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SUMMARY

Vesicular H*-ATPases and CIC-chloride transporters
are described to acidify intracellular compartments,
which also express the highly conserved Na*/H*
exchangers NHE6, NHE7, and NHE9. Mutations of
these exchangers cause autism-spectrum disorders
and neurodegeneration. NHE6, NHE7, and NHE9 are
hypothesized to exchange cytosolic K* for H* and
alkalinize vesicles, but this notion has remained
untested in K* because their intracellular localization
prevents functional measurements. Using proton-
killing techniques, we selected a cell line that ex-
presses wild-type NHE7 at the plasma membrane,
enabling measurement of the exchanger’s transport
parameters. We found that NHE7 transports Li* and
Na*, but not K*, is nonreversible in physiological
conditions and is constitutively activated by cytosolic
H*. Therefore, NHE7 acts as a proton-loading trans-
porter rather than a proton leak. NHE7 mediates an
acidification of intracellular vesicles that is additive
to that of V-ATPases and that accelerates endocy-
tosis. This study reveals an unexpected function for
vesicular Na*/H* exchangers and provides clues for
understanding NHE-linked neurological disorders.

INTRODUCTION

Eukaryotic single-membrane organelles possess a finely tuned
acidic luminal pH, which is crucial for the compartmentalization
of cellular events and for the maturation, trafficking, recycling,
and degradation of proteins (Mellman, 1992). This acidification
has been widely reported to be produced by vacuolar H*-
ATPases (Marshansky and Futai, 2008), coupled to vesicular
CIC chloride transporters (Jentsch, 2007) that neutralize the
charge gradient produced by proton pumping. Defects in genes
encoding these transporters produce spectacular phenotypes
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in knockout mice or human patients (Kornak et al., 2000; Glinther
et al., 2003; Kasper et al., 2005; Poét et al., 2006).

Highly conserved Na*/H* exchangers, NHE6, 7, and 9, are
also expressed in intracellular compartments (Numata and
Orlowski, 2001; Nakamura et al., 2005). NHE6 mutations have
been identified in families with Angelman and Christianson
syndromes (Gilfillan et al., 2008; Mignot et al., 2013), whereas
NHE9 has been linked with family-based autism (Morrow et al.,
2008) and attention deficit hyperactivity disorder (Lasky-Su
et al., 2008; Franke et al., 2009). NHE7 has recently been identi-
fied as a novel target gene for Alzheimer’s disease (Meda et al.,
2012) and X-linked mental retardation contiguous genes syn-
dromes (Zhang et al., 2006). It has been proposed that NHE7
works in a reverse mode compared to plasma membrane
NHEs, by using cytosolic potassium in exchange to vesicular
protons. This might account, at least partly, for the vesicular
proton leak (Demaurex et al., 1998; Llopis et al., 1998) that
might contribute to set their steady-state pH. However, such a
proposed important biological function has to be supported by
data specifying the affinities for transported cations, the sense
of transport, and its regulation. This has been so far prevented
by the intracellular localization of these NHEs.

Here, we used proton-killing techniques to select a fibroblast
cell line that expresses the wild-type NHE7 at the plasma mem-
brane and used it to measure the above-mentioned parameters.
We show that contrary to the prevailing model, NHE7 rather
functions as a proton-loading transporter in a manner additive
to V-ATPases. This function is in excellent accordance with the
neuronal distribution of the NHE7 protein also displayed in this
study.

RESULTS

Selection of the PM-NHE7 Cell Line

We used plasma membrane NHE-deficient PS120 fibroblasts
(Pouysségur et al., 1984), which also do not express NHES,
7, 8, and 9, as shown by quantitative PCR (QPCR) and western
blotting (Figure S1). They were stably transfected with the
human NHE7 (SLC9A7) cDNA to yield the WT-NHE7 cell line.
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Figure 1. NHE7 Expression at the Plasma Membrane of PMNHE?7 Cells

(A) Selection of cells expressing a functional nonmutated and nontagged NHE?7 at the plasma membrane.
(B) Intracellular pH variations following an intracellular acidification: PM-NHE?7 cells with 140 mM extracellular NaCl, dark diamonds; 140 mM LiCl, gray squares;
140 mM choline chloride, circles; and WT-NHE7 cells with 140 mM extracellular NaCl, red triangles. NHE1-transfected PS120 cells with 140 mM NaCl are

shown as dots.

