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ABSTRACT: Current therapies to enhance CNS cholinergic
function rely primarily on extracellular acetylcholinesterase
(AChE) inhibition, a pharmacotherapeutic strategy that
produces dose-limiting side effects. The Na+-dependent,
high-affinity choline transporter (CHT) is an unexplored
target for cholinergic medication development. Although
functional at the plasma membrane, CHT at steady-state is
localized to synaptic vesicles such that vesicular fusion can
support a biosynthetic response to neuronal excitation. To
identify allosteric potentiators of CHT activity, we mapped
endocytic sequences in the C-terminus of human CHT,
identifying transporter mutants that exhibit significantly
increased transport function. A stable HEK-293 cell line was generated from one of these mutants (CHT LV-AA) and used
to establish a high-throughput screen (HTS) compatible assay based on the electrogenic nature of the transporter. We
established that the addition of choline to these cells, at concentrations appropriate for high-affinity choline transport at
presynaptic terminals, generates a hemicholinium-3 (HC-3)-sensitive, membrane depolarization that can be used for the
screening of CHT inhibitors and activators. Using this assay, we discovered that staurosporine increased CHT LV-AA choline
uptake activity, an effect mediated by a decrease in choline KM with no change in Vmax. As staurosporine did not change surface
levels of CHT, nor inhibit HC-3 binding, we propose that its action is directly or indirectly allosteric in nature. Surprisingly,
staurosporine reduced choline-induced membrane depolarization, suggesting that increased substrate coupling to ion gradients,
arising at the expense of nonstoichiometric ion flow, accompanies a shift of CHT to a higher-affinity state. Our findings provide a
new approach for the identification of CHT modulators that is compatible with high-throughput screening approaches and
presents a novel model by which small molecules can enhance substrate flux through enhanced gradient coupling.
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Signaling by the neurotransmitter acetylcholine (ACh)
controls a wide variety of physiological and behavioral

functions throughout phylogeny, including movement, cardio-
vascular activity, gut motility, arousal, attention, and memory.1−4

Genetic variation and/or deficits in components of cholinergic
signaling are associated with myasthenias, tachycardia, attention-
deficit hyperactivity disorder (ADHD), and Alzheimer’s
disease.5−12 Medications that treat these disorders, though
useful in some instances,12−15 often exhibit dose-limiting side
effects, are insufficiently specific, and generally act independently
of neuronal activity. These effects are often found with agents
that bind to the orthosteric site of intended targets. For example,
muscarinic agonists that bind to the ACh binding site exhibit only
modest selectivity among receptor subtypes and thus limit

therapeutic efficacy.16,17 Acetylcholinesterase (AChE) antago-
nists often produce many off-target effects due to elevation of
ACh at all cholinergic synapses under conditions of both basal
and evoked ACh release.18 These issues underscore the need to
identify novel cholinergic targets to ameliorate disorders with
compromised ACh signaling.
An important molecule that controls cholinergic signaling

capacity is the presynaptic, high-affinity choline transporter
(CHT, SLC5A7). CHT activity is rate limiting in the synthesis of
acetylcholine, particularly at elevated firing rates.19−21 The
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importance of CHT in sustaining cholinergic signaling can be
readily observed in the lethality of systemic administration of the
high-affinity CHT inhibitor hemicholinium-3 (HC-3)22−24 or of
genetic deletion of CHT.25 CHT KO mice exhibit rundown of
spontaneous and evoked cholinergic signaling at the neuro-
muscular junction and die at birth due to respiratory paralysis.25

Patients with hypocholinergic function at the NMJ, at autonomic
synapses, or within the central nervous system may therefore
benefit from pharmacological augmentation of CHT function.
Furthermore, by increasing CHT-dependent ACh synthesis,

extracellular ACh levels will still be largely controlled by the rate
of release and AChE activity. Many side-effects seen with AChE
inhibitors could be abolished by the discovery of chemical agents
that target CHT. To date, only one CHT-modulating agent,
MKC-231, has been investigated as a potential therapeutic,25−28

but its mechanism of action is ill-defined and likely does not
involve a direct action on the transporter itself. These reports
have however encouraged us to pursue targeting CHT for its
therapeutic potential.

Figure 1. TAC−CHT fusion proteins indicate a discrete motif regulating CHT trafficking resides in the C-terminus. (A) Surface labeled Tac remains
concentrated at the plasma membrane in HEK293 cells. (B) The full length CHT C-terminus directs internalization and sorting of the Tac-CHT
chimera to a perinuclear endocytic compartment. (C) CHT amino acids 499−531 direct endocytosis when fused to Tac. This construct exhibits
enhanced internalization compared to the full length CHTC-terminus. (D) Stable localization at the plasmamembrane indicates that CHT amino acids
499−520 do not support efficient endocytic sorting of a Tac chimera. (E) Endocytic sorting of the Tac-CHT persists following deletion of CHT amino
acids 498−519 (Tac-CHT520−580). (F) A summary of the localization of Tac-CHT deletion mutants presented in this figure points to CHT amino
acids 522−532 as a 1° endocytic motif. A 2°motif appears between CHT amino acids 540−544 that facilitates CHT plasmamembrane localization. (G)
Cotransfection of WT dynamin I does not impair the endocytic sorting of Tac-CHT (Scale bar = 20 μm). (H) Expression of the dominant negative
K44A mutant of dynamin I blocks internalization of the Tac-CHT chimera. (I) Saturation of the endocytic machinery by the CHT endocytic motif is
seen as a 40% increase in CHT choline uptake activity following treatment of CHT expressing HEK293 cells with 10 μM of a CHT-TAT peptide fused
to amino acids 524−539.
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The uptake of choline by CHT on the plasma membrane is
generally assayed by monitoring the uptake of radiolabeled
choline as a function of time in transfected cells or ex vivo brain
preparations, such as synaptosomes.26−29 These radioisotope-
based methods are costly and generally incompatible with high-
throughput screening (HTS) methods routinely used in drug
development. Recently, Iwamoto and colleagues demonstrated
that CHT is an electrogenic transporter that supports both
choline-dependent and choline-independent net charge flux.30

The current recorded in CHT expressing cells shares
pharmacology with choline transport in being both Na+- and
Cl−-dependent and blocked by HC-3. Importantly, the current
accompanying choline flux is nonstoichiometric, being ∼9-fold
larger than the charge required to support gradient-driven
choline transport. Thus, assays that monitor choline-induced
membrane depolarization have the potential to provide an
alternative to radiolabeled substrate flux-based methods that
could facilitate HTS efforts.
In the current study, we pursue these ideas, describing our

development of a membrane potential-based CHT assay that
utilizes cells stably transfected with a CHT endocytic mutant.
Our initial use of the assay in an HTS format reveals compounds
that show differential impact on CHT-dependent choline uptake
and CHT-dependent membrane depolarization, suggesting an
opportunity for a novel mechanism of allosteric enhancement of
membrane transporters in enhancing coupling to transmem-
brane ion gradients.

