
Cellular/Molecular

Na�, Cl�, and pH Dependence of the Human Choline
Transporter (hCHT) in Xenopus Oocytes: The Proton
Inactivation Hypothesis of hCHT in Synaptic Vesicles
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The recent cloning of the human choline transporter (hCHT) has allowed its expression in Xenopus laevis oocytes and the simultaneous
measurement of choline transport and choline-induced current under voltage clamp. hCHT currents and choline transport are evident in
cRNA-injected oocytes and significantly enhanced by the hCHT trafficking mutant L530A/V531A. The charge/choline ratio of hCHT
varies from 10e/choline at �80 mV to 3e/choline at �20 mV, in contrast with the reported fixed stoichiometry of the Na �-coupled
glucose transporter in the same gene family. Ion substitution shows that the choline uptake and choline-induced current are Na � and Cl �

dependent; however, the reversal potential of the induced current suggests a Na �-selective mechanism, consigning Cl � to a regulatory
role rather than a coupled, cotransported-ion role. The hCHT-specific inhibitor hemicholinium-3 (HC-3) blocks choline uptake and
choline-induced current; in addition, HC-3 alone reveals a constitutive, depolarizing leak current through hCHT. We show that external
protons reduce hCHT current, transport, and binding with a similar pKa of 7.4, suggesting proton titration of residue(s) that support
choline binding and transport. Given the localization of the choline transporter to synaptic vesicles, we propose that proton inactivation
of hCHT prevents acetylcholine and proton leakage from the acidic interior of cholinergic synaptic vesicles. This mechanism would allow
cholinergic, activity-triggered delivery of silent choline transporters to the plasma membrane, in which normal pH would reactivate the
transporters for choline uptake and subsequent acetylcholine synthesis.
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Introduction
Cholinergic neurons release acetylcholine (ACh) for autonomic
functions in sympathetic and parasympathetic neurons as well as
cognitive activity associated with central pathways (Dani and
DeBiasi, 2001; Bymaster et al., 2003). After ACh hydrolysis by
acetylcholinesterase, the plasma membrane choline transporter
(CHT) returns choline to the presynaptic terminal for ACh syn-
thesis (Kuhar and Murrin, 1978; Okuda and Haga, 2003; Fergu-
son and Blakely, 2004; Sarter and Parikh, 2005; Ribeiro et al.,
2006), and vesicular acetylcholine transporters (VAChT) pack-
age ACh in synaptic vesicles (Parsons et al., 1993; Eiden, 1998).
High-affinity (Km of 1–2 �M) CHTs are distinguished from low-
affinity choline transporters by Na� and Cl� dependence and
hemicholinium-3 (HC-3) [inhibition constant (Ki) of 5 nM]
block (Yamamura and Snyder, 1972; Guyenet et al., 1973; Haga
and Noda, 1973). Abnormal regulation of CHT contributes to

cognitive impairments and neuropsychiatric disorders, including
Alzheimer’s disease (Ferguson and Blakely, 2004; Sarter and
Parikh, 2005; Bales et al., 2006), emphasizing the need to under-
stand CHT regulation.

Cholinergic neurons increase choline uptake via CHT in pro-
portion to ACh demand and resynthesis (Simon and Kuhar,
1975; Collier et al., 1983; Lowenstein and Coyle, 1986). Ferguson
et al. (2003) show that CHT is concentrated at central and periph-
eral cholinergic terminals, in which they are localized in presyn-
aptic vesicles that store ACh via VAChTs. Furthermore, cholin-
ergic activity increases CHT density on the plasma membrane,
implying that vesicles in cholinergic terminals deliver CHTs to
the membrane, coupling ACh release to choline transport.
VAChT concentrates ACh inside vesicles using the proton gradi-
ent across the vesicle membrane (Parsons et al., 1993; Eiden,
1998); however, CHT is permeable to ACh at high concentrations
(Marchbanks and Wonnacott, 1979) and is positioned to trans-
port ACh out of vesicles. Although CHT is an Na�-coupled
transport system, studies of the homologous Na�– glucose trans-
porter (SGLT1) demonstrate a capacity to drive transport using a
pH gradient (Hirayama et al., 1994). Thus, whereas CHT is lo-
cated on ACh-containing vesicles for delivery to the plasma
membrane in proportion to demands for choline reuptake, it
could work against ACh and proton concentration if it were func-
tional in this compartment.

The low density of CHT in mammalian cholinergic neurons
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hampered efforts to clone and characterize
CHT. However, the cloning of CHT cDNA
(cho-1) from Caenorhabtiditis elegans
(Okuda et al., 2000) led to mammalian or-
thologs from rat (Okuda et al., 2000),
mouse (Apparsundaram et al., 2001), and
human (Apparsundaram et al., 2000;
Okuda and Haga, 2000). Phylogenetic
analysis demonstrates that CHT belongs
to the Na�/glucose cotransporter family
(SLC5), although at present CHT is the
only member identified with neurotrans-
mission (Ferguson and Blakely, 2004;
Wright and Turk, 2004). Here we report
the expression of the human choline trans-
porter (hCHT) in Xenopus leavis oocytes, a
paradigm that allows a thorough biophys-
ical analysis of choline uptake and choline-
induced current, using the two-electrode
voltage-clamp technique. Our data pro-
vide a mechanistic basis for inactivation of
CHT in ACh vesicles, rendering CHT nonfunctional in vesicles,
and the re-activation of CHT once delivered to the plasma mem-
brane, in which its presence is crucial to acetylcholine synthesis.

