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Abstract
The sodium chloride co-transporter (NCC) is the primary target of thiazides diuretics, drugs used
commonly for long-term hypertension therapy. Thiazides also completely reverse the signs of
Familial Hyperkalemic Hypertension (FHHt), suggesting that the primary defect in FHHt is
increased NCC activity. To test whether increased NCC abundance alone is sufficient to generate
the FHHt phenotype, we generated NCC transgenic mice; surprisingly, these mice did not display
an FHHt-like phenotype. Systolic blood pressures of NCC transgenic mice did not differ from
those of wild type mice, even after dietary salt-loading. NCC transgenic mice also did not display
hyperkalemia or hypercalciuria, even when challenged with dietary electrolyte manipulation.
Administration of fludrocortisone to NCC transgenic mice, to stimulate NCC, resulted in an
increase in systolic blood pressure equivalent to that of wild type mice (approximately 20 mmHg).
Although total NCC abundance was increased in the transgenic animals, phosphorylated
(activated) NCC was not, suggesting that the defect in FHHt involves either activation of ion
transport pathways other than NCC, or else direct activation of NCC, in addition to an increase in
NCC abundance.
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Introduction
Familial Hyperkalemic Hypertension (FHHt) is characterized by hyperkalemia,
hypertension, metabolic acidosis, with normal glomerular filtration rate 1. Plasma renin
levels are low, but plasma aldosterone is often in the normal range, but inappropriately low
with respect to the observed high level of plasma potassium, a strong stimulus of aldosterone
secretion 2, 3. Importantly, administration of thiazide diuretics, which inhibit the distal
convoluted tubule (DCT)-specific sodium chloride cotransporter (NCC), is uniquely
effective at ameliorating these abnormalities 2–4. FHHt is caused by mutations in two
members of the With-No-lysine [K] (WNK) kinases, so-named due to the unusual
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positioning of the lysine involved in coordinating ATP 5. Deletion of part of the first intron
of WNK1 increases its expression in leukocytes 2, and was proposed to be a gain-of-function
mutation. Mice heterozygous for WNK1 display lower blood pressure than wild type
controls, supporting the hypothesis that WNK1 acts to increase blood pressure 6. Missense
mutations within the WNK4 gene also lead to FHHt 2. WNK4 strongly inhibits NCC
activity in Xenopus oocytes, whereas mutant WNK4 stimulates it; WNK1 increases NCC
activity both through suppression of WNK4 and by activating STE20-and-SPS1-related
proline/alanine-rich kinase SPAK kinase 7. Subsequent studies have shown that WNK1
itself is inhibited by a kidney-specific isoform lacking the kinase domain (KS-WNK1) 8.
Dysregulation of NCC activity has therefore been proposed to be the primary defect
underlying FHHt 9, 10. In vitro studies, however, have revealed that the WNK kinases
regulate a wide variety of ion channels and transporters besides NCC (reviewed in 11)
resulting in controversy regarding the central role of NCC in the etiology of FHHt 12.

Two mouse models that closely resemble FHHt have been reported. In the first, transgenic
mice expressing two copies of WNK4 with an FHHt-causing mutation, in addition to the
two endogenous wild type alleles, were generated 9. These mice displayed an FHHt-like
phenotype, including elevated blood pressure, hyperkalemia, hypercalciuria and hyperplasia
of the distal convoluted tubule, the nephron segment to which NCC is restricted.
Interestingly, mice expressing an additional copy of wild type WNK4 displayed an opposite
phenotype. Another model was generated in which an FHHt-causing WNK4 mutation was
knocked-in, and similarly, an FHHt phenotype was observed 10. In both cases, the FHHt
phenotype was completely reversed by administration of thiazides 9, 10. Therefore, over-
expression of NCC, achieved by other means, should be sufficient to cause an FHHt-like
phenotype. The current experiments were designed to test this hypothesis.

Methods
Expanded methods are provided as supplementary information.

Generation of NCC transgenic mice
All procedures were performed in accordance with the National Institutes of Health (NIH)
Guide for the Care and Use of Laboratory Animals and approved by the Institutional Animal
Care and Use Committee of the Oregon Health and Science University (protocol number
A858). To generate mice over-expressing NCC, a BAC clone containing the entire mouse
NCC gene was obtained from CHORI. The closed circular BAC was purified using the
Qiagen Large Construct kit and microinjected into (C57BL/6 X SJL)F2 mouse eggs and
surgically transferred to recipients. Founders were crossed with C57BL/6 wild type mice
and offspring of interbreeding of the resulting N2 generation were used in subsequent
experiments. The numbers of animals used for each procedure are given in the results
section.

