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The ubiquitously expressed Na �/H � exchanger NHE1 plays an important role in regulating polarized membrane protrusion and
directional motility in non-neuronal cells. Using NGF-differentiated PC12 cells and murine neocortical neurons in vitro, we now
show that NHE1 plays a role in regulating early neurite morphogenesis. NHE1 was expressed in growth cones in which it gave rise
to an elevated intracellular pH in actively extending neurites. The NHE1 inhibitor cariporide reversibly reduced growth cone
filopodia number and the formation and elongation of neurites, especially branches, whereas the transient overexpression of
full-length NHE1, but not NHE1 mutants deficient in either ion translocation activity or actin cytoskeletal anchoring, elicited
opposite effects. In addition, compared with neocortical neurons obtained from wild-type littermates, neurons isolated from
NHE1-null mice exhibited reductions in early neurite outgrowth, an effect that was rescued by overexpression of full-length NHE1
but not NHE1 mutants. Finally, the growth-promoting effects of netrin-1, but not BDNF or IGF-1, were markedly reduced by
cariporide in wild-type neocortical neurons and were not observed in NHE1-null neurons. Although netrin-1 failed to increase
growth cone intracellular pH or Na �/H � exchange activity, netrin-1-induced increases in early neurite outgrowth were restored
in NHE1-null neurons transfected with full-length NHE1 but not an ion translocation-deficient mutant. Collectively, the results
indicate that NHE1 participates in the regulation of early neurite morphogenesis and identify a novel role for NHE1 in the
promotion of early neurite outgrowth by netrin-1.

Introduction
The precise regulation of neurite morphogenesis is essential for
the correct development and function of the CNS. Although a
large number of environmental signals are known to regulate the
formation and/or subsequent elongation and branching of neu-
rites, much remains to be learned about the mechanisms involved
in transducing these signals into the growth cone to reorganize
the cytoskeleton and regulate neurite outgrowth.

The solute carrier family 9 includes nine mammalian
Na�/H� exchangers (NHE1–NHE9) that preferentially catalyze
the electroneutral exchange of protons and sodium ions down
their respective concentration gradients (Orlowski and Grin-
stein, 2004; Brett et al., 2005). The best studied of these isoforms
is NHE1 (Sardet et al., 1989), which resides in the plasma mem-
brane of virtually all cell types. NHE1 contains two functional
domains, a relatively conserved N-terminal/transmembrane ion
translocation domain and a C-terminal cytoplasmic regulatory
domain that serves as a target for numerous factors that regulate

transport activity (Orlowski and Grinstein, 2004). The
C-terminal domain also has important structural roles, serving as
a plasma membrane anchor for the actin cytoskeleton through its
direct interaction with the ezrin, radixin, and moesin (ERM)
family of actin-binding proteins and by acting as a scaffold for the
assembly of macromolecular signaling complexes (for review, see
Meima et al., 2007).

In addition to its established roles in regulating intracellular
acid-base, electrolyte and volume homeostasis, NHE1 plays an
important role in regulating growth and directed motility in a
variety of non-neuronal cell types (Simchowitz and Cragoe, 1986;
Cardone et al., 2005; Meima et al., 2007; Stock et al., 2008). In
migrating cells, for example, NHE1 accumulates at the leading
edge to regulate the dynamic reorganization of the actin cytoskel-
eton and polarized membrane protrusion, and reductions in ion
translocation activity or mutations that disrupt actin cytoskeletal
anchoring and thereby mislocalize NHE1 away from the leading
edge impair directional motility (Grinstein et al., 1993; Denker et
al., 2000; Klein et al., 2000; Lagana et al., 2000; Denker and Bar-
ber, 2002; Stüwe et al., 2007; Hayashi et al., 2008; Schneider et al.,
2009).

The fact that neurite outgrowth involves cytoskeletal re-
arrangements at the growth cone in many respects similar to
those underlying leading edge membrane protrusion in mi-
grating non-neuronal cells (Song and Poo, 2001; da Silva and
Dotti, 2002; Chhabra and Higgs, 2007) prompted us to exam-
ine the role of NHE1 in early neurite formation, extension,
and branching.
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Materials and Methods
Reagents. Cariporide (HOE642), a gift from Sanofi-Aventis, was dis-
solved in DMSO and was applied at 1 �M unless otherwise indicated.
The following reagents were purchased from the given suppliers: 2�,7�-
bis-(2-carboxyethyl)-5-(and-6)-carboxyfluorescein (BCECF) AM (In-
vitrogen), 5-(N-ethyl-N-isopropyl)-amiloride (EIPA) (Sigma-Aldrich),
anti-glyceraldehyde-3-phosphate dehydrogenase (GAPDH) antibody
(HyTest), Alexa Fluor 488- and 568-conjugated phalloidin (Invitrogen),
anti-vinculin and anti-MAP2 antibodies (Sigma-Aldrich), anti-
hemagglutinin (HA) antibody (Covance), anti-NHE1 antibody (BD Bio-
sciences), recombinant mouse insulin-like growth factor-1 (IGF-1; Stem
Cell Technologies), and recombinant mouse netrin-1 and recombinant
human brain-derived neurotrophic factor (BDNF) (R & D Systems).

Cell culture. Unless noted, cell culture media and supplements were
obtained from Invitrogen. PC12 cells (American Type Culture Collec-
tion) were maintained in 60 mm plastic tissue culture plates at 37°C
under a 5% CO2 atmosphere in high-glucose DMEM with GlutaMAX
supplemented with 10% horse serum, 5% fetal bovine serum (FBS), 100
U/ml penicillin, and 100 �g/ml streptomycin (Sigma-Aldrich). For dif-
ferentiation, PC12 cells were seeded at a low density of 2 � 10 4 cells/ml
on glass coverslips coated with collagen (Millipore) and treated for up to
72 h with nerve growth factor (NGF) at 50 ng/ml (Cedarlane Laborato-
ries) in high-glucose DMEM with GlutaMAX supplemented with 1%
FBS and penicillin/streptomycin (medium was replaced every 24 h with
fresh NGF-containing medium). Neocortical neurons were isolated from
either embryonic day 16 (E16) wild-type (WT) C57BL/6 mice (Charles
River Laboratories) or postnatal day 0.5 (P0.5) Nhe1 homozygous mu-
tant (NHE1�/�), heterozygous (NHE1�/�), and wild-type (NHE1�/�)
littermate progeny of matings between heterozygous B6.SJL, �/swe mice
(The Jackson Laboratory), which harbor a spontaneous mutation in the
Nhe1 allele (Cox et al., 1997). In the latter cases, animals were killed
within 12 h of birth, and genotyping was performed on brain tissue as
described previously (Xue et al., 2003) using the following primers: sense,
5�-CACTCTCTGCATCCCTCCTC-3� and antisense, 5�-AAGTCAT-
GCGGCAAGCTAGT-3�, corresponding to base pairs 47312-47331 and
47956-47977 of the intronic region of the mouse NHE1 cDNA sequence
(GenBank accession number BC052708). To isolate neocortical neurons,
cortices freed of meninges were placed in ice-cold (4°C) HBSS supple-
mented with 10% FBS and penicillin/streptomycin and gently triturated
with fire-polished Pasteur pipettes of diminishing tip diameter. The cell
suspension was passed through a 70 �m cell strainer (BD Biosciences),
and cells were subsequently resuspended in a 1:1 mixture of HBSS and
plating medium [Neurobasal medium and DMEM/F-12 (3:2) supple-
mented with 10% FBS and penicillin/streptomycin]. To minimize syn-
aptic interactions and ensure accurate morphometric analyses, neurons
were plated at low density (1 � 10 5 cells/cm �2) on poly-D-lysine/
laminin-coated two-well culture slides (BD Biosciences) and maintained
for 72 h at 37°C under a 5% CO2 atmosphere in Neurobasal medium and
DMEM/F-12 (3:2) containing 2% B27 and penicillin/streptomycin. The
culture medium was fully changed at 2 h after plating and thereafter
half-changed every 24 h with fresh medium. All procedures involving
mice conformed to guidelines established by the Canadian Council on
Animal Care and were approved by The University of British Columbia
Animal Care Committee.

