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ABSTRACT: Mammalian Naþ/Hþ exchangers (NHEs) play a fundamental role in cellular ion homeostasis.
NHEs exhibit an appreciable variation in expression, regulation, and physiological function, dictated by their
dynamics in subcellular localization and/or interaction with regulatory proteins. In recent years, a subgroup of
NHEs consisting of four isoforms has been identified, and its members predominantly localize to themembranes
of the Golgi apparatus and endosomes. These organellar NHEs constitute a family of transporters with an
emerging function in the regulation of luminal pH and in intracellular membrane trafficking as expressed, for
example, in cell polarity development. Moreover, specific roles of a variety of cofactors, regulating the
intracellular dynamics of these transporters, are also becoming apparent, thereby providing further insight into
their mechanism of action and overall functioning. Interestingly, organellar NHEs have been related to mental
disorders, implying a potential role in the brain, thus expanding the physiological significance of these
transporters.

Regulation of ion homeostasis by ion-transporting proteins,
including pumps, transporters, and channels, is a crucial task for
living organisms. Mammalian Naþ/Hþ exchangers (NHEs),1

which play such a fundamental role in the regulation of the
cellular ionic environment (1-4), are integral membrane ion
transporters that mediate the electroneutral exchange of Hþwith
Naþ or Kþ. All mammalian NHEs are proposed to possess 12
transmembrane helices in their N-termini that constitute the ion
translocation domain, while the cytoplasmic C-terminus plays an
important role in the binding of various regulatory proteins.Nine
mammalian NHE isoforms (NHE1-9) have been identified thus
far, and they appear to display considerable variation in tissue
expression, subcellular localization, ion transport characteristics,
pharmacological properties, and regulatory mechanisms (3, 4).
Two novel members of the family (SLC9C1 and SLC9C2) have
recently been identified, but phylogenic analysis demonstrates
that they are only distantly related to the other family members
and, hence, appear to be derived from a distinct evolutionary
origin (5). On the basis of subcellular localization and phylogenic
analysis, the NHEs can be categorized into two types: plasma
membrane NHEs (NHE1-5) and organellar NHEs (NHE6-9).
However, the criteria for this distinction into two categories are

occasionally somewhat ambivalent. Thus, although NHE8 is
categorized as an organellar NHE, the transporter may largely
localize to the apical plasma membrane domain in polarized
epithelial cells, while on the basis of phylogenic criteria and its
localizationwhen ectopically expressed in several cell lines, NHE8
can be classified as an organellar NHE. However, for the sake of
consistency, we will adopt in this review the phylogenic analysis-
dependent categorization, as indicated above.

PlasmamembraneNHEs constitute an electroneutral exchange
of cytoplasmic Hþ with extracellular Naþ and are involved in pH
regulation, osmolarity control, cell volume regulation, and ab-
sorption of salt and water in epithelia (2-4). They attract wide-
spread clinical attention as they appear to be related to a variety of
disorders such as epilepsy, essential hypertension, ischemia/
reperfusion injury, and congenital secretory diarrhea (2-4).
In contrast, our knowledge of organellar NHEs, which mediate
both Naþ/Hþ and Kþ/Hþ exchange, is rather limited. Organellar
NHEs localize to various intracellular compartments along
the secretory and endocytic pathways. Accordingly, it has
been proposed that by facilitating proton efflux, organellar
NHEs, next to the well-known V-ATPases, contribute to the
establishment and/or fine-tuning of the luminal pH. Although
likely of obvious importance, a direct link between this activity
and an ensuing physiologically relevant effect remains to be
determined.

In this review, the expression, localization, and ion selectivity of
organellar NHEs will be highlighted first, and then recent
advances in the knowledge of their role as a determinant of
organellar pH by mediating proton efflux will be discussed.
Emerging functions in intracellular trafficking as well as molec-
ular interactions that regulate intracellular dynamics will also be
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addressed. Intriguingly, several findings suggest a link between
NHEs and neuronal disorders, and we will consider possible
underlying mechanisms of these pathological conditions.

