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Presynaptic acetylcholine (ACh) synthesis and release is thought to
be sustained by a hemicholinium-3-sensitive choline transporter
(CHT). We disrupted the murine CHT gene and examined CHT���
and ��� animals for evidence of impaired cholinergic neurotrans-
mission. Although morphologically normal at birth, CHT��� mice
become immobile, breathe irregularly, appear cyanotic, and die
within an hour. Hemicholinium-3-sensitive choline uptake and
subsequent ACh synthesis are specifically lost in CHT��� mouse
brains. Moreover, we observe a time-dependent loss of spontane-
ous and evoked responses at CHT��� neuromuscular junctions.
Consistent with deficits in synaptic ACh availability, we also
observe developmental alterations in neuromuscular junction mor-
phology reminiscent of changes in mutants lacking ACh synthesis.
Adult CHT��� mice overcome reductions in CHT protein levels
and sustain choline uptake activity at wild-type levels through
posttranslational mechanisms. Our results demonstrate that CHT
is an essential and regulated presynaptic component of cholin-
ergic signaling and indicate that CHT warrants consideration
as a candidate gene for disorders characterized by cholinergic
hypofunction.

Acetylcholine (ACh) serves important roles as a neurotrans-
mitter of both the central and peripheral nervous systems.

ACh is released at the neuromuscular junction (NMJ), as well as
at autonomic synapses, and also modulates a variety of central
circuits that support arousal, attention, reward, learning, and
memory (1–4). Lethal deficits in cholinergic function occur with
exposure to irreversible acetylcholinesterase (AChE) inhibitors
(5). Genetic and autoimmune impairments in ACh synthesis or
responsiveness at the NMJ trigger myasthenic syndromes (6),
whereas degeneration of basal forebrain cholinergic neurons
occurs in Alzheimer’s disease and may contribute to dementia
(7). In turn, both myasthenias and symptoms of dementia are
relieved by reversible AChE inhibitors (8).

Within presynaptic terminals, ACh is synthesized from choline
and acetyl-CoA by the enzyme choline acetyltransferase (ChAT)
(9, 10), and this ACh synthesis is thought to be limited by choline
availability (11, 12). With respect to sources of choline, pathways
exist within the brain for the de novo synthesis of phosphatidyl-
choline from phosphatidylethanolamine (13), and the release of
choline by the action of phospholipase D can support ACh
synthesis (14). However, cytoplasmic synthesis of ACh is be-
lieved to depend predominantly on the acute uptake of extra-
cellular choline across the presynaptic plasma membrane (12,
15). Two major neuronal transport mechanisms for choline have
been described: a Na�-dependent, hemicholinium-3 (HC-3)-
sensitive, high-affinity choline uptake (HACU; Km � 1–5 �M)
process associated with cholinergic presynaptic terminals and a
more ubiquitous mechanism of HC-3-insensitive, Na�-
independent, choline transport having a lower affinity for cho-
line (Km � 100 �M) (16, 17). High-affinity HC-3-sensitive
choline transport is believed to sustain ACh synthesis in presyn-

aptic terminals (15, 16, 18). Indeed, the dynamic regulation of
HACU in response to changes in cholinergic neuronal activity
appears to match presynaptic ACh synthesis to the rate of ACh
release (19).

Despite several decades of research on presynaptic cholinergic
mechanisms, the identity of the choline transporter (CHT) has
only recently become clear (20). Okuda and coworkers (21), as
well as our own group (22, 23), have shown that the transfection
of cloned CHT cDNAs elicits Na��Cl�-dependent HC-3-
sensitive HACU in cultured cells. Additionally, in rodents (24,
25) and humans (26), CHT proteins are found in all major
cholinergic nuclei and colocalize with the vesicular ACh trans-
porter (VAChT) at presynaptic terminals (25). In conjunction
with evidence that HC-3 treatment of animals suppresses ACh
synthesis (27, 28), CHT’s synaptic localization argues that
the transporter plays a critical role in sustaining cholinergic
signaling.

To evaluate the in vivo contributions of CHT to cholinergic
neurotransmission, we targeted the CHT gene in mice by
homologous recombination in embryonic stem (ES) cells.
CHT��� mice exhibited deficits in cholinergic function and
died neonatally. In contrast, CHT��� mice maintain wild-type
levels of HC-3-sensitive presynaptic choline uptake despite a
significant reduction in CHT protein levels. Our results demon-
strate that CHT plays an essential and regulated role in sustain-
ing cholinergic neurotransmission.

