disturbing glomerulo-tubular balance. In addition, NHE3 contributes to the NaCl sensitivity
of blood pressure and, possibly as a result of its expression in the medullary thick ascending
limb (TAL), urinary concentrating ability. However, considering the overall mild phenotype
observed during dietary NaCl challenges in the absence of tubular NHE3, an essential role
for renal NHE3 for NaCl and acid-base homeostasis needs to be reconsidered.

Basal analysis of renal tubule-specific NHE3!9XIoxCre mice with free access to fluid and

food

We utilized non-inducible, constitutive, tubule-specific NHE3!0XI0xCre mjce 23 NHE3IoxloxCre
mice have absent cortical NHE3, and severely reduced (>85%) NHE3 labeling in the
medullary TAL (Supplementary Figure 1). Labeling of NHE3 in the intestine identified a
comparable signal between genotypes (Supplementary Figure 2). Physiological analysis of
control (Con) and NHE3!0XIoxCre mice with free access to fluid and food in regular cages and
metabolic cages indicated that fluid intake was significantly higher in NHE3!oXIoxCre mjce
associated with a higher urinary flow rate and lower urine osmolality (Figure 1 and
Supplemental Figure 3). Body weight, plasma concentrations of Na*, K* and aldosterone,
plasma osmolality as well as bicarbonate and base excess were not significantly different
between genotypes (Figure 1 and Supplementary Figures 3 and 4). NHE3!9XI0XCre mice had a
higher urinary pH compared to Con mice and a ~20% lower GFR (Figure 1). In
NHE3IoxloxCre mice food and Na* intake tended to be higher compared to Con mice and
were associated with a tendency for higher urinary Na*, K* and CI~ excretion (Figure 1).
Independent of genotype, ~80% of the ingested Na* was excreted via the kidneys. In
contrast, urinary Na*, K* and CI~ concentrations were significantly lower in NHE3!oxloxCre
compared to Con mice (Supplemental Figure 3), a likely consequence of higher fluid intake/
urine output. To test for a role of NHE3 in urinary concentrating ability an 18 hour water
deprivation (WD) was performed on animals consuming a standard diet or after 7 days of
low or high NaCl intake. On standard diet NHE3!0XI0XCre mjce were not able to reach the
same urine osmolality compared to Con mice in response to WD and remained ~400
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mmol/kg lower (Figure 2). After 7 days of low dietary NaCl, NHE3!oxloxCre mice have
impaired urinary concentrating ability after 18 hour WD as evidenced by a lower urine
osmolality (~750 mmol/kg) and greater increase in plasma osmolality (~15 mmol/kg)
compared to Con mice (Figure 2). After 7 days of high NaCl intake and 18 hour WD no
significant differences were observed between genotypes in urine and plasma osmolality
(Supplementary Figure 5).

Response to varying NaCl intake

NHE3™~ mice do not tolerate a 0.01% NaCl diet; facing severe weight loss, indicative of
volume depletion, and mortality.2 If the kidney is of major importance for these
observations, we reasoned that NHE3!9XIoXCre mice would show a comparable phenotype
when challenged by a low NaCl diet. In contrast to NHE3™/~ mice,2 NHE3!oxIoxCre mice
show a subtle but significant body weight loss (1.5 g or 5% body weight versus baseline,
Figure 3A). Fluid intake remained significantly higher in NHE3!0XIoxCre mice during low
NaCl intake (Figure 3B). In both genotypes NaCl intake decreased significantly in response
to low dietary NaCl (Figure 3C) in combination with significantly decreased urinary Na*/
creatinine (Figure 3D). In metabolic cage experiments (Supplementary Figure 6), dietary
Na* intake (Figure 3E) was not significantly different between genotypes and associated
with a comparable urinary Na* excretion (Figure 3F). Urinary pH decreased in both
genotypes; however, the pH remained significantly higher in NHE3!°XIoXCre mice during the
10 day experimental period (Figure 3G).

In response to high NaCl diet body weight was unaffected and not significantly different
between genotypes (Figure 4A). Fluid intake increased in both genotypes, but was
significantly higher in NHE3!0XIoxCre mice versus Con mice (Figure 4B). NaCl intake
increased ~3-fold for the first 2 days in both genotypes and remained at this level in Con
mice. NHE3!0XloxCre mice slowly decreased NaCl intake throughout the experimental period,
with Na* intake being 30% lower at the end of the experiment (Figure 4C), an effect
occurring without differences in urinary Na*/creatinine between genotypes (Figure 4D).
Metabolic cage experiments (Supplementary Figure 7) confirmed a comparable Na* intake
(Figure 4E) and urinary Na* excretion (Figure 4F) between genotypes. Urinary pH tended to
decrease in Con mice but was not significantly different on day 10 versus baseline. In
NHE3!oxIoxCre mice urinary pH decreased significantly in response to high NaCl; however, it
remained significantly higher compared to Con mice (Figure 4G).