(C) Reverse mode: intracellular pH variations in the presence of extracellular 140 mM choline chloride at pH 6.5 for PM-NHE7 cells, red squares; pHygro-PS120

cells, gray diamonds; and NHE1-transfected PS120 cells, dots.

(D) Reverse mode after Na* loading (39.09 + 0.03 mM intracellular Na*): PM-NHE?7, squares; pHygro-PS120, gray diamonds; and NHE1-transfected PS120 cells,

dots.
Error bars represent SEM.

WT-NHE?7 cells were then submitted to repeated acute acid
loads (Supplemental Experimental Procedures), so that only
variants able to extrude protons by expressing a functional
NHE7 at their plasma membrane will be positively selected
(Figure 1A). This led to the isolation of the Plasma Mem-
brane-NHE7 (PM-NHE7) cell line that, in contrast to the
parental WT-NHE?7 cells (Figure 1B), could use extracellular so-
dium or lithium to recover from acute intracellular acidifications.
NHE7 plasma membrane expression was verified (1) by cell-
surface biotinylation assays and (2) by showing that two distinct
NHE7 siRNAs decreased its membrane expression together
with exchange activity (Figure S2). The NHE7 cDNA from PM-
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NHE7 cells was also entirely resequenced to verify that no
mutations were present. Transmission electron microscopy
showed undamaged ER, Golgi, mitochondria, and a similar
intracellular organization to that of WT-NHE7 cells (Figures
S3A-S3D). Importantly, when the TWIK1 vesicular K* channel
(Feliciangeli et al., 2010) was transfected in our cell lines, cell-
surface biotinylation assays revealed a strong enrichment at
the plasma membrane of PM-NHE7 cells, compared to WT-
NHE7 and control pHygro-PS120 cells (Figures S3E and S3F).
Expressing vesicular membrane proteins at the plasma mem-
brane is therefore not a specific deficiency toward NHE7 but
instead a more general feature of PM-NHE7 cells. These cells
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Figure 2. Dose-Response Curves for NHE7
and NHE1

Cells were acidified as in Figure 1B, and initial
rates of Lithium uptake were measured using 1 min
kinetics. NHE7: lines, circles; NHE1: dotted lines,
dots.

(A) Dose-response curve for extracellular lithium.
(B) Competition of different concentrations of
extracellular sodium on 1 mM extracellular lithium
uptake.

~_-_-
-®

T T T ]
0 20 40 60 80 100 120 0 20 40

Extracellular Na* (mM)

T T T T
60 80 100 120 (C) Competition of extracellular potassium on
1 mM extracellular lithium uptake.

(D) Competition of extracellular proton on 1 mM

extracellular lithium uptake.

Error bars represent SEM.

NHE?7 Inhibition by Acylguanidines
and Vesicular Protons

When tested on NHE7, amiloride, 5-(N-
ethyl-N-isopropyl)-amiloride (EIPA) and
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could be valuable tools to study vesicular proteins by express-
ing them at the plasma membrane.

lon Transport Reversibility and Selectivity

The external medium facing NHE7 in PM-NHE7 cells corre-
sponds to the vesicular lumen in WT-NHE7 cells (Figure 1A).
The incubation of PM-NHE7 cells in a sodium- and potas-
sium-free acidic external medium (pH 6.5) did not significantly
change the intracellular pH (Figure 1C). Accordingly, NHE7
cannot exchange cytosolic K* with extracellular or vesicular
protons.

Likewise, we could not detect reversibility using the same
extracellular medium when the cytosol was preloaded with
Na* (1 mM ouabain preincubation in K*-free medium, Figure 1D)
or with Li* (Figure S3G). Thus, reversibility, as shown for NHE1
in the tested conditions, is not a general feature of the NHE
family.