EXPRESSION, SUBCELLULAR LOCALIZATION,

AND ION SELECTIVITY

The four organellar NHEs (NHE6-9) identified thus far show
a relatively broad tissue distribution at the transcription level
(6-10), although they are particularly expressed in skeletal
muscle (NHE6, -7, and -8), brain (NHE6 and -7), and kidney
(NHE8). NHE9 exhibits a fairly ubiquitous expression. Although
the subcellular localization and intracellular dynamics of orga-
nellar NHEs have been only partially characterized, they primar-
ily localize to distinct intracellular compartments, when expressed
in several cell lines. Thus, NHE6 and NHE9 show a comparable
localization in sorting/recycling endosomes (8, 11). NHE7 and
NHE8 aremainly localized at the trans-Golgi network (TGN) (7)
and mid/trans-Golgi stacks (8), respectively (Figure 1A).

Of interest, several lines of evidence support the notion that
organellar NHEs continuously cycle between intracellular com-
partments and the plasma membrane by means of vesicular
transport mechanisms (11-14). Their distribution is thus likely
dictated by an equilibrium between the pools at two or more
compartments.However, in certain types of cells such as polarized
epithelial cells, NHEs defined as organellar NHEs are mainly
expressed at the plasma membrane. For instance, NHE6 and
NHE9 are largely expressed at the plasma membrane of auditory
hair cells of Xenopus laevis (15). Furthermore, NHE8 appears to
be exclusively localized at the apical surface of epithelial cells in
the intestine (10) and kidney (9, 14) of rodents, suggesting its roles
in absorption of Naþ and water. Such biaxial localization is
reported also for plasma membrane isoforms, NHE3 and NHE5,
which are located in endosomal compartments besides the plasma

membrane (5, 16). These data thus indicate that the assigned
categorization as either plasma membrane or organellar NHE is
not necessarily mutually exclusive in terms of localization. How-
ever, the exact intracellular dynamics of organellar NHEs in these
cases remains to be determined, which may contrast with that of
bona fide plasma membrane NHEs.

A prominent distinction between organellar and plasma mem-
brane NHEs, other than their subcellular localization and phylo-
genic relationship, is their selectivity for alkaline cations. Thus,
whereas organellar NHEs operate as both Kþ/Hþ and Naþ/Hþ

exchangers (refs 7, 8, and 15 and unpublished data of H.
Kanazawa et al.), plasma membrane NHEs solely mediate
Naþ/Hþ exchange. Nevertheless, as a common feature, NHEs
are polytopic transmembrane proteins that are composed of 12
putative membrane-spanning helices in the N-terminus and a
cytoplasmic hydrophilicC-terminus.Compared to theC-terminal
cytoplasmic tail, the amino acid sequences of the N-terminal
transmembrane segments, which directly mediate the transmem-
brane crossing of ions, are highly conserved in plasma membrane
and organellar NHEs. Accordingly, this would suggest that the
actual mechanism of ion translocation per se in both NHE
families is likely very similar. The molecular basis of the broader
ion selectivity for organellar membrane NHEs (exchanging both
Naþ and Kþ for Hþ) is unclear so far, yet NHE6, NHE7, and
NHE9 possess a unique insertion at the putative second extra-
cellular loop that containsmany charged residues. This region has
been suggested to be important for ion selectivity and inhibitor
binding (5) and may therefore account for their ability to
transport both Naþ and Kþ. Meanwhile, NHE8, which is only
distantly related to the three other isoforms, belongs to a different
clade in the phylogenic analysis (5) and lacks the insertion in the
corresponding region. Therefore, the observed Kþ/Hþ exchange
in this case may have a uniquemolecular basis. At any rate, it is of

