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Abstract Increased renal reabsorption of sodium is a sig-
nificant risk factor in hypertension. An established clinical
marker for essential hypertension is elevated sodium lith-
ium countertransport (SLC) activity. NHA2 is a newly
identified Na+(Li+)/H+ antiporter with potential genetic
links to hypertension, which has been shown to mediate
SLC activity and H+-coupled Na+(Li+) efflux in kidney-
derived MDCK cells. To evaluate a putative role in sodi-
um homeostasis, we determined the effect of dietary salt
on NHA2. In murine kidney sections, NHA2 localized
apically to distal convoluted (both DCT1 and 2) and
connecting tubules, partially overlapping in distribution
with V-ATPase, AQP2, and NCC1 transporters. Mice fed
a diet high in sodium chloride showed elevated transcripts
and expression of NHA2 protein. We propose a model in
which NHA2 plays a dual role in salt reabsorption or
secretion, depending on the coupling ion (sodium or pro-
tons). The identified novel regulation of Na+/H+ antiporter
in the kidney suggests new roles in salt homeostasis and
disease.
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Abbreviations
DCT Distal convoluted tubule
NCC Sodium chloride cotransporter
CNT Connecting tubule (CNT)
AQP2 Aquaporin 2
CPA Cation proton antiporter
CCD Cortical collecting duct

Introduction

NHA2 is a recently identified sodium proton (Na+/H+)
antiporter belonging to a group of cation proton antiporters,
CPA2, whose eukaryotic members have been poorly charac-
terized [1]. Gene linkage analysis implicated NHA2 in essen-
tial hypertension, and heterologous expression in yeast pro-
vided the first evidence for a role in sodium homeostasis [29].
In kidney-derived MDCK cells, NHA2 was found to mediate
phloretin-sensitive sodium lithium counter-transport (SLC)
activity, an established marker for hypertension [14].
Elevation in SLC activity is a secondary biochemical indica-
tion of an abnormality in sodium homeostasis and has been
extensively documented in erythrocytes and fibroblasts [3, 13,
30]. Numerous studies have reported a relationship between
hypertension, SLC activity, and sodium levels in several eth-
nic groups, including Caucasians and Asians [4, 7, 8, 13]. In
addition to the correlation with essential hypertension, SLC
activity and intracellular Na+ concentrations are highly herita-
ble [8, 13]. All monogenic forms of hypertension are muta-
tions, which alter renal salt handling [15]. Thus, aberration in
Na+-H+ transport could be an underlying contributor as well
as useful predictor of the risk of developing hypertension.

The kidney plays a dominant role in sodium reabsorption,
both in animal models and in human disease [18]. Fuster et al.
demonstrated coexpression of NHA2 with calbindin-D28K,
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which is strongly expressed in the distal convoluted tubule
(DCT) [11]. NHA2 expression was not detected in the glo-
merulus, proximal tubule and thick ascending limb, using RT-
PCR [11]. Although the distal convoluted tubule reabsorbs
only ~5 % of the filtered load of sodium, it is critical for fine
adjustment of urinary Na+ and K+, extracellular fluid volume,
and blood pressure regulation [9]. The key role of sodium
transporters expressed in the DCTwith respect to blood pres-
sure regulation is highlighted not only by the frequent clinical
use of thiazide diuretics (which target NCC, a transporter ex-
clusively expressed in the DCT) as potent antihypertensives,
but also by genetic mutations affecting NCC: for example, the
hypotension seen in Gitelman’s syndrome and the hyperten-
sion seen in pseudohypoaldosteronism type II [6, 28].
Reabsorption from this distal site is dynamic, susceptible to
change in response to dietary sodium intake with subsequent
up- or down-regulation of Na+ transporters and channels [9].
Therefore, we undertook a more comprehensive analysis of
NHA2 distribution and localization in the murine nephron and
tested the hypothesis that NHA2 expression is regulated by
dietary salt.

Methods

Quantitative real-time PCR mRNA from kidney tissue was
isolated using TRIzol Reagent (Invitrogen, Carlsbad, CA) ac-
cording to the manufacturer’s instructions. After DNAseI
(AmpGrade; Invitrogen), treatment RNA was reverse tran-
scribed with Random Primers (Invitrogen) and SuperScript
II reverse transcriptase (Invitrogen). Gene expression levels
were measured by quantitative real-time PCR (qPCR) using
Taqman gene expression assays.