■ RESULTS AND DISCUSSION

Sequences in the Cytoplasmic C-Terminus of CHT
Drive Constitutive Endocytosis. Although choline uptake
studies monitor the activity of CHT at the cell surface where a
Na+ gradient is imposed, the transporter displays a significant
accumulation on synaptic vesicles in neurons29 or on synaptic-
like microvesicles (SLMVs) and/or endosomes in transfected
cell models.31−33 In order to enhance CHT surface expression
and enhance CHT activity in living cells, we sought to define sites
in CHT responsible for constitutive CHT endocytosis. Mutants
that limit endocytosis should also enhance the ability to target
CHT allosterically and preclude an indirect manipulation of
generic vesicular fusion/endocytosis machinery.
Our model of CHT transmembrane topology predicts a

cytoplasmic localization for the transporter’s C-terminus (AA#
498−580).34 This prediction has been amply supported by
biochemical and electron microscopy studies.29,35,36 As the C-
terminus is the longest, uninterrupted cytoplasmic region of
CHT, it represents an attractive candidate for recognizing
endocytic regulatory proteins. Additionally, analysis of the CHT
C-term by the DisEMBL HOTLOOPS method37 predicts a
disordered structure for residues 522−580. Extended, disordered
protein conformations are capable of engaging in multiple,
dynamic, low-affinity interactions, a feature that is employed by
multiple components of the endocytic machinery.38 To test the
capacity of the CHT C-terminus in supporting CHT
endocytosis, chimeric proteins were generated by fusing the
human CHT C-terminus to the N-terminal extracellular and
transmembrane domains of the interleukin 2 receptor (also
known as Tac).39 The wild type (WT) Tac protein is frequently
used to assess the endocytic capacity of membrane protein
cytoplasmic domains as it demonstrates a low rate of constitutive
endocytosis and can be labeled extracellularly with antibodies
under nonpermeabilizing conditions.40,41

In initial experiments, we assessed the endocytosis activity of a
Tac chimera containing the C-terminal 82 amino acids of CHT
(CHT 499−580) relative to that shown by Tac lacking
intracellular sequences. Transfected cells were labeled with
anti-Tac antibodies at 4 °C, rinsed, and warmed to 37 °C to allow
endocytosis of surface labeled proteins. The localization of
chimeric proteins was determined using fluorescently conjugated
secondary antibodies (see Methods). Tac-transfected cells
displayed the expected labeling pattern, with immunofluor-
escence localized predominantly to the plasma membrane
(Figure 1A). In contrast, labeling of cells transfected with Tac-
CHT 499−580 revealed a predominant intracellular labeling
(Figure 1B). Our conclusions regarding the limited endocytosis
of Tac fusions are supported by findings that staining patterns
following labeling at 4 °C followed by rewarming to 37 °C is the
same as those detected when labeling is visualized immediately
following labeling at 4 °C or if the permeabilization step is
omitted altogether (data not shown). Conversely, the punctate
labeling of Tac-CHT 499−580 following surface labeling and
rewarming requires permeabilization for detection as expected
for the fusion’s relocation to an intracellular compartment rather
than clustering on the plasma membrane.
To map the location of sequences directing endocytosis of the

Tac-CHT 499−580 chimera, we generated and analyzed Tac
constructs bearing overlapping deletions of the CHTC-terminus
(representative images, Figure 1C−E; a summary of the
localization of all mutants is presented in Figure 1F). Deletions
of up to 36 amino acids (Tac-CHT 498−544) from the CHT C-
terminus failed to alter the gross, intracellular localization of Tac
C-terminal chimeras, whereas deletions of between 40 (Tac-
CHT 499−540) and 48 amino acids (Tac-CHT 499−532)
yielded results consistent with enhanced delivery of chimeras to
intracellular compartments (Figure 1C). In contrast, a Tac fusion
bearing a C-terminal 60 amino acid deletion (Tac-CHT 498−
520) (Figure 1D) demonstrated a pattern of prominent surface
labeling much like that of Tac protein lacking fused sequences.
Analysis of a Tac fusion bearing a more N-terminal deletion
revealed that loss of the membrane-adjacent 21 amino acids of
the CHT C-terminus (Tac-CHT 520−580) supports efficient
Tac-CHT endocytosis (Figure 1E). When analyzed together,
these deletions define a discrete region between amino acids
S522 to V532 (SEENMDKTILV-1° Motif) of the CHT C-
terminus that drive endocytosis of Tac (Figure 1F). Additionally,
these studies identify another sequence motif between D540 and
L544 (DELAL-2° Motif) that supports enhanced surface
expression of the Tac-CHT fusion. However, in the context of
a full C-terminus, or in the full length CHT (see below), this
secondary motif does not appear to exhibit a dominant capacity
for surface trafficking.
Previously, we reported that coexpression of WT CHT with

dynamin I−K44A, a dominant-negative inhibitor of dynamin-
dependent endocytosis,42,43significantly elevated the cell surface
expression of CHT.44 To determine whether the C-terminus of
CHT supports dynamin-dependent endocytosis, we tested the
effect of the K44A mutant on Tac-CHT 499−580. Whereas
coexpression of wild type dynamin 1 had no effect on the
internalization capacity of Tac-CHT 499−580 (Figure 1G),
dynamin 1-K44A coexpression blocked the endocytosis of Tac-
CHT 499−580 (Figure 1H). If CHT C-terminal sequences are
essential for CHT endocytosis, then CHT C-terminus peptides
may block internalization of full length CHT by competing with
essential endocytic proteins and thereby elevating choline uptake
activity. Indeed, we measured a 30% increase in choline transport
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activity following treatment of CHT expressing cells with a TAT-
fusion peptide for the CHT C-terminus 1° Motif (Figure 1I).
The transctivating transcriptional activating (TAT) peptide
sequence from HIV-1 is a cell penetrating peptide sequence that
facilitates internalization of peptides.
Site-Directed Mutagenesis of CHT to Identify Key