In Con mice, irrespective of dietary NaCl, plasma Na* was unchanged (Figure 5A);
however, plasma Na* in NHE3!0XIoxCre mice \was susceptible to the effects of low (=3.9+1.0
mM, £<0.05) and high NaCl diet (+2.2+£0.6 mM, £<0.05; Figure 5B). Aldosterone plasma
concentrations were not different between Con and NHE3!0XI0XCre mice on low or high NaCl
intake (Figure 5E, 5F). Possibly as a consequence of increased aldosterone concentration in
response to low NaCl intake, plasma K™ significantly decreased in Con mice (—0.5+0.2 mM,
P<0.05; Figure 5C) but to a significantly greater extent in NHE3/0XIoxCre mijce (-1.2+0.1
mM, ~<0.05; Figure 5D). High NaCl intake did not significantly alter plasma K* in Con
mice, yet resulted in a significant decrease in NHE3!9XI0xCre mice (Figure 5C, 5D). Both
genotypes responded with more alkaline and acidic blood pH (Figure 5G, 5H) and

Kidney Int. Author manuscript; available in PMC 2018 August 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Fenton et al.

Page 5

bicarbonate (Supplementary Figure 4) in response to low and high NaCl intake, respectively;
which may be secondary to changes in plasma K*-24 GFR determined in conscious mice
decreased in Con (-110+13 pl/min, £<0.05) and NHE3!0xI0xCre (—99+8 jil/min, £<0.05)
mice to a similar extent following low NaCl intake. High NaCl did not show a clear effect on
GFR irrespective of genotype (Figure 6A). To exclude structural defects of the glomeruli
causing, or resulting from, the lower GFR in NHE3!0XIoxCre mice we performed collagen 1V
staining in Con and NHE3!oXIoxCre mice on control diet. No observable differences in
staining intensity or histology were observed between genotypes (Figure 6B).

Effect of dietary NaCl on renal protein expression and NCC/yENaC staining

In this study renal NHE3 was undetectable by Western blotting in NHE3!0XIoxCre mjce,
confirming NHE3 knockout, independent of dietary changes (Figure 7). Phosphorylation of
NHE3 at serine 552 (pS552 NHE3), an inhibitory phosphorylation site, was also absent in
NHE3IoxIoxCre mice. In Con mice, alterations in dietary NaCl were without significant
effects on NHE3 or pS552 NHE3 abundance. The levels of the Na*/phosphate cotransporter,
Npt2a, were not altered by dietary NaCl in either genotype. However, Npt2a expression was
significantly lower (~30%) in NHE3!0XIoXCre mice compared to Con mice irrespective of
dietary NaCl (Figure 7). In contrast, Npt2c expression (Figure 7) in Con mice showed
significant NaCl dependence; low NaCl diet reduced, and high NaCl diet increased Npt2c
expression. Of note, Npt2c expression in the NHE3!0XI0XCre mice was reduced to almost
undetectable levels and was not affected by dietary NaCl. Abundance of the Na*/bicarbonate
cotransporter, NBCel, was not affected by dietary NaCl or genotype (Figure 7). The levels
of the Na*/K*/2CI~ co-transporter NKCC2 were not different between genotypes and not
affected by dietary NaCl (Figure 8). The expression of the Na*/CI~ co-transporter NCC was
significantly greater (~40%) in NHE3!2XI0xCre mice compared to Con mice on high NaCl
diet (Figure 8). In both genotypes, low NaCl significantly increased NCC abundance
compared to high NaCl, which was confirmed using qualitative immunofluorescence (Figure
9). However, there were no clear differences between genotypes in NCC localization or
staining intensity. Phosphorylation of NCC at threonine 58 (pT58 NCC), which stimulates
NCC transport activity, was significantly greater (~25%) in NHE3!0XIoxCre mjce compared to
Con mice irrespective of diet. In both genotypes, low NaCl significantly increased pT58
NCC abundance compared to high NaCl; however, this increase was significantly greater
(~25%) in NHE3!oxloxCre compared to Con mice (Figure 8). The expression of the a-subunit
of the epithelial Na* channel (aENaC) was significantly greater (~25%) in NHE3!oxloxCre
compared to Con mice irrespective of diet. Whereas dietary NaCl did not affect full length
aENaC levels in either genotype (Figure 8), low NaCl increased the abundance of the
proteolytically cleaved form of a ENaC irrespective of genotype. Cleaved aENaC was
significantly higher in NHE3!9XIoXCre compared to Con mice on low dietary NaCl (~30%,
Figure 8). On high NaCl diet, a ENaC is undetectable by immunoflourescence.?® After 10
days on low NaCl intake, although a ENaC labeling was clearly observed, the predominant
apical distribution was similar between genotypes (Supplementary Figure 8). On low NaCl
intake, YENaC localized to the apical membrane domain of connecting tubule (CNT) cells
in Con and NHE3!oxIoxCre mice (Figure 10). Further downstream in the cortical collecting
duct (CCD)/outer medullary collecting duct (OMCD), YENaC was localized predominantly
intracellular in principal cells (PC). On high NaCl intake, Con and NHE3!0xIoxCre mijce

Kidney Int. Author manuscript; available in PMC 2018 August 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Fenton et al.

