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The key pathological features of Alzheimer’s disease include syn-
aptic dysfunction, profound changes in the cholinergic system, and
deposition of �-amyloid peptides generated by proteolytic pro-
cessing of the amyloid-� precursor protein (APP). However, the
pathways linking APP with synaptic activity and cholinergic neu-
ronal function are poorly understood. We report here that APP is
essential in regulating the presynaptic expression and activity of
the high-affinity choline transporter (CHT), a molecule that medi-
ates the rate-limiting step of cholinergic synaptic transmission in
both the neuromuscular junction and central cholinergic neurons.
Loss of APP leads to aberrant localization of CHT at the neuromus-
cular synapses and reduced CHT activity at cholinergic projections.
At the cellular level, we show that APP and CHT can be found in
Rab5-positive endosomal compartments and that APP affects CHT
endocytosis. Furthermore, we demonstrate that APP interacts with
CHT through the C-terminal domain, providing support for a
specific and direct regulation of CHT by APP through protein–
protein interactions. These results identify a physiological activity
of APP in cholinergic neurons, and our data indicate that deregu-
lation of APP function may contribute to cholinergic impairment
and AD pathogenesis.
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Genetic and biochemical evidence establishes a pivotal role of
the amyloid-� precursor protein (APP) in Alzheimer’s

disease (AD) pathogenesis. APP processing generates �-amyloid
(A�) peptides, which are deposited as amyloid plaques in the
brains of affected individuals; point mutations or gene duplica-
tions of APP are causal for a subset of early onset familial AD
(1, 2). APP is a member of a family of conserved type I
membrane proteins with three mammalian homologs: APP,
APP-like protein 1 (APLP1), and APLP2 (3). APP is highly
expressed in neurons, where it has been shown to localize to
postsynaptic densities, axons, and dendrites (4, 5). APP under-
goes rapid anterograde transport (6–9) and is targeted to the
synaptic sites of both the CNS and the peripheral nervous system.
Despite the extensive studies on APP expression and processing,
the physiological function of APP remains speculative and
controversial (3).

Besides the amyloid pathology, AD is correlated with synaptic
dysfunction and is recognized by profound changes in the cholin-
ergic system. These changes include the loss of basal forebrain
cholinergic neurons and impaired cholinergic innervation to the
cortex and hippocampus, areas that have been implicated in mem-
ory, learning, and attention (10–12). Acetylcholine (ACh) is the
neurotransmitter for central and peripheral cholinergic synapses,
and the latter includes the mammalian neuromuscular junction
(NMJ). ACh is synthesized by choline acetyltransferase (Chat) and
packaged to synaptic vesicles by vesicular acetylcholine transporter
(VaChT). ACh released from presynaptic terminals binds to ace-
tylcholine receptors (AChRs) to elicit postsynaptic responses. How-
ever, the majority of ACh is quickly hydrolyzed by acetylcholines-
terase to choline. The high-affinity choline transporter (CHT)

recycles choline from the synaptic cleft back to the presynaptic
terminals for ACh resynthesis (13). Of the orchestrated events
leading to the regulation of ACh release and cholinergic neuro-
transmission, the rate-limiting step is the recycling of choline by
CHT. Indeed, CHT capacity is considered a marker for the status
of cholinergic transmission (13). In the presynaptic terminals, CHT
has been shown to predominantly localize to synaptic vesicles and
also can be found in endosomes (14, 15). The intracellular pool of
CHT undergoes activity-dependent trafficking to the synaptic
plasma membrane (PM) (14), which can then be internalized by
clathrin-mediated endocytosis (15, 16). As such, the membrane
CHT concentration is likely controlled by membrane trafficking
and endocytosis, the balance of which critically mediates CHT
membrane capacity and cholinergic neurotransmission.

We report here that the APP family of proteins represents a
class of molecules that mediates the posttranslational regulation
of CHT activity in both the NMJ and central cholinergic neurons.
We provide biochemical data to support a role for APP in
regulating CHT endocytosis through physical interactions of the
two proteins.