Western blotting and immunofluorescence
Animals were killed by CO2 asphyxiation, and kidneys harvested. Homogenized samples
were separated on a 4–12% NuPage Bis-Tris Gel (Novex; Invitrogen Corp.) and transferred
to PVDF paper. Following antibody incubation, detection was performed using the Western
Lightning kit (Perkin Elmer) according to the manufacturer’s protocol. For
immunofluorescence on kidney sections, mice were anesthetized with ketamine/xylazine/
acepromazine 50/5/0.5mg/kg and perfusion fixed with 4% paraformaldehyde via the
abdominal aorta. Kidneys were frozen, and 7μm sections prepared on a cryostat. Standard
procedures were used for immuostaining, using 5% fat-free milk in PBS as block. Primary
antibodies against NCC and NCC phosphorylated at threonine-53 were developed in our
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laboratory (see Figure S1 at http://hyper.ahajournals.org for validation of anti-phospho-p-53-
NCC antibody); all other antibodies were purchased.

Blood pressure measurements
Blood pressure was measured in male mice aged 3–4 months by tail-cuff, using a Coda 6
tail-cuff apparatus (Kent Scientific). This method is recommended for high throughput
studies in mice, including initial characterization of genetically modifications, has been
extensively validated and over the physiological range gives values similar to
radiotelemetry 13.

Plasma and urine chemistry
Blood was collected by cardiac puncture, and analyzed immediately with an iSTAT blood
chemistry analyzer (Abbott Labratories). For dietary K+ manipulation, blood was collected
from the lateral saphenous vein into heparinized tubes and centrifuged at 2,000g for 5
minutes at room temperature. Plasma [Mg2+] was determined using a colorimetric assay
(Pointe Scientific). Plasma [Na+] and [K+] were determined using a Model 2655-10 flame
photometer (Cole-Parmer). Urinary calcium and creatinine were measured by colorimetric
assays (Pointe Scientific) on spot urine samples. Plasma aldosterone was measured by
ELISA, according to the manufacturer’s protocol (IBL America); the plasma renin
concentration assay is described in the supplemental information at
http://hyper.ahajournals.org.

Dietary manipulations
All diets used were obtained from Harlan Teklad: TD07309 (0.8% K+, control diet for K+

studies), TD07278 (5% K+), TD96208 (0.49% NaCl, control diet for NaCl studies),
TD92012 (8% NaCl). Mice were placed on each diet for 10 days.

Results
Generation of NCC transgenic mice

To generate mice over-expressing NCC, a BAC clone containing the entire mouse NCC
gene, modified by recombineering to remove other genes, was used (Figure 1A). Twelve
founders were identified, and semi-quantitative PCR using primers targeting the NCC gene
confirmed that the mice carried additional copies of the NCC gene (Figure 1B). A single
transgene integration site was confirmed by FISH analysis (Figure S2, please see
http://hyper.ahajournals.org). Two lines were selected for further analysis, line 727 which
carries >20 copies of the transgene, and line 743, which carries 5 copies (Figure 1B). Line
727 was not characterized extensively, due to 80% perinatal mortality which was most likely
due to integration site of the transgene (see below, and Figure S2 (please see
http://hyper.ahajournals.org)), and hereafter “NCC transgenics” will refer to line 743, which
has 5 copies of the transgene integrated. A single transgene integration site in line 743 was
confirmed by FISH analysis (Figure S2, please see http://hyper.ahajournals.org).