DNA constructs and transfection procedures. The expression vectors
phosphorylated cytomegalovirus (pCMV) and pCMV–NHE1–HA have
been described previously (Orlowski, 1993; Denker et al., 2000). HA-
tagged NHE1 mutants deficient in either ion translocation activity
(NHE1–E266IHA) or ERM binding (NHE1–KR/AHA) (Denker et al.,
2000) were generously provided by Dr. D. L. Barber (University of Cali-
fornia, San Francisco, San Francisco, CA). A second HA-tagged NHE1
mutant with disrupted ERM binding (NHE1–�556 –564HA) was made
using the Quick Change Site-Directed Mutagenesis kit (Stratagene) using
pCMV–NHE1–HA as the template and the following primers: sense
5�-CACTGGAAGGACAAGCTCAACTGTCTAATAGCTGGAGAGCG-
CTCC-3� and antisense 5�-GGAGCGCTCTCCAGCTATTAGA-
CAGTTGAGCTTGTCCTTCCAGTG-3�. All cDNAs were verified by
DNA sequencing, and the Na �/H � exchange activity of each mutant was

assessed in NHE-deficient PS120 fibroblasts cotransfected with phos-
phorylated enhanced green fluorescent protein–C1 (supplemental Figs.
1, 3, available at www.jneurosci.org as supplemental material). PC12 cells
and mouse neocortical neurons were transiently transfected using Fu-
gene 6 (Roche Applied Science) according to the instructions of the
manufacturer. Anti-HA immunostaining was used to identify transiently
transfected cells expressing high levels of exogenous full-length or mu-
tant NHE1s, and only these cells were accepted for morphological
analyses.

Immunocytochemistry. PC12 cells and mouse neocortical neurons
were fixed for 10 min at room temperature in 4% paraformaldehyde in
PBS, washed twice with PBS, permeabilized with 0.2% Triton X-100 for 5
min, washed with PBS, blocked with 2% BSA in PBS for 30 min, and
incubated with appropriate primary antibodies diluted in 1% BSA at 4°C
overnight. After three washes in PBS, cells were incubated with either
Alexa Fluor 488 secondary antibody and/or Alexa Fluor 568-conjugated
phalloidin, or vice versa, for 60 min at room temperature, followed by
three additional washes in PBS. Coverslips were mounted onto glass
slides using Prolong Gold antifade reagent with 4�,6�-diamidino-2-
phenylindole (Invitrogen) and examined using an Axioplan 2 imaging
microscope (Carl Zeiss).

Morphometric analyses. Images of individual PC12 cells and neocorti-
cal neurons [3 d in vitro (div) unless otherwise noted] were captured
from randomly chosen fields on a Carl Zeiss Axioplan 2 imaging micro-
scope, blinded to treatment group, and traced using Carl Zeiss AxioVision soft-
ware (version 4.2). We determined the number and cumulative length of
primary neurites (i.e., neurites �10 �m in length emanating directly
from the cell body) per cell, the number and cumulative length of neurite
branches (i.e., second- and higher-order neurites �5 �m in length) per
cell, and the total number and total cumulative length of all neurites per
cell. For mouse neocortical neurons, analysis was restricted to neurons at
the Stage 2/3 transition, before polarization and the formation of a dis-
tinct axon (Arimura and Kaibuchi, 2007). Each experiment was per-
formed on at least three (usually more than five) different batches of
PC12 cells or cultured neurons. Data are presented as means � SEM,
with the accompanying n value referring to the number of cells (or, in
Figs. 4 and 9, growth cones) from which data were obtained. Unless
noted, statistical comparisons were performed using Kruskal–Wallis
one-way ANOVA on ranks and then Dunn’s method for pairwise com-
parison, with significance assumed at the 5% level.

Protein isolation and Western blotting. PC12 cells confluent on a 60 mm
plate (see Fig. 1a) or brain tissue from P0.5 mice (see Fig. 6a) were lysed
in 500 �l of ice-cold extraction buffer (0.1% SDS, 1% IGEPAL, 0.5%
Sarkosyl, 150 mM NaCl, and 50 mM Tris-HCl, pH 8.0) in the presence of
MiniComplete protease (Roche Applied Science) and phosphatase
(Sigma-Aldrich) inhibitors. After centrifugation at 10,000 � g for 10
min, protein concentration was determined using the BCA protein quan-
tification kit (Thermo Fisher Scientific). Protein samples were boiled for
5 min in SDS sample buffer and separated on a 10% polyacrylamide gel.
Subsequently, proteins were transferred to polyvinylidene difluoride
membrane (Bio-Rad). After incubation with primary antibody at 4°C
overnight and horseradish peroxidase-linked secondary antibody for 1 h
at room temperature, detection was achieved with SuperSignal chemilu-
minescent substrate (Thermo Fisher Scientific) on x-ray film.

Growth cone intracellular pH measurements. Cells were loaded with the
AM form of BCECF (0.3 �M for 30 min at room temperature), mounted
in a temperature-controlled recording chamber, and continuously su-
perfused at �1 ml/min with a HCO3

�/CO2-buffered medium containing
the following (in mM): 125 NaCl, 3 KCl, 21.5 NaHCO3, 1.5 NaH2PO4, 1.5
MgSO4, 10 D-glucose, and 2 CaCl2, pH 7.35 (after equilibration with 5%
CO2/95% air at 34°C). A low concentration of BCECF was used to avoid
the potential dissipation of intracellular pH (pHi) microdomains associ-
ated with higher (�1 �m) concentrations of the fluorophore (Feijó et al.,
1999). The dual-excitation ratio method was used to measure pHi, using
a Carl Zeiss Axioskop 2 FS plus microscope (Achroplan 100� objective,
numerical aperture 1.25; Carl Zeiss), a DG-5 wavelength switcher (Sutter
Instruments), and Slidebook digital microscopy software (version 4.2;
Intelligent Imaging Innovations). Details of the methods used have been
presented previously (Sheldon and Church, 2002). In brief, fluorescence
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emissions measured at 520 nm were detected
with a cooled CCD camera (Retiga EXi; QIm-
aging) and collected from regions of interest
placed on individual growth cones and/or more
proximal regions of neurites or cell bodies. To
reduce photobleaching of the fluorophore and
cell damage, neutral density filters were placed
in the light path, and a high-speed shutter was
used to limit light exposure to periods required
for data acquisition. Raw emission intensity
data at each excitation wavelength (495 and 440
nm) were corrected for background fluores-
cence before calculation of ratio values, which
were typically acquired at 30 s intervals. To dif-
ferentiate between stalled and actively extend-
ing neurites, the acquisition of every fourth
BCECF-derived ratio pair was followed by the
capture of a differential interference contrast
(DIC) image; the latter were used to construct
time-lapse image series, which were viewed
offline. The one-point high-[K �]/nigericin
technique was used to convert background-
corrected BCECF ratio emission intensity ratios
into pHi values. Parameters used in the calcula-
tion of pHi values were derived from nonlinear
least-squares regression fits to background-
subtracted ratio versus pH data, which, in turn, were
obtainedinfull insitucalibrationexperiments(Shel-
don and Church, 2002); separate calibration param-
eters were used for data obtained from growth cones
and more proximal regions of the cell (Rojas et al.,
2006).

Figure 1. Inhibition of NHE1 reduces early neurite outgrowth in NGF-differentiated PC12 cells. a, NHE1 is expressed in undifferentiated (U) and differentiated (D; 50 ng/ml NGF for 72 h) PC12 cells.
Western blot analysis with anti-NHE1 antibody; GAPDH was used as a loading control. b, Representative examples of PC12 cells differentiated with 50 ng/ml NGF for 72 h in the presence of cariporide
vehicle (Con; 0.1% DMSO) or 1 �M cariporide. Cells stained with Alexa Fluor 488-conjugated phalloidin. Scale bar, 20 �m. c, Quantification of the total number (top) and total cumulative length
(bottom) of neurites per cell under the conditions shown on the figure. Compared with cells cultured in the presence of 0.1% DMSO (Con; white bars), early neurite outgrowth was reduced to a similar
extent by 1 �M (gray bars) and 100 �M (gray hatched bars) cariporide. For all parameters measured, there were no significant differences between PC12 cells cultured in the absence versus presence
of 0.1% DMSO (data not shown). d, The effects of 100 �M cariporide on early neurite outgrowth are reversible. PC12 cells were differentiated with NGF for 24 h (column 1), 48 h (column 2), or 72 h
(column 3) in the presence of cariporide vehicle (0.1% DMSO). Data in columns 4 and 5 are from parallel experiments in which 100 �M cariporide was applied from 24 to 48 h; cells were then either
fixed at 48 h or maintained for an additional 24 h under cariporide-free conditions before fixation at 72 h. Quantitatively similar results were obtained with 1 �M cariporide (data not shown). In c and
d, experiments were conducted in parallel, all measured values are per cell, error bars represent SEM, and n values are shown in the columns. ***p � 0.001; n.s., not significant ( p � 0.05).