Methods
Approval was obtained from our respective Institutional Animal
Care and Use Committees for experiments involving mice. A
portion of the mouse CHT gene beginning at the start codon in
exon 2 and extending into intron 4 was deleted by homologous
recombination in embryonic stem cells. A full description of
methods for the targeting of the CHT gene as well as for
immunofluorescence and histochemical analyses can be found in
the Supporting Text, which is published as supporting informa-
tion on the PNAS web site.

Immunoblot Analysis. Freshly dissected brain tissue was subjected
to immunoblot analysis as per our previously established pro-
tocols for CHT detection (25). Anti-vesicular ACh transporter
immunoblots used a goat polyclonal antibody from Chemicon.
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NMJ Electrophysiology. Embryonic day 19 (E19) mice were anes-
thetized by i.p. injection of 0.05 ml of ketamine (17.4 mg�ml;
Phoenix Pharmaceuticals, St. Joseph, MO). Sternomastoid mus-
cle with attached nerve was removed and pinned out in a
Sylgard-lined Petri dish and superfused with oxygenated normal
saline solution (pH 7.4) containing 137.5 mM NaCl, 2.5 mM KCl,
1 mM MgCl2, 2 mM CaCl2, 10 mM D-glucose, and 10 mM Hepes.
Sharp glass microelectrodes (1.0-mm o.d.; W-P Instruments,
New Haven, CT) were pulled (50–70 M�) and filled with 3 M
KCl, and single muscle fibers were impaled near the motor end
plate. Evoked end-plate potentials (EPPs) and miniature EPPs
(MEPPs) were amplified by using an Axopatch 1D amplifier
(Axon Instruments, Foster City, CA), low-pass filtered at 1 kHz,
and digitized at 10 kHz by using an analog-to-digital converter
(DigiData; Axon Instruments) and interactive software (AXO-
SCOPE 9.0; Axon Instruments). Intracellular recordings were
obtained from muscles incubated with 1.8 mM Ca2� (Ringer’s
solution) and in the presence of 2 mM d-tubocurarine. MEPPs
(100–200) were recorded in high-Mg2� (12 mM), low-Ca2� (1
mM) saline solution over a 2- to 4-min recording period.

Transport Assays. Crude synaptosomes (P2 fraction) from the
brains of newborn mice were prepared as previously described
for adult mice (25). Assays of choline transport activity in the
brains of newborn mice were performed in triplicate for 5 min
at 37°C in Krebs Ringer’s Hepes buffer (KRH: 130 mM NaCl�3
mM KCl�2.2 mM CaCl2�1.2 mM MgSO4�1.2 mM KH2PO4�10
mM glucose�10 mM Hepes, pH 7.4) with a final choline con-
centration of 100 nM (specific activity: 83 Ci�mmol, Amersham
Pharmacia; 1 Ci � 37 GBq). HC-3 at 1 �M was used to define
CHT-mediated choline uptake. For �-aminobutyric acid
(GABA) uptake assays, samples were incubated in parallel with
50 nM [3H]GABA (93 Ci�mmol, NEN Perkin–Elmer Life
Science) at either 37°C or 4°C. Assays were terminated by
aspiration and washing onto polyethyleneimine-coated glass
fiber filters with a Brandel (Gaithersburg, MD) cell harvester.
The low yield of tissue from the newborn mouse brain precluded
analysis of saturation kinetics in these samples. Analysis of
saturation kinetics for choline uptake in whole brain synapto-
somes from the adult mice was performed as previously de-
scribed (25).

HC-3-Binding Assays. Membrane preparations were prepared by
lysing crude synaptosomes in the P2 fraction with a Potter–
Elvehjem homogenizer (five strokes at 1,000 rpm) in 5 mM
Hepes–NaOH, pH 7.4. Membranes were collected by centrifu-
gation at 15,000 � g for 20 min and resuspended in 50 mM
Tris�HCl�200 mM NaCl, pH 8 (Tris�NaCl). The membranes
were washed by centrifugation at 15,000 � g and resuspension in
Tris�NaCl. The binding assays used 250–400 �g of protein per
sample and were performed for 45 min at room temperature in
Tris�NaCl in the presence of 10 nM [3H]HC-3 (128 Ci�mmol,
NEN Perkin–Elmer Life Science) as previously described (29).
Specific binding to CHT was defined by parallel assays that
included 1 �M unlabeled HC-3 or 2 mM choline as competitors
of [3H]HC-3 binding.