Page 6

showed intracellular yENaC staining in CNT cells and PC of the CCD and OMCD which
was more pronounced compared to low NaCl, but no clear differences were observed
between genotypes. Similar ENaC staining in response to altered dietary NaCl intake has
been observed previously.2®

Levels of the Na*/K*-ATPase a-subunit was not affected by dietary NaCl or genotype
(Figure 11). Levels of the Cl7/bicarbonate exchanger pendrin expressed in type B and non-
A, non-B intercalated cells was significantly lower (~25%) in NHE3!0XI0xCre mice compared
to Con mice, but was not affected by dietary NaCl irrespective of genotype (Figure 11). The
levels of the H*-ATPase B1-subunit, located in type A, type B, and non-A, non-B
intercalated cells, were significantly higher (~25%) in NHE3!0XIoxCre compared to Con mice,
but not affected by dietary NaCl (Figure 11). The abundance of aquaporin-2 (AQP2) was
slightly but significantly greater (~15%) on high compared to low NaCl in NHE3!oxloxCre
mice, whereas levels of AQP2 phosphorylated at serine 256 (pS256 AQP2) were not affected
by genotype or dietary NaCl.

Effect of dietary NaCl on systolic blood pressure and heart rate

The role of dietary NaCl on systolic blood pressure and heart rate in respect to genotype was
measured via direct and continuous measurements by a fluid filled catheter implanted into
the femoral artery under anesthesia. No significant differences in blood pressure were
detected between Con mice after 10 days on low or high NaCl diet (Figure 12). In contrast,
NHE3IoxIoxCre mice showed lower systolic blood pressure independent of NaCl. Of note,
blood pressure in NHE3!0xloxCre mice was NaCl-sensitive, with a 10 mmHg increase upon
high NaCl diet, while heart rate was not affected by dietary NaCl or genotype.

DISCUSSION

NHES3 plays an important role in regulating Na* absorption and blood pressure. Previous
studies of NHE3 function after total body deletion in mice were hampered due to the severe
phenotype observed under baseline conditions or when challenged by alterations in dietary
NaCl. These defects were attributed to a critical role of NHE3 in the intestine and kidney but
could so far not be clearly delineated. Lack of renal NHE3 in NHE3!oXI0xCre mjce has no
observable impact on intestinal NHE3 abundance or localization, providing us with an
excellent model to assess if there is a critical role of NHE3 in the kidney tubules for NaCl
homeostasis and maintaining blood pressure either under baseline conditions or during
alterations in dietary NaCl. The results suggest that NHE3 is required to maintain steady
state plasma Na* levels when dietary NaCl is modified. Despite a concerted interplay of
decreased GFR and increased activation of distal tubule Na* conserving mechanisms via
NCC and ENaC, plasma Na* in NHE3!oXIoxCre mjce js directly impacted by dietary NaCl.
Furthermore, under baseline conditions NHE3!0XIoxCre mice have a higher urinary Na*/
creatinine ratio, and a tendency for higher urinary Na* excretion. However, our detailed
balance studies indicate that the amount of Na™ wasting is relatively minor in the absence of
renal NHE3. Our data from NHE3!°XI0XxCre mice ynraveled a contribution of NHE3 to urinary
concentrating ability that was inversely correlated with Na* intake. Of note, the
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compensatory mechanisms in NHE3!oXIoxCre mice are unable to restore blood pressure to
levels found in Con mice.

Baseline analyses (current study and?3) show no significant differences between Con and
NHE3!oxloxCre mice in body weight, plasma concentrations of Na*, K*, aldosterone as well
as osmolality and blood pH. Consistent with a higher fluid intake and higher urinary flow
rate, urine osmolality was significantly lower in NHE3!0XI0xCre mice indicating that
NHE3!oxIoxCre mice can maintain fluid and electrolyte homeostasis. Eighteen hour WD
unraveled the importance of NHE3 for urinary concentrating ability on low NaCl diet. Under
these conditions, NHE3!2XI0xCre mice have a problem conserving fluid resulting in a lower
urine osmolality and consequently a greater increase in plasma osmolality. This data likely
indicates that NHE3 in the medullary TAL contributes to some extent towards establishing
the medullary interstitial gradient. Differences in urea handling could also potentially
contribute to the impaired urinary concentrating ability. Under control, but more importantly
under low NaCl intake, K* and urea are the dominating osmolytes. Alterations in their
handling may partly account for differences in anti-diuresis and changes in plasma Na*
(Figure 5) of NHE3!oxIoxCre compared to Con mice. A mild urinary concentrating defect was
also apparent on control NaCl diet, whereas on high NaCl no differences were observed. Of
note, other compensatory mechanisms (see below) are unable to fully compensate for these
defects. In contrast to global NHE3™~ mice, which have elevated plasma aldosterone levels,3
NHE3IoxIoxCre mice show plasma aldosterone levels comparable to Con mice. Dietary NaCl
challenges did not result in different plasma aldosterone concentrations between genotypes,
while phosphorylated NCC, aENaC and cleaved aENaC expression were significantly
higher in NHE3!0XIoxCre yiersys Con mice. NCC phosphorylation can be mediated by Angll
independent of aldosterone,26 vasopressin,2”- 28 insulin?9 and/or adrenergic factors.30
Vasopressin3! and insulin32 also contribute to ENaC regulation. Furthermore, proteolysis-
mediated activation of a ENaC is regulated by various proteases,3? the activity of which may
be regulated. Regarding NCC, hypokalemia, which was more pronounced in NHE3loxloxCre
mice, may also be important for increased NCC activity.3* The higher a ENaC/cleaved
aENaC expression in NHE3!9XIoxCre mice possibly provides the driving force for increased
K™ secretion via the renal outer medullary K* channel and/or big-conductance K*
channels,3> consequently resulting in a more prominent decrease in plasma K+ compared to
Con mice. Ultimately, other signals that contribute to the increased NCC phosphorylation
and activation of a ENaC via proteolytic cleavage in NHE3!XIoxCre mjce which may help to
maintain Na* homeostasis, remain to be determined.