Western blotting revealed a 1.7-fold increase in total NCC expression in the kidneys of NCC
transgenic mice (Figures 2A and 2B), similar to the increase observed in KS-WNK
knockout mice 14. Expression levels of ENaC subunits, the sodium-hydrogen antiporter 3
NHE3, total and phospho-NKCC2, and the NCC regulatory protein SPAK, did not differ
significantly between wild type and transgenic mice (Figure S3, please see
http://hyper.ahajournals.org). Immunofluorescence on kidney sections, using an anti-NCC
antibody, confirmed there was no ectopic expression of total NCC in the kidney (Figure 3C).
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Phosphorylation and cellular localization of NCC is not altered in NCC transgenic mice
WNK1 activates NCC indirectly, through phosphorylation and activation of SPAK kinase 15

which then phosphorylates NCC, a prerequisite for full transport activity 16, 17. Western
blotting using an antibody that recognizes p-T53 NCC revealed that the abundance of
phosphorylated NCC did not differ between wild type and NCC transgenics (Figure 3A and
3B), indicating that the ratio of phosphorylated to total NCC (Figure 2A and 2B) was
reduced by 41% in the NCC transgenic animals. In addition to phosphorylation, for NCC to
transport NaCl it must be localized to the apical membrane of the DCT. Over-expressed
NCC could be mis-trafficked, and not reach the plasma membrane. Immunofluorescence,
however, indicated that total and phospho-NCC cellular localization do not differ
significantly between wild type and transgenic mice (Figure 3C), but could not clarify
whether NCC expression in the luminal membrane was significantly different between
genotypes.

Over-expression of NCC does not alter basal blood chemistry values or body weight
There were no significant differences in plasma chemistry values between wild type and
transgenics, including plasma [K+], which is typically elevated in FHHt (Table 1). Plasma
renin concentration and aldosterone levels were determined and did not differ significantly,
nor did body weights (Table 1). Significantly, line 727 which carries 20 copies of the
transgene, did not display hyperkalemia or hypocalciuria (data not shown).

Mice over-expressing NCC are not hypertensive
Systolic blood pressure values on a standard diet containing 0.49% NaCl did not differ
between genotypes (Figure 4) on the standard diet, nor did heart rates (wild type 896 ± 14
versus NCC transgenic 918 ± 7, n=10). The mice were placed on a high NaCl (8% NaCl)
diet for 10 days, which can elicit a hypertensive phenotype in mice normotensive on
standard salt diets 18. Salt-loading did not lead to an increase in blood pressure in wild type
or NCC transgenic mice, indicating that over-expression of NCC does not lead to salt-
sensitive hypertension (Figure 4). The synthetic mineralocorticoid fludrocortisone has
previously been shown to increase expression and activity of NCC 19, so to ensure full
activation of NCC wild type and transgenic mice on the high NaCl diet were provided with
fludrocortisone in their drinking water. Systolic blood pressure increased in both groups, but
to a similar degree (19 mmHg in wild type and 22 mmHg in transgenics) (Figure 4). The
absence of functional differences likely reflected the fact that the abundance of total and
phospho-NCC did not differ, between wild type and transgenic animals (Figure S4, please
see http://hyper.ahajournals.org). These data indicate that activation of NCC by
fludrocortisone does not elicit a hypertensive phenotype in mice over-expressing NCC, at
the message level, because NCC abundance at the protein level, and NCC activity are not
enhanced. Immunofluorescence showed that the degree of phospho-NCC expression at the
apical membrane was similar in both groups (data not shown), suggesting that activation of
NCC regulatory pathways such as WNK/SPAK may be required to fully stimulate the over-
expressed NCC.

NCC transgenic mice display normal responses to dietary electrolyte modification
A distinctive characteristic of FHHt is the presence of hyperkalemia. On a control diet
containing 0.8% potassium, NCC mice were normokalemic; increasing the dietary
potassium level to 5% did not elicit hyperkalemia (Figure 5A). Similarly, NCC transgenic
mice did not display a change in plasma sodium after 10 days on the high potassium diet
(Figure 5B). Western blotting revealed that expression of total NCC was not altered by
potassium loading in either genotype, but phospho-NCC trended to lower levels in wild type
but not NCC transgenic mice (Table S1, please see http://hyper.ahajournals.org). In the
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distal convoluted tubule, sodium reabsorption is correlated inversely to calcium
absorption 20. In FHHt, patients with mutations in WNK4 are hypercalciuric 21, whereas
patients with mutations in WNK1 are normocalciuric 22. This suggests that mutant WNK4
may cause hypercalciuria by an interaction of WNK4 with a calcium channel or transporter.
In contrast, inactivating mutations of NCC result in Gitleman Syndrome, characterized by
hypochloremic metabolic alkalosis, hypokalemia and hypocalciuria. Analysis of spot urine
samples revealed no significant difference in urinary calcium levels between NCC
transgenic and wild type mice (Figure 5C). Furthermore, manipulation of the diet to provide
8% NaCl for 7 days did not induce hypercalciuria in either genotpye (Figure 5C). Salt-
loading caused a trend toward lower expression of α-ENAC, but significantly increased
expression of γ-ENAC in both wild type and NCC transgenic mice (Table S1, please see
http://hyper.ahajournals.org); surprisingly, β-ENAC expression tended to increase in wild
type mice, but decrease in NCC transgenic mice.