ChAT Activity. Activity of ChAT was measured by the synthesis of
[14C]ACh from [acetyl-1-14C]acetyl-CoA and choline (30).

Analysis of ACh Levels. ACh levels in brain tissue were quantified
by previously described liquid chromatography�mass spectrom-
etry (LC�MS) methods (31) (Vanderbilt Mass Spectrometry
Core Resource). The internal standard propionylcholine was
added to brain tissue that was microwaved for acetylcholinest-
erase inactivation (32), followed by homogenization in acetoni-
trile, lipid removal with heptane, and vacuum drying. Additional

assays achieved similar results by using HPLC methods with
electrochemical detection (33).

For the analysis of the conversion of [3H]choline into [3H]ACh
in brains of newborn mice, 400-�m slices from the whole brain
were preincubated for 10 min at 37°C in KRH with or without
10 �M HC-3 before the addition of [3H]choline (final concen-
tration 100 nM). After 30 min the slices were washed and the
newly synthesized [3H]ACh was extracted by sonication in ace-
tonitrile. After lipid removal with heptane and vacuum drying,
samples were resuspended in 50 mM H3PO4 and subjected to
HPLC to separate ACh from choline, as defined by preinjected
standards. Fractions containing the [3H]ACh peak were quan-
tified by liquid scintillation spectrometry.

Results
CHT Is Essential for Neonatal Viability. Validation of our successful
disruption of the mouse CHT gene is included in Fig. 5, which
is published as supporting information on the PNAS web site. In
35 litters produced from the mating of CHT��� mice, we
obtained the expected Mendelian ratios in the genotypes of the
242 pups analyzed at E19 or the day of birth (55 CHT���, 117
CHT���, and 70 CHT���, P � 0.35 by �2 analysis). Newborn
CHT��� pups were morphologically normal (Fig. 5A) and
equal in weight compared with their healthy CHT��� and CHT
��� littermates (1.22 � 0.02 g versus 1.20 � 0.03 g, n � 10 and
13, respectively). Further gross analysis of various organs, in-
cluding brain, heart, stomach, liver, and kidney, revealed no
significant differences in weights or morphologies between ge-
notypes. For example, at E19 we observed brain weights of 68 �
5 mg, 65 � 4 mg, and 74 � 3 mg for ��� (n � 6), ��� (n �
9), and ��� (n � 5) pups (ANOVA P � 0.05). We did not
observe the hunched back or other symptoms of flaccid paralysis
reported for newborn ChAT��� mice (9, 10). With respect to
the CNS, Nissl staining of brain sections did not reveal any
obvious defects in brain development (data not shown).

In the minutes following birth, CHT-null mice became distin-
guishable from their littermates as they were immobile and could
only respond with a limited contraction when touched. Breathing
was sporadic and occurred as single gasps separated by bouts of
prolonged apnea. These pups became visibly cyanotic and did
not often survive beyond the first hour (Fig. 1A). Histological
examination of the lungs of the CHT��� pups revealed fewer
aerated alveoli compared with ��� littermates (Fig. 1B). The
diminished aeration of alveoli in lungs from CHT��� mice
affected their buoyancy such that whereas CHT��� or ���
lungs floated, the CHT��� lungs sank when placed in aqueous
solutions (data not shown). These findings support the hypoth-
esis that CHT��� mice die as a result of hypoxia arising from
a failure of neurotransmission at the NMJs of the diaphragm and
intercostal muscles that support respiration. In our analysis of
hematoxylin- and eosin-stained sections of CHT��� embryos
and pups we did not observe any other differences in gross organ
development or morphology. For example, unlike the
ChAT��� mice (10), the CHT knockouts did not exhibit
herniation of the diaphragm .

We attempted to rescue the CHT knockouts by enriching the
diets of the pregnant dams throughout gestation with choline-
supplemented chow (4 g�kg or 10 g�kg versus the normal 1 g�kg,
Testdiet, Richmond, IN) alone or in combination with choline-
supplemented water (25 mM or 125 mM plus 50 mM saccharin).
Similar choline supplementation of diets during pregnancy has
been reported to have an impact on the developing cholinergic
system (34, 35). However, these dietary manipulations failed to
enhance the survival of the CHT-knockout pups (data not
shown). We also attempted to rescue newborn CHT��� pups by
limiting the degradation of ACh. Newborn mice were injected
sequentially with physostigmine (500 �g�kg i.p.) and neostig-
mine (5 mg�kg intramuscular). Signs of cholinergic hyperactivity
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(splay posture and urination) were evident in the control litter-
mates (n � 4) but not in the CHT��� mice (n � 3), yet these
treatments failed to noticeably prolong survival of the knockouts
(data not shown).