Immunolocalization in mouse nephron Anesthetized
C57BL/6 mice were fixed by perfusion with 4 % periodate-
lysine-paraformaldehyde (PLP), and tissue sections were pre-
pared and probed with the antibodies at the following dilu-
tions: (a) anti-NHA2 antibody (1:100 dilution) raised in rabbit
against a 15-aa peptide of HsNHA2 [29], (b) anti-AQP2 raised
in chicken (gift from Dr. JamesWade, Univ. of Maryland) at a
dilution of 1:300, (c) anti-NCC antibody (Feldan, Qubec,
Canada) was used at 1:100 dilution, (d) anti-α-NaKATPase
antibody was used as previously described [24], (e) antibody
Alexa Fluor 594-phalloidin (Molecular probes, Invitrogen)
was used at 1:200 dilution to label actin, and (f) V-ATPase
B1/2 (Santa Cruz Biotechnology, Inc.) at 1:50 dilution.

Animals All animal procedures were approved by the
Institutional Animal Care and Use Committees at the
University of Alberta and Johns Hopkins University.
Quantitative real-time PCR experiments were done on
cDNA obtained from male FVB/N mice (8–10 weeks of

age) that were fed compositionally matched diets
consisting of either a control Na diet (0.4 %) or a Na-
rich diet (8 %) for 7 days. Immunofluorescence experi-
ments were done on kidney sections obtained from wild-
type mice fed either a control Na diet (0.2 % NaCl,
Teklad) or high-salt diet (8 % NaCl Teklad) for 3.5 weeks.

Results and discussion

NHA2 is localized apically to distal convoluted tubule
and connecting tubules in the mouse nephron

We sought to establish the distribution of NHA2 to specific
regions of the nephron (Fig. 1a) using a previously character-
ized polyclonal antibody [29]. Double-labeling of mouse kid-
ney sections with the F-actin marker phalloidin, abundant in
the brush border cells of the proximal tubule [22], showed a
clear separation of NHA2 and phalloidin signals (Fig. 1b),
consistent with the absence of NHA2 mRNA from proximal
tubules in RT-PCR studies of microdissected rat tubules [11].
We observed apical localization of NHA2, distinct from the
basal distribution of Na+, K+-ATPase α subunit (Fig. 1c). In
the distal convoluted tubule, identified by staining for the
thiazide-sensitive sodium-chloride cotransporter (NCC), co-
expression with NHA2 was observed (Fig. 1d). In all the sec-
tions observed, NCC always localized with NHA2 but not
vice versa. It has been shown that NCC expression levels vary
along the distal nephron, with stronger expression in the early
(DCT1) part of the distal convoluted tubule compared to the
later (DCT2) [20, 25]. However, NHA2 expression may ex-
tend beyond the distal convoluted tubule. This is suggested by
coexpression with calbindin-D28K, a calcium-binding protein
that is highly expressed in DCT2 but is also expressed in the
connecting tubules, albeit at lower levels [21]. Beginning at
the connecting tubule (CNT), Aquaporin 2 (AQP2) expres-
sion levels increase further down the nephron with maximal
expression in the principal cells of cortical collecting duct
(CCD). When NHA2 and AQP2 were localized, three types
of labeled tubule segments were identified: (1) segments
where NHA2 co-stained with AQP2 (Fig. 2a, b), (2) segments
containing only AQP2 (Fig. 2c), and (3) segments containing
only NHA2 (Fig. 2c). Overall, NHA2 localized with AQP2 in
~3–5 % of the total tubules examined. Taken together, we
conclude that NHA2 is distributed through DCT1, DCT2,
and CNT sections of the nephron.