FIGURE 1: OrganellarNHEs and luminal pH. (A) Localization of organellarNHEs and a luminal pH gradient along the secretory and endocytic
pathway. Of the nine NHE isoforms, NHE1-5 are mainly localized to the plasma membrane, while NHE6-9 are defined as organellar NHEs.
NHE6 andNHE9 colocalize to some extent at sorting/recycling endosomes. NHE7 andNHE8 are localized at TGNandmid/trans-Golgi stacks,
respectively. These organellar NHEs are fairly “dynamic”, implying that they are subjected to intracellular trafficking and thus continuously
shuttle between organelles and the plasma membrane. Each intracellular compartment is maintained at an acidic pH, which is important for
various biological processes, includingmembrane trafficking.OrganellarNHEsare thought tobe involved in the establishment and/or fine-tuning
of a specific, compartment-dependent luminal pH. (B) Schematic illustrationofpHregulation inorganelles. Themaintenance of a defined luminal
acidic pH is proposed to be accomplished by the carefully balanced activities of inward proton pumping and proton efflux. VacuolarHþ-ATPase,
V-ATPase, primarily facilitates the acidification of the organellar lumen by pumping Hþ into the lumen. This acidification step is promoted by
a counteranion flux through either Cl- channels or Cl-/Hþ exchangers, which shunt inside positive membrane potential across the organellar
membrane. Organellar NHEs mediate the efflux of Hþ from the lumen in an exchange with Kþ, which is abundantly present in the cytoplasm,
and/or Naþ.
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note that organellarNHEs exhibit similarKMandVmax values for
Naþ and Kþ (ref 8 and unpublished data of H. Kanazawa et al.)
and may thus mainly operate as Kþ/Hþ exchangers under
physiological conditions where the cytoplasmicKþ concentration
is relatively high (∼140 mM) and that of Naþ low (∼10 mM).

PH REGULATION OF THE ORGANELLE LUMEN

The luminal pH values of organelles along the secretory and
endocytic pathways exhibit a gradient, ranging from pH ∼5.0
to ∼7.0 (17, 18). In the secretory pathway, the organellar pH
progressively declines in the outbound direction, i.e., from the
endoplasmic reticulum (ER) to Golgi, TGN, and secretory
vesicles. By contrast, in the endocytic pathway, organellar acidity
shows the opposite trend and gradually decreases in an inbound
direction, the lysosomes being most acidic. Moreover, steep pH
gradients exist within the recycling endosomal system of polarized
epithelial cells (19-23). Clearly, it has been well established that
the acidic pH is important for maintaining proper intracellular
trafficking (sorting and vesiculation) and membrane fusion (e.g.,
in the late endolysosomal pathway), post-translational modifica-
tion, dissociation of the receptor-ligand complex, and uptake of
neurotransmitters (17-24). However, despite the well-recognized
overall importance in cell biology, the molecular mechanism(s)
underlying the fine-tuning of the pH in each organelle is still
poorly understood.

The organelle pH is controlled by a complex balance of
proton pumping and proton efflux activities across organellar
membranes (Figure 1B). The primary catalyst responsible for
acidification is the V-ATPase, a proton-pumping vacuolar
ATPase (25, 26). It is alsowell-known that organellarmembranes
exhibit Cl- conductance that assists acidification by compensat-
ing for the negative effect of the membrane potential, generated
by Hþ pumping. The best-characterized Cl- transport proteins
are the members of the CLC family, consisting of Cl- channels
and electrogenic Cl-/Hþ exchangers (27) on endosomal mem-
branes and the GPHR (Golgi pH regulator) on the Golgi
membrane (28). The observation that pharmacological inhibition
of V-ATPase results in an immediate dissipation of the proton
gradient across organellar membranes suggests the existence of a
proton efflux pathway. The CLC-mediated electrogenic Cl-/Hþ

exchange is not likely responsible for this proton efflux because
the immediate loss of protons fromGolgi and secretory granules
occurs under even cytoplasmic Cl--free conditions. Accordingly,
it is therefore likely that organellar NHEs play a role in this
process, as may be inferred from studies with Nhx1p, a yeast
homologue of organellar NHEs. Thus, in a strain lackingNhx1p,
a significant decrease is seen in the luminal pH of the endosomal
compartment, presumably because of the lack of proton efflux
from the lumen (29). Some more recent studies provided further
insight into the consequences of an altered expression of orga-
nellar NHEs on organellar pH in mammalian cells. Thus, over-
expression of NHE6, NHE8, and NHE9 alkalizes the lumen of
the specific organelles in which they are located, strongly
indicating an enhanced proton extrusion activity (8, 30). Alter-
natively, when the expression of endosomal NHEs was sup-
pressed by siRNA, i.e., NHE6 alone in HepG2 cells, or in case of
a double knockdown of both NHE6 and NHE9 in HeLa
cells (30, 31), the luminal pH of the endosomes shifted to a more
acidic pH, consistent with a decreased rate of proton release.
These data demonstrate that organellar NHEs can control the
organellar pH at steady state by effectivelymediating the efflux of

protons from their lumen, resulting in a significant net change in
the luminal pH.