Loss of HC-3-Sensitive Choline Uptake and ACh Synthesis in CHT���

CNS. To test whether CHT is solely responsible for HC-3-
sensitive HACU in the brain, we measured rates of [3H]choline
uptake into synaptosomes prepared from whole newborn mouse
brains. As shown in Fig. 1C, CHT��� synaptosomes failed to
accumulate [3H]choline in a HC-3-sensitive manner, but they
were otherwise normal, as they did not differ from samples
prepared from ��� littermates with respect to the uptake of
[3H]GABA (Fig. 1C). The loss of CHT expression also did not
appear to affect the viability of cholinergic neurons as revealed
by assays of forebrain ChAT activity (Fig. 1D). Surprisingly,
measurements of bulk tissue ACh levels, in either hindbrain or

forebrain extracts from E19 mice, did not reveal a difference
between any of the three genotypes (Fig. 1E). We hypothesized
that CHT��� mice may acquire these ACh stores under con-
ditions of low demand on the cholinergic system during devel-
opment but might not be able to rapidly synthesize ACh via
synaptic pathways overseen by CHT. To monitor de novo syn-
thesis and storage of ACh, we tested the ability of CHT���
brain slices to synthesize [3H]ACh from [3H]choline in vitro. We
observed an HC-3-sensitive pool of ACh synthesis in the
CHT��� samples (Fig. 1F) but not in the slices from the
CHT��� mice (Fig. 1G). These results reveal a specific deficit
in HC-3-sensitive ACh synthesis in CHT��� mice.

CHT��� NMJs Cannot Sustain ACh Release. The lethal phenotype in
CHT��� is consistent with a deficit in ACh release at NMJs as
a result of the elimination of presynaptic choline uptake. To
directly test this hypothesis, cholinergic neurotransmission was
assessed by using in vitro preparations of the sternomastoid
muscle of newly born CHT��� mice and their CHT���
littermates. Although comparable evoked and spontaneous re-
sponses were initially detected by intracellular recordings from
muscle fibers in the two genotypes, the ACh release in the
CHT��� mice was not sustainable (Fig. 2). After 2–3 h of
perfusion, failures predominated in the CHT��� tissue,
whereas the amplitude of evoked EPPs remained robust and
reliable in the CHT��� tissue (see Fig. 6, which is published as
supporting information on the PNAS web site, for quantitative
analysis of the electrophysiological results). By 4 h, evoked
responses were no longer obtained in the CHT��� muscle
fibers, although the resting membrane potential remained stable
at �52 mV (Fig. 2 A). This decline in evoked responses between
1 and 4 h of perfusion is paralleled by a decrease in the amplitude
and frequency of miniature EPPs from a level that is initially
indistinguishable from the CHT��� control (Fig. 2B). The loss
of this functional measure of ACh release over time parallels
the decline in movement and progressive cyanosis seen in the
CHT��� pups after birth. Both of these findings indicate the
presence of an initial limited supply of choline and ACh that
becomes depleted in the absence of CHT.

Fig. 1. CHT mediated choline uptake is essential for postnatal viability. (A)
Although the two pups are equal in size, the CHT��� pup is visibly cyanotic
compared with its CHT��� littermate (photo taken �30 min after birth). (B)
Consistent with the breathing defect in CHT��� mice, lungs from these
animals contain fewer inflated alveoli than their ��� littermates. (C) HC-3-
sensitive choline uptake (inhibited by 1 �M HC-3) is lost in synaptosomes from
CHT��� mice compared with healthy littermates (mean � SEM of measure-
ments made in triplicate). The HC-3-sensitive choline uptake for three
CHT��� mice (from separate litters) was compared with eight healthy litter-
mates (six CHT��� and two CHT���). The remaining HC-3-sensitive uptake
in the CHT��� mice was not significantly different from 0 (t test, P � 0.2). In
contrast, uptake of [3H]GABA was unimpaired in synaptosomes from the
CHT��� mice. (D) No significant difference (ANOVA, P � 0.05) in whole-brain
ChAT activity was observed between CHT genotypes (mean � SEM of assays
performed in triplicate on samples from 8 ���, 16 ���, and 11 ��� mice). (E)
ACh levels as detected by LC�MS were not different (ANOVA, P � 0.05) in
either forebrain or hindbrain extracts for any of the CHT genotypes (mean �
SEM, n � 4 ���, 5���, and 5 ���). (F) HC-3-sensitive synthesis of [3H]ACh
from [3H]choline is detected in CHT��� brain slices (E19 or newborn, n � 3, *,
P 	 0.05, Student’s t test). (G) The HC-3-senstive component of ACh synthesis
is absent from CHT��� brain slices (n � 3 mice for each genotype, *, P 	 0.05,
Student’s t test).