Materials and Methods
hCHT expression in Xenopus leavis oocytes. The isolation of oocytes and
cRNA preparation were described previously (Ramsey and DeFelice,
2002; Adams and DeFelice, 2003). Briefly, stage V–VI oocytes were har-
vested from Xenopus laevis (Nasco, Modesto, CA). After harvest, the
follicle cell layer was removed by incubation with 2 mg/ml collagenase in
Ringer’s buffer (in mM: 96 NaCl, 2 KCl, 5 MgCl2, and 5 HEPES, pH 7.4)
for 1 h. cRNA injections were performed on the day of harvest. hCHT
wild-type (WT) (Apparsundaram et al., 2000) and hCHT L530A/V531A
(LV) (A. M. Ruggiero, S. M. Ferguson, and R. D. Blakely, unpublished
observations) cRNA were transcribed from NotI (New England Biolabs,
Beverly, MA)-digested cDNA in pOTV vector (a gift of Dr. Mark
Sonders, Columbia University, New York, NY) using Ambion (Austin,
TX) mMessage Machine T7 kit. hCHT is constitutively internalized from
the plasma membrane, an important mechanism for activity-dependent
trafficking of hCHT. In searching for trafficking motifs in the hCHT C
terminal, A. M. Ruggiero, S. M. Ferguson, and R. D. Blakely (unpub-
lished observations) identified a di-leucine trafficking motif of hCHT
and demonstrated that the LV mutant slows internalization. The di-
leucine motif is thought to be an interaction site with adaptor proteins
that mediate clathrin-dependent internalization. Recently, Ribeiro et al.
(2005) identified the same motif in rat CHT, and it has also been found in
VAChT (Tan et al., 1998) and is speculated to be a common sorting signal
for endocytic vesicle targeting (Ferguson and Blakely, 2004). During the
course of our experiments, it was discovered that the LV mutant we were
using actually contained an additional mutation, L538V; however,
L530A/V531A/L538V is functionally identical to L530A/V531A (unpub-
lished uptake and electrophysiological data from A. Ruggiero and H.
Iwamoto), and thus we have retained the simpler notation, LV. The
cRNA concentrations were confirmed by UV spectroscopy and gel elec-
trophoresis. Each oocyte was injected with 23 ng of cRNA and incubated
at 18°C for 4 – 6 d in Ringer’s buffer supplemented with 550 �M/ml
sodium pyruvate, 100 �g/ml streptomycin, 50 �g/ml tetracycline, and
5% dialyzed horse serum. Healthy oocytes were selected by visual inspec-
tion for subsequent electrophysiological and biochemical assays.

Two-electrode voltage clamp. Whole-cell currents were measured with
two-electrode voltage-clamp techniques using a GeneClamp 500 (Mo-
lecular Devices, Palo Alto, CA). Microelectrodes were pulled using a
programmable puller (model P-87; Sutter Instruments, Novato, CA) and
filled with 3 M KCl (0.5–3 M� resistance). A 16-bit analog-to-digital
converter (Digidata 1322A; Molecular Devices) interfaced to a personal

computer (PC) running Clampex 9 software (Molecular Devices) was
used to control membrane voltage and to acquire data. To induce hCHT-
associated current, oocytes were perfused with choline chloride dissolved
in modified Ringer’s solution (in mM: 100 NaCl, 5 potassium gluconate,
5 HEPES, 1 MgSO4, and 0.5 calcium acetate, pH 7.4) using a gravity-flow
system (4 –5 ml/min flow rate). pH of buffer was adjusted with
N-methyl-D-glucamine or phosphoric acid. To minimize liquid junction
potentials, chloride substitution experiments were performed using a salt
bridge to isolate the Ag–AgCl electrode from the bath. For constant-
voltage recordings, data were low-pass filtered at 10 Hz and digitized at
20 Hz. For current–voltage ( I–V) recordings, the voltage was changed
stepwise every 500 ms. Currents were low-pass filtered at 100 Hz and
digitized at 200 Hz. All analyses were performed using Origin 7 (Micro-
cal, Northampton, MA).

Surface-biotinylation Western blotting. The full procedures were de-
scribed previously (Ramsey and DeFelice, 2002). Briefly, equal numbers
of oocytes from each cRNA injection (typically 20) were incubated with 1
mg/ml EZ-Link Sulfo-NHS-SS-Biotin (Pierce, Rockford, IL) in ice-cold
PBS solution. After terminating the biotinylation with ice-cold PBS con-
taining 100 mM glycine, the oocytes were solubilized with lysis buffer (150
mM NaCl, 10 mM Tris, 1 mM EDTA, 1% Triton X-100, 0.1% SDS, 250 �M

phenylmethylsulfonyl fluoride (PMSF), 1 �M pepstatin, 1 �g/ml leupep-
tin, and 1 �g/ml aprotinin). The supernatant was separated from insol-
uble yolk materials by centrifugation, and the protein concentration was
determined using the bicinchoninic acid (BCA) regent (BCA protein
assay kit; Pierce). To obtain surface-biotinylated proteins, the superna-
tant was incubated with streptavidin beads (Pierce) for 45 min at room
temperature. Biotinylated proteins were subjected to SDS-PAGE in a
10% polyacrylamide gel, and blots were transferred to polyvinylidene
difluoride membranes (NEN, Boston, MA). Blots were incubated with
rabbit polyclonal anti-hCHT antibody (1:1000 dilutions) (Ferguson et
al., 2003). After extensive washing, blots were incubated with horseradish
peroxidase-conjugated goat anti-rabbit antibody (Jackson ImmunoRe-
search, West Grove, PA). The immunoreactive proteins were detected
using Western Lightning Chemiluminescence Regent Plus (PerkinElmer,
Boston, MA) and Hyperfilm ECL (Amersham Biosciences, Buckingham-
shire, UK). Multiple exposures were obtained to ensure quantification in
the linear range of the film. Band densities were quantified with Scion
(Frederick, MD) Image software (PC version of NIH Image).