The affinity constants for extracellular Na*, Li*, and K* ions
were determined for NHE7 and compared to those of the
plasma membrane NHE1. Lithium was used for measuring
initial uptake rates (Figure S2G), because it is transported by
NHE7 and can be quantified with very high sensitivity by atomic
absorption spectroscopy (Milosavljevic et al., 2010). The Km for
extracellular Li* was 16.3 + 1.8 mM (Figure 2A), similar to that
of NHE1 (9 = 1.4 mM). Competition of different extracellular
Na* concentrations with lithium transport (1 mM, Figure 2B),
yielded an estimated Km value of 240 + 26 mM for NHE7,
compared to 31 + 4.7 mM for NHE1. Sequence alignments,
which may explain this large difference, are shown and dis-
cussed in Figure S4A and Supplemental Discussion.

Extracellular K* did not decrease NHE7 lithium transport (Fig-
ure 2C), indicating that K* cannot bind the NHE7 extracellular/
vesicular transport site. Taken together with the results of Fig-
ure 1C, potassium is not a substrate of NHE?7.

T
107
Extracellular H*(mM)

10+ T0% cariporide yielded similar Ki values as
those obtained for the plasma membrane
NHE1 (Figure S3H). NHE7 is subse-
quently not “amiloride resistant” as pre-
viously reported (Numata and Orlowski, 2001). NHE7 was also
blocked by extracellular/luminal protons, with a similar inhibition
constant as for NHE1 (2 x 1077 +7 x 1008 Mand 4.3 x 1077 +
1.6 x 1077 M, respectively; Figure 2D).

Given that these inhibitors and vesicular protons compete
for sodium binding, their effects will be enhanced in vivo
because of NHE7 low affinity for sodium. This may provide
clues for the side effects of previously believed NHE1-specific
inhibitors.

Cytoplasmic Protons

Regulation by cytosolic protons is an essential feature of
Na*/H* exchangers. We found a very unusual response for
NHE7, which is Michaelian, with a high affinity for protons
(Km = 2.5 1077 + 3.53 10-°M) compared to NHE1 (Figure 3A)
that is cooperatively regulated (Lacroix et al., 2004). In contrast
to previous hypotheses, NHE7 can only use the high sodium
concentration initially available in endocytic vesicles (Scott and
Gruenberg, 2011) to constitutively import cytoplasmic protons
to their lumen (Figure 3B).

NHE7 Acidifies Early Endosomes

InWT-NHEY cells, NHE7 colocalized with the transferrin receptor
(Pearson coefficient = 0.68 + 0.01, n = 7, Figure 3C), and with
TGN38 (Pearson coefficient = 0.66 + 0.08, n = 5, Figure 3D) in
accordance with studies showing NHE7 in the receptor-medi-
ated endocytosis pathway (Lin et al., 2005) and in TGN (Numata
and Orlowski 2001) (see also Figure S1C). A similar colocalization
with the transferrin receptor was found in rat hippocampus
pyramidal neurons (Pearson coefficient = 0.616 + 0.04, n = 5,
Figure 3E), whereas a very different pattern was observed for
TGN38 (Pearson coefficient = 0.11 + 0.05 n = 4, Figure 3F).
In neurons, this points toward a predominant role of NHE7 in
the endocytic pathway.
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Figure 3. NHE7 Interaction with Intracellular Protons, Mechanism of Action, and Subcellular Localization

(A) Dose response of NHE?7 (lines, circles) and NHE1 (dotted lines, dots) activities for intracellular proton. Intracellular pH was clamped at different values using
nigericin acidification (Lacroix et al., 2004). Initial rates of lithium uptake were then measured.

(B) Model deduced from NHE7 measured affinities for its transported cations and their physiological concentrations.