Fig. 2. Electrophysiological characterization of ACh release at CHT���
NMJs. (A) Examples of evoked EPP traces (arrows) from CHT��� (left) and
CHT��� (right) sternomastoid NMJs 1 or 4 h after birth. Note the absence of
evoked EPPs after 4 h in the CHT��� muscles. Stimulation ranged from 1 to
15 V at 1 Hz with 1-ms pulse duration. (B) Examples of spontaneous miniature
EPPs recorded in the absence of d-tubocurarine from CHT��� and CHT���
muscle fibers 1 and 4 h after birth.
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Alterations in NMJ Morphology Are Consistent with Diminished ACh
Release. ACh plays a role in utero in the development and
maturation of both presynaptic and postsynaptic aspects of the
NMJ (36). ChAT��� mice cannot synthesize ACh, and the
resulting lack of neurotransmission impairs proper development
of neuromuscular junctions (9, 10). Therefore, we examined
several aspects of NMJ morphology to investigate whether the
loss of CHT function significantly diminished ACh availability
during NMJ development. In ChAT��� mice, the loss of ACh
synthesis during development resulted in an abnormally broad
band of nicotinic ACh receptor (nAChR) clusters along intra-
muscular nerve trunks innervating the diaphragm (9, 10). We
observed a similar phenotype in the CHT��� mice at E19 (Fig.
3 B versus E). To quantify this difference, measurements were
made at 30-�m intervals to assess the maximum diameter
(perpendicular to axis of band) occupied by nAChR clusters. The
mean band diameter was 124 � 22 �m compared with 194 � 24
�m for CHT��� and ��� samples, respectively (data not
shown). These results represent the average of measurements
made from multiple fields of Alexa-488-�-bungarotoxin-labeled
whole-mount diaphragms from five pairs of E19 littermates (640
�m � 640 �m fields, 20 measurements per field, �3 fields per
animal, P 	 0.005, paired t test). Increases in endplate area were
reported in the ChAT mutants (10), and we also observed that
individual nAChR clusters are on average larger in the
CHT��� mice compared with wild-type littermates (261 � 17
�m2 versus 202 � 9 �m2). These data represent the average area
measured from a total of 4,621 CHT��� and 4,209 CHT���
individual Alexa-488-�-bungarotoxin-labeled nAChR clusters
on whole-mount diaphragm preparations analyzed for five pairs
of CHT��� and ��� littermates (E19, P 	 0.005, paired t test).

The morphology of the motor neuron axons at the diaphragm
was examined by labeling for neurofilament immunoreactivity
(Fig. 7A, which is published as supporting information on the
PNAS web site). There is a close overlap between CHT���
motor axons and underlying nAChR clusters, whereas motor
axons in the CHT��� mice frequently extend processes beyond
areas occupied by nAChRs. Finally, we have observed reduced
acetylcholinesterase activity at individual synapses in the CHT
knockouts relative to ��� littermates (Fig. 7B). These alter-
ations in NMJ morphology parallel, but are perhaps less severe

than, those reported in the ChAT-knockout mice that are
incapable of ACh synthesis (9, 10).