NHA2 partially overlaps in distribution with V-ATPase

Previously, we provided evidence for an unusual chemiosmot-
ic coupling of NHA2 to the proton motive force generated by
V-type H+-ATPase at the plasma membrane of MDCK cells
[14]. Colocalization and co-immunoprecipitation of NHA2
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and V-ATPase revealed a close functional interaction,
resulting in a virtual Na+(Li+)-H+ efflux pump. While the ma-
jority of plasma membrane sodium-coupled secondary trans-
porters move Na+ ions downhill and into the cytoplasm, we
showed that NHA2 mediates H+-driven cation efflux in
MDCK cells, recapitulating its phylogenetic origins with bac-
terial and fungal CPA2 orthologs. Here, we extend our obser-
vations to mouse kidney where we demonstrate colocalization
of NHA2 with B1 subunit of V-ATPase (Fig. 2d, e). Although
the V-ATPase is typically thought of as localizing to interca-
lated cells, this pump has also been localized to the apical
membrane of early (DCT1) and late (DCT2) distal convoluted
tubules [12], consistent with apical colocalization with NHA2
in these sections. It is worth noting that the close coupling
between cation/proton exchange and the V-ATPase is a

characteristic feature of insect epithelia to mediate salt efflux
according to the Wieczorek model [27] but has not been com-
prehensively evaluated in mammalian models.

Dietary salt elevates NHA2 expression in the mouse
nephron

Although the collecting duct has been much more well-
studied in terms of sodium and water regulation, recent studies
in both rodents and humans suggest that most of the trans-
porters and other regulatory proteins localized in the collecting
duct are also highly abundant in earlier nephron segments,
DCT2 and CNT [20]. Furthermore, micropuncture studies
have shown that the great majority of K+ secretion occurs
prior to the CCD, and patch clamp studies have demonstrated

Fig. 1 NHA2 is localized to the apical membranes of distal convoluted
tubules in the mouse nephron. a Schematic representation of the
segmentation of the mouse distal nephron and distribution of segment
specific marker proteins. Shadings of bars indicate relative changes
along the segments in immunohistochemical abundance. Target regions
for aldosterone and vasopressin are shown on the top. Markers:
NCC = Sodium chloride cotransporter, AQP2 = Aquaporin 2. b A
merged microscopic image showing localization of NHA2 (green) and
phalloidin (red) in tissue sections from mouse nephron. White arrows

point to regions in tissue stained by NHA2 antibody. Green background
observed in other areas is fixed-tissue auto-fluorescence. c A merged
microscopic image showing subcellular distribution of NHA2 (green)
and α-Na/K-ATPase (red) in tissue sections from mouse nephron. d
Confocal microscopic image of a single tubule. Left panel NHA2
(green), middle panel DCT1 marker NCC (red), right panel merged
image showing colocalization (yellow), nuclei are stained with DAPI
(blue). e An orthogonal view of a slice from the confocal image (white
box from the merged image in d)
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that the Na+ reabsorptive capacity of the CNT is ten times
higher than that of the CCD [16, 17, 23]. Recent findings
further suggest that DCT2 and CNT, rather than the collecting
duct, regulate sodium reabsorption and potassium excretion
when sodium intake is high [20]. In contrast, the collecting
duct has been implicated in salt homeostasis under conditions
when upstream nephron segments are overwhelmed by genet-
ic defects in specific transporters or by a diet that is very low in
sodium [20]. As our immunohistochemistry studies highlight-
ed the presence of NHA2 in the segments upstream of the
collecting duct, we hypothesized that a diet rich in sodium
would effect the expression of NHA2. We used quantitative
RT-PCR of homogenized kidney extracts frommice placed on
high-sodium diet. As shown in Fig. 3a, compared with ani-
mals on control sodium diet, the mice on high sodium diet had
a 3.84-fold higher NHA2 mRNA levels. Consistent with this,
immunohistochemistry of kidney sections from mice on a
high sodium diet showed more intense NHA2 labeling
(Fig. 3b) that was quantitatively evaluated to be elevated by
~5-fold (Fig. 3c). Taken together, we show that NHA2

expression responds to high salt diet. Similarly, the
orthologous Nha antiporters in Drosophila were induced by
a high salt (Na+ but not K+) diet [5].

Implications for function

The recognition of a new class of eukaryotic cation proton
antiporters (CPA2), with distinct kinetic characteristics and
mode of regulation, has opened the possibility of novel roles
in physiology and human disease. Unlike electroneutral CPA1
antiporters, microbial NhaA transporters of the CPA2 subtype
mediate electrogenic exchange of 2H+ for Na+, allowing them
to extrude Na+ against an inwardly directed electrochemical
gradient. Consistent with a physiological function in Na+ se-
cretion, NhaA members exhibit alkaline pKa for transport,
which favors periplasmic H+ binding [2]. Similar to NhaA,
human NHA2 appears more active at neutral to alkaline pH,
although evidence is still lacking for electrogenic transport
[14]. Depending on the stoichiometry of transport, our current
findings are consistent with roles in either sodium