Figure 2. Ion translocation and ERM binding contribute to NHE1 regulation of early neurite outgrowth in NGF-differentiated PC12
cells. a, Representative cells were either untransfected (Con) or transiently transfected with HA-tagged full-length NHE1 (NHE1), NHE1
lacking ion transport (E266I), or NHE1 lacking ERM binding (KR/A) and differentiated for 72 h with 50 ng/ml NGF. Untransfected and
transfected cells stained with Alexa Fluor 488-conjugated phalloidin and anti-HA antibody, respectively. Scale bar, 20 �m. b, Quantifica-
tion of the total number (left) and total cumulative length (right) of neurites per cell in untransfected PC12 cells (Con) and PC12 cells
overexpressing HA-tagged full-length NHE1, NHE1–E266I, or NHE1–KR/A, in the absence (white bars) or continuous presence (gray bars)
of 1 �M cariporide. Experiments were conducted in parallel, all measured values are per cell, error bars represent SEM, and n values are
shown in the columns. *p�0.05; **p�0.01; ***p�0.001; n.s., not significant ( p�0.05). The separated measurements of changes
in the numbers and cumulative lengths of primary neurites per cell and neurite branches per cell to the total values shown in b are
presented in supplemental Figure 2 (available at www.jneurosci.org as supplemental material).
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Rates of pHi recovery from internal acid loads imposed by the NH4
�

prepulse technique were used for the functional characterization of
NHE1 mutants used in the present study (supplemental Figs. 1, 3, avail-
able at www.jneurosci.org as supplemental material) and to assess the
effects of netrin-1, BDNF, and IGF-1 on Na �/H � exchange activity (see
Fig. 10), as described previously (Sheldon and Church, 2002). In the
latter cases, two or more consecutive intracellular acid loads were im-
posed, the first one (or two) being used to calculate control rates of pHi

recovery for a given neuron and the second (or third) being performed
under a test condition. Rates of pHi recovery were determined by fitting
the recovery portions of the pHi records to a single-exponential function,
and the first derivative of this function was used to determine the rate of
pHi change (dpHi/dt). Instantaneous rates of pHi recovery under control
and test conditions were evaluated at 0.05 pH unit intervals of pHi and
compared statistically (Student’s paired two-tailed t test) at correspond-
ing values of pHi.

Results
Inhibition of NHE1 activity reduces early neurite outgrowth
in NGF-differentiated PC12 cells
Initially, we examined the role of NHE1 in early neurite out-
growth in NGF-differentiated PC12 cells, a well defined model
system widely used in studies of neuritogenesis. These experi-
ments [as well as those involving neocortical neurons (see be-
low)] were performed under HCO3

�/CO2-buffered conditions to
ensure the continued function of HCO3

�-dependent pHi regulat-
ing mechanisms.

First, in the absence of published data, we confirmed by West-
ern blot analysis that NHE1 is expressed in PC12 cells differenti-

ated with NGF for 72 h (Fig. 1a). We then examined the effects of
the specific Na�/H� exchange inhibitor cariporide (Scholz et al.,
1995), coapplied with NGF for 72 h at an NHE1-selective con-
centration (1 �M) (Masereel et al., 2003; Karmazyn et al., 2005)
on early neurite formation, elongation, and elaboration. Com-
pared with untreated (data not shown) or vehicle-treated (0.1%
DMSO) (Fig. 1b,c) cells, 1 �M cariporide significantly reduced the
total number and total cumulative length of neurites. Applied at
100 �M, to inhibit other plasmalemmal NHE isoforms, caripo-
ride failed to exert additional inhibitory effects (Fig. 1c), further
suggesting that the effect of 1 �M cariporide to reduce early neu-
rite outgrowth in NGF-treated PC12 cells was consequent on the
inhibition of NHE1.

The inhibitory effects of cariporide on early neurite outgrowth
were reversible. As shown in Figure 1d, PC12 cells fixed after 24,
48, or 72 h treatment with NGF in the presence of 0.1% DMSO
exhibited time-dependent increases in the formation and elonga-
tion of neurites. In parallel experiments, additional batches of
PC12 cells were treated with 1 or 100 �M cariporide for 24 h,
starting 24 h after the addition of NGF; cells were then either fixed
24 h after the addition of cariporide or cariporide-containing
medium was washed off, and cells were incubated for an addi-
tional 24 h in cariporide-free medium before fixation (a total of
72 h in culture). Consistent with our initial observations, a 24 h
exposure to 1 �M (data not shown) or 100 �M (Fig. 1d) cariporide
significantly inhibited the neurite outgrowth that occurred be-
tween the 24 and 48 h time points in vehicle-treated PC12 cells.

Figure 3. NHE1 is expressed in PC12 growth cones and influences their pHi and morphology. a, Representative growth cones from two different NGF-differentiated PC12 cells stained with
anti-NHE1 antibody and Alexa Fluor 568-conjugated phalloidin. Scale bar, 10 �m. b, c, Simultaneous measurements of pHi in growth cones (white circles) and somata and/or more proximal regions
of primary neurites (black squares) in PC12 cells differentiated with 50 ng/ml NGF for 72 h. pHi in growth cones of actively extending (c), but not stalled (b), neurites was consistently higher than in
more proximal regions. n 	 10 in all cases; error bars are SEM. White triangles indicate the time points at which DIC images were captured to identify actively extending neurites. d, Cariporide (5
�M) caused reversible reductions in pHi measured simultaneously in cell bodies and the growth cones of actively extending neurites. Records are the means of data obtained from eight PC12 cells
on different coverslips; error bars are SEM. pHi values measured in growth cones before (7.38 � 0.05) and after recovery from cariporide (7.36 � 0.05) were significantly higher than those measured
simultaneously at cell bodies (7.25 � 0.03 and 7.28 � 0.05, respectively) ( p � 0.05 in both cases by Student’s t test). In contrast, at the end of the 7 min application of cariporide, pHi in growth
cones (7.12 � 0.04) was not significantly different from pHi measured at cell bodies (7.10 � 0.04). e, The application of cariporide (2 �M for 6 min, starting at 12.5 min) was accompanied by a
reversible reduction in growth cone filopodia number and a reversible cessation of neurite outgrowth. Scale bar, 5 �m.
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However, cells that had been maintained
in cariporide-free medium for an addi-
tional 24 h displayed a return to normal
rates of growth, exhibiting total numbers
and total cumulative lengths of neurites
comparable with those observed in cells
that had been cultured in the absence of
cariporide for 48 h (Fig. 1d). Similar re-
sults were obtained in chick dorsal root
ganglion explants, another well docu-
mented model system for the study of neu-
rite outgrowth (data not shown).

Ion translocation and ERM binding are
involved in NHE1 regulation of early
neurite outgrowth in PC12 cells
As noted in Introduction, both the ion
translocation and ERM binding/actin cy-
toskeletal anchoring functions of NHE1
are involved in the regulation of directed
motility in non-neuronal cells. To assess
whether these functions contribute to the
regulation of early neurite morphogenesis
by NHE1, NGF-differentiated PC12 cells
were transiently transfected with cDNAs
encoding full-length NHE1HA or mutant
NHE1s deficient in either ion transloca-
tion (NHE1–E266IHA) or ERM binding
(NHE1–KR/AHA) (Denker et al., 2000;
Denker and Barber, 2002). In control
experiments, NHE-deficient PS120 fibro-
blasts transfected with full-length
NHE1HA or NHE1-KR/AHA exhibited
cariporide-sensitive pHi-dependent re-
coveries of pHi from imposed internal acid
loads, whereas untransfected cells and cells
overexpressing NHE1–E266IHA did not
(supplemental Fig. 1, available at www.
jneurosci.org as supplemental material)
(Denker et al., 2000).