(C—F) Colocalization of NHE7 (red), transferrin receptor, or TGN38 (green). Blue: HOE33258. Scale bar, represents 10 um. (C) NHE7 and transferrin receptor in
WT-NHE? fibroblasts. (D) NHE7 and TGN38 in WT-NHE? fibroblasts. (E) NHE7 and transferrin receptor in rat brain hippocampus pyramidal cells. (F) NHE7 and

TGNS38 in rat brain hippocampus pyramidal cells.
Error bars represent SEM.

The pH of transferrin-positive endocytic vesicles and endo-
somes was measured in live cells using pH-sensitive Fluo-
rescein coupled to transferrin (Teter et al., 1998). In both
pHygro-PS120 and WT-NHE?7 cells, these compartments dis-
played similar steady-state pH (6.42 + 0.03 and 6.47 + 0.10,
respectively, Figures 4A and 4B). However, in the presence
of 10 uM EIPA, WT-NHE7 cells displayed a significantly
increased intravesicular pH (6.91 + 0.06, ANOVA test p <
0.01). Conversely, the V-ATPase inhibitor bafilomycin produced
an alkalinization to pH 7.11 + 0.08, which reached 7.40 = 0.07
in the presence of 10 uM EIPA (p < 0.05). In the pHygro-PS120
cells, EIPA did not produce significant effects on vesicular
pH (6.61 + 0.04), whereas bafilomycin alone was able to
alkalinize endosomes to 7.41 + 0.05 (Figure 4B), with no sig-
nificant additive effect of EIPA. Similar results were obtained
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using sodium-free extracellular medium instead of adding
EIPA (Figures S4B and S4C). Taken together, these important
pH differences are in excellent agreement with an acidifying
role of NHE7 (Figure 3B).

NHE7 Enhances the Rate of Endocytosis

A comparable steady-state endosomal pH in the presence or in
the absence of NHE7 suggests a role of this exchanger in the
early phases of endocytosis. To investigate this point, pH-insen-
sitive Alexa 555 transferrin was bound at 4°C in WT-NHE?7 or in
pHygro-PS120 cells. Rates of fluorescence transfer into early
endosomal perinuclear clusters after shifting temperature to
37°C were followed using time-lapse spinning disk confocal
microscopy. As shown in Figure 4C (see also Figure S4D; Movies
S1 and S2), the rate of transferrin import is 3.3-fold faster
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Figure 4. NHE7 Role in Endocytosis and Localization in Brain Sections

(A) Steady-state endosomal pH measurements in WT-NHE?7 cells using fluorescein coupled to transferrin in control conditions or with the NHE inhibitor EIPA
(10 uM) and/or the V-ATPase inhibitor bafilomycin (BAF, 500 nM). ANOVA test: *p < 0.05; **p < 0.01.

(B) Steady-state endosomal pH measurements in the pHygro-PS120 control cells in the same conditions as in Figure 4A.

(C) Quantification of Alexa 555 transferrin uptake measured by spinning disk confocal microscopy in the pHygro-PS120 control cells and in the WT-NHE?7 cells.
Endocytosis was quantified as the kinetics of normalized fluorescence internalization in intracellular clusters. WT-NHE7, squares (red, pHe = 7.4; gray, pHe = 8;
blue, 30 mM external NaCl at pHe = 7.4 in isotonic conditions); pHygro-PS120, diamonds (white, pHe = 7.4; dark, pHe = 7).

(D-G) NHE? localization in mouse brain sections. Immunohistochemistry was performed as described in Experimental Procedures using the mouse NHE7
antibody (green) and HOECHST33258 for nuclear staining. (D) Cerebellum; PC, Purkinje cells; GL, granular layer; ML, molecular layer. Scale bar represents
100 pum. (E) Hippocampus: CAl and CAlll: pyramidal cells of CAl and CAlll. DG, dentate gyrus. Scale bar represents 100 um. (F) Cortex (layers II-V), scale bar

represents 10 um. (G) Brainstem (motor nucleus VII). Scale bar represents 10 um.