Residues Supporting Basal Endocytosis. Amino acids
within the CHT C-terminus are not well conserved between
mammals and invertebrates.45 However, substantial conservation
is evident across the region comprising CHT amino acids 522−
535 (Figure 2A), a region that overlaps with the region we
designated as the 1° endocytic determinant motif for CHT in

either COS-7 or HEK293 cells. To identify specific amino acids
within this region that accounts for efficient endocytosis, we
implemented an alanine-scanning mutagenesis approach, evalu-
ating the functional effects of mutations on CHT via assessment
of choline uptake (Figure 2B). In comparison to the activity of
WT CHT, transporters bearing alanine substitutions at positions
522, 523, 527, 528, 531, and 532 produced statistically significant
increases in choline uptake. Alanine substitution at the highly
conserved residue L531 yielded the largest single effect in these
experiments. The double mutations I530A/L531A and the triple
mutation D527A/K528A/L531A did not significantly increase
CHT-mediated choline uptake beyond that elicited by the single

Figure 2. Characterization of the CHT endocytosis motif by alanine-scanning mutagenesis. (A) The 1° endocytic sequence motif of CHT identified in
Figure 1 is conserved across multiple species. (B) Analysis of choline transport in transiently transfected COS-7 cells reveals that alanine substitution of
specific CHT residues within this interval results in a significant increase in CHT-mediated choline transport (*p < 0.05 by ANOVA followed by
Bonferroni’s post-test; n = 4−7 for each mutant). The L531Amutation gave the greatest single residue mutation uptake increase. The combined L531A
and V532A combination gave the greatest uptake increase. This mutant was chosen for further characterization, referred to as CHT LV-AA in text. (C)
The cotransfection of a dominant negative mutant of dynamin (K44A) does not contribute to additional increases in the activity of CHTmutants within
the basal endocytic motif. (D) The sequence of 522−532 in CHT has elements in common with the characterized targeting sequence of other synaptic
vesicle proteins, specifically the dileucine-type motif identified as the most active CHT mutation.46,69.
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L531A mutation. However, the double substitution L531A/
V532A (white bar) generated even higher levels of uptake activity
than either substitution alone. Importantly, the increase in
choline transport activity found for the LV mutant was not
further augmented by cotransfection with the dynamin mutant
K44A, consistent with participation of the LV sequences in
dynamin-dependent, constitutive endocytosis of CHT (Figure
2C). When examined in comparison with other transporters that
exhibit efficient endocytosis, and a localization to synaptic
vesicles, the CHT LV sequence can be seen to lie within a
conserved dileucine-type motif, preceded by a cluster of acidic
residues46 (Figure 2D). Therefore, in subsequent experiments
we pursued a further analysis of endocytosis of the “CHT LV-
AA” mutant and used it to develop a HTS-compatible assay of
CHT activity.
CHT LV-AA Mutation Reduces Constitutive CHT

Endocytosis and Choline Transport Capacity. If the LV-
AA mutation in full-length CHT elevates choline uptake activity

via a disruption of constitutive CHT endocytosis, we should
detect an increase in steady-state levels of plasma membrane
CHT. To explore this issue, we employed cell-surface
biotinylation, comparing WT (wild type) CHT and CHT LV-
AA in transiently HEK-293T transfected cells. As predicted,
CHT LV-AA exhibited a significant increase in CHT cell-surface
expression compared to WT CHT (Figure 3A). Expression of
CHT LV-AA did not impact plasmamembrane abundance of the
transferrin receptor, a protein known to constitutively recycle by
clathrin-mediated endocytosis,47 indicating that the mutant
transporter does not exert a general effect on constitutive
endocytic proteins. The lack of calnexin in biotinylated extracts
demonstrates that surface fractions were not contaminated with
intracellular proteins (data not shown).
Kinetic analysis of choline uptake by CHT LV-AA in

transiently transfected cells confirmed expectations from
biotinylation experiments, as we detected an increase in choline
uptake Vmax but not in choline KM (Figure 3B−C and Table 2).

Figure 3. Characterization of the L531A/V532A CHT (LV-AA) mutant in transiently transfected cell lines. (A) Comparison of cell surface residence
among CHT, L531A, V532A, and LV-AA CHT in transiently transfected COS-7 cells. Following cell surface biotinylation, total (T) or surface (S)
fractions or the wild type and each mutant CHT were examined. The total fractions represent 10% of the input into the biotinylated protein extractions.
(B) Saturation kinetic analysis of CHT LV-AA compared to WT CHT was performed in transiently transfected COS-7 cells. CHT LV-AA has a
significant increase in activity compared to WT CHT (two way ANOVA interaction P-value <0.001 to 0.003). (C) The measured Vmax was 0.0676 ±
00841 pmol choline/min·mg forWTCHT versus 0.463± 00.119 pmol choline/min·mg for CHTLV-AA (p = 0.0006, n = 5, twoway ANOVA). TheKM
was not significantly altered by the mutation (data not shown), 10.58 ± 4.287 μM for WT CHT versus 7.484 ± 2.581 μM for CHT LV-AA (Student’s t
test). (D) Biotinylation-stripping endocytosis assay by treatment with MesNa after incubation at 37 °C for 5−15 min shows a greater level CHT LV-AA
maintained on the cell surface thanWTCHT. (E) Quantification of internalization at 5 min finds an impact of the LV-AA CHTmutation as a reduction
in the percent internalized protein compared to the WT CHT (p = 0.03, n = 3, Student’s t-test).
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To determine whether the elevated surface expression and
enhanced transport Vmax were derived from reduced rates of
endocytosis, we performed MesNa stripping experiments that
assess the time-dependent residence of membrane proteins after
surface labeling. These studies (Figure 3D,E) revealed that rates
of constitutive endocytosis of CHT LV-AA are significantly
reduced in comparison with CHT WT. These findings parallel
our observations using dynamin dominant−negative cotransfec-
tions and support the elevation in choline uptake and endocytic
capacity as arising from a perturbation of dynamin-dependent,
CHT endocytosis. Our findings are also consistent with evidence
that disruption of the AP3 adaptor complex in the mocha
mouse31 results in accumulation of CHT in the cell soma of
cholinergic neurons since AP3 machinery is involved in

dileucine-motif-based vesicle budding for somatic export.48

AP3 plays a role in the plasma membrane recycling of other
vesicular proteins at synaptic terminals, such as VGLUT
isoforms.48,49