PC12 cells transfected with full-length
NHE1HA and subsequently differentiated
with NGF for 72 h exhibited modest in-
creases in the total number and total cu-
mulative length of neurites, effects that
were entirely sensitive to 1 �M cariporide
(Fig. 2a,b). Quantification of the separate
contributions of changes in the numbers
and cumulative lengths of primary neu-
rites and neurite branches to the changes
in the total values indicated that the overexpression of full-length
NHE1HA was especially associated with a marked increase in the
cumulative length of branches (supplemental Fig. 2, available at
www.jneurosci.org as supplemental material). In contrast, com-
pared with untransfected cells, the overexpression of NHE1–
E266IHA was associated with marked reductions in neurite for-
mation and extension that were not further reduced by
cariporide (Fig. 2a,b) (supplemental Fig. 2, available at www.
jneurosci.org as supplemental material). Cells overexpressing
NHE1–KR/AHA also exhibited reductions in neurite outgrowth
that, in contrast to cells overexpressing NHE1–E266IHA, were
further reduced by 1 �M cariporide to levels comparable with
those observed in cariporide-treated untransfected PC12 cells

(Fig. 2a,b) (supplemental Fig. 2, available at www.jneurosci.org
as supplemental material). The sensitivity to cariporide of the
limited neurite outgrowth observed in PC12 cells overexpressing
NHE1–KR/AHA presumably reflects the fact that this mutant sup-
ports cariporide-sensitive acid efflux. Similar results to those ob-
tained in PC12 cells overexpressing NHE1–KR/AHA were ob-
tained in cells overexpressing NHE1–�556-564HA, a second
NHE1 mutant with a disrupted ERM binding motif (supplemen-
tal Fig. 3, available at www.jneurosci.org as supplemental
material).

Together, these results suggest that both ion translocation and
ERM binding/actin cytoskeletal anchoring contribute to the reg-
ulation of early neurite morphogenesis by NHE1. The dominant-

Figure 4. NHE1 regulates filopodia number in PC12 cell growth cones. PC12 cells were differentiated with 50 ng/ml NGF for
72 h. a, Compared with vehicle-treated controls (white bars; 0.1% DMSO), 1 �M cariporide (gray bars) reduced the total length of
filopodia per growth cone but not mean filopodial length. b, Compared with untransfected cells cultured in the presence of
cariporide vehicle (0.1% DMSO; white bars), 1 �M cariporide (gray bars) reduced the number of filopodia per growth cone.
Conversely, compared with mock-transfected cells, overexpression of HA-tagged full-length NHE1 (NHE1) increased the number
of growth cone filopodia in a cariporide-sensitive manner. c, Representative images of growth cones under the experimental
conditions quantified in b. Cells stained with Alexa Fluor 488-conjugated phalloidin. Scale bar, 10 �m. d, Compared with
mock-transfected cells (white bars), overexpression of HA-tagged full-length NHE1, but not HA-tagged NHE1 mutants
defective in either ion translocation (E266I) or ERM binding/actin cytoskeletal anchoring (KR/A) (hatched bars), increased
the number of filopodia per growth cone. In a, b, and d, error bars represent SEM, and n values (representing the number
of growth cones examined under each experimental condition) are shown in the columns. **p � 0.01; ***p � 0.001; n.s.,
not significant ( p � 0.05).
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negative effects on neurite outgrowth ob-
served after the overexpression of the ion
translocation-deficient mutant NHE1–
E266IHA or the ERM binding-deficient
mutants NHE1–KR/AHA and NHE1–
�556-564HA are in agreement with previ-
ous reports (Mitsui et al., 2005; Hisamitsu
et al., 2006). As proposed by Hisamitsu et
al. (2006), the dominant-negative effect of
the ion translocation-deficient mutant
may reflect the fact that the homodimer-
ization of two active NHE1 subunits (and
subsequent interaction between the
monomers) is required for Na�/H� ex-
change activity under physiological condi-
tions, whereas the dominant-negative ef-
fects of the ERM binding-deficient
mutants may reflect mislocalization and
reduced levels of surface expression.

NHE1 is expressed and regulates pHi

and morphology in PC12 cell
growth cones
Neurite growth is driven primarily by cy-
toskeletal rearrangements at the growth
cone. Therefore, we examined whether
NHE1 was expressed in PC12 cell growth
cones, in which it would be well positioned
to contribute to the regulation of neurite
elaboration and/or elongation.

Endogenous NHE1 was observed as
punctate staining at the soma, along devel-
oping neurites, and especially at the
growth cone (Fig. 3a). To examine
whether NHE1 was functional in the latter,
spatially restricted compartment, we per-
formed live-cell pHi measurements in
conjunction with DIC microscopy to
monitor growth cone morphology and
neurite extension. In agreement with a
previous report (Dickens et al., 1989), we
found that pHi in the growth cones of ac-
tively extending neurites was consistently
higher than in more proximal regions and
also in the growth cones of non-extending
neurites. Thus, in neurites that did not ex-
tend during the 30 min time course of
a given experiment, growth cone pHi

(7.22 � 0.03; n 	 10) was not significantly
different ( p 	 0.58) from that measured
simultaneously in more proximal regions
of primary neurites and/or at the soma
(7.20 � 0.02) (Fig. 3b). In contrast, pHi in
the growth cones of actively extending
neurites (7.36 � 0.02; n 	 10) was signifi-
cantly ( p � 0.01) elevated compared with
pHi measured simultaneously in more
proximal regions (7.23 � 0.03) (Fig. 3c).
Furthermore, cariporide reversibly re-
duced pHi in the growth cones of actively
extending neurites (Fig. 3d), an effect that
was consistently accompanied by revers-
ible reductions in growth cone filopodia

Figure 5. NHE1 regulates early neurite outgrowth in E16 WT mouse neocortical neurons. a, Expression of endogenous
NHE1 in growth cones from two different neurons at 3 div costained with anti-NHE1 antibody (green) and either Alexa
Fluor 568-conjugated phalloidin (left) or anti-vinculin antibody (right). Scale bars, 5 �m. b, Representative examples of
neurons cultured for 72 h in the continuous presence of 0.1% DMSO (Con), 1 �M cariporide, or 1 �M EIPA. Neurons stained
with anti-MAP2 antibody. Scale bar, 10 �m. c, Quantification of the total number (top) and total cumulative length
(bottom) of neurites per cell in neurons cultured for 72 h under control conditions (Con; 0.1% DMSO) or in the continuous
presence of 1 �M cariporide, 100 �M cariporide, or 1 �M EIPA, as indicated on the figure. d, Compared with untransfected
neurons (Con), the overexpression of HA-tagged full-length NHE1 enhanced neurite outgrowth in a 1 �M cariporide-
sensitive manner. Neurons were fixed at 3 div and labeled with anti-MAP2 antibody (untransfected cell) or anti-HA
antibody (transfected cells). Scale bar, 20 �m. e, Quantification of the total number (top) and total cumulative length
(bottom) of neurites per cell in untransfected neurons (Con; white bars) and neurons transiently transfected with HA-
tagged full-length NHE1 (NHE1), in the absence (white hatched bars) or presence (gray hatched bars) of 1 �M cariporide
(car). In c and e, experiments were conducted in parallel, all measured values are per cell, error bars represent SEM, and n
values are shown in the columns. *p � 0.05; **p � 0.01; ***p � 0.001; n.s., not significant ( p � 0.05). For c and e,
separated measurements of changes in the numbers and cumulative lengths of primary neurites per cell and neurite
branches per cell to the total values shown are presented in supplemental Figures 4 and 5, respectively (available at
www.jneurosci.org as supplemental material).
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number and neurite extension (Fig. 3e). The detection of an
NHE1-dependent elevated pHi in the growth cones of actively
extending neurites may have been facilitated by our use of a low
concentration of BCECF (see Materials and Methods) and the
relatively high level of NHE1 expression in this restricted com-
partment that, combined with geometric factors and the rela-
tively low mobility of protons in cytoplasm, predisposes to the
generation of subcellular pHi heterogeneities via the activities of

pHi regulating mechanisms (Pantazis et al., 2006; Rojas et al.,
2006; Vaughan-Jones et al., 2006).