Results
CHT Fails to Localize to Presynaptic Terminals of APP/APLP2-Null NMJ.
The mammalian NMJ is a highly specialized synaptic structure
in which the presynaptic terminals of motor neuron axons are
closely apposed to postsynaptic AChRs of the muscle fiber (17).
We demonstrated diffused pre- and postsynaptic structures and
excessive nerve sprouting in NMJs of mice doubly deficient in
APP and APLP2 [APP/APLP2 or double knockout (dKO)] (18).
Because CHT is the rate-limiting step in ACh synthesis and
synaptic transmission, and because mice deficient in CHT exhibit
similar NMJ defects, compared with APP/APLP2-null animals
(19), we examined the localization of CHT in NMJs of APP/
APLP2-null mice at the newborn [postnatal day 0 (P0)] stage
when presynaptic abnormality was readily detectable. The lit-
termate APLP2 single-null animals (APLP2�/�), generated by
intercrossing mice heterozygous for APP and homozygous-null
for APLP2, were used as controls because we did not identify
overt morphological defects in these animals (18).
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In control NMJ, CHT was predominantly localized to presyn-
aptic terminals and was closely apposed by the postsynaptic
AChRs marked by �-bungarotoxin (�-BTX) labeling (Fig. 1Aa–
Ac). Strikingly, in NMJs of APP/APLP2 dKO animals, CHT
immunoreactivity was almost exclusively localized to motor
neuron axon branches and was barely detectable at synaptic sites
(Fig. 1 Ad–Af and C). This finding is in sharp contrast to that of
synaptophysin, which showed clear staining at presynaptic ter-
minals despite a reduced overall coverage with postsynaptic
AChR [supporting information (SI) Fig. 6A]. Because CHT has
been shown to localize to a subset of synaptic vesicles that also
were positive for VaChT (14), we performed immunostaining by
using an anti-VaChT antibody to assess whether similar mislo-
calization could be seen with VaChT (Fig. 1B). We found no
significant difference in the localization or density of VaChT at
synaptic sites between APLP2-null control and APP/APLP2 dKO
mice (Fig. 1 B and C). Finally, to investigate whether the CHT
defect in APP/APLP2-null animals could be secondary to de-
fective synaptic transmission and/or nerve sprouting, we exam-
ined CHT localization in Chat KO mutants, which exhibit
complete absence of ACh synthesis and release and excessive
nerve sprouting (20). We detected normal expression of CHT in
Chat-null mice, compared with the littermate wild-type controls
(Fig. 1D). Double staining and quantification of CHT- and
Chat-positive spinal cord motor neurons revealed normal num-
ber (SI Fig. 6B), morphology, and staining patterns between
APP/APLP2-null mutants and the controls (data not shown).
Coimmunostaining with anti-neurofilament and anti-CHT anti-
bodies also failed to detect any accumulation of CHT in main
nerve bundles of APP/APLP2 dKO mutants (data not shown).
Combined, these results strongly suggest that the APP family of
proteins specifically and critically regulates the localization of
CHT at presynaptic terminals of NMJ.

Aberrant Presynaptic Localization of CHT at Developing and Mature
APP-Null NMJ. Our previous studies using general presynaptic
markers did not identify appreciable morphological differences
in APP-null NMJs, compared with wild-type controls (18). The
severe impairment of CHT in APP/APLP2 dKO mice prompted
us to reexamine the APP-null NMJ using CHT as a presynaptic
marker. We stained whole-mounts diaphragm muscles of P0
APP-null and littermate wild-type controls for CHT (Fig. 2A)
and observed aberrant distribution of CHT in axon branches and
an �38% reduction of CHT intensity in presynaptic terminals of
APP-null NMJs. This finding is in contrast to synaptophysin or
VaChT staining, which showed normal localizations in the
APP-null NMJ (SI Fig. 7).

At P0, each synapse is innervated by multiple axonal terminals.
These nerve terminals undergo an apparently asynchronous
elimination process during postnatal development, and by P14,
the NMJ becomes mature and singly innervated (21). Having
established a clear CHT abnormality at the developing NMJ of
APP-null mice, we went on to evaluate whether the phenotype
persists to adulthood by performing triple labeling of CHT,
synaptophysin, and �-BTX of P18 sternomastoid muscles of
APP-null and wild-type controls (Fig. 2B). Reduced CHT stain-
ing was readily detectable in the APP-null NMJ, compared with
the wild-type controls (Fig. 2 Ba vs. Bd). In contrast, staining
with anti-synaptophysin antibody documented well formed neu-
romuscular synapses indistinguishable from the controls (Fig. 2
Bb vs. Be). Interestingly, although apparently normal CHT
staining could be detected in the APP-null NMJ (Fig. 2B, open
arrow), a subset of the synapses showed sparse CHT immuno-
reactivity (Fig. 2B, arrowheads). Analysis of 60 synapses from
three APP KO mutants showed that �30% of the endplates
exhibited reduced CHT coverage.