At present, the mechanism that determines fixation of an
organellar lumen pHwithin a narrow and specific range is poorly
understood. Several potential mechanisms, participating in the
regulation of V-ATPase proton pumping, have been proposed
and include the assembly and/or disassembly of V1-Vo com-
plexes (32, 33), the regulation of the amount of pumps present on
the organelles (34), the efficiency of pumping and/or ATP-
hydrolysis coupling, and the existence of organelle-specific iso-
forms (26, 35). However, the relative contribution of each of these
mechanisms in setting an organelle-specific pH remains to be
elucidated. Given their specific localization, in conjunction with
the evidence discussed in the previous paragraph, it is tempting to
speculate that the distinct localization of organellar NHEs
contributes to the establishment of an organelle-specific pH
(8, 36). To demonstrate this ability at the level of ion transport
activity, it is necessary to establish a reliable in vitro assay system
that allows comparative biochemical analysis of each isoform.
Furthermore, the level of expression of a given NHE on a given
organelle should be revealed as a determinant of proton efflux
activity on the organellar membrane. Needless to say, the pos-
sibility of other regulatory events should also be addressed in the
future, including a potential regulation via modifications such as
phosphorylation, regulatory binding partners, and other molec-
ularmechanisms, analogous towhat has been reported for plasma
membrane NHEs. Interestingly, the activity of the plasma
membrane-residingNHE1 displays a clear acidic pH dependence.
The requirement for proton binding as an allosteric modifier of
transport as such rather than as a substrate has been postu-
lated (37). Although significantly interesting, the versatility of
analogous mechanisms of organellar NHEs in assisting the
control of luminal pH remains to be established.

EMERGING FUNCTIONS OF ORGANELLAR

NHES IN INTRACELLULAR MEMBRANE TRAF-

FICKING

What is the importance of pH regulation by organellar NHEs,
and what are the specific physiological consequences in terms of
organelle functioning? Studies of the yeast homologue Nhx1p
have provided convincing support for its role in various aspects
of intracellular membrane trafficking (38). Thus, in a yeast
mutant strain lackingNhx1p, the prevacuolar endosomes display
aberrant structures, suggesting a role of the transporter in
maintaining organellar morphology and integrity. Moreover,
missorting occurs with vacuolar enzymes, destined for secretion
to the extracellular space. Also, endocytosed proteins and lipids,
normally destined for the vacuole, remain trapped in aberrant
endosomal compartments, further supporting the notion that
vesicular transport from endosome to vacuole is impaired in the
mutant strain. Whether these alterations also underlie the cause
of missorting due to lateral membrane perturbations that may
deter the system’s sorting machinery and/or the requirement of
membrane vesiculation events for assembly of transport vehicles
remains to be determined.

Analogous observations concerning a potential role of NHE6
in the maintenance of cell polarity, regulating the retention of
resident apical plasma membrane lipids and proteins (30), were
recently reported (Figure 2). In a polarized human hepatoma
cell line, HepG2, NHE6 localizes in the recycling endosomal
system, including the subapical compartment, the equivalent of
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the common recycling endosome, which is considered to be amajor
sorting station for the segregation and polarized delivery of
proteins and lipids to the apical or basolateral membrane sur-
face domains (39, 40). Both knockdown and overexpression of
NHE6, which shifted the luminal endosomal pH of 6.6 to 5.9 and
7.3, respectively, cause a defect in the maintenance of the apical
domain, as reflected by a defect in apical protein recycling. Thus,
these data suggest that tuning of pH (range) in the apical recycling
compartments by NHE6 is a prerequisite for efficient apical
recycling. The molecular mechanism underlying the defect in
recycling has not yet been determined but may conceivably be
related to a failure of recruiting trafficking machinery components
to the surface of recycling endosomes in a pH-dependent manner,
as previously reported (41-44). Specifically, it has been shown that
RACK1 (receptor for activated protein kinase C-1) is involved in
the apical localization of the bile canalicular ABC transporter
ABCB4 in HepG2 cells (45). Because RACK1 is an NHE6 bind-
ing protein (see also below), it is tempting to speculate that the
loss of ABCB4 at the canalicular domain reflects a defect in
apical recycling due to the loss of interaction between NHE6 and
RACK1.