To quantify the effects of NHE1 inhibition on growth cone
filopodia number, PC12 cells were fixed and stained with phal-
loidin after differentiation with NGF for 72 h in the continuous
presence of 1 �M cariporide. As shown in Figure 4a, cariporide
led to a reduction in total but not mean filopodial length, indi-
cating that the predominant effect was to reduce the number of

Figure 6. NHE1 and the regulation of early neurite outgrowth in P0.5 mouse neocortical neurons. a, NHE1 was expressed in brain tissue from NHE1�/� but not NHE1�/� mice. Western blot
analysis with anti-NHE1 antibody; GAPDH was used as a loading control. b, Expression of endogenous NHE1 in growth cones of NHE1�/� and NHE1�/� neocortical neurons. Neurons fixed at 3 div
and costained with anti-NHE1 antibody and Alexa Fluor 568-conjugated phalloidin. Scale bar, 5 �m. c, Representative examples of morphologies of NHE1�/� neurons, NHE1�/� neurons, and
NHE1�/� neurons transiently transfected with HA-tagged full-length recombinant NHE1 (NHE1�/�� rNHE1), NHE1-E266I (NHE1�/�� E266I), or NHE1-KR/A (NHE1�/�� KR/A) and cultured
for 72 h in either the absence or presence of 1 �M cariporide. Untransfected and transfected neurons were stained with Alexa Fluor 568-conjugated phalloidin and anti-HA antibody, respectively.
Scale bar, 20 �m. d, Quantification of neurite outgrowth in neocortical neurons obtained from NHE1�/� and NHE1�/� littermates, in the absence (white bars) and presence (gray bars) of 1 �M

cariporide. The reduced level of early neurite outgrowth observed in untransfected NHE1�/� neurons (Con) compared with NHE1�/� neurons was rescued by the overexpression of HA-tagged
full-length NHE1 (rNHE1) but not NHE1–E266I (E266I) or NHE1–KR/A (KR/A). Experiments were conducted in parallel, all measured values are per cell, error bars represent SEM, and n values are
shown in the columns. *p � 0.05; **p � 0.01; ***p � 0.001; n.s., not significant ( p � 0.05).
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growth cone filopodia. The effects of cariporide on growth cone
filopodia number are quantified in Figure 4b, and representative
examples of growth cone morphologies observed in the absence
and presence of cariporide are presented in Figure 4c. As also
shown in Figure 4, b and c, overexpression of full-length NHE1HA

increased the number of filopodia in PC12 cell growth cones in a
cariporide-sensitive manner. In contrast, overexpression of ei-
ther NHE1–E266IHA or NHE1–KR/AHA failed to increase growth
cone filopodia number (Fig. 4d).

NHE1 regulates early neurite outgrowth in E16 wild-type
mouse neocortical neurons
The above findings indicate that NHE1 contributes to the regu-
lation of early neurite morphogenesis in the NGF-differentiated
PC12 cell model system. To confirm these initial findings, se-
lected experiments were repeated in neocortical neurons isolated
from E16 WT mice and maintained in primary culture for 72 h.

Consistent with findings in NGF-differentiated PC12 cells,
NHE1 was expressed in the growth cones of WT neocortical neu-
rons (Fig. 5a). As in PC12 cells, 1 �M cariporide reduced the total
number and cumulative length of neurites, and 100 �M caripo-
ride failed to exert additional inhibitory effects (Fig. 5b, c).
Results similar to those observed with 1 �M cariporide were ob-
tained with 1 �M EIPA, another potent inhibitor of Na�/H�

exchange activity that, like cariporide, leads to pseudopodial re-
traction and the inhibition of motility in non-neuronal cells
(Lagana et al., 2000) (Fig. 5b, c). Quantification of the separate
contributions of changes in the numbers and cumulative lengths
of primary neurites and neurite branches to the changes in the
total values indicated that the NHE inhibitors exerted more

marked effects on neurite branches than on primary neurites
(supplemental Fig. 4, available at www.jneurosci.org as supple-
mental material). The effects of cariporide and EIPA on early
neurite outgrowth in E16 WT neocortical neurons were entirely
reversible and were not associated with the induction of necrosis
or apoptosis, as assessed by lactate dehydrogenase release and
TUNEL staining, respectively (data not shown). Finally, the total
number and cumulative length of neurites were increased in E16
WT neocortical neurons overexpressing full-length NHE1HA, ef-
fects that were blocked by 1 �M cariporide (Fig. 5d, e) and that
primarily reflected increases in the number and cumulative
length of second- and higher-order branches (supplemental Fig.
5, available at www.jneurosci.org as supplemental material).

Early neurite outgrowth is reduced in NHE1�/�

neocortical neurons
To extend the aforementioned findings, which were obtained
using a predominantly pharmacological approach, we next ex-
amined the role of NHE1 in early neurite outgrowth in cultured
(3 div) neocortical neurons obtained from P0.5 Nhe1 homozy-
gous mutant (NHE1�/�) mice and their heterozygous
(NHE1�/�) and/or WT (NHE1�/�) littermates.

Initially, we confirmed by Western blot analysis using anti-
NHE1 antibody that NHE1 protein was absent in brain tissue
from NHE1�/� mice (Fig. 6a) and determined that NHE1 was
endogenously expressed at the growth cones of neocortical neu-
rons obtained from P0.5 NHE1�/� but not P0.5 NHE1�/� mice
(Fig. 6b). As illustrated in Figure 6c and quantified in Figure 6d,
neurons isolated from NHE1�/� mice possessed fewer and
shorter neurites, especially branches, than neurons isolated from

Figure 7. Early neurite outgrowth in NHE1�/�, NHE1�/�, and NHE1�/� neocortical neurons. Neurons obtained from P0.5 littermates were placed in primary culture for 72 h in the absence
(white bars) or presence (gray bars) of 1 �M cariporide. Compared with NHE1�/� and NHE1�/� neurons, NHE1�/� neurons exhibited intermediate levels of early neurite outgrowth and sensitivity
to 1 �M cariporide. Experiments were conducted in parallel, all measured values are per cell, error bars represent SEM, and n values are shown in the columns. *p � 0.05; **p � 0.01; n.s., not
significant ( p � 0.05).
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their NHE1�/� littermates. As expected, 1
�M cariporide failed to exert additional in-
hibitory effects in NHE1�/� neurons ( p �
0.05 for all parameters measured) (Fig.
6c, d). Intermediate levels of neurite out-
growth and sensitivity to cariporide were
observed in neocortical neurons ob-
tained from P0.5 heterozygous
(NHE1�/�) littermates (Fig. 7), further
suggesting a correlation between neurite
outgrowth and NHE1 protein levels. Fi-
nally, the introduction of exogenous
full-length NHE1HA, but not NHE1 mu-
tants deficient in either ion translocation
activity (NHE1–E266IHA) or ERM bind-
ing/actin cytoskeletal anchoring
(NHE1–KR/AHA), into NHE1�/� neu-
rons resulted in significant increases in
the numbers and cumulative lengths of
neurites, especially branches, that in
turn were inhibited by 1 �M cariporide
(Fig. 6c, d).

The role of NHE1 in trophic factor-
stimulated early neurite outgrowth
The preceding results identify a role for
NHE1 in the regulation of early neurite
morphogenesis in mouse neocortical neu-
rons under basal (i.e., nonstimulated)
conditions. However, the size and shape of
neuritic arbors are influenced by environ-
mental factors. Therefore, we examined
whether NHE1 might also influence the ef-
fects of three agents that are known to pro-
mote neurite elongation and/or branching
in mammalian central neurons, i.e.,
netrin-1 (Barallobre et al., 2005; Round
and Stein, 2007), BDNF (Huang and
Reichardt, 2001), and IGF-1 (Niblock et
al., 2000). These experiments were performed on neocortical
neurons obtained from P0.5 NHE1�/� mice and their NHE1-null
mutant (NHE1�/�) littermates and maintained in primary cul-
ture for 72 h.