Responses of aldosterone secretion to both potassium- and sodium-loading did not differ
between wild type and NCC transgenic mice, significantly increasing in response to high K
+, and decreasing significantly in response to high NaCl (Figure S5). Similarly, no
differences in plasma renin activities were observed between wild type and NCC transgenic
mice following dietary manipulation (Figure S5, please see http://hyper.ahajournals.org).

Discussion
The current results add to an increasing body of evidence suggesting that increased NCC
abundance alone is insufficient to cause hyperkalemia and hypertension. Initial studies in
mice, coupled with clinical observations in humans, suggested that the predominant
mechanism by which mutations in WNK kinases lead to FHHt is by increasing NCC
abundance or trafficking to the apical membrane 9, 10. However, studies from many
laboratories have indicated that WNK kinases regulate the activity of multiple transport
proteins, as well as modulating paracellular permeability (reviewed in 11). We hypothesized
that increased NCC abundance alone would be sufficient to causes the FHHt phenotype. Our
data indicate that NCC transgenic mice, while having increased total NCC abundance, are
not hypertensive (Figure 4); further, serum and urinary electrolyte levels are normal, under
standard dietary conditions (Table 1 and Figure 5). In addition, none of the maneuvers
initiated, including dietary electrolyte manipulation and fludrocortisone administration,
resulted in any differences in blood pressure or electrolyte status, compared with wild type
mice. This does not, however, indicate that an increased basal abundance of NCC is entirely
without consequences. Following completion of this work, and reported elsewhere, we
found that the calcineurin inhibitor, tacrolimus, increased blood pressure more in transgenic
than in wild type mice 23.

While these results were surprising initially, two other studies obtained results that are
highly consistent with ours. As noted above, KS-WNK1 is believed to be a dominant-
negative regulator of WNK1, thereby suppressing the effects of WNK1 to stimulate NCC 8.
KS-WNK1 deficient mice did not display an FHHt-like phenotype, despite a 1.8-fold
increase in renal NCC expression levels, and despite hypertrophy of the DCT 14. Similar to
our findings, these mice did not display overt hypertension, although there was a small
increase in diastolic blood pressure. Furthermore, no hyperkalemia was observed in KS-
WNK1 knockout mice, even when they were placed on a high potassium diet. In the second
study, KS-WNK1 knockout mice were shown to be neither hypertensive, nor hyperkalemic,
when consuming a normal diet, although mild hypertension and hyperkalemia developed,
when challenged with high salt and high potassium intakes. In these mice, the abundance of
NCC was increased 24, as in the present results. Hadchouel and colleagues observed a
reduction in expression of both α- and γ-ENaC, which they proposed to compensate for
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increased NCC expression 14. In our studies, there were no differences in expression of
ENaC isoforms on a standard diet, but following sodium loading NCC transgenic mice
displayed a reduction in β-ENaC expression, which could be a compensatory mechanism in
these mice. Our findings in wild type mice are the same as those obtained in salt-loaded rats
by Song and colleagues 25. As noted, we observed a discrepant effect of salt loading on β-
ENaC expression in NCC TG mice. Non-coordinate regulation of ENaC subunit expression
in vivo (i.e. manipulations leading to changes in expression of only some subunits, or
changes in expression of subunits in opposite directions) is frequently observed, and well-
described 26.

In contrast to the mild phenotypes observed in these studies, other mouse models, in which
FHHt mutants of WNK4 were over-expressed 9 or knocked-in 10, developed clear
hyperkalemic hypertension, in association with increased NCC expression; the abundance of
NCC increased by 2-fold in one model 10. One possible reason for the observed differences
between the models results from differential effects on other transporters. Expression of
ENaC is downregulated in KS-WNK1 knockout mice mice 14, whereas it is upregulated in
mice over-expressing an FHHt mutant of WNK4 9. Taken together with our observations in
NCC transgenic mice, these data suggest that WNKs must alter the activity of several
transport proteins, to induce the FHHt phenotype.