Saturation Kinetic Studies of CHT Regulation in Stable
Cell Lines. To explore whether small molecule regulators of
CHT can exert comparable influences over CHT LV-AA as seen
with WT CHT, we generated stable HEK-293 cell lines
expressing either transporter. After identifying clones with
comparable transporter protein expression levels, as assessed
by immunoblots of total cell extracts, we observed the expected
elevation of CHT activity for the CHT LV-AA line and found the
elevated functional expression to derive from elevated trans-
porter surface expression (Figure 4A,B). Consistent with these
findings, the Vmax of choline uptake was found to be significantly
elevated in CHT LV-AA cells, without a change in choline KM
(see Tables 1−2).
Phosphorylation of multiple, presynaptic proteins (e.g.,

synapsin) is critical for synaptic vesicle release and endocytosis
in response to depolarization-induced elevations in intracellular
calcium.50−52 In relation to this study, synaptosomal CHT
activity and plasma membrane levels have been reported to be
regulated by protein kinase C (PKC) and cAMP-dependent
kinase (PKA)-linked pathways.53−55 In our stable cells
expressing WT CHT, application of the PKC activator PMA
(1 μM, 10 min) reduced choline uptake, arising from a reduction
in both the cholineKM and choline transport Vmax (Figure 4C,D).
Surface expression of WT CHT in these cells was too low to
reliably detect a reduced surface expression under conditions of a
reduced Vmax, though this change seems likely. Importantly, a
Vmax change was also apparent when cells expressing the CHT
LV-AAmutant were treated with PMA (Figure 4C), and here the
elevated steady-state transporter surface expression allowed us to
detect a reduction in CHT LV-AA surface expression (Figure
4G,H). Thus, although the CHT LV-AA mutant displays a
significant change in basal endocytosis capacity, PKC-dependent
regulatory mechanisms can still enhance internalization of
transporters, suggesting that additional endocytic motifs/path-
ways participate in this regulation. Interestingly, a choline KM
reduction was observed with PMA treatment of WT CHT after
PMA treatment that was not observed in CHT LV-AA
experiments. A reduction in choline KM suggests a shift in one
or more CHT conformations that increase CHT affinity for
substrate. One mechanism that could explain these findings is
that normally, following PKC activation, CHT shifts from a
constitutive endocytosis pathway to a regulated pathway. With
this shift could come an exchange of different associated proteins
that stabilize distinct CHT conformations linked to choline
interactions, read out in saturation transport assays as a change in
KM. Ramamoorthy’s group has identified a KM shift in serotonin
transport in platelets after PMA application, accompanied by a
distinct pattern of serotonin transporter (SERT) phosphor-
ylation than observed later once SERT moves into a PKC-
dependent, endocytic pathway. Possibly, the CHT LV-AA
mutation may not permit post-translational modifications and/
or protein associations that are needed to enter a PKC-
dependent, endocytic pathway, and precluding the shift of
choline KM seen with WT CHT. We recently identified a mutant
dopamine transporter (DAT) derived from a subject with
Attention Deficit/Hyperactivity Disorder (ADHD) that exhibits
an altered ability to adopt normal protein associations and
trafficking itineraries.56 These findings raise the possibility that
alterations mimicking the changes observed with the CHT LV-

Table 1. Alterations in Vmax in Saturation Kinetic Studies of
CHT and LV-AA Following PMA and Staurosporine
Treatment of the HEK293 Stable Cell Linea

cell line treatment
Vmax (mean ±

SEM) fold change

hCHT none 1.95 ± 0.50
hCHT LV-
AA

none 6.20 ±1.42(**) 3.2-fold increase from WT
CHT

hCHT PMA
(1 μM)

0.624 ±
0.11(***)

2.6-fold decrease from
untreated WT

hCHT LV-
AA

PMA
(1 μM)

3.52 ± 0.40(*) 1.8-fold decrease from
untreated LV

hCHT Stauro.
(5 μM)

1.35 ± 0.28(*) 1.4-fold decrease from
untreated WT

hCHT LV-
AA

Stauro.
(5 μM)

6.21 ± 0.97

aTreatment with PMA reduced the Vmax of both the CHT and CHT
LV-AA cell lines. Treatment with staurosporine did not have a
significant impact on the Vmax of CHT LV-AA but did reduce the Vmax
of CHT. These measurements are the combined analysis of an n = 4−
5 trials in triplicate. Significant change was determined by Student’s t-
test analysis of all trials and reported next to values as *−*** for p
values less than 0.5−0.01. Standard error between replicates is less
than 10% (data not shown).

Table 2. Alterations in KM in Saturation Kinetic Studies of
CHT and LV-AA Following PMA and Staurosporine
Treatment of the HEK293 Stable Cell Linea

cell line treatment
KM (mean ±

SEM) fold change

hCHT none 19.26 ± 9.1
hCHT LV-
AA

none 21.13 ± 9.0

hCHT PMA
(1 μM)

9.72 ± 4.3(*) 1.98-fold decrease from
untreated WT

hCHT LV-
AA

PMA
(1 μM)

17.3 ± 4.1

hCHT Stauro.
(5 μM)

4.45± 2.8(**) 4.3-fold decrease from
untreated WT

hCHT LV-
AA

Stauro.
(5 μM)

11.91 ± 4.4(*) 1.7-fold decrease from
untreated LV

aTreatment with PMA had a significant impact on KM of the CHT cell
line. Treatment with staurosporine reduced the KM of both the CHT
and the CHT LV-AA cell lines. These results imply that the uptake
increases measured with staurosporine are not due to increased
trafficking of the transporter but are more likely due to an increase in
kinetic efficiency of the transporter. These measurements are the
combined analysis of n = 4−5 trials in triplicate. Significant change was
determined by Student’s t-test analysis of all trials and reported next to
values as *−*** for p values less than 0.5−0.01. Standard error
between replicates is less than 10% (data not shown).
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AAmutationmay contribute to disorders linked to compromised
cholinergic signaling.
Since PMA reduces choline transport capacity in parallel with

enhanced transporter endocytosis with either WT CHT or CHT
LV-AA cells, it seems likely that the sequences that mediate PKC-
dependent transporter down-regulation lie distal to the LV
dileucine motif. S522 in CHT corresponds to S480 in VAChT
(see Figure 2D). S480 is phosphorylated in response to PKC

activation,57 with an accompanying reduction in VAChT
localization to synaptic vesicles. We have found that the CHT
S522A mutant supports equivalent choline transport activity as
WT CHT (data not shown). Moreover, these transporters are
equally sensitive to PMA treatments (data not shown, n = 5, p <
0.05 t-test). Similar sensitivity was also observed with a T529A
substitution. These findings support the idea that constitutive
and PKC-induced CHT endocytosis derive from distinct