Diminished High-Affinity Choline Uptake (HACU) in APP and APP/
APLP2-Null Brain Synaptosomes. Having established a structural
and functional role of APP in CHT regulation in the NMJ, we
went on to test whether CHT activity in the CNS is similarly
affected by APP deficiency. We measured the CHT-mediated
HACU in the brains of APP-null mice, APP/APLP2 dKO mice,
and their corresponding controls. The amount of HACU was
determined by incubating synaptosomes prepared from the

Fig. 1. Absence of CHT in presynaptic terminals of the APP/APLP2-null NMJ.
(A and B) Whole-mount diaphragm muscles from P0 APP/APLP2 dKO mice and
littermate APLP2-null (APLP2�/�) controls were stained with anti-CHT (A) or
anti-VaChT (B) antibodies. AChR-positive postsynaptic endplates were labeled
with Alexa Fluor 488-conjugated �-BTX. Open arrows in A mark the CHT
staining beyond endplates, and representative synaptic sites are highlighted
by the arrowheads. The images were captured by a confocal microscope and
displayed as either individual staining or merged (last columns). (C) Quanti-
fication of the percentage of AChR-positive endplates covered by CHT or
VaChT immunoreactivity (average � SEM of 20 endplates per genotype). **,
P � 0.01 (t test). (D) Double labeling of diaphragm muscles from the embryonic
day 18 wild-type (WT) and Chat KO (Chat�/�) mutant with the anti-CHT
antibody (CHT) and �-BTX. (Scale bars: 20 �M.)
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forebrains of P0 mice with [3H]choline in the presence or
absence of 10 �M of the CHT inhibitor, HC-3. The amount of
HC-3-sensitive, CHT-dependent HACU was calculated by sub-
tracting the amount of intracellular [3H]choline in the presence
of HC-3 from total intracellular [3H]choline (14). In APP/APLP2
dKO mice, the HC-3-sensitive synaptosomal HACU was signif-
icantly lower than the littermate APLP2-null control (46%
reduction; Fig. 3). Moreover, P0 APP-null mice also exhibited
diminished HC-3-sensitive HACU (32% reduction; Fig. 3).
Comparison of HACU in wild-type and APLP2-null mice,
however, did not reveal significant differences. To establish that
the impaired HACU resulting from APP deficiency is specifically
associated with misregulation of CHT at the cholinergic projec-
tion terminals, rather than an altered CHT expression, we
performed quantitative Western blotting of CHT in the striatum
and spinal cord, two areas rich in cholinergic neurons. We did
not detect any differences in CHT protein levels between
APP-null samples and their corresponding wild-type controls (SI
Fig. 8 A and B). Finally, to ascertain that reduced HACU is not
caused by an overall defect of cholinergic neuronal function, we
also performed Chat activity assays (see SI Methods) in the
forebrains of these animals and detected no appreciable differ-
ences across all genotypes (SI Fig. 8C). These results indicate
that the APP proteins specifically regulate CHT activity at the

cholinergic synaptic terminals, and this activity applies not only
to the peripheral NMJ, but also to central cholinergic neurons.

APP and CHT Interact Through the APP C-Terminal Domain. The
previous studies established a physiological role of APP in
regulating the localization and activity of CHT in vivo. To
investigate the possible mechanisms for this activity, we co-
transfected HEK293 cells with CHT and APP or its derivatives
and performed immunoprecipitation, followed by Western
blotting (Fig. 4). The results showed that full-length APP and
CHT could be coimmunoprecipitated in the transfected cells
(Fig. 4A). Transfection of the APP C-terminal fragment
(APP-CTF) indicated that the interaction was mediated
through the C-terminal sequences (Fig. 4B). Consistent with
the high degree of sequence homology among the APP
homologs, the APLP1 and APLP2 CTFs also could be immu-
noprecipitated by the anti-CHT antibody (Fig. 4B). This
interaction appears to be specific because the CHT antibody
failed to pull down a Notch CTF construct, N�E (22), or the
known APP-CTF-interacting protein, FE65 (Fig. 4B).