[3H]Choline transport assays. Choline uptake in WT- or LV-expressing
oocytes was measured by incubation with 10 �M choline chloride con-
taining 1% of [ 3H]choline chloride (86 Ci/mmol; PerkinElmer) in mod-
ified Ringer’s buffer for 30 min at room temperature. Assays were termi-
nated by washing extensively with ice-cold buffer. Specific uptake was
defined by subtracting the uptake obtained in nontransfected, water-
injected control oocytes from uptake in cRNA-injected oocytes. Oocytes

Figure 1. Choline uptake and choline-induced current in hCHT-expressing oocytes. A, Uptake assays were performed with 10
�M choline containing 1% [ 3H]choline and measured over a period of 30 min in both hCHT WT-expressing and LV-expressing
oocytes with and without 10 min preincubation of the hCHT-specific inhibitor HC-3 at 1 �M (n � 5– 8). B, The choline-induced
I–V curves were generated by brief exposure to 10 �M choline at various membrane potentials (n � 5). Baseline current in the
absence of choline was subtracted from the choline-induced current. Inset, Choline at 10 �M induced a significant current when
the oocyte was held at �60 mV. Note that the holding currents in WT- and LV-expressing oocyte are shifted compared with
control oocyte.
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were solubilized with 1% SDS, and choline accumulation was quantified
with a liquid scintillation counter (TopCount NXT; Packard Instrument
Company, Meriden, CT).

[3H]Hemicholinium-3 binding assays. Most procedures were the same
as those used for choline uptake experiments described above. The WT-
or LV-expressing oocytes were incubated with 10 nM [ 3H]HC-3 (125
Ci/mmol; PerkinElmer) in modified Ringer’s solution for 30 min at
room temperature (Sandberg and Coyle, 1985; Ferguson et al., 2004). To
obtain sufficient binding signal, two oocytes were placed in each well.
Binding assays were terminated by washing extensively with the ice-cold
buffer. Specific binding was defined by subtracting the binding obtained
to nontransfected, water-injected oocytes from binding to cRNA-
injected oocytes.

Simultaneous measurement of choline up-
take and choline-induced current. Simulta-
neous measurement of choline uptake and
choline-induced current was performed under
voltage-clamp conditions, using techniques de-
scribed previously (Petersen and DeFelice,
1999; Loo et al., 2000; Ramsey and DeFelice,
2002; Quick, 2003). Oocytes were perfused for
500 s under voltage clamp with 10 �M choline
containing 1% [ 3H]choline. Uptake was termi-
nated by extensive perfusion with buffer. To
minimize loss of choline, the oocyte was per-
fused with ice-cold buffer before removing the
oocytes from the chamber. The total charge was
calculated by time integration of choline-
induced inward current and correlated with up-
take in the same oocyte. Nonspecific uptake was
determined with water-injected control oocytes
under the same condition.

Results
Choline induces an inward current in
hCHT-expressing oocytes
Oocytes expressing the hCHT WT take
up [ 3H]choline (Fig. 1 A) and generate
inward currents when choline is added to
the bath (Fig. 1 B). In mammalian cells,
the trafficking mutant LV results in in-
creased surface expression (Ruggiero,
Ferguson, and Blakely, unpublished ob-
servation). In oocytes, the choline up-
take and choline-induced current in LV
mutants are approximately three times
larger than WT uptake and currents un-
der the same conditions (Fig. 1 A, B). In
addition, WT and LV oocytes have
shifted holding currents for the same
voltage, indicating a constitutive depo-
larization in the absence of choline (leak
current) (Fig. 1 B, inset). Water-injected
oocytes show no detectable choline-
induced current. Figure 1 B plots the re-
lationship between choline-induced cur-
rent (bars in inset) and membrane
voltage. The I–V curves for WT have no
detectable reversal potential, whereas LV re-
versal potentials are in the range of 45–60
mV. The reversal potential for LV is near the
Nernst potential for Na�, 39 mV at room
temperature, if we assume that internal Na�

concentration in oocytes is 22 mM (Kusano
et al., 1982).

hCHT charge/choline ratio depends on voltage
Choline-induced currents in hCHT oocytes suggest that choline
transport is electrogenic, i.e., net charge accompanies choline flux.
To examine how many charges attend each choline molecule during
transport, we measured choline uptake and choline-induced current
simultaneously under voltage clamp. Figure 2A shows that choline
uptake depends on membrane voltage. Although charge and uptake
both decrease with depolarization, the charge/flux ratio is not con-
stant. Figure 2B shows that the charge/choline ratio varies linearly
from �10 at �80 mV to 3 at �20 mV.