Figure 4.Generation of CHT expressing stable cell lines to facilitate HTS development. HEK293 cell lines were generated expressing CHT and the LV-
AA mutant. (B) The expression of WT CHT and CHT LV-AA was characterized by saturation kinetic analysis. LV-AA CHT demonstrates a 3-fold
increase in Vmax (see Tables 1−2). (A) These cell lines were analyzed for cell surface expression by membrane impermeant biotinylation; again as shown
for the transient expression, LV-AA CHT has a much greater cell surface expression. (C−D) Saturation kinetic analysis of the cell lines was performed
under the condition of no treatment and PMA treatment to activate PKC. The PMA treatment reduced measured Vmax. (E−F) Saturation kinetic
analysis was performed under the condition of staurosporine treatment to inhibit kinase activity. The predominant effect was a reduction in measured
KM. (G−H) The surface trafficking impact of PMA and staurosporine treatment was examined using membrane impermeant cell surface biotinylation in
the CHT LV-AA cell line. Treatment of the cell line with PMA, but not staurosporine, leads to a significant reduction in cell surface expression (p =
0.0005, n = 3, Student t-test).
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Figure 5.Development of the CHTHTS assay usingmembrane-potential sensitive fluorescent dyes (Molecular Devices). Membrane potential sensitive
dyes are incubated with HEK293 cells that are monitored in real time for fluorescent signal changes. (A) HEK293 cells do not generate a fluorescent
signal following the application of choline (black arrow) and therefore do not demonstrate a choline-induced depolarization. (B−C) Transient
transfection of WT CHT and CHT LV-AA into HEK293T cells demonstrated a specific choline-induced depolarization signal. (D−E) The LV-AA
CHT stable cell line displayed an improved signal-to-noise ratio and a linear choline concentration−response from 0.1 to 30 μM. The signal measured
using CHT LV-AA cells was significant enough to consider for the creation of a HTS assay to uncover allosteric potentiators of CHT. (F−G) The
specific CHT antagonist HC-3 inhibits the choline-induced membrane depolarization of this cell line. (H) Summary comparison of the relative signal
response of HEK293 cell lines expressingWTCHT and CHT LV-AA to choline-induced membrane depolarization. (I) CHT LV-AA expressing oocyte
membrane current response to choline is reduced under conditions of very high internal choline concentrations.30.
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mechanisms. Similar conclusions have been reached regarding
sequences supporting the basal and PKC-dependent endocytosis
of DAT.58,59

Gates and colleagues found that the broad specificity kinase
inhibitor staurosporine produced no effects on its own in rat
synaptosomes at 1 μM but blocked PMA-induced reductions in
choline uptake.53 We were thus surprised to find that treatment
of WT CHT stable cells with staurosporine (5 μM, 10 min)
produced a 2-fold increase in choline uptake (n = 16, p < 0.005 t-
test, Figure 7B) that was supported by a significant reduction in
choline KM (Figure 4E,F). These findings are consistent with a
staurosporine-induced alteration in choline affinity. A reduction
in WT CHT Vmax was also observed after staurosporine
treatment (see Tables 1−2). As noted for PMA studies, levels
of WT CHT surface expression were insufficient to determine
whether Vmax reductions derive from a reduction in transporter
surface expression. Additionally, when we treated isolated mouse
striatal synaptosomes with staurosporine (5 μM, 10 min), we
measured a significant increase in choline uptake, when
measured at sub-KM concentrations, though to not as large an
extent as seen in the cell culture models (Figure 7F,G). Gates and
colleagues53 used a preparation of combined hippocampal and
striatal synaptosomes. We did not observe a stimulation of CHT
activity in hippocampal synaptosomes, and thus, the differences
in the Gates study and ours suggest region-dependent differences
in CHT conformations or signaling pathways that support
sensitivity of CHT to staurosporine. In contrast to staurosporine,
we found that the more specific PKC inhibitor BIM-1 did not
stimulate CHT uptake (data not shown)). Thus, staurosporine
appears to shift CHT KM via a PKC-independent mechanism.
Staurosporine also produced a reduction in choline transport KM
in CHTLV-AA cells. However, CHT LV-AA cells did not display
the reduced Vmax seen withWTCHT cells (Figure 4E,F), nor did
we detect a significant reduction in CHT LV-AA surface
expression following staurosporine treatment (Figure 4H). On
the basis of these observations, we hypothesize that the actions of
staurosporine are allosteric in nature, either through a direct
interaction with CHT or through the action of a CHT
modulator, where both WT CHT and CHT LV-AA can be
shifted to a high-affinity state. In the case of WT CHT, an
accompanying reduction in CHT Vmax can offset the KM effect
when assays are performed at higher concentrations of choline,
thereby obscuring an effect of staurosporine on transport
function. If the allosteric hypothesis for the actions of
staurosporine is correct, molecules developed around a
staurosporine scaffold could act to sustain choline transport
activity when levels of uptake are limited by extracellular choline
availability.
Development of aNonisotopic, HTS-Compatible Assay

of CHT Function. The development of CHT LV-AA cells that
exhibit significantly diminished constitutive endocytosis and our
studies with staurosporine encouraged our development of an
HTS-compatible assay for allosteric potentiators/inhibitors. As
noted above, however, measurement of radiolabeled choline flux
is expensive and less suitable for the automation needed in HTS
efforts compared to nonradioisotopic techniques. Interestingly,
CHT has been demonstrated to be an electrogenic transporter,
demonstrating choline-independent (i.e., “leak”) and choline-
dependent currents, both of which are blocked by HC-3.30

Additionally, the latter studies demonstrated a significantly
elevated choline-induced current in human CHT LV-AA cRNA-
injected Xenopus oocytes, as compared to WT CHT. We
hypothesized that if these currents are evident in our transfected

mammalian cells, then we may be able to utilize voltage-sensitive
dyes to follow membrane depolarization as an HTS-compatible
surrogate for CHT activity. To assess this possibility, we utilized
transient transfection of WT CHT and the CHT LV-AA in
HEK293T cells, monitoring membrane potential-dependent
changes in fluorescence in a 384-well plate format. As shown in
Figure 5A, untransfected HEK293T cells do not exhibit a
measurable depolarization following choline (10 μM) addition.
Addition of choline to WT CHT-transfected cells produced only
a small increase in fluorescence above that seen with non-
transfected cells (Figure 5B), even at saturating choline
concentrations. However, and as predicted from [3H]-choline
transport assays, choline application to CHT LV-AA transfected
cells produced a much larger, dose-dependent, membrane
depolarization (Figure 5C). Although the depolarization-
dependent signal rose rapidly following choline application, the
fluorescence signal waned despite the continued presence of
choline. Importantly, depolarizations induced by choline in both
WT CHT and CHT LV-AA transfected cells were inhibited by
HC-3 at potencies expected from transport assays (data not
shown).
Using the CHT LV-AA stable cell lines, we pursued a more