APP Facilitates CHT Endocytosis. To further characterize the ex-
pression patterns of APP and CHT, we generated vectors
expressing the APP-GFP or CHT-RFP fusion proteins and
cotransfected these into a cholinergic cell line, SN56 (23).
Examination of the fluorescence markers revealed that the
majority of APP and CHT did not colocalize (Fig. 5A). Limited
colocalization could indicate their coexpression in specific or-
ganelles or caused by nonspecific transgene overexpression.

Both APP and CHT have been shown to undergo clathrin-
mediated endocytosis and localize to Rab5-positive endocytic
organelles (15, 16, 24). Indeed, cotransfection of CHT-RFP (Fig.
5 Ba–Bc) or APP-RFP (Fig. 5 Bd–Bf ) with a constitutively active
form of Rab5-GFP revealed clear colocalization of both CHT
and APP with Rab5 (Fig. 5 Bc and Bf ). Based on these results,
we reasoned that APP could interact with the membrane pool of
CHT and regulate its endocytic recycling. Thus, we measured the
rate of CHT endocytosis as a function of APP expression by
using a standard biotinylation-based endocytosis assay (16). We
transfected a CHT-expressing construct with an empty vector or
with an APP expression vector into HEK293 cells and quantified
the rates of internalization of cell surface biotin-labeled CHT
protein. APP expression did not affect CHT expression because
the amount of PM biotin-labeled CHT protein was similar
between APP and vector-transfected cells (Fig. 5C, PM). How-
ever, the rate of endocytosis of CHT was significantly increased
by APP expression at all time points examined (Fig. 5 C and D).

Fig. 2. Aberrant localization of CHT in the APP-null NMJ. (A) Whole-mount
diaphragm muscles from littermate P0 of wild-type and APP KO (APP�/�)
animals were stained with anti-CHT antibody. AChR-positive postsynaptic
endplates were labeled with Alexa Fluor 488-conjugated �-BTX. Open arrows
mark the CHT staining beyond the endplates, and arrowheads label the
synaptic sites with sparse CHT staining. The images were captured by a
confocal microscope and are displayed either as individual staining or merged
(last columns). (B) Triple labeling of the sternomastoid muscles of P18 of
wild-type and APP�/� mice with anti-CHT antibody (CHT), anti-synaptophysin
antibody (Syn), and �-BTX. Open arrow marks the synapse with normal CHT
staining, and arrowheads label the synaptic sites with sparse CHT staining.
(Scale bars: 20 �M.)

Fig. 3. Decreased HC-3-sensitive HACU in APP and APP/APLP2-null brain
synaptosomes. HACU was measured in the presence and absence of 10 �M
HC-3. HC-3-sensitive HACU was derived by subtracting the HC-3-insensitive
value from the total uptake and normalized to that of the wild-type controls
(mean � SEM; n � 6; *, P � 0.05; **, P � 0.01).
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These data suggest that APP promotes endocytic recycling of
CHT molecules possibly through APP C-terminal interactions.

Discussion
We reveal here a potent and specific function of the APP family
of proteins in regulating presynaptic CHT localization and
activity in both central and peripheral cholinergic synapses. Loss
of APP or APP/APLP2 leads to defective CHT localization in
the NMJ and reduced CHT activity in the CNS. Because mice
deficient in CHT and APP/APLP2 share many of their neuro-
muscular synapse phenotypes, including defective synaptic trans-
mission, nerve terminal sprouting, and aberrant synaptic pat-
terning (18, 19), we postulate that misregulation of CHT is the
primary cause for the NMJ defect in APP/APLP2-null animals.
Diminished CHT capacity at the presynaptic terminals leads to
impaired synaptic activity, followed by nerve sprouting and
diffused pre- and postsynaptic patterning. The notion that
abnormal CHT localization is not secondary to defective syn-
aptic transmission or branch sprouting is supported by the fact
that mice deficient in Chat display normal CHT localization
despite a complete lack of synaptic activity and excessive nerve
sprouting. Conversely, the NMJs of the APP single-null mice do
not have nerve terminal sprouting, yet a clear CHT abnormality
can be detected.