Another possibility is that WNKs generate hyperkalemic hypertension by activating NCC
via SPAK, in addition to increasing its abundance. In NCC transgenic mice, while total NCC
expression was increased, there was no difference in the phospho-NCC level between wild
type and transgenic mice (Figure 3). We reasoned that, by increasing NCC abundance and
phosphorylation, fludrocortisone might uncover a difference between wild type and
transgenic mice, but fludrocortisone increased blood pressure similarly in both groups.
Notably, the phenotype of KS-WNK1 knockout mice, in which both total and phospho-NCC
levels are elevated is intermediate between the phenotype observed in transgenic NCC mice
and the FHHt-mutant WNK4 mice, with a mild increase in diastolic pressure under basal
conditions 14. Thus, it seems unlikely that an increase in phospho-NCC alone would
generate the complete FHHt phenotype.

There are several possible explanations for the ability of thiazides to completely correct
FHHt 27 that are not directly related to their inhibition of NCC. First, it is well-established
that thiazide diuretics inhibit activity of carbonic anyhdrase in the proximal tubule 28. More
recently, it has been shown that NCC knockout mice treated with thiazides still display a
significant increase in urinary sodium output 29, showing that thiazides act on other sodium
transport mechanisms. Finally, thiazide treatment leads to changes in kidney structure,
including apoptosis and de-differentiation in the DCT1 30, where NCC is the predominant
sodium entry pathway. These changes may result from reduced intracellular sodium
concentration, or increased intracellular calcium levels. Atrophy of the DCT is also observed
in NCC knockout mice 31, and transgenic mice over-expressing wild type WNK4, in which
NCC activity is presumably lower 9. Therefore, it is possible that some of the effects of
thiazides in patients with FHHt are secondary to structural changes in the distal nephron.

Surprisingly, salt-loading did not increase urinary calcium excretion in wild type mice. In
humans, urinary calcium excretion is directly related to sodium intake 20. Furthermore,
urinary calcium excretion was about five times higher in salt-loaded rats compared to
controls drinking deionized water, irrespective of dietary calcium content 32. In their mouse
model of FHHt, Lalioti and colleagues saw little change in urinary calcium excretion by
wild type mice on an 8% NaCl diet, the same level of NaCl provided in our studies. These
data suggest that renal calcium handling in mice may respond differently to salt-loading.
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Another explanation is that in the mouse studies animals were only provided with 8% NaCl
for 10 days, while the rat studies involved 8 weeks of salt-loading 32.