Figure 3. The I–V curves for WT and LV transporters for various choline concentrations. I–V curves measured with choline
concentrations from 0.05 to 50 �M for WT (A) and the LV mutant (B) (n � 5). C, From A and B, the currents at �100 mV are
plotted for different choline concentrations. These data were then fit to a Michaelis–Menten equation to obtain the apparent
affinity (Km) and maximal current (Imax). Km of 0.7 � 0.1 �M and Imax of �13.3 � 0.2 nA for WT. Km of 1.0 � 0.1 �M and Imax of
�37.9 � 0.3 nA for LV. D, Surface biotinylation Western blotting. Water-injected control oocytes show no detectable hCHT
expression (CTL). A rectangular box represents hCHT monomers. Band densities of surface fraction at 55 kDa show that LV is 2.6 �
0.3 times greater than WT (n � 3), consistent with Imax differences between LV and WT. Total expression for WT and LV show no
significant differences (Student’s t test, p � 0.05; n � 3).

Figure 2. Simultaneous measurement of uptake and current. A, Choline at 10 �M containing 1% [ 3H]choline induced current
and promoted choline uptake, which were measured concurrently in the same oocyte under voltage clamp for 500 s (for details,
see Materials and Methods). Each point consists of data from three to four different oocytes. The LV mutant was used in this
experiment. B, The charge/substrate ratio is plotted as a function of voltage from the data in A.
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LV has increased surface expression,
which correlates with transport
and current
The choline-induced hCHT current in
WT and LV depends on not only voltage
but also on choline concentration (Fig.
3A,B). To obtain the apparent affinity
(Km) of choline for hCHT, we plotted the
current at �100 mV against the choline
concentration (Fig. 3C). Fitting these data
to a single-binding-site model, the Km is
similar for both WT and the LV mutant
(0.7 � 0.1 and 1.0 � 0.1 �M, respectively;
n � 5). The Km obtained from choline-
induced current is comparable with that
for choline uptake in Xenopus oocytes and
mammalian cells (Apparsundaram et al.,
2000; Okuda and Haga, 2000; Okuda and
Haga, 2003; Ferguson and Blakely, 2004).
For WT, maximal current (Imax) at �100
mV was �13.3 � 0.15 nA, and, for the LV,
Imax was �37.9 � 0.30 nA. The difference
in Imax between WT and LV is explained by
the differences in surface expression for
these transporters. Surface biotinylation
shows that, for the same cRNA injection,
LV expresses 2.6 � 0.3 times more surface
protein than WT (n � 3) (Fig. 3D). The
total expression level of WT and LV shows
no significant difference (Student’s t test,
p � 0.05; n � 3).

HC-3 reveals leak current in the absence
of choline
HC-3 is a potent and specific inhibitor for high-affinity choline
uptake (Ki of 5 nM) (Okuda and Haga, 2003; Ferguson and
Blakely, 2004) (Fig. 1A). Perfusion with HC-3 alone reveals a leak
current in choline-competent cells (upward deflection), which is
interpreted as HC-3 block of an endogenous hCHT leak current.
HC-3 blocks virtually all induced current in both WT and LV
(Fig. 4A), and leak current and choline-induced current reversal
potentials are identical within experimental error (45– 60 mV)
(Fig. 4B) and close to the theoretical Nernst potential for Na� (39
mV). These data imply that both the leak and the induced cur-
rents are carried predominately by Na� ions; however, the pos-
sibility of other ions, including protons, cannot be excluded. Ad-
ditionally, HC-3 blocks the leak and induced current to the same
degree, further implying a common pathway. Both leak currents
and induced currents are voltage dependent (Fig. 4B), but their
ratio is the same for either WT or LV (Fig. 4C), which indicates
that the molecular properties of leak are not altered for WT and
LV. Other transporters, such as the SGLT1 (Hirayama et al., 1994;
Mackenzie et al., 1998) in the same family, as well as serotonin
transporter (SERT) (Mager et al., 1994; Galli et al., 1997; Petersen
and DeFelice, 1999; Adams and DeFelice, 2003) and norepineph-
rine transporter (NET) (Galli et al., 1995), also exhibit leak cur-
rents proportional to induced currents. In the absence of choline,
the resting potentials of WT- or LV-expressing oocytes are depo-
larized compared with water-injected controls (Fig. 4D). Oocytes
expressing LV mutants are consistently more depolarized than
oocytes expressing WT, in agreement with the holding current
shifts (Fig. 1B, inset).

Choline-induced currents depend on external Na � and Cl �

Na� and Cl� are necessary for high-affinity choline uptake (Simon
and Kuhar, 1976; Kuhar and Murrin, 1978; Okuda and Haga, 2000).
Furthermore, choline-induced currents depend on these ions. To
study cations, we replaced NaCl with equimolar KCl, LiCl, or
tetraethylammonium-Cl (TEACl). Because of greater similarity of
measurements with higher levels of CHT surface expression, we
present data from LV-expressing oocytes (data from WT not
shown). In water-injected controls, these substitutions result in sub-
stantial baseline shifts, especially KCl and TEA solutions; however,
no choline-induced currents occur in any solution (Fig. 5A). In LV-
expressing oocytes, choline-induced currents occur only in NaCl
solutions (Fig. 5B). The baseline shifts in LV-expressing oocytes dif-
fer from controls, especially for KCl and TEA substitutions. These
differences are likely explained by lower resting potentials in LV
oocytes (Fig. 4D). No Li-induced leak was found in LV oocytes, in
contrast to other Na�-coupled neurotransmitter transporters (Ma-
ger et al., 1996; Galli et al., 1997; Petersen and DeFelice, 1999; Adams
and DeFelice, 2003; Karakossian et al., 2005). For anion substitu-
tions, NaCl was replaced with NaBr, Na gluconate (NaGlu), or Na
sodium methanesulfonate (NaMS). Control oocytes elicit no
choline-induced current for these anions (data not shown).
Choline-induced currents occur only in NaCl and NaBr (Fig. 5C).
However, the current, although not eliminated in NaBr, was only
�30% of that in NaCl. Figure 5D summarizes the external anion and
cation dependence of choline-induced current in WT- and LV-
expressing oocytes. These data show that choline-induced hCHT
current depends on both Na� and Cl�. No difference in ion depen-
dence was found between WT and LV oocytes.