Gene KO studies demonstrated the important roles of Chat,
CHT, and APP/APLP2 in the developing NMJ. However, the
lethal phenotypes of these KO animals prevent further investi-
gation of these molecules in mature NMJs or central cholinergic
neurons. The viable phenotype and a readily detectable CHT
abnormality in APP single-null animals offer the unique oppor-
tunity to explore these issues. Although the general NMJ
morphology appears to be normal in APP-null mice, CHT is
mistargeted in both developing and mature neuromuscular
synapses. Therefore, the regulation of CHT by APP is not
restricted to developing NMJ, but persists to adulthood. Inter-
estingly, CHT localization in adult APP-null NMJs showed a

greater degree of heterogeneity with reduced staining observed
in a subset (�30%) of endplates, whereas others look normal.
The reason for this heterogeneity is not clear and could be
attributed to the variability of individual nerves branches, which
are either eliminated or expanded to occupy the entire synapse
in an asynchronous manner during early postnatal NMJ matu-
ration (21, 25). It is interesting that, although APP and APLP2
play redundant roles in CHT regulation, APP seems to exert a
more dominant effect because significant CHT abnormality can
only be detected in APP, but not APLP2, single-null mice. The
reason for this finding is not clear and could be attributed to
differences in the levels and/or patterns of expression of the two

Fig. 4. Interactions of APP with CHT. (A) Immunoprecipitation and Western
blotting (IP-WB) of HEK293 cells transfected with full-length APP (APP-FL) and
CHT. Input, total protein lysate blotted with the APPC (APP) and anti-CHT
(CHT) antibodies. IP using APPC (IP:APP) pulled down both APP and CHT.
Likewise, anti-CHT IP (IP:CHT) pulled down both CHT and APP. IP:IgG, anti-IgG
IP control. (B) IP-WB analysis of HEK293 cells transfected with CHT and C-
terminal fragment (CTF) of APP (APP-CTF), APLP1 (APLP1-CTF), APLP2 (APLP2-
CTF), Notch (Notch-CTF), and FE65, respectively. The molecular weight of
APLP1-CTF and APLP2-CTF are higher than APP-CTF because they were ex-
pressed as EGFP fusion proteins.

Fig. 5. APP and CHT localize to Rab5-containing endosomes and APP affects
CHT endocytosis. (A) SN56 cells cotransfected with CHT-RFP and APP-GFP.
(Insets) Enlarged images of the corresponding bracketed areas. (B) SN56 cells
cotransfected with CHT-RFP and Rab5-GFP (a–c) or APP-RFP with Rab5-GFP
(d–f ). The images were captured by a confocal microscope and displayed
either as individual fluorescence or merged (last columns). (Scale bars: 20 �M.)
(C) Representative immunoblot of biotinylation assay of CHT internalization
time course. HEK293 cells were transfected with APP or empty vector together
with CHT constructs. Cell surface proteins were biotinylated, and cells were
allowed to internalize at 37°C for the indicated times. (D) Quantitative analysis
of the effects of APP on CHT internalization. Densitometric data of each time
point were normalized to levels of CHT in PM. The data represent the mean �
SEM of five independent experiments. Asterisks indicate significant difference
compared with the empty-vector transfected control (*, P � 0.05; **, P � 0.01,
paired Student’s t test).
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proteins. Alternatively, APP may exhibit unique features in CHT
regulation through the A� sequence because Bale et al. (26)
demonstrated a direct interaction and modulation of CHT
activity through A� in APP transgenic animals. The redundant
and yet distinct activities of the APP family of proteins also is
evident by the intriguing observation that, although APP/
APLP2- and APLP1/APLP2-null mice are lethal, mice doubly
deficient in APP and APLP1 are viable (27).

How might the modulation of CHT activity by APP take
place? Because loss of APP/APLP2 does not affect CHT protein
levels, we assign APP to a step downstream of CHT protein
synthesis. Blakely and colleagues (14, 28) showed that newly
synthesized CHT is transported on small synaptic vesicles, which
also are positive for ACh, VaChT, and synaptophysin. At
presynaptic terminals, CHT mainly resides in synaptic vesicles as
a reserved pool, which can undergo activity-dependent traffick-
ing to the synaptic PM (14), followed by clathrin-mediated
endocytosis (15, 16). As such, APP could in principle act on
either axonal transport to control the initial pool of CHT at
presynaptic terminals or synaptic PM trafficking (exocytosis) or
recycling (endocytosis) of CHT, which may be tightly coupled to
determine the CHT capacity and cholinergic activity.