Posttranslational Compensation Maintains Cholinergic Function in
CHT��� Mice. As evident from the successful generation of
CHT��� mice, heterozygotes are viable and fertile, yet they
exhibit only half the wild-type levels of CHT protein (Fig. 4A).
Interestingly, although CHT protein levels are diminished, the
rate of choline uptake into synaptosomes from CHT��� mice
was equivalent to that of their ��� littermates (Fig. 4B).
Analysis of saturation kinetics revealed no difference in either
the Kd or the Vmax of whole-brain synaptosomal [3H]choline
transport. Furthermore, in additional choline uptake experi-
ments in whole-brain synaptosome preparations that used a
single concentration of [3H]choline (50 or 100 nM) no significant
difference (t test, P � 0.05) was detected between CHT��� and
��� littermates (CHT��� � 107 � 11% of wild-type choline
uptake, mean � SEM, n � 8 pairs of male littermates, mean
age � 12 weeks, range 5–37 weeks). Consistent with these
findings, choline clearance rates monitored with ceramic-based
choline-sensitive electrodes in the striatum of CHT��� mice
were also indistinguishable from clearance dynamics observed in
the striatum of ��� littermates (Subbu Apparsundaram, per-
sonal communication). Notably, when we measured [3H]HC-3
binding to whole-brain membrane fractions, binding levels ex-
ceeded the 50% predicted by genotype and total CHT protein
levels and were not significantly different (t test, P � 0.05) from
the wild-type littermates (Fig. 4C). The complete compensation
of CHT activity and HC-3 binding site density in the CNS of

Fig. 3. Alterations in nAChR distribution at CHT��� NMJs. (A) CHT immu-
noreactivity is found in the axons and presynaptic terminals of motor neurons
at CHT��� NMJs of the diaphragm (age � E19; scale bar � 80 �m). (B)
Alexa-488-�-bungarotoxin labels clusters of postsynaptic nAChR clusters that
form a band across the diaphragm. (C) The CHT-positive presynaptic terminals
overlap the nAChRs on the muscle. Alexa-660-phalloidin labeling of actin
reveals a regular pattern of muscle fibers. (D) CHT immunoreactivity is absent
from motor neuron axons and terminals of the CHT��� littermate. (E) The
central band of nAChR clusters is wider in the CHT��� diaphragm. (F) The loss
of CHT��� expression does not alter the morphology of the muscle fibers.

Fig. 4. Posttranslational compensation of CHT function in adult CHT���
mice. (A) CHT protein levels are diminished in whole-brain extracts of CHT���
mice compared with samples from ��� littermates, whereas vesicular ACh
transporter (VAChT) protein levels are unchanged. (B) In whole-brain synap-
tosome preparations, saturation kinetics analysis of HC-3-sensitive choline
uptake demonstrates no significant difference in either Kd or Vmax between
CHT��� mice and their ��� littermates. From three independent experi-
ments (7- to 37-week-old mice) the mean Kd values were 2.9 � 0.3 �M and
3.3 � 0.3 �M and the mean Vmax values were 4.2 � 1.2 and 3.9 � 1.2 pmol per
mg of protein per min for CHT��� and ���, respectively (mean � SEM). (C)
In parallel with the compensations in HC-3-sensitive choline uptake, [3H]HC-3
binding to whole-brain membrane preparations was not different between
CHT��� and ��� mice (n � 3, mean � SEM of assays performed in triplicate,
t test P � 0.05). (D) CHT��� mice are more sensitive to the lethal effects of
HC-3 (i.p. injection) than their ��� littermates: 100% (n � 9), 50% (n � 6), and
17% (n � 6) survival were observed in CHT��� mice with increasing HC-3
doses, whereas the same HC-3 doses resulted in lower survival rates, 40% (n �
10), 0% (n � 6), and 0% (n � 9) in CHT��� littermates.
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CHT��� mice suggests that cholinergic neurons can monitor
CHT availability and mobilize reserves of CHT (25) through
posttranslational regulatory mechanisms to control the rate of
presynaptic choline uptake.

Intraperitoneal injection of HC-3 results in hypocholinergic
function and death (28). Furthermore, inhibition of choline
uptake into synaptosomes with HC-3 evokes a subsequent
increase in choline uptake after the inhibitor is washed away,
suggesting that the CHT reserve can be recruited by inhibiting
choline uptake (37). If the CHT-heterozygous mice have already
functionally compensated for diminished CHT levels by deplet-
ing a portion of their vesicular reserve, then they might exhibit
greater sensitivity to the lethal in vivo effects of HC-3. Therefore,
we next tested the HC-3 sensitivity of adult male CHT��� mice
(Fig. 4D). The behavior of the mice after HC-3 administration
was similar to that in the original reports of the toxicity of this
drug and included labored breathing and convulsions (28). At a
HC-3 dose of 46 �g�kg, wild-type mice displayed labored
breathing but then recovered normal function with 100% sur-
vival (n � 9), whereas the majority (60%) of the CHT��� mice
did not survive. Likewise, at a dose of 175 �g�kg, all CHT���
mice died (n � 6) but 50% of wild-type mice still survived (n �
6). At the highest dose examined (655 �g�kg) we observed no
survival for the CHT��� animals (n � 9), whereas only 1 of 6
CHT��� mice survived. In comparing the animals of the two
genotypes that did not survive the 655 �g�kg HC-3 challenge, the
time required for death to occur was significantly less for the
CHT��� mice compared with their ��� littermates (7.6 � 0.8
min versus 12 � 1.2 min, P 	 0.05, Student’s t test).