Error bars represent SEM.

in WT-NHE7 cells than in control cells. This effect of NHE7
was decreased by a lower extracellular sodium concentration
(30 mM NaCl in isotonic medium, Figure 4C) or by 10 uM EIPA
(Movie S3).

To determine whether this enhanced rate was indeed caused
by NHE7-mediated proton loading, we reasoned that, for NHE-
deficient cells, this could be mimicked by a slightly acidic extra-
cellular pH that would lower the pH of endocytic vesicles.
Indeed, transferrin uptake in pHygro-PS120 cells was acceler-
ated at an external pH 7.0 (Figure 4C; Movie S4). Conversely,

increasing extracellular pH to 8.0 slowed down endocytosis in
WT-NHE? cells (Figure 4C).

NHE?7 Is Localized in Large Integrative Neurons

To further understand NHE7-related cerebral deficiencies, we
conducted an extensive screen for an antibody that could detect
specifically NHE7 (see Figures S1 and S2). In brain sections
(Experimental Procedures), we observed a very typical expres-
sion pattern in large neurons of the central nervous system
such as Purkinje cells in the cerebellum, pyramidal cells in
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hippocampus and cortex, or motor neurons in brainstem (Fig-
ures 4D-4G).

DISCUSSION

The first major finding of this work is that NHE7 does not work as
a K*-coupled proton leak but instead is an acidifier of intracel-
lular compartments. Actually, this is not surprising, because
the large sodium gradient between endocytic vesicles and the
cytosol will allow such an exchanger to produce significant acid-
ifications. Indeed, NHE7 and V-ATPase inhibitors both produced
a similar increase in vesicular pH (Figure 4A). NHE7 is not able to
transport potassium, is inhibited by vesicular protons, and has
low affinity for sodium. Given the cytosolic ionic composition,
such an amazingly redundant set of safety mechanisms prevents
any possible shift to a reverse mode that would dissipate the
vesicular pH gradient.

The second major finding is that NHE7 proton loading
enhances the rate of endocytic trafficking. Interestingly, this
can be mimicked by a moderate acidification of extracellular
medium (Figure 4C), a situation that could be found in ischemic
or inflammatory situations. Such an effect has also been re-
ported for antigen processing by dendritic cells (Vermeulen
et al., 2004). The molecular mechanisms by which luminal pH
is sensed by cytosolic effectors of donor and acceptor com-
partments are thus far not fully understood and might involve
pH-dependent coat assembly (Clague et al., 1994; Aniento
et al., 1996; Gu and Gruenberg, 2000). Additionally, Arfé and
ARNO bind endosomal membranes in a pH-dependent manner
(Maranda et al., 2001) and also interact with the V-ATPase a2
and ¢ subunits (Hurtado-Lorenzo et al., 2006).

The cognitive and neurodegenerative defects of the human
intracellular NHE mutants (Gilfillan et al., 2008; Morrow et al.,
2008; Zhang et al., 2006; Garbern et al., 2010) or mice models
(Stremme et al., 2011) were reminiscent of those observed for
the defects of (1) CIC transporters involved in vesicular acidifi-
cation (Poét et al., 2006; Kasper et al., 2005), or (2) of vesicular
Cathepsins working at acidic pH (Felbor et al., 2002). These
phenotypes were difficult to reconcile with the previous model
of alkalinizing vesicular NHEs but are in excellent accordance
with the acidifying role of NHE7. Furthermore, we show that
the NHE7 protein displays a spectacular expression in large neu-
rons that constantly integrate inputs from numerous afferents
(Figures 4D-4G). The enhanced vesicular trafficking provided
by NHE7 is expected to accelerate protein turnover and enhance
plasticity in such neurons. Taken together, these elements
strongly point toward a specific connection between NHE7
localization, acidifying role and integrative brain functions. It
may also provide clues for the recent association between
NHE?7 and late-onset Alzheimer’s disease (Meda et al., 2012).