In contrast to NHE3™~ mice, which show lethality when exposed to low/high NaCl diet,2
NHE3!oxIoxCre mice do not have a problem adapting to either NaCl diet and appear healthy.
While NHES3 in the proximal tubule was postulated to be essential for Na* reabsorption and
Na* balance, our data suggest otherwise. Dietary NaCl does not affect NHE3 or pS552
NHE3 expression in Con mice, which is comparable to other studies.36-3% Consequently, the
adaptive mechanisms that occur in Con mice in response to changes in dietary NaCl should
be exaggerated in NHE3!0XI0xCre mice in order to maintain plasma Na* levels. Indeed, we
found that NHE3!0XIoxCre mice have significantly increased pT58 NCC, aENaC and cleaved
aENaC abundances following dietary NaCl restriction compared to Con mice; supporting
that a larger magnitude of compensatory mechanisms are required in NHE3!0XI0xCre mice to
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maintain Na* balance during NaCl restriction. Although our immunofluorescent labeling did
not show clear differences in localization of aENaC, yENaC or NCC between the
genotypes, we cannot rule out that subtle differences exist that we were not able to detect via
immunofluorescence.

Consistent with other studies,36: 40 we do not show an effect of dietary NaCl on NKCC2
expression. Although NKCC2 levels tended to be lower in NHE3!0XI0XCre mjce relative to
Con mice following high dietary NaCl intake, these differences did not reach statistically
significance. These results would be in line with NHE3~/~ mice that have reduced NKCC2
expression.#1 42 \Why NKCC2 expression in the NHE3!0XI0xCre and NHE3~/~ mice are
reduced rather than increased (a response considered anti-homeostatic) remains elusive. Of
note, treatment of normal mice with acetazolamide for 3 days does not affect NKCC2
expression.#2 These findings argue against an increased fluid and bicarbonate load to the
TAL mediating this effect.

Intra-arterial blood pressure was significantly lower in NHE3!0XI0XCre mice and sensitive to
dietary NaCl. While under low and high dietary NaCl intake, although no significant
differences in urinary Na* excretion were detectable between genotypes, we still observed
differences in blood pressure. This possibly indicates that renal NHE3 could affect other
proteins that do not primarily transport Na* but could affect blood pressure regulation. Of
note, the only electrolyte excreted in the urine at a greater amount under low dietary NaCl
was CI™. A contributing role of CI~ for determining NaCl-sensitivity of blood pressure has
been postulated over 30 years ago.#3 A lower blood pressure was described for NHE3™/~ and
tgNHE3 ™/~ mice.3 8 When replacing tap water with a 0.9% NaCl solution, blood pressure in
tgNHE3 ™~ increased to the levels of WT mice,? possibly due to increased consumption of
0.9% NaCl in the tgNHE3 ™'~ mice compared to controls. However, similar to the
observations here, blood pressure in tgNHE3~/~ remained significantly lower compared to
WT mice when feeding a 1% or 5% NaCl diet.8 Our experiments did not show an effect of
dietary NaCl or genotype on heart rate, which may be linked to an abolished aortic depressor
nerve stimulation that is common under barbiturate anesthesia.** The current results warrant
future studies to determine effects of dietary Na* and/or CI~ on blood pressure and heart rate
in conscious NHE3!oXI0xCre mjce via radio-telemetry.

Surprisingly, a dietary-independent ~30% reduction in Npt2a abundance was observed in
NHE3!oxIoxCre mice. This is in contrast to NHE3™~ mice that have ~350% greater Npt2a
expression, ! which may be an adaptive response to defective phosphate absorption from the
small intestine. Measured PTH levels in NHE3™/~ mice were not significantly different from
WT mice, suggesting that alterations in PTH are not the primary cause of increased Npt2a
expression.> NHE3 tethers to NHE regulatory factor 146 which also regulates Npt2a.4” It
needs to be determined if, in the absence of NHE3, this physical tethering is disrupted and
consequently affects Npt2a expression. Hypertension is associated with internalization of
Npt2a;48: 49 however, NHE3!0XIoxCre mice have lower and not higher blood pressure, arguing
against blood pressure causing decreased Npt2a expression. In line with the effects on
Npt2a, levels of Npt2c are severely reduced in the NHE3!2XI0XCre mice. Furthermore, we
observed that Npt2c expression was NaCl-sensitive in Con mice, with changes parallel to
dietary NaCl, whereas NHE3!oxI0xCre mice were unresponsive. This suggests a novel link
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between Npt2c and NHE3, with NHE3 possibly required for the effects of dietary NaCl on
Npt2c expression. While pressure natriuresis reduces the expression of Npt2, NHE3!0xloxCre
mice have lower and not higher blood pressure arguing against such a mechanism being
responsible for the reduced Npt2a and absent Npt2c expression.