As expected, 100 ng/ml netrin-1, 50 ng/ml BDNF, and 50
ng/ml IGF-1 each enhanced early neurite elaboration and exten-
sion in NHE1�/� neurons (Fig. 8a, b). In the cases of BDNF- and
IGF-1-treated neurons, 1 �M cariporide exerted relatively modest
inhibitory effects on the total number and cumulative length of
neurites (Fig. 8a, b) that primarily reflected reductions in the
number and cumulative length of neurite branches rather than
primary neurites (supplemental Fig. 6, available at www.jneuro-
sci.org as supplemental material). In contrast, 1 �M cariporide
eff-
ectively abolished the early neurite outgrowth-promoting ef-
fects of netrin-1; for all parameters measured, there were no sig-
nificant differences between results obtained in cariporide-
treated NHE1�/� neurons cultured in the presence versus the
absence of netrin-1 (Fig. 8a, b) (supplemental Fig. 6, available at
www.jneurosci.org as supplemental material). Similar results with
netrin-1, BDNF, and IGF-1 were obtained in neocortical neurons
isolated from E16 WT mice (data not shown).

We also examined whether cariporide affected the rapid
changes in growth cone morphology which are known to occur

during acute exposure to netrin-1. Consistent with previous re-
ports in neocortical neurons (Dent et al., 2004) (see also Shek-
arabi and Kennedy, 2002; Shekarabi et al., 2005), exposure of
NHE1�/� neurons to netrin-1 for 10 or 30 min caused significant
increases in the number of growth cone filopodia that, in turn,
were markedly attenuated by the concomitant application of 1
�M cariporide (Fig. 9a– c). Reminiscent of findings in PC12 cells
(Fig. 4), the number of growth cone filopodia observed under
control conditions (i.e., in the absence of exogenously added
netrin-1) was also significantly reduced by the acute application
of 1 �M cariporide (Fig. 9a– c).

As noted in Introduction, a large number of external agents
are known to regulate the ion translocation activity of NHE1,
raising the possibility that the marked sensitivity to cariporide of
the growth-promoting effects of netrin-1 (compare BDNF and
IGF-1) could be consequent on the differential activation of
NHE1 by netrin-1. Therefore, we examined the effects of
netrin-1, BDNF, and IGF-1 on steady-state pHi and Na�/H�

exchange activity in P0.5 WT (NHE1�/�) neocortical neurons.
As illustrated in Figure 10a, netrin-1 failed to affect steady-state
pHi at the growth cone, which in turn was reversibly reduced by 1
�M cariporide (see also Fig. 3d). Examined at the level of the cell
body, netrin-1 also failed to affect both steady-state pHi and the
cariporide-sensitive recovery of pHi from imposed intracellular

Figure 8. Effects of cariporide on increases in early neurite outgrowth induced by netrin-1, BDNF, and IGF-1 in P0.5 NHE1�/�

neocortical neurons. a, Representative examples of NHE1�/� neurons cultured in the absence (Con) or presence of 100 ng/ml
netrin-1, 50 ng/ml BDNF, or 50 ng/ml IGF-1 for 72 h, in the continuous presence of either cariporide vehicle (0.1% DMSO) or 1 �M

cariporide. Neurons fixed at 3 div and stained with Alexa Fluor 568-conjugated phalloidin. Scale bar, 20 �m. b, Quantification of
the total number (left) and total cumulative length (right) of neurites per cell in NHE1�/� neocortical neurons under the
conditions shown on the figure, in the absence (white bars) and presence (gray bars) of 1 �M cariporide. Experiments were
conducted in parallel, all measured values are per cell, error bars represent SEM, and n values are shown in the columns. *p�0.05;
**p � 0.01; n.s., not significant ( p � 0.05). The separated measurements of changes in the numbers and cumulative lengths of
primary neurites per cell and neurite branches per cell to the total values shown in b are presented in supplemental Figure 6
(available at www.jneurosci.org as supplemental material).
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acid loads (Fig. 10b) (we were unable to conduct the latter exper-
iments in growth cones because the acute imposition of internal
acid loads led to their collapse). To formally assess the effects of
netrin-1, BDNF, and IGF-1 on NHE1 activity, we compared rates
of pHi recovery from internal acid loads imposed before and after
10 – 45 min pretreatment with each of the agents. As illustrated in
Figure 10c– e, netrin-1, BDNF, and IGF-1 each failed to signifi-
cantly affect rates of pHi recovery at all absolute values of pHi

examined. In separate experiments, we confirmed that none of
the agents tested affected intrinsic intracellular buffering power
or background acid loading rates (data not shown). Together,
these results indicate that activation of NHE1 is unlikely to un-
derlie the cariporide-sensitive growth-promoting effects of
netrin-1 in WT neocortical neurons.

In the final series of experiments, we examined the effects of
netrin-1, BDNF, and IGF-1 on neurite outgrowth in NHE1�/�

neurons. In agreement with the limited sensitivity to cariporide
of BDNF- and IGF-1-induced increases in neurite outgrowth in
NHE1�/� neurons, the growth-promoting effects of BDNF and
IGF-1 were maintained in NHE1�/� neurons (Fig. 11a, b). In
contrast, but entirely consistent with the marked sensitivity to
cariporide of netrin-1-induced increases in neurite outgrowth in
NHE1�/� neurons, netrin-1 failed to promote early neurite elab-
oration or elongation in NHE1�/� neurons (Fig. 11a, b). Quan-
tification of the separate contributions of changes in the numbers
and cumulative lengths of primary neurites and neurite branches
to the changes in the total values illustrated in Figure 11b are
provided in supplemental Figure 7 (available at www.jneuro-

sci.org as supplemental material). Finally,
as illustrated in Figure 12, the failure of
netrin-1 to promote early neurite out-
growth in NHE1�/� neurons was rescued
in NHE1�/� neurons overexpressing full-
length NHE1HA but not the ion
translocation-deficient mutant NHE1–
E266IHA. Cariporide (1 �M) inhibited the
growth-promoting effects of netrin-1 in
NHE1�/� neurons transfected with full-
length NHE1HA but exerted no effect on
the residual outgrowth observed in
NHE1�/� neurons transfected with
NHE1–E266IHA. Quantification of the
separate contributions of changes in the
numbers and cumulative lengths of pri-
mary neurites and neurite branches to the
changes in the total values shown in Figure
12 are presented in supplemental Figure 8
(available at www.jneurosci.org as supple-
mental material) and indicate that, as in
NHE1�/� neurons (Fig. 8) (supplemental
Fig. 6, available at www.jneurosci.
org as supplemental material), the growth-
promoting effects of netrin-1 in NHE1�/�

neurons transfected with full-length
NHE1HA primarily reflected increases in
the number and cumulative length of
branches rather than primary neurites.

Together, these results indicate that ion
translocation mediated by NHE1 is not a
direct downstream target of netrin-1;
rather, they are consistent with the possi-
bility that the pHi environment provided
by NHE1 activity is an important factor in

netrin-1 signaling to promote early neurite outgrowth.

Discussion
Cytoskeletal anchoring stabilizes ion transport proteins in spe-
cific membrane domains and localizes their activities in the prox-
imity of signaling pathways to regulate cytoskeletal dynamics. In
the case of NHE1, this plasma membrane-resident isoform accu-
mulates at the leading edge of non-neuronal cells in which its
activity regulates polarized membrane protrusion and direc-
tional motility. The results presented here support an analogous
role for NHE1 in the regulation of early neurite outgrowth and
identify a previously unrecognized role for NHE1 in the promo-
tion of early neurite morphogenesis by netrin-1.