Figure 4. HC-3 inhibits choline-induced current. A, HC-3 at 1 �M inhibits the choline-induced current (10 �M choline at �60
mV). Perfusion of 1 �M HC-3 alone reveals an apparent outward current (leak) in the transporter (white bar). There was no
detectable leak current for control oocytes under the same conditions. A slow baseline drift was removed from A. B, I–V curves for
10 �M choline-induced current and 1 �M HC-3-revealed leak current were obtained from WT and LV mutants (n � 5). C, The ratio
of choline-induced current to HC-3-revealed leak current is calculated from B. The ratio is constant at any voltage for either WT or
LV. D, Leak current depolarizes oocytes. Resting potentials were assessed in water-injected control oocytes, WT-expressing
oocytes, and LV-expressing oocytes in the absence of choline. Compared with the water-injected control oocytes, resting poten-
tials in WT- and LV-expressing oocytes were significantly depolarized (n � 7).
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Internal Na � reduces choline-induced current, but Cl � has
no similar effect
The reversal potential of choline-induced current suggests that
hCHT is Na� selective (Fig. 1B); however, the induced current
requires both external Na� and Cl� (Fig. 5D). This is explained if

hCHT uses external Cl� to regulate trans-
port but does not transport Cl�. To test
this idea, LiCl was injected into oocytes,
which should inhibit the induced current
if it is partly carried by Cl�. To test this
expectation for Na�, we injected NaGlu
into the oocyte. When a high concentra-
tion of NaGlu was injected (final concen-
tration is �23 mM NaGlu added to the in-
side the oocyte), the choline-induced
current showed an �50% reduction (Fig.
6A, top row). However, in the same pro-
tocol, the choline-induced current was in-
sensitive to internal LiCl (final concentra-
tion of 23 mM LiCl added to the inside the
oocyte) (Fig. 6A, bottom row). Figure 6B
summarizes the effect of NaGlu and LiCl
injection on choline-induced current, in-
dicating that Cl� plays a different role
than Na� and is likely a regulatory ion
rather than cotransported ion.

pH regulates choline-induced current,
choline transport, and HC-3 binding
We found that choline-induced current
depends not only on Na� and Cl� but also
on external pH. Figure 7A shows pH de-
pendence of 10 �M choline-induced cur-
rent at �60 mV. The current is abolished
at pH 5.5. The activation and deactivation
of choline-induced currents by pH is
reversible (data not shown). Figure 7B
shows the normalized pH dependence of
choline-induced current, indicating a pKa
of 7.4. No significant difference between
WT and LV was observed. We measured
I–V curves for 10 �M choline-induced cur-
rents for pH between 5.5 and 8.5. The
currents at different pH intersect over a
narrow range of voltages (30 –50 mV)
(supplemental figure, available at www.
jneurosci.org as supplemental material),
which appears to be independent of pH.
However, because the induced current is
small near reversal and smaller still at low
pH, it is difficult to determine relative
ionic permeation from reversal potentials.
Choline uptake (Fig. 7C) and HC-3-
specific binding (Fig. 7D) exhibit similar
pH dependences. One concern is that the
pKa is close to that of HEPES buffer
(pKa of 7.55), and HEPES has structural
similarity to choline (both have an N-
ethylalcohol moiety). Thus, the possibility
exists that HEPES could cause pH-depen-
dent inhibition of hCHT current (Ming et
al., 2002). However, structurally dissimilar
buffers Tris [Tris(hydroxymethyl)amino-

methane] and MOPS [3-(N-morpholino) propanesulfonic acid]
gave similar pH dependence (data not shown). Another consid-
eration is the deprotonation of choline; however, choline has pKa
of 13.9 (Perrin, 1972). Therefore, the charge on choline is con-
stant in our experimental pH range. The pH dependence of cho-

Figure 5. The role of cations and anions in the choline-induced current. A, The effect of cation substitutions in control oocytes.
NaCl at 100 mM was replaced with equimolar KCl, LiCl, or TEACl. No choline-induced current was observed when 10 �M choline
(thick black bars) was perfused onto water-injected control oocytes held at �60 mV. The baseline is normalized to the value in
NaCl. B, Effect of cation substitutions in LV oocytes. Choline-induced current is observed only in NaCl. The magnitude of baseline
shift with cation substitution is different LV oocytes compared with control oocytes. C, Effect of anion substitutions in LV-
expressing oocytes. NaCl at 100 mM was replaced with equimolar NaBr, NaGlu, or NaMS. Choline-induced current was observed
only in NaCl and NaBr. No choline-induced current was observed in water-injected control oocytes. The magnitude of baseline shift
with anion substitution is different LV oocytes compared with control oocytes (data not shown). D, Summary of cation and anion
dependence of choline-induced current (n � 5). Choline-induced current depends strictly on Na � but less stringently on Cl �,
because Br � can partially replace Cl �. Essentially no difference exists in ionic dependence between WT and LV hCHT-expressing
oocytes.