Our data also suggest that Npt2c, in addition to NHE3,%> H*-ATPase® and AQP1,%0 possibly
contributes to functional glomerulotubular balance. Microperfusion experiments in proximal
tubules employing bafilomycin, an H*-ATPase inhibitor, indicated that ~20% of bicarbonate
reabsorption is mediated via H*-ATPase.* ®1 Our experiments indicate that in the absence of
NHE3-dependent bicarbonate reabsorption (NHE3!0XI0XCre mjce) an increased NHE3-
independent component contributes to bicarbonate reabsorption, as evidenced by a higher,
dietary-independent, H*-ATPase B1-subunit expression. In NHE3™/~ mice, bicarbonate
reabsorption in the collecting duct was found to be increased possibly via higher H*-ATPase
expression.52 We previously reported a higher urinary pH in NHE3!0XIoxCre mjce 23
confirmed in the current study under baseline conditions alongside a comparable blood pH.
During dietary NaCl challenges, urinary pH remained significantly higher in NHE3loxloxCre
mice paralleled by significantly higher H*-ATPase B;-subunit abundance. Type-B and non-
A, non-B intercalated cells express pendrin,®3 which is not altered by dietary NaCl in Con
mice. However, independent of dietary NaCl, NHE3!0XIoxCre mice show a higher urinary pH
alongside lower pendrin expression. The lower pendrin expression may be a mechanism to
limit bicarbonate loss and maintain blood pH.

Conscious NHE3!oxIoxCre mice show a ~20% lower GFR, a finding consistent with NHE3 ™/~
and tgNHE3™~ mice that have a 20-30% lower GFR compared to wild-type mice.8 41 Low
NaCl intake decreased GFR in both genotypes while high NaCl was without significant
effects. Various labs have described no change in GFR in response to dietary NaCl
restriction®* 55 or a decrease in GFR.55: 57 In response to high dietary NaCl, GFR was
described to be unaffected®® 59 or increased.>* 60 Of note, a recent study found GFR to be
NaCl-sensitive.51 All NHE3!oxIoxCre mice and Con mice in this study clearly respond to low
NaCl intake with a reduction in GFR, possibly indicating intact resetting of the TGF
response in order to restore efficiency.52 The reduced GFR in NHE3!0XIoxCre mice js
possibly another mechanism that contributes to the maintenance of NaCl homeostasis. The
lower GFR is unlikely due to structural changes in the kidney and rather a physiological
response to changes in Na*/K*/CI~ delivery to the macula densa.

In summary, our data indicate that renal NHE3 is required to maintain steady state plasma
Na* levels when dietary NaCl intake is modified. We also provide new evidence that Npt2c
is part of an adaptation response to dietary NaCl and Npt2c expression is modulated by
functional renal NHE3. Our data provide novel evidence that increased NCC and ENaC
abundances are part of a compensatory response in the absence of NHE3 along the tubule.
Despite these adaptive responses, blood pressure remains significantly lower and is NaCl-
sensitive in tubule-specific NHE3 knockout mice. The overall “mild” phenotype in response
to NaCl challenges in tubule-specific NHE3 knockout mice indicates that the severe
phenotype of NHE3~~ mice is most likely a result of NHE3 deletion in the intestine.
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METHODS

Animals

All animal experimentation was conducted in accordance with the Guide for Care and Use
of Laboratory Animals (National Institutes of Health, Bethesda, MD) and was approved by
the local Institutional Animal Care and Use Committee. The generation of tubule-specific,
non-inducible, constitutive NHE3 knockout mice using Pax8-Cre transgenic mice was
described previously.23 Mice were housed under a 12:12 hour light:dark cycle in standard
rodent cages with free access to standard rodent chow (0.8% NaCl, TD.7001, Harlan Teklad,
Madison, WI) and tap water. Age-matched, 3-6-month old male control (Con, NHE3!0xI0x)
or tubule-specific NHE3 knockout mice (NHE3!0XI0XCrey \were used for experiments.