thorough characterization of CHT-associated membrane
depolarization, pursuant to its use for HTS activities. As with
transiently transfected cells, stable CHT LV-AA cells displayed a
dose-dependent, choline-induced membrane depolarization that
exhibited a rapid rise to peak signal after choline application
followed by a slower decline to baseline. When peak signals were
monitored as a function of choline, we obtained data that could
be well fit to a 1 site model, yielding a KM of choline of 3.11 ±
1.19 μM, close to the choline KM values obtained with
radiometric assays (Table 1). HC-3 inhibited choline-induced
depolarization of CHT LV-AA cells with an IC50 of 320 nM,
which after transformation60 yields a KI of ∼10 nM, similar to
cholinergic nerve terminals where an IC50 for HC-3 of ∼50 nM
has been reported.61,62 Together, these findings indicate that
assays in stably transfected CHT LV-AA cells can be a useful,
HTS-compatible substitute for traditional CHT assays employ-
ing radiotracer methods.
The transient nature of CHT LV-AA membrane depolariza-

tion following choline application could arise from transporter
inactivation or internalization. Okuda and colleagues63 recently
reported that choline could induce CHT internalization, though
not over the time course needed to account for our transient
changes in membrane depolarization. Moreover, our own
biotinylation studies did not reveal choline-induced alterations
in CHT surface expression in stably transfected HEK-293T cells
(data not shown). Possibly, the transient nature of the
fluorescence signal could derive from a time-dependent
reduction in the ion/substrate gradients needed to sustain
continued net choline-induced charge flux. Once the concen-
tration of intracellular choline reaches the equilibrium value
permitted by the electrochemical gradient driving choline
uptake, net CHT activity will cease. We tested this idea using
CHT LV-injected Xenopus laevis oocytes, where we monitored
choline-inducted currents after injections of choline to mimic the
increasing intracellular concentrations of our stable cells. We
found that CHT-induced currents declined as internal choline
concentrations rose (Figure 5I), consistent with the transient
nature of the CHT-dependent current as arising from
accumulation of intracellular choline. These data also argue for
the use of peak depolarization as the dependent measure when
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using the fluorescence assay for quantitative analyses of CHT
modulation.
Given the inhibitory effects of intracellular choline noted on

CHT-dependent ion flux, we pursued approaches to increase the
driving force for choline entry, with an eye to increasing further
CHT activity signals as an aid to HTS efforts. We reasoned that
metabolism of intracellular choline during the assay could
maintain the driving force for choline uptake since a component
of that driving force is choline itself. Therefore, we cotransfected
cDNAs encoding the enzyme choline acetyl-transferase (ChAT)
along with either WT-CHT or CHT LV-AA, and then assessed
the impact on choline uptake relative to cells transfected with the
transporters alone. We verified expression of ChAT protein by
Western blot (Figure 6A) and established that expression of
ChAT in HEK293T cells led to the production of ACh by HPLC
(Figure 6B). We also determined that transfected ChAT
consumed sufficient choline to reduce the endogenous choline
content by ∼3-fold when compared to cells transfected with
CHT LV-AA alone (Figure 6C). As predicted, ChAT
cotransfection with CHT LV-AA significantly increased choline
uptake by 2.5-fold (Figure 6D). Similarly, cotransfection of
choline kinase L (CHKL) or choline kinase A (CHKA) (data not
shown), other enzymes that utilize choline as a substrate, also led
to a significant increase in choline uptake (**n = 6, p < 0.01).
Surprisingly, these treatments did not alter choline-induced

membrane potential changes (Figure 6E). Since the membrane
potential assay we used is likely driven by CHT-dependent
sodium flux, we reasoned that the failure to produce enhanced

membrane depolarization despite elevated choline uptake could
derive from endogenous electroneutral choline transport
pathways. Organic cation transport systems are expressed in
HEK293 cells,64 and these transporters that could be responsible
for the elevation in choline flux rates observed when endogenous
choline levels are depleted. Supporting these ideas, incubation of
ChAT/CHT LV cotransfected cells with the OCT2 inhibitor
clonidine65 (Figure 6F) reduced the gain achieved in choline
uptake relative to CHT LV-AA cells. Together, these data
indicate that reducing intracellular choline to achieve higher
choline transport rates in HEK293 cells obfuscates contributions
of choline uptake byCHT. Importantly, the electroneutral nature
of these pathways suggests that we are unlikely to recover false-
positve, small molecules in HTS screens of CHT-supported
membrane depolarization. Further studies are required to
understand why intracellular choline injections influenced
CHT-dependent currents in Xenopus laevis oocytes, though
this may derive from lower endogenous expression of electro-
neutral choline transport pathways in Xenopus oocytes66

compared to that in HEK293T cells, thereby allowing choline
levels to more specifically alter CHT function.

CHT Activator Staurosporine Reduces Choline-In-
duced Membrane Depolarization. The major goal in our
development of the CHT membrane depolarization assay is to
establish an approach compatible with an HTS screen for
allosteric CHT activators. Given the demonstration above that in
CHT LV-AA stable cells staurosporine elevates CHT activity
through a reduction in the choline KM (Figure 4 and Table 1), we

Figure 6. Investigation of auxiliary methods to increase choline-induced membrane potential to facilitate the HTS screen. (A) The cholinergic enzyme
choline acetyltransferase (ChAT) synthesizes acetylcholine (ACh) from choline. ChAT was transiently transfected into HEK293T cells and produced
the cytoplasmic protein. (B) ChAT transfected inHEK293T cells was capable of producing ACh as measured byHPLC analysis. (C) ChAT transfection
into HEK293 cells reduced the basal choline level of the cells (**n = 4, p < 0.01). (D) The choline utilizing enzymes, CHKA and ChAT, significantly
increased 3H-choline uptake in cotransfected HEK293T cells (***n = 6, p < 0.001). (E) The cotransfection of LV-AA CHT (white bar) with ChAT (X-
hatch bar) did not increase the response to the choline-induced membrane potential assay. (F) Inhibition of the organic cation transport (OCT) system
with clonidine65 reduced the 3H-choline uptake increase seen following ChAT cotransfection with CHT LV-AA. Significant change was determined by
Student’s t-test analyses of all trials n = 3−5 for all assays and reported under values as *−*** for p values less than 0.05−0.001.
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used staurosporine to test whether the fluorescence assay would
report a comparable elevation in membrane potential (Figure
7A−C). We assessed choline-induced changes in membrane
potential (Figure 7A) in parallel with a traditional uptake assay
(Figure 7B), as well as in a scintillation proximity assay of choline

uptake (Figure 7C), all in a 96-well format. In contrast to
expectations, staurosporine (5 μM) decreased choline-induced
changes in membrane potential, implying that fewer positively
charged (likely Na+) ions are moving through the transporter.
These effects are CHT-dependent as staurosporine had no effect