Discussion
Previous work has identified the HC-3-sensitive, NaCl-
dependent choline uptake mechanism as a major regulator of
ACh synthesis (16, 18, 27). The lethal effects and spectrum of
cholinergic deficits arising from in vivo HC-3 administration
support the physiological importance of this mechanism (28).
Nonetheless, work in cultured cells of neuroendocrine origin has
demonstrated the feasibility of ACh synthesis and vesicular
release (38) in the absence of detectable CHT expression (22,
25). Studies in neuroblastoma cells have also indicated pathways
for the release of choline from membrane phosphatidylcholine
by phospholipase D (14) and low-affinity choline uptake mech-
anisms as sources of choline for ACh synthesis (39). Even in
neuronal preparations where CHT is present, such as the per-
fused superior cervical ganglia and striatal synaptosome prep-
arations, there are reports of a small fraction (�20%) of ACh
synthesis that is independent of HC-3-sensitive choline uptake
(15, 18).

A Lethal Phenotype Arising from Loss of CHT Expression. At the
outset of our current studies, we envisioned several possible
major phenotypes for CHT��� mice. Because ACh synthesis
and release are absolutely required for postnatal survival but are
not necessary for viability in utero (9, 10), one prediction was that
the loss of CHT-mediated presynaptic choline uptake might
result in neonatal lethality. Alternatively, given the evidence for
the existence of CHT-independent sources of choline for ACh
synthesis, there was a possibility that these mechanisms could be
up-regulated during development to compensate for the lack of
CHT. A third possibility was that CHT could have as-yet-
unknown functions during development that could cause em-
bryonic lethality for the CHT��� mice.

In this study, we show that the CHT��� mice are born in
expected Mendelian ratios from the mating of heterozygous
parents. However, they fail to survive their first hours of life, and
their phenotype indicates an impaired ability to sustain the
synthesis of adequate releasable pools of ACh. Unlike what is
observed in the ChAT��� mice (9, 10), the normal posture and

capacity for movement observed in CHT��� mice at birth
indicate the presence of limited stores of ACh produced in the
absence of CHT. Indeed, our electrophysiological studies of
cholinergic neurotransmission indicate the presence of a releas-
able pool of ACh that becomes depleted over time unless CHT
is available to recapture choline back into the presynaptic
terminal. Similarly, although we confirmed that CHT is uniquely
responsible for both HC-3-sensitive HACU and HC-3-sensitive
ACh synthesis, we also found evidence for HC-3-insensitive ACh
synthesis in brain slices from the ��� mice. Overall, these results
confirm a unique role for CHT in sustaining cholinergic neu-
rotransmission and indicate that although other pathways can
supply choline that contributes to ACh synthesis, they are not
sufficiently robust to compensate for the loss of the CHT-
mediated transport activity in active cholinergic terminals.

It seems reasonable to conclude that the phenotypes of the
CHT-null mice arise from a defect in ACh synthesis at the NMJ,
because the only known function of CHT is to transport choline
into cholinergic neurons, and cholinergic neurotransmission at
the NMJs of the diaphragm and intercostal muscles controls
breathing. Although the presence of limited movement and early
time point recordings from CHT��� NMJs indicate that some
ACh is synthesized and released in the absence of CHT, the
CHT��� NMJs exhibit morphological changes that are similar
to, but less severe than, the effects reported for ChAT��� mice
that completely lack ACh synthesis (9, 10). As ChAT and CHT
are proposed to act sequentially in ACh synthesis and the two
knockouts yield similar phenotypes, the most direct explanation
is that the diminished cholinergic function at the NMJ of the
CHT��� mice is sufficiently severe to reproduce some of the
developmental effects previously attributed to total ACh loss.
Because the CHT��� mice recapitulate some, but not all, of the
phenotypes of ChAT��� animals, we propose that these find-
ings reveal different quantitative thresholds for cholinergic
signaling, particularly during development.