Food and fluid intake, blood and urine collection/analysis

Food and fluid intake was determined while the mice were maintained in their regular
cages.%3: 64 Urine was obtained via reflex urination. Blood was collected from the
retrobulbar plexus under brief isoflurane anesthesia.23 Metabolic cage experiments were
performed as described previously.3® 65 Blood chemistry was determined by an OPTI®
CCA blood gas analyzer (OPTIMedical, Roswell, GA). Concentrations of plasma
aldosterone were determined by radioimmunoassay (Beckman Coulter, Brea, CA).3® Urinary
pH was determined using a pH electrode (9810BN, Thermo Fisher Scientific, Carlsbad,

CA). Urinary Na* and creatinine were analyzed as described previously.53

Measurement of glomerular filtration rate (GFR) in conscious mice

GFR measurements were performed by determining the plasma kinetics of the GFR marker
fluorescein isothiocyanate-sinistrin (Fresenius-Kabi, Linz, Austria) following a bolus i.v.
injection.23: 64, 66

Low and high NaCl diet manipulations

GFR was assessed (3 days before dietary changes) under when mice were on standard diet
(TD.7001). Fluid and food intake was determined over a 3 day period and averaged (day 0),
a blood collection performed and mice subsequently randomized to either low NaCl diet
(Harlan Teklad, <0.01% NaCl, TD.08601) or high NaCl diet (Harlan Teklad, 4% NaCl, TD.
140038).54 Apart from NaCl, diets were otherwise identical in composition to the standard
diet. Food and fluid intake was determined daily (and averaged for days 3—4, 5-6, 7-8 and
9-10) while the mice were maintained in their regular cages. After 10 days on the new diet,
GFR measurements were performed as described above. One day later mice were
anesthetized for blood collection and kidneys removed and processed for Western blotting.

Immunoblot analysis and immunohistochemical analysis

Western blotting was performed as described previously.27: 63. 64 Blots were probed with the
following antibodies: total NHE3%7, pS552 NHE3 (Novus Biologicals, Littleton, CO), total
NCC®8, pT58 NCC28, NKCC26% NBCe123, Npt2a®3, Npt2c83, Na*/K*-ATPase a-subunit
(Merck Millipore, Darmstadt, Germany), H*-ATPase B1-subunit’?, Pendrin,”t a ENaC’2,
AQP273 and pS256-AQP274. Chemiluminescent detection and densitrometric analyses were
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performed using Image Studio Lite® (Qiagen, Valencia, CA). For immunohistochemistry
tissue preparation, kidney and intestinal sectioning, and labeling were performed as
previously described?’- 64 utilizing antibodies against collagen IV (ICN Biochemicals, Inc.,
Auroa, Ohio, USA) aENaC’2, yENaC’® NCC (SPC402D, StressMarq Biosciences,
Cadboro Bay, Canada) and NHE3.67

Intra-arterial blood pressure and heart rate measurements

Mice received low or high NaCl diet for 10 days. Subsequently mice were anesthetized for
terminal blood pressure measurements as described previously.83: 76

Statistical analysis

Data are expressed as mean=S.E.M. Unpaired and paired Student’s #test or Mann-Whitney
U-test were performed as appropriate to analyze for statistical differences between groups.
One-way ANOVA or two-way repeated-measures ANOVA followed by Student-Newman-
Keuls and Tukey’s multiple comparison tests, respectively, were used to test for significant
differences between genotype and experimental conditions. Significance was considered at P
< 0.05.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. NHE3!0XIoXCre mice show higher fluid intake, lower GFR and lower urine osmolality in
conjunction with higher urinary pH and lower Na™ excretion

NHE3!oxloxCre compared to Con fed a control diet (0.8% NaCl) show comparable body
weight, plasma concentrations of Na*, K*, aldosterone, plasma osmolality and blood pH.
Fluid intake and urine osmolality were significantly higher and lower, respectively, in
NHE3IoxloxCre mice. Urinary pH was significantly higher in NHE3!oXI0xCre mice. GFR was
significantly lower, while Na* intake and urinary Na* excretion tended to be higher in
NHE3!oxloxCre compared to Con mice. Baseline fluid and food intake 7= 31-32; for other
parameters 7= 9-32. *P< 0.05 versus Con.
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Figure 2. Under baseline conditions and after 7 days on low NaCl intake NHE3!OXI0XCre jce
have an impaired urinary concentrating ability in response to 18 hour water deprivation (WD)

(A) WD significantly increased urine osmolality in Con and NHE3!0X10xCre mice and
remained slightly but significantly lower after 18 hours in NHE3!oXIoxCre mice: however, (B)
the total increase in urine osmolality was comparable between genotypes. (C) Plasma
osmolality was comparable under baseline conditions and increased to a similar extent in
both genotypes. (D) Body weight changes were comparable between Con and NHE3!oxloxCre
mice. After 7 days of low NaCl intake, WD significantly increased urine osmolality in both
genotypes; however, the increase was significantly lower after 18 hours in NHE3!oxloxCre
mice. (E) The total increase in urine osmolality was significantly lower in NHE3!0xloxCre
mice. (F) Possibly as a consequence of the impaired urinary concentrating ability in
NHE3IoxIoxCre mice plasma osmolality increased to a significantly greater extent and (G)
body weight loss tended to be higher in NHE3!oXI0xCre compared to Con mice. n=7-12/
genotype; *P<0.05 versus Con same condition; #/<0.05 versus respective diet same mouse.
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Figure 3. Response of NHE3!2XI0XCre ang Con mice to low NaCl intake
In response to low NaCl intake Con mice did not show a significant weight change; however,