We present the following evidence to argue against a prom-
inent activity of APP in the axonal transport of CHT: (i) CHT
is transported on synaptic vesicles that also are positive for
VaChT. If APP is involved in the trafficking of CHT vesicles,
VaChT should be simultaneously affected. However, our results
clearly demonstrate a specific regulation of CHT, but not
VaChT, by APP. (ii) Transfection of fluorescence protein-
tagged APP and CHT into SN56 cells revealed a distinct
expression of the two proteins in intracellular organelles and
neuritic processes. Therefore, axonal trafficking of APP and
CHT are likely mediated through independent processes.

CHT and VaChT are known to predominantly colocalize to
synaptic vesicles at presynaptic terminals (14). However, only
CHT, but not VaChT, undergoes activity-dependent synaptic
PM trafficking (14), suggesting the existence of a distinct path-
way that mediates the CHT membrane concentration. The
preferential regulation of CHT, but not VaChT, by APP
prompted us to hypothesize that APP acts on this VaChT-free
pool of CHT by controlling the membrane trafficking (exocy-
tosis) or recycling (endocytosis) of CHT, and by this means
dynamically regulates the CHT density at the synaptic PM and
cholinergic neurotransmission. An active role of APP in CHT
endocytosis is supported by the colocalization of APP and CHT
in Rab5-containing endosomal compartments and by our bioti-
nylation experiments, which revealed a positive regulation of
APP in CHT endocytosis. By extension, the absence of APP/
APLP2 may lead to a retarded CHT endocytic recycling process
and a defective overall dynamic regulation of CHT membrane
capacity. We postulate that this regulation is mediated, at least
in part, by the interactions of these two proteins through the
conserved APP C-terminal domain. How this endocytic regu-
lation affects the overall presynaptic CHT localization is not
clear at present. One possible explanation is that proper dynamic
regulation of membrane trafficking and endocytosis of CHT is
not only required for CHT activity, but also necessary to
maintain the reserved CHT pool at the nerve terminals. Al-
though our experiments documented that APP and CHT can
interact, we do not have direct proof that such protein–protein
interactions occur in vivo under physiological conditions or that
they play a functional role in APP-CHT regulation.

Although the accumulation of A� plaques and neurofibrillary
tangles are the pathological hallmarks of AD, impaired synaptic
activities, in particular cholinergic neurotransmission, are known to
contribute to clinical symptoms. Whereas a direct role of CHT in
AD has not been established, there is evidence for an increased
CHT-dependent HC-3 binding in the cerebral cortex of AD brains

(29). This finding could be mediated by the compensatory up-
regulation of the CHT activity in remaining surviving cholinergic
neurons, a mechanism that has been shown to operate in Chat and
CHT heterozygous animals (19, 30). Cholinergic impairment has
been reported to manifest at the early stages before amyloid
pathology in APP overexpression mouse models (26, 31), support-
ing a role for soluble A� in cholinergic neuronal toxicity. A direct
interpretation of A� in cholinergic derangement may be compli-
cated by the confounding effect of APP overexpression in these
animals because our data demonstrate a physiological role of APP
in cholinergic regulation through CHT. These issues can be ad-
dressed by crossing the APP transgenic animals with BACE1 KO
mice to block A� production (32) or assessing the cholinergic
phenotypes in APP knockin mice in the absence of transgene
overexpression (33)

In summary, we reveal here a critical role of the APP family
proteins in regulating the localization and function of the CHT in
both the NMJ and central cholinergic neurons. Our studies support
a model in which APP controls CHT availability at the synaptic PM
by regulating the endocytic recycling of CHT through protein–
protein interactions. Because CHT-mediated HACU is the rate-
limiting step in cholinergic neurotransmission, and because impair-
ment of cholinergic neurons is a cardinal feature of AD
pathogenesis, our findings not only uncover a unique activity of
APP in cholinergic neurons, but also have important implications
in understanding the pathogenic mechanisms of AD.