Figure 6. Internal Na �, but not Cl �, suppresses the choline-induced current. A, Top row, NaGlu (46 nl of 0.5 M) was injected
into LV-expressing oocytes. The final concentration of internal NaGlu is �23 mM NaGlu in oocytes, assuming a volume of 1 �l. The
figure shows typical data in 10 �M choline before and 3 min after the injection, in oocytes held at �60 mV. A, Bottom row, LiCl (46
nl of 0.5 M) was injected into an LV-expressing oocyte. The final concentration of LiCl inside is �23 mM. Similar to A, the 10 �M

choline-induced current was monitored at �60 mV before and 3 min after the injection. B, Summary. The effect of NaGlu and LiCl
injections on choline-induced current. The currents are normalized to the current before injection (100 � 10.6%; n � 4). Internal
NaGlu reduced the induced current by 50% 3–5 min after the injection (56.0 � 5.8%; n � 4). However, internal LiCl had almost
no effect on the induced current (98.5 � 9.5%; n � 4).
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line-induced current is therefore most
likely a titration of a functional group on
the hCHT protein itself. It may be interest-
ing to note that, as a quaternary ammo-
nium, choline does not alter its charge
after entering the vesicle. Other neuro-
transmitters, such as GABA, 5-HT, nor-
epinephrine, and dopamine (DA), are
only partially charged in the cytosol but
fully charged in the acidic vesicle.

Na � and Cl � dependence of the
choline-induced current at different pH
To further investigate possible pH mecha-
nisms, we measured the effect of protons
on choline-induced current under differ-
ent ionic conditions. Figure 8A shows the
effect of pH on the induced current as a
function of choline concentration.
Whereas the apparent affinity for choline
changes only weakly with pH, Imax changes
dramatically. Furthermore, Imax changes
in �30 s (limited by the solution ex-
change), which is too fast for insertion of
transporters into the membrane. This is
consistent with biotinylation data, which
reveal no change in transporter surface ex-
pression at any pH (data not shown), sug-
gesting that pH affects the catalytic activity
of individual transporters already in the
membrane. Figure 8, B and C, shows the
Na� and Cl� concentration dependence
of the choline-induced current at different
pH. Striking differences are evident:
whereas the choline-induced current depends linearly on Na� at
concentrations �100 mM (Fig. 8B), Cl� dependence saturates in
this range (Fig. 8C), with half-maximal Cl� concentration in the
range of 15–35 mM. Figure 8D summarizes the pH-dependent
currents for Na� and Cl� on normalized scales, showing that
Na� or Cl� stimulation of the choline-induced current has the
same concentration dependence at any pH. Furthermore, the
Na� and Cl� dependences for induced current are similar to
Na� and Cl� dependences for HC-3-specific binding (Fig.
8E,F). Thus, protons change Imax of choline-induced current but
not Km for choline. Similarly, protons change the magnitude of
choline-induced current and HC-3 binding titrated against Na�

or Cl� ions but not the shape of the curves.

Discussion
Choline transport is electrogenic with variable stoichiometry
From this study, choline transport is a voltage-dependent, elec-
trogenic process with variable charge/choline stoichiometry (10
at �80 mV and 3 at �20 mV). Other members of the SLC5 family
to which CHT belongs exhibit tight coupling and fixed stoichi-
ometry, e.g., two Na� ions per substrate molecule (Eskandari et
al., 1997; Loo et al., 2000; Prasad and Ganapathy, 2000; Diez-
Sampedro et al., 2001; Wright et al., 2004). However, hSGLT3,
also a member of the SLC5 family, is described as a glucose-gated
ion channel (Diez-Sampedro et al., 2003), suggesting functional
diversity of the SLC5 family (Wright et al., 2004). Whether the
extra charge contributes to coupled transport is unknown, and
slippage occurs alongside choline transport, as has been generally
proposed for a host of transporters (Nelson et al., 2002). Na�-

coupled transport with variable stoichiometry that may depend
on voltage is found in neurotransmitter transporters such as
SERT (Mager et al., 1994; Galli et al., 1997), NET (Galli et al.,
1998), dopamine transporter (DAT) (Sonders et al., 1997; Kahlig
et al., 2005), and glutamate transporters (Wadiche et al., 1995).

The LV mutant increases surface expression without altering
WT properties
Stable hCHT WT expression is low in mammalian cells because
hCHT is efficiently endocytosed from the plasma membrane
(Ferguson and Blakely, 2004; Ribeiro et al., 2005). Low plasma
membrane levels of hCHT are known to impede reliable mea-
surements such as transport assays (Apparsundaram et al., 2000)
and freeze-fracture electron microscopic studies (Wright and
Turk, 2004). Whole-oocyte choline-induced currents under
physiological conditions (100 mM NaCl, pH 7.4) yield �5 nA at
�60 mV, which is close to our detection limit (1 nA) and primar-
ily restrict our studies. However, a trafficking mutant LV that
slows down internalization effectively increased hCHT on the
surface by approximately threefold, which greatly improve accu-
racy of our measurements. To assess whether changes occur other
than trafficking, we compared transport and electrophysiology in
hCHT WT and LV. In oocytes, the LV mutant increases surface
expression with almost no change in intrinsic hCHT properties,
consistent with mammalian cell data and suggesting that frog
oocytes constitutively internalize hCHT via di-leucine trafficking
motifs in the C terminal (Ribeiro et al., 2005) (Ruggiero, Fergu-
son, and Blakely, unpublished observation). The LV mutant has
similar choline affinity (Fig. 3C), HC-3 sensitivity (Fig. 4C,