NHE3!oxloxCre mice show a subtle but significant decrease in body weight over the 10 day
experimental period (A). Fluid intake was significantly lower in NHE3!0XI0xCre mjce
compared to baseline during the experimental period, but remained significantly higher than
Con mice throughout the treatment. In Con mice, fluid intake was only significantly
different from baseline on day 1 of low dietary NaCl (B). Both genotypes show comparable
reductions in NaCl intake which was not significantly different between genotypes during
the experimental period (C). In response to low NaCl intake, urinary Na*/creatinine
decreased and was not significantly different between genotypes (D). In metabolic cage
experiments, Na* intake (E) was comparable and urinary Na* excretion (F) was not different
between genotypes. Urinary pH decreased in both genotypes; however, remained
significantly higher in NHE3!0XI0xCre mice (G). n = 6-7/genotype. *P < 0.05 versus Con, #2
< 0.05 versus bhaseline (day 0) same genotype.
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Figure 4. Higher fluid intake and urinary pH in NHE3!2XI0XCre mice following high NaCl dietary
intake

Body weight was not measurably sensitive to high NaCl intake in either genotype (A). High
NaCl intake increased fluid intake in both genotypes but to a significantly greater extent in
NHE3!oxloxCre compared to Con mice (B). NaCl intake increased ~3-fold initially in both
genotypes. Whereas Con mice stayed at this level for the remainder of the experimental
period, NHE3!XIoxCre mjce slightly decreased their NaCl intake over time. (C). Urinary Na*/
creatinine increased 3-fold in response to high NaCl diet but was not significantly different
during the remained of the experimental period between genotypes (D). In metabolic cage
experiments, Na* intake (E) was comparable and urinary Na* excretion (F) was not different
between genotypes. Comparable to low NaCl, urinary pH decreased in response to high
NaCl in both genotypes; however, remained at a significantly higher level in NHE3!0xloxCre
compared to Con mice (G). n = 5-7/genotype. *P< 0.05 versus Con, #P< 0.05 versus
baseline (day 0) same genotype.
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Figure 5. Plasma Na* in NHE3!2XI9XCre mice is susceptible to dietary NaCl
Dietary NaCl had no effect on plasma [Na*] in Con mice (A). In contrast, the amount of

dietary NaCl directly impacted plasma [Na*] in NHE3!0XIoxCre mice (B). In response to low
NaCl plasma [K*] was decreased to a significantly greater extent in NHE3!0XIoxCre compared
to Con mice. High NaCl intake slightly reduced plasma [K*] in NHE3!oXIoxCre mice only (C,
D). Aldosterone was increased and reduced in response to low and high NaCl intake,
respectively; however, levels between genotypes were not significantly different (E, F). Low
NaCl intake caused an increase of blood pH in both genotypes whereas high NaCl intake
reduced blood pH (G, H). *P < 0.05 versus Con same diet, #2< 0.05 versus baseline same
mouse, 7P < 0.05 versus low NaCl diet same genotype.
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Figure 6. Glomerular filtration rate (GFR) is significantly lower in NHE3!2XI9XCre compared to
Con mice

As shown in Figure 1, baseline GFR was significantly lower in NHE3!0xI0xCre compared to
Con mice. GFR was measured following dietary NaCl challenges for a period of 10 days.
(A) Low NaCl intake reduced GFR in both genotypes; in contrast, high NaCl intake was
without effect on GFR in either genotype. (B) Representative imaging of Collagen IV
staining surrounding the glomerulus did not highlight any clear differences in glomerular
structure or size of Bowman’s space between genotypes. *P< 0.05 versus Con same diet, #P
< 0.05 versus baseline same mouse, 7P < 0.05 versus low NaCl diet same genotype.
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Figure 7. Independent of dietary NaCl content NHE3!XIOXCre mice have lower Na*/phosphate
co-transporter (Npt2a) and severely reduced Npt2c abundance

NHES3 protein is absent in the kidney of NHE3!°XIoXCre mice. In Con mice, NHE3 expression
was unaffected in response to dietary NaCl. Phosphorylation of NHE3 at serine residue 552
was not affected by dietary NaCl in Con mice and, consistent with the absence of NHE3,
barely detectable in NHE3!oXI0XCre mice, Npt2a was unaffected by dietary NaCl in either
genotype; however, significantly lower in NHE3!0X19XCre compared to Con mice. In Con
mice, dietary NaCl has significant impact on Npt2c abundance. In contrast to Con mice,
Npt2c is almost completely absent in NHE3!9XI0XCre mice and not regulated by dietary NaCl.
The Na*/bicarbonate cotransporter (NBCel) was not affected by dietary NaCl or genotype.
ND = not detectable. #/2 < 0.05 versus Con same diet
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Figure 8. Independent of dietary NaCl NHE3!OXI0XCre mice show greater phosphorylation of
Na*/CI~ cotransporter (NCC) at threonine 58 (pT58 NCC)