Lithium yielded slower rates of pH recovery than sodium in
PM-NHE? cells (see Figure 1B). In vivo, this cation is expected
to slightly inhibit NHE7, in accordance with standard Michae-
lis-Menten kinetics demonstrating that a low Km associated
with a reduced rate is the hallmark of a limiting recycling step
into active state after ion translocation. Interestingly, lithium
concentrations that can be reached in cerebral fluid of patients
treated for bipolar disorders (Lee et al., 2012) are in the range
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of its Km value for NHE7. Therefore, our findings identify NHE7
and possibly the other intracellular NHEs as targets for lithium
action.

EXPERIMENTAL PROCEDURES

Selection of PM-NHE7 Cell Line

NHE-deficient fibroblasts (PS120 cell line) were stably transfected with NHE7
cDNA (pIRESHyg3 Vector, Clontech) to generate the WT-NHE7 cell line.
A control pHygro-PS120 control cell was generated by transfecting a nonre-
combinant pIRESHyg3 vector. WT-NHE7 cells were submitted to repeated
acidification using a 50 mM NH,* prepulse followed by 1 hr recovery in
120 mM NaCl, until selection of a cell line (PM-NHE?) stably surviving this
acidification. See Supplemental Experimental Procedures.

Intracellular pH Measurements

Cells were loaded with BCECF/AM and excited at 490 and 450 nm. Images
were recorded and treated using Axon Imaging Workbench. Calibration
was performed using 140 mM K* 5 uM nigericin solutions ranging from pH
6.5t07.4.

pH Measurements in Transferrin-Positive Compartments

Cells were incubated with 50 mg/ml fluorescein-coupled transferrin (pH 7.4)
for 10 min at 37°C in the absence of bicarbonate. After rinse, 490 nm/450 nm
fluorescence ratios were recorded for 5 min at room temperature. Calibration
was performed using nigericin/monensin as described in Teter et al. (1998).

Measurement of Initial Rates of NHE7

Measurements were performed by fast kinetics of Li* uptake as described
in Milosavljevic et al. (2010). Li* was measured using atomic absorption spec-
troscopy (Zeeman furnace system, iCE3000 series, Thermo Scientific).

Immunostaining

Immunostainings were performed in fibroblasts after 4% paraformaldehyde
(PFA) fixation, BSA, and NGS blocking and saponin permeabilization. Mouse
brain sections were prepared as described in Poét et al. (2006). The experi-
mental protocol was approved by the local councils for animal care and was
conducted according to the French law for animal care. Antibodies were
as follows: primary antibodies were rabbit anti-NHE7 (1:500; MBL) and
mouse antitransferrin receptor (1:1,000; Invitrogen). Secondary antibodies
were anti-rabbit and/or anti-mouse immunoglobulin G coupled to Alexa Fluor
488 or 594 (Invitrogen).

Confocal Microscopy

We used a Laser Scanning Confocal Microscope (LSM780, Carl Zeiss)
equipped with a AxioObserver inverted microscope, using a Plan Apochromat
63x/1.4 NA oil immersion objective (IPMC Imaging core facility, partner of
MICA [Microscopy Imaging Céte d’Azur]).

For time-lapse confocal microscopy, 200 ng/ml Alexa 555 transferrin
(Invitrogen) was bound for 10 min at 4°C to WT NHE7 or control pHygro-
PS120 cells. The cells were rinsed and mounted on a spinning disk confocal
microscope UltraviewVox (PerkinElmer) in 2 ml of medium still at 4°C.
Temperature was switched to 37°C, and one image was taken every minute
for 60 min. Endocytosis was quantified as the normalized fluorescence
accumulation in intracellular clusters as a function of time.

Data and Image Treatment and Statistical Analysis

Image treatment and quantitation were performed using NIH Imaged
(Schneider et al., 2012). Data were compiled using Microsoft Excel software
and fitted using SigmaPlot or IgorPro software. Curves are compiled from at
least five independent experiments, in which experimental points are at
least duplicates. Data are presented as mean values and SEM (error bars).
Constants are provided with the error of the fits. The treatment groups were
compared by one-way ANOVA. Differences were considered significant if
p <0.05 (*) and p < 0.01 (**).
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