Recent evidence suggests a role for NHE8 in late endosomal
morphology and membrane trafficking from late endosomal

multivesicular bodies (MVBs) to lysosomes (46). Depletion of
NHE8 resulted in an enlargement and clustering of late endo-
somes into the perinuclear region, accompanied by an increased
level of degradation of epidermal growth factor. Still, a pH-
related role remains enigmatic, because the luminal pH of the late
endosomes was not altered. However, in this case, the possibility
that an altered pH in the Golgi apparatus, where the majority of
NHE8 is located, may indirectly affect the endosomal function as
a result of a malfunctioning of trafficking between Golgi and late
endosomes cannot be excluded.

REGULATORY BINDING PARTNERS FOR ORGA-

NELLAR NHES

Valuable insight into the mechanisms of action of plasma
membrane NHEs has been obtained by revealing a variety of
regulatory cofactors. In particular, the C-termini of NHE1 and
NHE3 have been shown to be susceptible to such regulatory
interactions (3, 4, 16, 47). The molecular and functional nature of
these binding molecules is rather diverse and includes signaling
molecules, metabolic enzymes, scaffolds, cytoskeleton elements,
and lipids that belong to the phosphoinositide species. An
additional level of regulation is provided by the presence of
phosphorylation sites. The significance of such interactions
and modifications ranges from affecting the stability of the
protein and its subcellular localization to the regulation of
the ion transport activity per se (3, 4, 16, 47). Clearly, thus far,
much less is known about such regulatory molecular inter-
actions in the case of organellar NHEs. Nevertheless, an
increasing number of studies identify proteins that interact
with these transporters (Table 1).

Interestingly, some binding factors have been reported to bind
to both types of NHEs, in spite of the fact that the amino acid
sequences in the regions responsible for binding are not necessa-
rily conserved. Most of interaction partners thus far identified
appear toparticipate in the regulation of the intracellular location
of organellar NHEs, in particular in controlling the shuttling of
NHEs between two compartments (see also below). Unfortu-
nately, because of methodological limitations, biochemical in-
vestigations that aimed to assess the potential importance of these
interacting proteins in regulating ion transport activity have been
frustrated. Some specific interaction partners for NHE6 and
NHE7 will be briefly reviewed in the following sections. How-
ever, so far, spatiotemporal regulation of their interaction with

FIGURE 2: Functional role of NHE6 in maintaining the cell polarity
of HepG2 cells. Overexpression or knockdown of NHE6 induces an
increased or decreased rate of efflux of Hþ from apical endosomal
compartments, respectively. The perturbed luminal pH results in an
impaired apical recycling and/or retention of lipids and proteins, and
the subsequent loss of bile canalicular structures, suggesting the
existence of an optimal pH (range) for mechanisms underlying the
maintenance of the bile canaliculi. Rather than an effective apical
recycling, in these cells, transcytosis of apical components from the
apical to the basolateral membrane occurs via AEE and ARE/SAC,
triggered by a malfunctioning of the luminal pH.