Figure 7. pH dependence of choline-induced current, choline uptake, and HC-3 binding. A, pH dependence of choline-induced
current. Typical data are shown for 10 �M choline-induced current for LV at �60 mV in 100 mM NaCl buffer. The slow baseline drift
is removed from the figure. B, pH dependence of 10 �M choline-induced currents at �60 mV are measured for WT and LV (n �
5). The data were normalized to pH 7.4 and fitted to a single-binding-site model. pKa of 7.4 � 0.1 and Imax of 196.3 � 10.5% for
WT. pKa of 7.3 � 0.1 and Imax of 174.4 � 4.0% for LV. C, pH dependence of choline uptake was measured in 10 �M choline (1%
[ 3H]choline) for 30 min (n � 8). pKa of 7.4 � 0.1 and Vmax of 188.8 � 3.7% for WT. pKa of 7.3 � 0.1 and Vmax of 167.0 � 3.8%
for LV. D, pH dependence of HC-3-specific binding was measured in 10 nM [ 3H]HC-3 for 30 min (n � 6 – 8). pKa of 7.8 � 0.1 and
maximum binding (Bmax) of 328.0 � 10.0% for WT. pKa of 7.7 � 0.2 and Bmax of 283.6 � 17.8% for LV.
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8E,F), ion dependence (Fig. 5D), and pH dependence (Fig. 7B–
D). Transport and current are also similar, except they are ap-
proximately three times larger in the mutant. The LV reversal
potential may indicate a slight difference in ion selectivity com-
pared with WT (Figs. 1B, 3A,B), but this apparent difference
could result from improved accuracy attributable to larger LV
currents.

Constitutive leak currents through hCHT depolarize oocytes
The selective blocker HC-3 reveals a leak current through hCHT
in the absence of choline. Simultaneous measurement of
[ 22Na�] uptake and current demonstrated that leak currents in
the related carrier rabbit SGLT1 are carried by Na� ions (Mack-

enzie et al., 1998). Other transporters, such
as SERT (Mager et al., 1994; Galli et al.,
1997; Petersen and DeFelice, 1999), NET
(Galli et al., 1995), DAT (Sonders et al.,
1997), and SGLT1 (Hirayama et al., 1994)
also exhibit leak currents in the absence of
substrates. Resting potentials in hCHT-
expressing oocytes, but in the absence of
choline, are depolarized by 20 –30 mV
compared with water-injected control oo-
cytes. This constitutive depolarization was
reduced by �50% when oocytes were pre-
incubated with 1 �M HC-3 for a few days
before experimentation (data not shown).
These data suggest the leak currents
through hCHT are responsible for the de-
polarization. Furthermore, the depolar-
ization in Figure 4D correlates with the
holding current shift (Fig. 1B, inset) in
hCHT-expressing versus control oocytes
after ion substitution (Fig. 5A–C). In a
neuronal environment, the constitutive
depolarizing leak could have important
consequences for voltage-sensitive chan-
nels and nerve terminal excitability.

Cl � plays a regulatory role in
choline transport
The reversal potential (45– 60 mV, de-
pending on choline concentration) (Figs.
1B, 3B) suggests that choline-induced cur-
rent is Na� selective; the Nernst potential
for Na� is 40 mV, assuming external Na�

of 100 mM and internal Na� of 22 mM in
oocytes (Kusano et al., 1982). However, the
ion substitutions indicate that both external
Na� and Cl� are required for the choline-
induced current (Fig. 5D) and choline
uptake (Simon and Kuhar, 1976; Kuhar
and Murrin, 1978; Okuda and Haga,
2000). Interestingly, CHT is the only
member of the SLC5 family that displays
strict Cl � requirement (composed of 11
members in human) (Wright and Turk,
2004). Although SGLT1 has moderate
Cl � sensitivity, Loo et al. (2000) show
that no Cl � is cotransported with sub-
strate. In addition, Na � and Cl � depen-
dencies have strikingly different ionic
dependences under voltage clamp (Fig.

8 B, C): Na � titration shows almost linear dependence (Fig.
8 B), similar to channel conductance, whereas Cl � titration
exhibits saturation, which is suggestive of binding (Fig. 8C).
These data suggest that Cl � may play a role as a requisite
regulator rather than a cotransported ion. In support of this
theory, choline-induced current is sensitive to internal Na �

but insensitive to internal Cl � (Fig. 6 A, B), similar to previous
studies in hSERT using the cut-open oocyte voltage-clamp
technique (Adams and DeFelice, 2003). However, a 5-HT-
gated influx of Cl � has been measured in rSERT (Quick,
2003), and a similar Cl � flux is observed in DAT (Ingram et
al., 2002; Carvelli et al., 2004). Additional investigations are