A number of mechanisms have been proposed to subserve the
effects of NHE1 on leading edge membrane protrusion in non-
neuronal cells (Cardone et al., 2005; Meima et al., 2007; Stock et
al., 2008), and similar mechanisms could contribute to the regu-
lation of early neurite morphogenesis described here. First, H�

translocation at the growth cone could promote the formation of
subplasmalemmal alkaline and/or extracellular acidic microdo-
mains to regulate, respectively, actin cytoskeletal dynamics and
the strength of the cell-substrate adhesions required to support
neurite outgrowth. Na�/H� exchange also promotes Na� and,
via reverse Na�/Ca 2� exchange, Ca 2� influx (Sheldon et al.,
2004; Luo et al., 2005), with additional potential effects on neu-
rite outgrowth (Brackenbury et al., 2008). Second, functioning in
parallel with other ion transporters, NHE1 could promote a net
gain of NaCl and water entry, leading to localized swelling at the

Figure 9. Cariporide attenuates netrin-1-induced increases in growth cone filopodia number in NHE1�/� neocortical neu-
rons. a, Representative examples of NHE1�/� neurons (3 div) exposed to cariporide vehicle (Control; 0.1% DMSO) or 100 ng/ml
netrin-1 for 10 min, in the absence or presence of 1 �M cariporide, as indicated in the figure. Neurons stained with Alexa Fluor
488-conjugated phalloidin. Scale bar, 5 �m. b, c, Quantification of growth cone filopodia number in NHE1�/� neurons exposed
for 10 (b) or 30 min (c) to cariporide vehicle (0.1% DMSO; white bars) or 1 �M cariporide (gray bars) in the absence (Control) or
presence of 100 ng/ml netrin-1, as indicated in the figure. Compared with vehicle-treated controls, netrin-1 increased the number
of growth cone filopodia per growth cone. Cariporide at 1 �M reduced both the number of growth cone filopodia per growth cone
under control conditions (see also Fig. 4) and the increases in growth cone filopodia number per growth cone elicited by netrin-1.
In b and c, error bars represent SEM, and n values (representing the number of growth cones examined under each experimental
condition) are shown in the columns. **p � 0.01; ***p � 0.001.
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growth cone that could supply sufficient
force to drive membrane protrusion.
Third, acting as a scaffold, NHE1 could
not only recruit ERM (Denker et al., 2000;
Wu et al., 2004) and other actin-regulatory
proteins (Aharonovitz et al., 2000; Xue et
al., 2007) to the growth cone plasma mem-
brane but also localize them in the prox-
imity of NHE1-dependent [ion]i mi-
crodomains to modulate their activities.
Although additional experiments are re-
quired to confirm or refute many of these
possibilities, results presented here sup-
port the notion that NHE1 regulates early
neurite morphogenesis at least in part by
providing an elevated pHi at the growth
cone. Thus, pHi in the growth cones of ac-
tively extending neurites was consistently
higher than in more proximal regions or in
the growth cones of non-extending neu-
rites, and cariporide-induced reductions
in pHi in the growth cones of actively ex-
tending neurites were associated with re-
ductions in growth cone filopodia num-
ber. A role for pHi is also suggested by the
facts that NHE1-null neurons exhibit a
lower resting pHi (Yao et al., 1999) and
reduced neurite elaboration and elonga-
tion (present study) than their WT coun-
terparts, with NHE1�/� neurons exhibit-
ing intermediate levels of NHE1-
dependent H� extrusion (Luo et al., 2005)
and neurite outgrowth. NHE1-dependent
elevations in growth cone pHi could affect actin cytoskeletal re-
modeling by altering the state of actin polymerization directly
and/or by modulating the activities of actin-binding and other
proteins that together regulate the dynamic reorganization of the
actin cytoskeleton (Srivastava et al., 2007, 2008). For example,
increases in pHi promote not only the activation of actin depoly-
merizing factor and cofilin, which enhance filopodial dynamics
and neurite outgrowth, but also their translocation to the leading
edge of migrating cells (Bernstein et al., 2000; Frantz et al., 2008).
In addition, H� efflux by NHE1 promotes the activation of
Cdc42 (Frantz et al., 2007), a finding of particular interest given
the importance of this Rho-family GTPase for promoting filop-
odia formation and neurite outgrowth (da Silva and Dotti, 2002;
Govek et al., 2005; Heasman and Ridley, 2008) (see below).

The observation that neurite outgrowth is able to proceed,
albeit at a reduced rate, in NHE1�/� neurons suggests that NHE1
plays a permissive or facilitatory rather than determinant role in
regulating early neurite morphogenesis under basal conditions.
Similarly, although NHE1 is required for maximally efficient cell
migration in non-neuronal cells, it is not essential for the devel-
opment of the migratory response (Hayashi et al., 2008). The fact
that NHE1-null mice, although exhibiting a distinctive neurolog-
ical phenotype that includes ataxia, truncal instability, seizures,
and selective neuronal death, do not display gross neurodevelop-
mental defects (Cox et al., 1997; Bell et al., 1999) also points to a
permissive role for NHE1 in neurite morphogenesis, although it
must be noted that interpretation of the NHE1�/� phenotype is
complicated by alterations in the expression and/or activities of
other pHi regulating mechanisms and Na� influx pathways in
NHE1�/� neurons that compensate for the loss of NHE1 (Xia et

al., 2003; Xue et al., 2003; Schwab et al., 2005) (see also Putney
and Barber, 2004; Zhou et al., 2004). Similarly, mice lacking the
Cl�/HCO3

� exchanger AE3 (Hentschke et al., 2006), the Na�–
K�–2Cl� cotransporter NKCC1 (Flagella et al., 1999), or the
K�–Cl� cotransporter KCC2 (Hübner et al., 2001) do not ex-
hibit gross histological abnormalities, despite the fact that these
transport mechanisms are also known to regulate neurite out-
growth (Nakajima et al., 2007; Pieraut et al., 2007; Blaesse et al.,
2009). Although NHE1 does not appear to be essential for early
neurite outgrowth under basal conditions, a permissive role is
not without potential consequences. In particular, as noted in
Introduction, an important characteristic of NHE1 is that its ac-
tivity is regulated by changes in extracellular pH (as caused, for
example, by inflammation or injury) and also a large number of
environmental stimuli that act via a variety of membrane recep-
tors (e.g., G-protein-coupled receptors, receptor tyrosine ki-
nases, and integrins) coupled to diverse signaling networks (Or-
lowski and Grinstein, 2004; Vaughan-Jones et al., 2009). Many of
these factors also affect the outgrowth of neurites, placing NHE1
in a potential position to act as an integrator of multiple external
cues and intracellular effector mechanisms that together regulate
neurite morphogenesis.

Consistent with a permissive role for NHE1 in regulating early
neurite morphogenesis, NHE1 exerted only modest effects on the
growth-promoting actions of BDNF and IGF-1. In striking con-
trast, however, the promotion of early neurite morphogenesis by
netrin-1 was markedly inhibited by reductions in NHE1 expres-
sion and activity. Interestingly, netrin-1 acting through the de-
leted in colorectal cancer (DCC) receptor leads to increases in
growth cone filopodia number, neurite branching, and neurite

Figure 10. Effects of netrin-1, BDNF, and IGF-1 on pHi in NHE1�/�mouse neocortical neurons. a, Netrin-1 (100 ng/ml) failed to affect
steady-state pHi at the growth cones of actively extending neurites, whereas 1 �M cariporide caused a reversible reduction. The record is
the mean of data obtained from two growth cones recorded simultaneously on the same coverslip and is representative of six independent
experiments(atotalof9growthcones).b, InternalacidloadswereimposedbytheNH4

�-prepulsetechniquebefore,during,andafterthe
application of 100 ng/ml netrin-1. Netrin-1 failed to affect steady-state pHi or pHi recovery from an imposed acid load, which in turn was
blocked by 1 �M cariporide. The record is the mean of data obtained from five neuronal cell bodies recorded simultaneously on the same
coverslip and is representative of six independent experiments (a total of 44 neurons). c–e, Plots of the pHi dependencies of the rates of pHi

recovery from internal acid loads before (black circles) and after (white circles) pretreatment with 100 ng/ml netrin-1 (c), 50 ng/ml BDNF (d), or 50
ng/ml IGF-1 (e). Rates of pHi recovery were evaluated at 0.05 unit intervals of pHi, and errors bars (n�5 independent measurements for all data
points) represent SEM. At all absolute values of pHi, there were no significant differences between rates of pHi recovery measured before or during
exposure to a test agent. Continuous lines represent the weighted nonlinear regression fits to the data points indicated for each experimental
condition.
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extension (Li et al., 2002; Shekarabi and Kennedy, 2002; Dent et
al., 2004; Shekarabi et al., 2005; Tang and Kalil, 2005), which are
the same features of neurite morphogenesis that are particularly
sensitive to regulation by NHE1. [We have confirmed that DCC
is expressed at the growth cones of our preparation of WT mouse
neocortical neurons and that a function-blocking antibody to
DCC (Keino-Masu et al., 1996) abolishes netrin-1-induced neu-
rite outgrowth in these cells (D. M. Moniz, W.-C. Sin, and
J. Church, unpublished findings).] Together, these observations
point to NHE1 as an important factor in the stimulation of early
neurite morphogenesis by netrin-1/DCC. In this regard, a num-
ber of admittedly speculative possibilities exist.