Table 1: Binding Partners of Organellar NHEs

binding partner NHE description ref

RACK1a NHE6, -7, -9 regulation of surface levels of NHE (NHE6) 12

angiotensin-II receptor AT2 NHE6 ligand-dependent formation of a complex with NHE6 67

SCAMP1, -2, -5a NHE7 trafficking of NHE7 between TGN and recycling vesicles (SCAMP2) 48

caveolin-1 NHE7 association of NHE7 with caveolae and/or lipid rafts 56

β-actin, vimentin NHE7 interaction in focal adhesion sites 56

CD44 NHE7 association with NHE7 in lipid rafts 56

calmodulina NHE7 regulation of ion transport activitiy 56

GLUT1 NHE7 identified in NHE7 interactome 56

junction plakoglobin, desmoplakin

myosin heavy chain 9

myosin light polypeptide 6

tropomyosin-4

Naþ/Kþ-ATPase

aThese proteins are also identified as binding partners of plasma membrane NHEs.
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binding partners is still poorly understood and merits further
investigation.
Binding Partners for NHE7. In terms of its molecular

interactions, the most extensively studied organellar NHE is
NHE7, which is primarily localized to the TGN. Among others,
the transporter has been shown to interact with secretory carrier
membrane proteins (SCAMPs) (48), representing integral mem-
brane proteins with four transmembrane segments. Five SCAMP
isoforms known to date localize to Golgi and post-Golgi mem-
branes (49) and have been implicated in vesicular trafficking in the
secretory pathway (50-52). Moreover, these proteins (especially
SCAMP2) have also been reported to be involved in the regula-
tion of the plasma membrane localization of NHE5 (53), and the
serotonin transporter (54). The interaction between NHE7 and
SCAMP2 plays a role in the retrieval of NHE7 to the TGN from
endosomal compartments. Thus, disruption of the interaction
causes NHE7 to accumulate in TfR-positive endosomes. Inter-
estingly, SCAMPs specifically interact withNHE7despite the fact
that the amino acid sequence of the SCAMP-binding region is
also highly conserved in NHE6 and NHE9. Conceivably, other
elements in NHE7 (co)determine the binding specificity with
SCAMP2. Indeed, recently, a short stretch of amino acids was
identified in theC-terminus ofNHE7, proximal to themembrane-
spanning region, acting as a determinant for the transporter’s
partitioning between TGN and endosomes (55). Deletion of this
sequence in NHE7, which is not present in NHE6, resulted in an
NHE6-resembling endosomal distribution of NHE7. However,
the exclusiveness of this region for the potential binding to
SCAMP2 has not been demonstrated in a direct manner and
merits further work. The same holds true for other SCAMPs
(SCAMP1 and SCAMP5), which have also been demonstrated to
associate with NHE7, but the functional relevance and specificity
of these interactions remain to be determined.

In addition to SCAMPs, several binding partners for NHE7
have been reported. Caveolin-1 interacts with the C-terminus of
NHE7 and colocalizes with NHE7 in detergent-insoluble micro-
domains (13), implying the existence of two distinct pools of
NHE7 (i.e., caveolae- and non-caveolae-associated) with distinct
dynamics on themembrane such as the kinetics of internalization.
Vimentin and β-actin colocalize with NHE7 at focal adhesions in
migrating cells and have been postulated to interact with
NHE7 (56), possibly to control cell adhesion and migration. Of
all known binding partners, only the Ca2þ-calmodulin (CaM)
complex has been suggested to be directly involved in the
regulation of the ion transport activity of organellar NHEs (56).
Indeed, treatment with CaM inhibitors abolishes the uptake of
86Rbþ, a radioactive Kþ analogue, into intracellular compart-
ments, implying that in vivo Kþ uptake may be similarly
abolished, thereby impeding the transporter’s Hþ exchange
capability. Interestingly, the Ca2þ-CaM complex is also known
to associate with the C-terminus of NHE1 and stimulate ion
transport activity (57, 58). Thus, there might be a common
regulatory mechanism that involves the Ca2þ-CaM complex
for both plasma membrane and organellar NHEs, even though
the CaM-binding motifs are not conserved. Interestingly, upon
activation of protein kinase C (PKC) with phorbol esters, NHE7
translocates to the cell surface where it interacts with CD44 in
detergent-resistant microdomains (56), raising the possibility that
phosphorylation by PKC may alter the localization and/or ion
transport activity of NHE7.
Binding Partners for NHE6. Receptor for activated protein