Fig. 2 NHA2 partly localizes
with Aquaporin 2 in the mouse
nephron. a Confocal microscopic
image of a single tubule. Left
panel NHA2 (green), middle
panel Aquaporin 2 (red), right
panel merged image showing
colocalization (yellow), nuclei are
stained with DAPI (blue). b An
orthogonal view of a slice from
the confocal image (white box
from the merged image in a). c A
merged microscopic image
showing NHA2 (green) and
Aquaporin 2 (red) localized
independently. d Microscopic
images showing colocalization of
NHA2 with V-ATPase in mouse
nephron. Left panel indirect
immunofluorescence of NHA2
(green), middle panel indirect
immunofluorescence of V-
ATPase B1/B2 (red), right panel
merge of V-ATPase B1/B2 and
NHA2 (yellow), Nuclei stained by
DAPI (blue). e Orthogonal view
of a slice from the merged
confocal image (from d) showing
colocalization of V-ATPase and
NHA2
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reabsorption and sodium secretion and could potentially ac-
commodate both, not unlike the dual absorption or secretion
of bicarbonate or protons [26]. In case of electroneutral trans-
port, apical localization of NHA2 in segments of DCT could
result in Na+ reabsorption, similar to NHE isoforms (Fig. 3d).
Alternatively, electrogenic 2H+/Na+ transport, together with
colocalization with V-ATPase in apical membranes of DCT,
would favor a role in sodium excretion (Fig. 3e), similar to our
previous observations in the basolateral membranes of
MDCK cells [14]. This latter function is consistent with

elevation of NHA2 expression in response to a high salt diet.
We note that in contrast, salt reabsorbing mechanisms, includ-
ing the apical sodium channel ENaC, are elevated in response
to salt depletion [10].

The modernWestern diet is high in sodium and is known to
be associated with hypertension [19, 20]. We have noted that
NHA2 lies within a limited region of human chromosome 4
previously linked to phloretin-sensitive and amiloride-
insensitive SLC, an established marker of essential hyperten-
sion [14]. We have also shown that NHA2 mediates SLC

Fig. 3 Dietary salt regulates NHA2 expression. a Real-time qPCR data
showing NHA2 transcript levels in kidneys from mice fed either control
or high salt diet (n = 8, error bars represent SD) as described under
BMethods.^ b Confocal microscopic images of NHA2 labeling in
kidney sections from mice on control diet (left panel: single tubule
(top), multiple tubules (bottom)) or high salt diet (right panel: single
tubule (top), multiple tubules (bottom)). c Quantification of NHA2
labeling intensity from mice with either control or high salt diet. A
minimum of three cells per tubule and at least 10 tubules were

measured for each diet type (error bars represent SD). d Cartoon
showing sodium gradient driven electrogenic transport by NHA2 on the
apical membrane. This mode shows Na+ reabsorption under conditions of
high Na+ concentrations in the filtrate that could overcome the
unfavorable energetics of H+ extrusion under negative membrane
potentials. Alternatively, electroneutral exchange (not shown) would
also allow Na+ reabsorption. e Cartoon showing proton gradient
coupled Na+ extrusion by electrogenic NHA2 transport on the apical
membrane, as discussed in the text
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activity with the same inhibitor characteristics in kidney-
derived MDCK cells (3). What remains to be determined is
whether NHA2 contributes to the dysregulation of sodium
handling mechanisms underlying hypertension. The elevation
of NHA2 expression in mice fed a high salt diet is consistent
with a role in salt handling. Under these conditions, it is pos-
sible that uncoupling of NHA2 from V-ATPase at the apical
membrane of nephron segments, when sodium levels are ele-
vated in the filtrate, would result in influx of Na+ and exces-
sive salt reabsorption that contributes to hypertension.
Reabsorption of Na+ by a 2H+/Na+ electrogenic mechanism
would generally be unfavorable given the interior negative
membrane potential, unless Na+ concentrations in the filtrate
are very high. Thus, a better understanding of the role of
NHA2 in the kidney awaits mechanistic study of transport.
As a first analysis of NHA2 expression, regulation, and local-
ization in the kidney, this study provides a starting point for
detailed investigation of NHA2 function and physiological
role in renal function and disease.
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