For example, NHE-dependent changes in pHi have found been
recently to control the surface recruitment of Dishevelled by
Frizzled and thereby regulate Wnt signaling (Simons et al.,
2009), raising the intriguing possibility that growth cone pHi

regulation by NHE1 might affect the recruitment of Cdc42, Rac1,
Pak1, and N-WASP (neuronal Wiskott-Aldrich syndrome pro-
tein) into the intracellular signaling complex that promotes
growth cone expansion in response to netrin-1 binding to DCC
(Shekarabi et al., 2005). In addition, Cdc42 plays a key role in the
promotion of neurite outgrowth by netrin-1/DCC (Barallobre et
al., 2005; Govek et al., 2005; Round and Stein, 2007), and the
finding that H� efflux by NHE1 promotes the activation of
Cdc42 at the leading edge of migrating fibroblasts (see above)
provides another plausible explanation for the regulation of

netrin-1-stimulated
neurite outgrowth by NHE1. Ion transloca-
tion by NHE1 could also affect the eleva-
tions in growth cone [Ca 2�]i (Tang and
Kalil, 2005; Wang and Poo, 2005) and/or
[cAMP]i (Ming et al., 1997) that also play
important roles in netrin-1/DCC signaling
in some cell types. Thus, not only do
changes in extracellular and intracellular
pH modulate the activities of many Ca 2�-
permeable ion channels and the release of
Ca 2� from intracellular stores (Tom-
baugh and Somjen, 1998; Traynelis, 1998;
Willoughby et al., 2001; Huang et al.,
2008) but also the catalytic activities of
Ca 2�-stimulable transmembrane adenylyl
cyclases are regulated directly by physio-
logically relevant changes in pHi (Litvin et
al., 2003; Willoughby et al., 2005). Finally,
netrin-1 may regulate adhesive complexes
to promote neurite outgrowth (Li et al.,
2004; Liu et al., 2004; Ren et al., 2004).
Although NHE1 may not be structurally
associated with adhesion molecules, it’s
activity promotes the proper assembly and
turnover of focal adhesion complexes at
the leading edge of migrating cells (Meima
et al., 2007; Srivastava et al., 2008), in
which NHE1-dependent H� efflux also
facilitates adhesion to the extracellular
matrix (Stock et al., 2008). Together, these
observations provide another possible link
between NHE1 and the stimulation of
early neurite morphogenesis by netrin-1.

Netrin-1 is a potential therapeutic tar-
get for nerve regeneration in degenerative
diseases and after injury and also affects a

wide range of processes in non-neuronal cells, including adhe-
sion, morphogenesis, migration, and survival (Baker et al., 2006;
Cirulli and Yebra, 2007). In light of the present findings, it will be
interesting to determine whether NHE1 also regulates the effects
of netrin-1 on regenerative neurite sprouting in vivo and in non-
neuronal tissues.

References
Aharonovitz O, Zaun HC, Balla T, York JD, Orlowski J, Grinstein S (2000)

Intracellular pH regulation by Na �/H � exchange requires phosphatidyl-
inositol 4,5-bisphosphate. J Cell Biol 150:213–224.

Arimura N, Kaibuchi K (2007) Neuronal polarity: from extracellular signals
to intracellular mechanisms. Nat Rev Neurosci 8:194 –205.

Baker KA, Moore SW, Jarjour AA, Kennedy TE (2006) When a diffusible
axon guidance cue stops diffusing: roles for netrins in adhesion and mor-
phogenesis. Curr Opin Neurobiol 16:529 –534.

Barallobre MJ, Pascual M, Del Río JA, Soriano E (2005) The Netrin family of
guidance factors: emphasis on Netrin-1 signalling. Brain Res Rev
49:22– 47.

Bell SM, Schreiner CM, Schultheis PJ, Miller ML, Evans RL, Vorhees CV, Shull
GE, Scott WJ (1999) Targeted disruption of the murine Nhe1 locus induces
ataxia, growth retardation and seizures. Am J Physiol 276:C788–C795.

Bernstein BW, Painter WB, Chen H, Minamide LS, Abe H, Bamburg JR
(2000) Intracellular pH modulation of ADF/cofilin proteins. Cell Motil
Cytoskeleton 47:319 –336.

Blaesse P, Airaksinen MS, Rivera C, Kaila K (2009) Cation-chloride cotrans-
porters and neuronal function. Neuron 61:820 – 838.

Brackenbury WJ, Djamgoz MB, Isom LL (2008) An emerging role for
voltage-gated Na � channels in cellular migration: regulation of central

Figure 11. Netrin-1 fails to enhance early neurite outgrowth in NHE1�/� neocortical neurons. a, Representative examples of
NHE1�/� neurons cultured in the absence (Con) or presence of 100 ng/ml netrin-1, 50 ng/ml BDNF, or 50 ng/ml IGF-1, in the
presence of either cariporide vehicle (0.1% DMSO) or 1 �M cariporide. Neurons fixed at 3 div and stained with Alexa Fluor
568-conjugated phalloidin. Scale bar, 20 �m. b, Quantification of early neurite outgrowth in NHE1�/� neocortical neurons under
the conditions shown in the figure, in the absence (white bars) and presence (gray bars) of 1 �M cariporide. Experiments were
conducted in parallel, all measured values are per cell, error bars represent SEM, and n values are shown in the columns. *p�0.05;
**p � 0.01; n.s., not significant ( p � 0.05). The separated measurements of changes in the numbers and cumulative lengths of
primary neurites per cell and neurite branches per cell to the total values shown in b are presented in supplemental Figure 7
(available at www.jneurosci.org as supplemental material).

Sin et al. • NHE1 Regulates Early Neurite Outgrowth J. Neurosci., July 15, 2009 • 29(28):8946 – 8959 • 8957



nervous system development and potentiation of invasive cancers. Neu-
roscientist 14:571–583.

Brett CL, Donowitz M, Rao R (2005) Evolutionary origins of eukaryotic
sodium/proton exchangers. Am J Physiol Cell Physiol 288:C223–C239.

Cardone RA, Casavola V, Reshkin SJ (2005) The role of disturbed pH dy-
namics and the Na �/H � exchanger in metastasis. Nat Rev Cancer
5:786 –795.

Chhabra ES, Higgs HN (2007) The many faces of actin: matching assembly
factors with cellular structures. Nat Cell Biol 9:1110 –1121.

Cirulli V, Yebra M (2007) Netrins: beyond the brain. Nat Rev Mol Cell Biol
8:296 –306.

Cox GA, Lutz CM, Yang CL, Biemesderfer D, Bronson RT, Fu A, Aronson PS,
Noebels JL, Frankel WN (1997) Sodium/hydrogen exchanger gene de-
fect in slow-wave epilepsy mutant mice. Cell 91:139 –148.

da Silva JS, Dotti CG (2002) Breaking the neuronal sphere: regulation of the
actin cytoskeleton in neuritogenesis. Nat Rev Neurosci 3:694 –704.

Denker SP, Barber DL (2002) Cell migration requires both ion translocation
and cytoskeletal anchoring by the Na-H exchanger NHE1. J Cell Biol
159:1087–1096.

Denker SP, Huang DC, Orlowski J, Furthmayr H, Barber DL (2000) Direct
binding of the Na-H exchanger NHE1 to ERM proteins regulates the

cortical cytoskeleton and cell shape independently of H � translocation.
Mol Cell 6:1425–1436.

Dent EW, Barnes AM, Tang F, Kalil K (2004) Netrin-1 and semaphorin 3A
promote or inhibit cortical axon branching, respectively, by reorganiza-
tion of the cytoskeleton. J Neurosci 24:3002–3012.

Dickens CJ, Gillespie JI, Greenwell JR (1989) Interaction between intracel-
lular pH and calcium in single mouse neuroblastoma (N2A) and rat pheo-
chromocytoma cells (PC12). Q J Exp Physiol 74:671– 679.
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Pantazis A, Keegan P, Postma M, Schwiening CJ (2006) The effect of neu-
ronal morphology and membrane-permeant weak acid and base on the
dissipation of depolarization-induced pH gradients in snail neurons.
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