CHT Sustains Synaptically Releasable Pools of ACh. The similar total
ACh levels in the brains of newborn CHT��� compared with
CHT��� mice (Fig. 2D) suggest that low levels of neuronal
activity and ACh turnover in the newborn brain might not place
a large demand on ACh synthesized from CHT-independent
supplies of choline. At birth, the CNS cholinergic system is not
well developed, particularly in the forebrain (40). However, ACh
levels greatly exceed expectations based on the relative abun-
dance of ChAT activity at this age (40). It is possible that
developing cholinergic neurons possess abundant CHT-
independent mechanisms for choline uptake to support phos-
phatidylcholine synthesis that could also contribute to ACh
production. Indeed, in the newborn brain, we measured a sizable
pool of HC-3-insensitive ACh synthesis (Fig. 2F). Nonetheless,
both electrophysiological and morphological analysis of
CHT��� NMJs demonstrate a defect in the availability of
releasable ACh, indicating that the CHT-dependent choline
supply is intimately linked to the generation of synaptically
releasable pools of ACh.

Posttranslational Mechanisms Control CHT Function. The adult CHT
heterozygous mice represent a novel model for the identification
of mechanisms of presynaptic cholinergic plasticity. Our findings
of wild-type levels of HC-3-sensitive HACU in whole-brain
synaptosomes from CHT��� mice indicate an unrecognized
capacity of cholinergic terminals to compensate for significant
reductions in CHT protein levels. Our recent identification of a
large pool of CHTs residing on a subset of cholinergic synaptic
vesicles (25) pointed to the presence of a substantial intracellular
CHT reserve in wild-type animals. The functional compensation
that we observed in [3H]choline uptake and [3H]HC-3 binding is
consistent with a redistribution of this vesicular pool of CHTs in
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CHT��� neurons. In support of this speculation, the coordi-
nated up-regulation of choline uptake capacity and HC-3 bind-
ing site density in response to stimulation of ACh release is well
documented (20, 41, 42)

The concept that CHT��� mice have compensated by de-
pleting their CHT reserves led us to predict that they might be
sensitized to stresses that interfere with choline transport or
enhance ACh turnover. If cholinergic neurons actively control
CHT localization or activity to regulate ACh synthesis and
homeostasis, then in response to sublethal in vivo concentrations
of HC-3 there should be compensatory recruitment of CHTs
(37) that may no longer be sustainable in CHT��� mice.
Indeed, we observed lethality in CHT��� mice at concentra-
tions of HC-3 where all WT mice survived (Fig. 4D). These
results are functionally consistent with our hypothesis regarding
CHT redistribution but may also indicate other sensitizing
responses to a lifelong loss of CHT reserve capacity. With respect
to functional compensation and in vivo antagonist sensitivity in
the CHT heterozygotes, we note parallels to the serotonin
transporter (SERT)��� mice. SERT��� exhibit wild-type
rates of serotonin transport in synaptosome preparations but
are more sensitive than the SERT��� mice with respect to
their locomotor response to 3,4-methylenedioxymethamphet-
amine (43).

Summary. The generation and initial characterization of CHT-
knockout mice reported here demonstrates that choline trans-
ported by CHT contributes to ACh synthesis and is essential for
sustaining cholinergic neurotransmission at levels required to
support life. The recent report of a relatively common, nonsyn-

onymous, single nucleotide polymorphism (SNP) in the coding
region of human CHT that results in diminished choline trans-
port (44), as well as the identification of nonsynonymous ChAT
SNPs with clinical phenotypes (45, 46), predicts that variations
in absolute levels of cholinergic capacity might be relatively
common across human populations and set risk thresholds for a
variety of disorders or their onset�severity. In addition to the
well recognized deficits in cholinergic function in myasthenic
syndromes, defects in the capacity for ACh synthesis in the CNS
may contribute to cognitive dysfunction and dementia and may
place demands on the regulatory mechanisms revealed by our
studies that control CHT function. Further characterization of
CHT��� mice, especially with respect to their responses to
behavioral or pharmacological challenges, should identify dis-
tinct functions that are sensitive to diminished CHT reserve.
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