kinase C-1 (RACK1), a scaffold protein, was demonstrated to

interact with NHE6 (but in vitro interactions with NHE7 and
NHE9 have also been reported) through the highly conserved
region in the C-terminus (12). RACK1 dictates the distribution of
NHE6 between the plasmamembrane and endosomes and, in this
way, presumably contributes to the establishment of the luminal
pH of sorting/recycling endosomes. Moreover, it was shown,
although indirectly, that NHE6 is involved in endocytosis via
modulating endosomal pH (12). Presumably, RACK1, by an as
yet unknown mechanism, causes the retention of NHE6 at the
plasma membrane, like that reported for a RACK1 regulation of
the plasma membrane localization of other transporters and
receptors (45, 59, 60). Furthermore, RACK1, originally identified
as an adaptor protein for activated PKC (61), is known as a
scaffold protein that interacts with metabolic enzymes, kinases,
receptors, ion channels, and other scaffolds (62, 63). Thus,
RACK1 may link NHEs to other proteins and alter the ion
transport activity in a manner similar to that reported for other
ion-transporting proteins (64-66).

Binding of NHE6 with angiotensin II receptor subtype AT2 is
regulated by its ligand, angiotensin II (67). Although angiotensin
II is known to regulate the function of Naþ/Hþ exchange activity
in several cell types such as vascular smooth muscle cells (68),
cardiacmyocytes (69), and lymphocytes (70) in amanner partially
dependent on PKC, the NHE isoform engaged in these phenom-
ena has not been specified so far. It is tempting to speculate that
NHE6 is responsible for the Naþ/Hþ exchange activity, observed
to be upregulated by angiotensin II in these cells. It is also
worthwhile to analyze the potential involvement of PKC,
mediated by binding of RACK1 to NHE6.

LINK TO MENTAL DISEASE: IMPLICATION FOR

ORGANELLAR NHES IN BRAIN FUNCTION

An increasing number of reports reveal the involvement of
organellarNHEs, in particularNHE6 andNHE9, in neurological
disorders. Four different types of mutated NHE6 alleles were
identified in families with Angelman syndrome-like X-linked
mental retardation (XLMR), characterized by clinical symptoms
that include microcephaly, seizure, ataxia, and absence of
speech (71). Alterations in theUBE3A locus encoding a ubiquitin
ligase have been identified as a cause of Angelman syndrome
(OMIM 105830) (72). However, a considerable number
(10-15%) of patients are unrelated to aberrant UBE3A (72),
and several other diseases that present symptoms resembling
those of Angelman syndrome exist (73, 74). Thus, alternative
causative genes have been postulated. One of the mutant NHE6
proteins identified in these patients carries an internal deletion of
two amino acids at residues Glu255 and Ser256 in a putative
transmembrane segment (71). The corresponding residues for
Glu255 are highly conserved among all NHEs and have been
demonstrated to be critically important for the ion transport
activity in NHE1 (75, 76), NHE6 (30), and NHE8 (8). Moreover,
this mutant was shown to be abnormally ubiquitinated when
ectopically expressed in HeLa cells. As a consequence, degrada-
tion of mutant NHE6 was accelerated, compared to that of wild-
type NHE6, via lysosome- and proteasome-dependent degrada-
tion pathways (31), suggesting that patients are challenged by a
severe decrease in the amount and activity of NHE6. Interest-
ingly, NHE9, which is also located in sorting/recycling endo-
somes, has been genetically associated with neurological disorders
such as attention deficient hyperactivity disorder (77) and family-
based autisms (78). However, it remains to be elucidated how
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mutations in the SLC9A9 locus encodingNHE9 contribute to the
etiology and pathogenesis of the disease.