Methods
Reagents and Animals. CHT was amplified from a mouse brain
cDNA library by PCR and cloned into the pEGFP-N1 expression
vector with GFP tagged at the C terminus of CHT. Human
APP695 was cloned into pcDNA3.1 vector. APP-CTF was
generated by fusing the APP signal peptide with the C-terminal
fragment starting from A�. APLP1-CTF and APLP2-CTF were
generated by fusing the APP signal peptide with the correspond-
ing APLP1 and APLP2 C-terminal fragments into the
pEGFP-N1 expression vector. Notch-CTF (N�E) and Rab5-
GFP constructs were previously described (22, 34). The anti-
bodies used in this study were anti-synaptophysin (DAKO,
Carpinteria, CA), anti-CHT (Chemicon International, Te-
mecula, CA), anti-VaCHT (Synaptic Systems, Goettingen, Ger-
many), 4G8 (Signet Laboratories, Dedham, MA), and APPC
(35). Alexa Fluor-conjugated secondary antibodies and �- BTX
were purchased from Molecular Probes (Eugene, OR).

The APP and APLP2 KO mice were described previously (18,
36, 37). These mice were backcrossed to a C57BL/6J background
for at least 10 generations. All animal experiments were per-
formed in accordance with the Baylor College of Medicine
Institutional Animal Care and Use Committee and with national
regulations and policies. Whole-mount staining of the dia-
phragm muscle was performed as previously described (18). The
images presented represent single-projected images derived
from overlaying each set of Z images. The quantitation of
colocalization was done by using the Image J program from the
National Institutes of Health.

Synaptosomal Choline Transport Assay. Mouse brain synaptosomal
preparations were performed as previously described (38). Fifty
micrograms of the synaptosomal protein was incubated for 15
min at 37°C in the presence or absence of 10 �M HC-3. Choline
transport was initiated by the addition of 50 �l of 100 nM
[3H]choline [83 Ci/mmol (1 Ci � 37 GBq); GE Healthcare,
Chalfont St. Giles, U.K.], and the incubation was continued for
5 min at 37°C. The reaction was stopped by adding 1 ml of
ice-cold KRH buffer containing 1 mM HC-3. Pellets were lysed
in 1% SDS, 0.2 mM NaOH, and radioactivity measured with a
liquid scintillation counter (LS 600IC; Beckman Instruments,
Columbia, MD). The assays were performed in triplicate, and
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data were normalized by protein content. Specific CHT-
mediated HC-3-sensitive HACU was defined as total choline
uptake minus choline uptake in the presence of HC-3.

Cell Culture. HEK293 and SN56 cells were grown in DMEM
containing 10% FBS. These cells were transiently transfected
with cDNA expression constructs on coverslips. After transfec-
tion, SN56 cells were differentiated in serum-free medium
supplemented with 1 mM dibutyryl-cAMP (Sigma–Aldrich, St.
Louis, MO) for 2 days. The cells were fixed in buffered 4%
paraformaldehyde, and images were captured by an Axioskop2
confocal microscope (Zeiss, Thornwood, NY).

Biotinylation Assay. The HEK293 cells were transiently cotrans-
fected with CHT and empty vector or CHT with APP. Cells were
washed with ice-cold PBS and treated with 1.5 mg/ml sulfo-
NHS-SS-biotin (Pierce, Rockford, IL) for 1 h. Biotinylating
reagents were removed by incubating with 100 mM cold glycine,
followed by three washes with cold PBS/Ca-Mg. Cells were
incubated at 37°C to allow internalization to occur, which was
subsequently terminated by transferring culture plates to ice.

Residual cell-surface biotin was then stripped by incubating cells
once for 15 min and twice for 30 min with freshly prepared 50
mM mercaptoethanesulfonic acid in TE buffer [150 mM NaCl/1
mM EDTA/0.2% BSA/20 mM Tris (pH 8.6)]. Cells were then
lysed in 1% CHAPS buffer containing protease inhibitors
(Roche Diagnostics, Indianapolis, IN). Biotinylated and nonbio-
tinylated proteins were separated by incubation with Ultralink-
Neutravidin bead (Pierce). CHT internalization was calculated
as the percentage of total PM CHT levels.
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