Perspectives
These unanticipated data suggest that NCC over-expression alone is insufficient to induce
hyperkalemic hypertension accompanied by hypercalciuria, and that dysregulation of NCC
activity and/or of other other transporters/channels plays a significant role in the etiology of
FHHt. In vitro, the WNK kinases have been shown to regulate the activities of a broad range
of sodium and potassium transport mechanisms in the kidney (reviewed in 11). Therefore, it
is likely that the WNK kinases play a broad role in ion homeostasis in normal physiology.
Alternatively, the mouse may not precisely model human physiology and pathophysiology
with regard to NCC function, since NCC knockout mice do not precisely mimic Gitelman
Syndrome caused by inactivating mutations in the human NCC gene 33, 34. While the
thiazides are extremely useful therapeutically (reviewed in 35), better knowledge of the
mechanisms underlying sodium reabsorption by the distal nephron will enable the
development of therapies for the treatment of presentations of hypertension with variations
in electrolyte disturbance. The WNK kinases thus represent an important class of future drug
targets in this regard.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Generation of NCC transgenic mice
(A) BAC clone RP-24-263E2 was modified by recombineering in E. coli, to remove
Herpud1 and the region of Nup43 extending to its 3′ untranslated region (UTR). The
resulting NCC transgene contains 12.5kb of sequence upstream of the NCC transcription
start, and the 3′ UTR of NCC (vector sequence is not shown). (B) Semi-quantitative PCR on
genomic DNA extracted from the tails of potential Founders identified lines 727 and 743 as
containing >12 and 5 copies of the NCC transgene; amplification of the β-globin gene
confirmed equal template input.
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Figure 2. NCC transgenic mice display increased total NCC protein expression
(A) Western blot analysis of whole kidney extracts from wild type (WT) and NCC
transgenic (NCC-TG) mice was performed using antibodies against NCC and β-actin. (B)
Densitometric quantitation was performed normalizing to β-actin, and expression of total
NCC in NCC-TG (filled bars) relative to WT (open bars) mice was calculated. Wild type
(WT), n=13; NCC transgenic (NCC-TG), n=16; values ± S.E.M., *p = 0.005. (C)
Immunofluorescence showed that NCC expression is restricted to the DCT in NCC-TG
mice.
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Figure 3. NCC phosphorylation and cellular distribution are not altered in NCC-TG mice
(A) Western blot analysis of whole kidney extracts from wild type (WT) and NCC
transgenic (NCC-TG) mice was performed using antibodies against phospho-NCC (T53)
and β-actin. (B) Densitometric quantitation was performed normalizing to β-actin, and
expression of phospho-NCC in NCC-TG (filled bars) relative to WT (open bars) mice was
calculated. n=12 for each group; values ± S.E.M. (C) Immunofluorescence showed that in
both WT and NCC-TG mice, total and phospho-NCC displayed expression at the apical
membrane of the DCT.
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Figure 4. NCC transgenic mice are normotensive
Systolic blood pressure was measured in wild type (open bars) and NCC transgenic mice
(filled bars) after 2 weeks on standard (0.49% NaCl) and high (8% NaCl) salt diets, and 2
weeks of high salt diet with fludrocortisone in drinking water (17mg/l). There were no
significant differences in systolic blood pressure on standard or high salt diet.
Fludrocortisone treatment led to a similar, significant increase in systolic blood pressure in
both wild type and NCC transgenic mice.
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Figure 5. Normal electrolyte homeostasis in NCC transgenic mice
(A) Plasma K+ and (B) plasma Na+ did not differ between wild type (open bars) and NCC
transgenic mice (filled bars) on standard (0.8% K+) or high potassium (5% K+) diets. Values
are means ± S.E.M., n=19–22. (C) Urinary calcium:creatinine, measured from spot urine
collections, did not differ between wild type (open bars) and NCC transgenic mice (filled
bars) on standard (0.49% NaCl) or high (8%) NaCl diets. Values are means ± S.E.M., n=18–
22.
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Table 1

Plasma chemistry and body weights of wild type and NCC transgenic mice

Parameter Wild type, ± S.D., (n) NCC transgenic ± S.D., (n)

Body weight (g) males 31.6 ± 3.6 (10) 28.9 ± 2.4 (6)

Body weight (g) females 23.6 ± 1.9 (9) 23.2 ± 2.6 (17)

Na+ (mmol/l) 147.5 ± 1.86 (11) 147.9 ± 3.08 (11)

K+ (mmol/l) 3.85 ± 0.29 (11) 3.85 ± 0.31 (11)

Mg2+ (mmol/l) 2.15 ± 0.29 (11) 2.20 ± 0.31 (11)

Cl− (mmol/l) 107.3 ± 0.9 (11) 107.8 ± 1.7 (11)

iCa2+ (mmol/l) 1.22 ± 0.03 (11) 1.25 ± 0.05 (11)

TCO2 (mmol/l) 24.0 ± 2.8 (11) 23.2 ± 2.0 (11)

Glucose (mg/dl) 241 ± 37 (11) 226 ± 45 (11)

BUN (mg/dl) 21.8 ± 2.7 (11) 22.6 ± 2.9 (11)

Creatinine (mg/dl) 0.24 ± 0.07 (11) 0.23 ± 0.05 (11)

Hematocrit 0.42 ± 0.01 (11) 0.42 ± 0.03 (11)

Plasma renin conc. (ng/ml/h) 79 ± 36 (10) 108 ± 39 (9)

Aldosterone (nM) 0.79 ± 0.12 (18) 0.90 ± 0.29 (18)

For plasma values, 5 males and 6 females were used, except for renin activity (5 males and 5 females for wild type; 5 males and 4 females for
transgenic) and aldosterone (9 of each gender per group).
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