Figure 7. Establishment of secondary assays to verify compounds discovered using the choline-induced membrane potential assay: Staurosporine as a
model CHT activator. (A−E) Secondary assays performed on the CHT LV-AA cell line. (A) The fluorescent peak response of the choline-induced
membrane potential assay (bar 1) is inhibited by HC-3 (bar 3). Treatment of CHT LV-AA cells with 5 μM staurosporine for 60 s before choline
application significantly reduced the fluorescent signal response mediated by Na+ flow through the transporter (p < 0.0001). (B) Following a successful
HTS campaign, CHT active compounds will be initially screened for specificity through a traditional 3H-choline uptake assay adapted to a 96-well
format (TopCount Perkin-Elmer). As shown in Figure 4 and Table 2, staurosporine was found to increase choline uptake through aKMmechanism (210
nM choline, p < 0.0001). C) As an alternative, a real-time measurement of [3H]-choline uptake in live cells via Scintillation Proximity Assay (SPA) may
also be utilized, but this assay has a lower measured uptake signal. SPA results replicate the uptake finding (p < 0.05). (D−E) The concentration of
applied choline impact response to compounds in the choline-induced membrane potential assay: (D) 5 μM, but not 10 μM, staurosporine treatment
significantly decreased the membrane potential change induced with 410 nM choline (p < 0.0001). (E) Application of 10 μM choline produced a
fluorescence response that was reduced in the presence of both 5 μM and 10 μM staurosporine. A greater reduction in fluorescent response is found
treating with 10 μM staurosporine, although the 5 μM treatment is still significant (p < 0.01 and p < 0.0001). (F) Following verification in secondary
assays, compounds found in this HTS campaign will be screened against preparedmouse synaptosomes. Staurosporine significantly increased the uptake
of [3H]-choline in mouse striatal synaptosomes (p = 0.003, n = 3, Student’s t-test). The CHT heterozygous animal (±) could also be stimulated by
staurosporine (p = 0.01) and demonstrated a reduced basal [3H]-choline uptake capacity (p < 0.001). (G) In contrast, [3H]-choline uptake
measurements from hippocampal synaptosomes were staurosporine-insensitive. Although the CHT ± animal had an elevated uptake, this was not
significant. Significant change was determined by Student’s t-test analyses of all trials n = 3−5 for all assays and reported under values as *−*** for p
values less than 0.05−0.001.
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on the membrane potential of nontransfected cells (data not
shown). The effect of staurosporine is apparent at low (420 nM),
as well as high (30 μM), choline concentrations (Figure 7D,E)
and is dose-dependent. Additionally, no significant inhibition of
[3H]-HC-3 binding was detected with staurosporine (data not
shown). Thus, the CHT-dependent effects of staurosporine on
membrane potential are most consistent with an allosteric action
that shifts CHT to a high-affinity conformation that more
efficiently couples choline uptake to the transmembrane sodium
gradient at the expense of nonstoichiometric ion flow.30 To our
knowledge, the actions of staurosporine represent a novel
mechanism by which a small molecule can potentiate the activity
of an electrogenic transporter. Additionally, these results argue
for consideration of both depolarizing and hyperpolarizing
molecules when screening for activators of choline transport.
Since we detected a choline KM reduction with staurosporine
treatments of both WT CHT and CHT LV-AA expressing cells
(Table 1), agents with a profile such as that exhibited by
staurosporine can be reasonably expected to stimulate choline
transport activity in secondary assays using WT CHT.
Finally, to use the CHT LV-based membrane potential assay

for HTS, we needed to establish the sensitivity and reliability of
the assay from plate to plate and from day to day. The
reproducibility and sensitivity of the assay can be assessed using a
parameter termed Z′.67 Values of Z′ greater than 0.5, obtained by
assaying plates at three different times of the day on three
sequential days, report that the assay is sensitive and reproducible
enough to use for HTS paradigms. We compared EC20 (0.4 μM)
versus ECmax (30 μM), obtaining Z′ values that yielded values of
0.52, 0.46, and 0.56 (data not shown). More recent studies using
robotic application of choline in a 384-well format produced Z′
values ranging from 0.59 to 0.72 (Johns Hopkins Ion Channel
Center, personal communication). These values support the
utility of a membrane potential assay, in the context of an
endocytosis-compromised CHT, for use in HTS activities. Since
the majority of chemical libraries are dissolved and tested in
DMSO, we determined the effects of DMSO in our assay. A final
concentration of 0.1% or less had little to no effect on choline-
induced membrane depolarization. Thus, our assay should
permit a test of compounds at 10 μM in 0.1% DMSO, diluted
from 10 mM stocks prepared in DMSO.
In summary, we have developed and characterized a novel

membrane potential-based assay for CHT function that should
permit the implementation of HTS screens for allosteric
transporter modulators. The methods we are using currently
for HTS of CHT inhibitors and activators is provided in
Methods. The assay makes use of the endocytosis-limited CHT
LV-AA mutant that produces much higher cell surface levels of
CHT protein as well as significantly increased choline transport
levels and CHT-dependent currents. In characterizing how
agents used to study CHT regulation impact both WT CHT and
CHT LV-AA, we discovered that staurosporine reduces choline
KM and increases choline flux at subsaturating choline
concentrations. These changes are accompanied by a reduction
in transporter-dependent, uncoupled ion flow, a result that has
mechanistic significance in dissecting the processes by which ion-
coupled choline flux relates to pathways of choline-gated,
uncoupled ion flow. Our findings also have practical significance
with respect to the use of the membrane potential assay to screen
for CHT activators. Efforts to use HTS-based membrane
potential assays for other electrogenic transporters should
consider changes in substrate coupling and alterations in
uncoupled ion flow into the selection of candidate modulators.

■ METHODS
Cell Culture. HEK-293T, HEK-293, and COS-7 cells were

maintained according to ATCC guidelines and media recipes and
used at 70−100% confluency. All mammalian cells were transfected
using TransIT (Mirius) (according to the manufacturer’s directions).
Cells were harvested at 16−72 h growth according to the experimental
design. HEK-293 cells stably expressing the human choline transporter
(hCHT) or the hCHT mutant CHT LV-AA were selected from single
cell colonies and maintained with media supplemented with 250 μg per
mL of G418.

Plasmid Constructs. The eukaryotic expression vector pcDNA3
(Invitrogen) was used for expression studies in mammalian cell lines for
CHT, Tac, and Tac-CHT fusion proteins. ChAT in PCMV6 was
acquired fromOrigene, and Choline Kinase clones (CHKL and CHKA)
were obtained from the Harvard Institute of Proteomics and
recombined into HA-pLPCMV. Site-directed mutagenesis was
performed according to the manufacturer’s directions (Stratagene).
All mutations were confirmed by double strand sequencing in the DNA
Sequencing Core of the Vanderbilt Division of Genetic Medicine.