The thick ascending limb Na*/K*/2CI~ co-transporter (NKCC2) was not significantly
affected by dietary NaCl or genotype. Both genotypes responded with an increased
expression of total NCC in response to low NaCl intake. However, under high dietary NaCl,
total NCC expression was significantly higher in NHE3!oXI0xCre mice compared to Con
mice. Phosphorylation of pT58 NCC was increased in response to low NaCl compared to
high NaCl diet in both genotypes; however, NHE3!0XI0XCre mice show stronger
phosphorylation under both low and high NaCl diet. Full-length a-subunit of the epithelial
Na* channel (aENaC) was significantly higher in NHE3!0XIoxCre mjce compared to Con
mice under either dietary condition. Cleaved a ENaC expression was not different between
genotypes on a high NaCl diet; however, it was significantly higher in NHE3!oxloxCre
compared to Con mice on low NaCl diet. *P< 0.05 versus high NaCl same genotype, #P <
0.05 versus Con same diet.
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Figure 9. Qualitative immunofluorescent labeling identifies comparable NCC localization in Con
and NHE3!XIoXCre mice in response to low and high NaCl intake

Panels show representative images of kidney sections from mice after 10 days on low or
high NaCl intake. Differential interference contrast overlay is used to show kidney structure
and localization of imaging. Under low and high NaCl intake, NCC localized to the apical
plasma membrane domain of distal convoluted tubule (DCT) cells in Con and NHE3!0xloxCre
mice (arrows). The staining intensity tended to be higher under low compared with high
NaCl intake in Con (A, B, E, and F) and NHE3!0XIoxCre mjce (C, D, G, and H). No clear
differences were observed between genotypes. n = 8/genotype.
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Figure 10. Qualitative immunofluorescent labeling identifies yENaC localization in Con and
NHE3!oXIoXCre mice in response to low and high NaCl intake

Panels show representative images of kidney sections from mice after 10 days on low or
high NaCl intake. Differential interference contrast overlay is used to show kidney structure
and localization of imaging. On low NaCl intake, yENaC localized to the apical membrane
domain in some connecting tubule (CNT) cells (arrows, cells with strong calbindin and
vENaC staining) in Con and NHE3!0XIoxCre mice (E—H) In principal cells (PC, cells with
no/weak calbindin staining and -yENaC staining) of the cortical collecting duct (CCD)/outer
medullary collecting duct (OMCD), yENaC was localized intracellularly (arrow heads). (-
P) On high NaCl intake, Con and NHE3!oXloxCre mice showed intracellular yENaC staining
in CNT cells and PC of the CCD and OMCD (arrow heads). Furthermore, Con and
NHE3loxloxCre mice showed more intense intracellular yENaC staining on high NaCl intake
compared to low NaCl intake in both CNT cells and PC of the CCD/OMCD. No clear
difference was observed between genotypes. n = 8/genotype.
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Figure 11. Lower abundance of the Cl™/bicarbonate exchanger (pendrin) and higher abundance
of H*-ATPase B1-subunit expression in NHE3!0XI0XCre mjce

Expression of the Na*/K*-ATPase a.-subunit was unaffected by dietary NaCl or genotype. In
NHE3loxloxCre mice pendrin levels were significantly lower compared to Con mice but
unaffected by dietary NaCl intake. Vice versa, the H*-ATPase B1-subunit levels were
significantly higher in NHE3!0XI0xCre compared to Con mice, but also unaffected by dietary
NaCl. Aquaporin-2 (AQP2) expression was significantly greater in NHE3!0XIoxCre gn high
compared to low NaCl intake, an effect absent in Con mice. Expression of phosphorylated
AQP?2 at serine 256 (pS256 AQP2) was not affected by genotype or dietary NaCl. *~£< 0.05
versus high NaCl same genotype, #< 0.05 versus Con same diet.
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Figure 12. Lower systolic blood pressure independent of dietary NaCl intake in NHEgloxloxCre
mice

After 10 days on either low or high NaCl intake systolic blood pressure was not different in
Con mice. In NHE3!oXloxCre mice blood pressure was significantly lower regardless of NaCl
intake compared to Con mice; however, systolic blood pressure was significantly lower on
low compared to high NaCl. Heart rate was not affected by genotype or NaCl intake. n = 4—
5/group, *P < 0.05 versus high NaCl same genotype, #£< 0.05 versus Con same diet.

Kidney Int. Author manuscript; available in PMC 2018 August 01.



	Abstract
	Introduction
	RESULTS
	Basal analysis of renal tubule-specific NHE3loxloxCre mice with free access to fluid and food
	Response to varying NaCl intake
	Effect of dietary NaCl on renal protein expression and NCC/γENaC staining
	Effect of dietary NaCl on systolic blood pressure and heart rate

	DISCUSSION
	METHODS
	Animals
	Food and fluid intake, blood and urine collection/analysis
	Measurement of glomerular filtration rate (GFR) in conscious mice
	Low and high NaCl diet manipulations
	Immunoblot analysis and immunohistochemical analysis
	Intra-arterial blood pressure and heart rate measurements
	Statistical analysis

	References
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	Figure 6
	Figure 7
	Figure 8
	Figure 9
	Figure 10
	Figure 11
	Figure 12