A highly relevant question to be addressed concerns the
issue of how these NHEs are involved in neural functions and
how the defects of these NHEs would cause disorders. It is of
note that both spontaneous null mutation (identified in swe
mice) and targeted disruption of the Nhe1 locus in mice result
in epileptic-like seizures, ataxia, and growth retardation,
which overlap with symptoms observed in the patients of
Angelman syndrome and related diseases (79, 80). Although a
causal relationship is still unclear, it was shown that in Nhe1
knockout mice the expression of the Naþ channel, Nav1.2, is
upregulated in hippocampal and cortical regions, which could
thus account for the observed neuronal overexcitability (81). It
is therefore worthwhile to investigate whether similar mechan-
isms could account for defects in patients that suffer from
organellar NHE-related neuronal disorders. The possibility
that the etiology of the disease may be related to basic changes
in processes as fundamental as cell polarity development is not
to be excluded, as discussed above. After all, the brain is
particularly enriched in polarized cells, such as neurons and
glial cells. The development and maintenance of dendrites and
spines rely heavily on trafficking through recycling endo-
somes (82, 83). The latter also underlies long-term potentia-
tion, a cellular mechanism responsible for learning and
memory, which is disturbed in Ube3a knockout mice (84)
and is thought to be perturbed in patients with Angelman
syndrome (85). Given the role of NHE6 in polarized traffick-
ing and hepatocyte polarity, one could speculate that NHE6,
and probably NHE9, may play a role in the brain by regulating
polarized membrane trafficking and polarization of neuronal
cells through the regulation of endosomal pH. Magnetic
resonance spectroscopy analysis of a patient with an Angel-
man syndrome-like disease revealed an accumulation of the
glutamate-glutamine complex in basal ganglia (71), which
was proposed to account, at least in part, for the clinical
symptoms. As excess glutamate is well-known to exert excitoxic
and neurodegenerative effects (86), it will be of interest to
investigate the role of NHE6 in the trafficking of glutamate
receptors or transporters involved in the response or clearance of
glutamate at synaptic clefts. Recently, a study in patients display-
ing a mental retardation distinct from Angelman syndrome also
revealed mutations in the NHE6 locus. These patients were
pathohistologically characterized with neuronal loss and tau
deposition (87). As tau, a microtubule binding protein, plays a
pivotal role in the growth and integrity of axons and dendrites in
neurons (88), this finding further strengthens the possible linkage
between NHE6 and the polarity of neuronal cells. Consistently,
NHE6, NHE7, and NHE9 exhibit relatively elevated transcript
expression levels in brain, even though they are rather widely
expressed in other organs (6-8). Also, expression analysis by
immunoblotting inmouse tissue revealed large amounts ofNHE6
in the brain (H. Kanazawa et al., unpublished data). Further
detailed histological and cell biological studies are needed to
elucidate the function of NHE6 in the brain and, directly
correlated therewith, the pathogenesis in the mental disorders
mentioned above. Nhe6 knockout mice partially mimic phenoty-
pical features of patients suffering from mental disorders, includ-
ing motor hyperactivity and a lowered threshold for pharma-
cologically induced seizures (DeltagenKOmouse and Phenotypic
Data). Hence, this knockout systemmay prove to be a promising
animal model for studying the molecular basis of these diseases.

CONCLUDING REMARKS

Different lines of evidence demonstrate that organellar NHEs
act as a novel family of key players in the regulation of organellar
pH.Depletion or overexpression of organellar NHEs results in an
alteration of the luminal pH of specific organelles. The physio-
logical consequences of such an alteration of pH were recently
revealed in the case of NHE6, demonstrating its involvement in
maintaining a limited pH range in the lumen of recycling endo-
somes as a requirement for proper apical membrane recycling and
maintenance of cell polarity in HepG2. Recent studies also show
that mutations in organellar NHEs are genetically linked to
several neurological diseases. Given that neuronal cells, like
epithelial cells, are polarized cells, it is tempting to speculate that
the malfunctioning of organellar NHEs and subsequently defects
in intracellular trafficking contribute to the pathogenesis of these
diseases. Further studies are needed to identify interacting
proteins that regulate organellar NHE function and dynamics
and to unravel the molecular basis by which luminal pH regulates
(polarized) membrane trafficking. In this context, it will also be
particularly interesting to unravel the identity and mechanisms
underlying the actions of distinct protein affectors of NHEs,
including the specificity and dynamics of these interactions as well
as the potential relevance of recruitment of these interacting
platforms into distinct lateral membranemicrodomains.Whether
all such interactions serve the exclusive purpose of maintaining
the organellar pH within strict limits or whether a local Hþ

extrusion may lead to a transient but local pH change, thus
creating a specific microenvironment at the organellar surface for
specific catalytic reactions, is similarly a challenge for future
research.
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