Tac Fluorescence Assay. Tac trafficking assays were performed as
described in ref 40. Transfected, unpermeabilized HEK293 cells were
labeled with anti-Tac antibody (1:250) at 4 °C for 1 h. The antibody was
removed, fresh media applied, and the cells returned to 37 °C for 1 h.
The cells were then fixed, permeabilized, and visualized with FITC
conjugated mouse IgG staining (Rockland).

TAT-Peptide Analysis. HIV-TAT peptide sequence was synthe-
sized as a fusion to hCHT sequence 524−539, corresponding to the 1°
LV endocytic motif (Open Biosystems). The peptide was incubated
with CHT HEK293 stable cell lines at 10 μM for 60 min followed by
standard choline uptake measurement.

Na+-Dependent Choline Uptake Assay. The activity and
saturation kinetics of expressed CHT were assayed as described29

with minor variation. For these studies, both COS-7 and HEK293 cells
plated on poly-D-lysine coated plates were used as noted. Statistical
analyses were performed using Student’s t-test and One or Two Way
Analysis of Variance using Graphpad Prism software (version 5.0).

Biotinylation of Surface Proteins.Cell surface biotinylations were
performed as previously described68 using NHS-S Biotin (Pierce).
Biotinylated proteins were isolated with Ultralink Avidin (Pierce),
eluted in Laemmli buffer, resolved by SDS−PAGE, blotted to PVDF
membrane (Millipore), and probed with either the polyclonal rabbit
(1:500−1:1000) or the monoclonal mouse CHT antibody (1:1000−
1:5000) dependent upon experimental conditions. For MesNa cell
stripping analysis, the following steps were added: biotinylated wells
were returned to 37 °C for 5−15 min, then washed and incubated with
MesNa (2-Mercaptoethanesulfonate) at 50 mM in PBS at 4 °C followed
by three 15-min PBS washes before completion of the protocol. CHT
antibodies have been described previously.29,31,36

Ooctye Physiology. Analysis of choline-activated currents in CHT
cRNA-injected, Xenopus laevis ooctyes was performed by two-electrode
voltage clamp as described in ref 30.

Choline-Induced Membrane Potential Assay (96-Well Flex-
Station Format). HEK-293T cells stably expressing hCHT LV-AA or
control cells were plated into 96 well, black walled, clear bottom poly-D-
lysine coated plates (BioCoat BD Biosciences). Cells were plated in 50
μL/well at 70,000 cells/well and allowed to grow for 48 h. The cells were
preincubated in HBSS/HEPES 1× dye (70 μL of Blue membrane
potential dye, R8042 at 1.67 μg/mL, Molecular Devices) for 30 min.
Tested compounds, such as staurosporine were also added at this
preincubation step. The plates were read in FlexStation (Molecular
Devices) to record baseline (1 min), and the FlexStation module was
used to add choline (5×, 20 μL) at 0, 1, 5, and 10 μM final concentration
in HBSS/HEPES 1× dye. Fluorescence was recorded for 2−4 min with
sampling every 1.5 s. Data was analyzed by SoftMax Pro and exported to
Excel for further analysis.

Choline-Induced Membrane Potential Assay (384-Well HTS
Format). HEK-293T cells stably expressing CHT or CHT LV-AA or
control cells were plated into 384-well, black walled, clear bottom poly-
D-lysine coated plates (BioCoat BD Biosciences) at 20,000 cells in 20
μL/well dispensed using a Thermo Electron Multidrop reagent
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dispenser. Plated cells grew overnight at 37 °C. The following day, the
culture medium was removed and plates washed 3× with ELX washer
(Biotek), and 20 μL/well of 1.67 μg/mL of the membrane potential dye
(Molecular Devices #R8042) was added in assay buffer (Hanks
Balanced Salt Solution (HBSS, Gibco) containing 20 mM HEPES,
pH 7.3, by a dispenser (Thermo). Cells were incubated for 30 min at 37
°C. For agonist and antagonist screens, compounds are diluted to 2.5×
their final desired concentration in HBSS. For control plates, a choline
concentration curve and HC-3 were prepared in assay buffer at 5× the
final concentration to be assayed. Cell plates and compound plates were
loaded into a Hamamatsu FDSS 6000 kinetic imaging plate reader. The
assay collected baseline fluorescence analysis for 20 s at 1/2 Hz prior to
agonist/test compound addition. The selective CHT antagonist, HC-3,
may be added or not, and the fluorescence was collected for an
additional 2 min at 1/2 Hz, 10 μL of choline in assay buffer or choline
plus agonist/test compound were added, and data were collected for an
additional 7 min. Data were then analyzed by Hamamatsu FDSS 6000
imaging software and bulk export of collected data points to Excel for
further analysis was immediately performed using spreadsheet software.
Scintillation Proximity Assay of Choline Uptake (96-Well

Format). HEK-293T cells stably expressing hCHT LV-AA or control
cells were plated at 125,000 cells in 100 μL/well and grown overnight.
Each plate was washed two times with Kreb’s−Ringer’s−HEPES (KRH,
and 20 mMHEPES buffer, pH 7.4). Wells were incubated with 40 μL of
KRH buffer with or without drug at 1.25× using a Thermo dispenser.
Plates were incubated at 37 °C in an atmosphere of 5% CO2 for 15 min
followed by an addition of a 10 μL volume of 205 nM or 410 nM (final
concentrations) [3H] choline chloride (Perkin-Elmer 1mCi/mL) in
KRH buffer. Plates were incubated at 37 °C in an atmosphere of 5%CO2
for 30 min, then cooled at room temperature for 15 min before sealing
for readout in the TopCount (Perkin-Elmer).
Choline Transport Activity Assay (96-Well Format). HEK-293

cells stably expressing hCHT LV-AA or HEK293 control cells were
plated into poly-D-lysine coated, 96 well, white, plates (Culturplate-96,
Packard) at 75,000 cells in 100 μL/well and allowed to grow for 48 h.
Each plate was washed two times with KRH and 20 mMHEPES buffer,
pH 7.4. Wells were filled with 40 μL of KRH buffer with or without drug
using a Thermo dispenser. Plates were incubated at 37 °C in an
atmosphere of 5% CO2 for 15 min followed by an addition of a 10 μL
volume of 205 μM(final concentrations) [3H]-choline chloride (Perkin-
Elmer 1 mCi/mL) in KRH buffer and the assay completed as described
previously. A volume of 100 μL of scintillant was used and plates
analyzed by TopCount (Perkin-Elmer).
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