Figure 8. Effect of pH on Km and Imax. A, Km and Imax for choline-induced currents measured at different pH and held at�60 mV
(n � 3). At pH 6.5, Km of 1.9 � 0.3 �M and Imax of �3.8 � 0.1 nA. At pH 7.4, Km of 0.9 � 0.3 �M and Imax of �21.3 � 0.4 nA.
At pH 8.5, Km of 0.8 � 0.2 �M and Imax of �32.3 � 0.5 nA. LV-expressing oocytes were used. As a control, three water-injected
oocytes were measured at each pH 6.5, 7.4, and 8.5. B, Na � dependence of choline-induced current at various pH. In 10 �M

choline, the induced current was measured at �60 mV, because LiCl replaced NaCl at different pH (n � 3). The Na dependence is
linear at all pH. LV-expressing oocytes were used. C, Cl � dependence of choline-induced current at various pH (n � 3). In 10 �M

choline, the induced current at �60 mV is measured at different pH (Na gluconate replacing NaCl). Results at 6.5 were insuffi-
ciently precise, although saturation clearly occurs. Km of 67.2 � 22.5 mM and Imax of �3.8 � 0.6 nA for pH 6.5. Km of 14.9 � 3.4
mM and Imax of �16.7 � 0.7 nA for pH 7.4. Km of 12.8 � 1.7 mM and Imax of �25.0 � 0.5 nA for pH 8.5. LV-expressing oocytes
were used. D, Na � and Cl � dependence of the choline-induced current do not depend on pH. Data from B and C are normalized
for all pH and averaged. For Cl �, Km of 23.6�5.8 mM and Imax of 122.2�7.6%. E, Na � dependence of HC-3 binding (n�6 – 8).
Na � dependence of HC-3 binding is similar to that of choline-induced current (D). F, Cl � dependence of HC-3 binding (n �
6 – 8). Cl � dependence of HC-3 binding is similar to that of choline-induced current (D). Cl � dependence is fitted to a single-binding-site
model. Km of 31.2 � 3.8 mM and Bmax of 131.0 � 4.8% for WT. Km of 17.5 � 20.4 mM and Bmax of 126.4 � 30.7% for LV.
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necessary to establish a clear role of Cl � for Na �-coupled
transporters in general.

Possible pH regulation mechanism
Neurotransmitter transporter pH dependence is well studied in
rSERT (Cao et al., 1997, 1998), which is activated at low pH,
opposite to our finding for hCHT. The Na�– glucose cotrans-
porter SGLT1 is also activated at low pH, and, in this case, H� can
actually replace Na� as the driving co-ion for glucose transport
(Hirayama et al., 1994). Because hCHT belongs to the same gene
family as SGLT1, similar pH effects might have been expected.
hCHT transport and induced current are, however, inactivated at
low pH and enhanced at high pH (Fig. 7A), revealing a sigmoidal
pH dependence with pKa of 7.4 (Fig. 7B,C). A comparable pH
effect has been reported in the glycine transporter subtype 1b, in
which Na� and protons interact noncompetitively through dif-
ferent binding sites (Aubrey et al., 2000). HC-3-specific binding
(Fig. 7D) exhibits similar pH dependence to hCHT current and
uptake, possibly indicating that current, uptake, and binding are
pH regulated by similar residues, although not necessarily at the
same site. It is worth noticing that Sandberg and Coyle (1985)
observed similar pH dependence of HC-3 binding in rat fore-
brain synaptosomal membranes. A pKa near 7 is characteristic of
histidine residues in a hydrophobic environment (Aubrey et al.,
2000; Keller and Parsons, 2000). In the choline transporter, five
histidine residues exist, and four are presumably located on or
near extracellular sites (Apparsundaram et al., 2000; Okuda and
Haga, 2003). These histidine residues are suspected to be the sites
of proton interaction and regulation and are targets for muta-
tions and subsequent analysis, now under investigation.

Proton inactivation hypothesis of hCHT in synaptic vesicles
Recent immunogold staining data (Ferguson et al., 2003; Nakata
et al., 2004) revealed that the majority of CHT (70 –90%) are
located on presynaptic vesicles rather than the plasma mem-
brane. In the synaptic vesicles, pH is low via the action of vesicular
ATPase; the vesicle lumen has pH 5.5, whereas cytoplasmic pH is
typically 7.5 (Eiden, 1998). In cholinergic neurons, VAChT uses
this large H� gradient to counter-transport acetylcholine from
the cytoplasm into the synaptic vesicles. Any proton leakage
through hCHT would be detrimental to the driving force that
concentrates vesicular ACh 100 times over cytoplasmic ACh
[�100 over 1 mM, respectively (Parsons et al., 1993; Nguyen et al.,
1998)]. Furthermore, at high ACh concentrations, it has been
suggested that ACh can permeate choline transporters (March-
banks and Wonnacott, 1979), possibly because H� replaces Na�

as a cotransported ion, similar to SGLT1 (Hirayama et al., 1994).
We observed an ACh-induced current in hCHT-expressing oo-
cytes but not control oocytes (data not shown); however, because
ACh is easily degraded, we cannot exclude the possibility of free
choline in ACh applications. Although it appears likely that ACh
permeates hCHT and that low pH inhibits this permeation, this
aspect of our hypothesis needs additional testing.

Because vesicles deliver CHTs to the plasma membrane ac-
cording to need, the question arises whether they are functional
in the vesicle; in particular, are CHTs barred from leaking ACh
and possibly protons from this compartment. Acidic inactivation
of CHTs may provide the mechanism that prevents such leakage
from synaptic vesicles in cholinergic neurons. The distribution of
transporters on synaptic vesicles has also been observed for gly-
cine transporters (Geerlings et al., 2001) and L-proline transport-
ers (Renick et al., 1999), suggesting that evolution of a tight pH

regulation system to allow use of the vesicles to support activity-
dependent trafficking (Ferguson et al., 2003).
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