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Enhanced p-secretase processing alters APP
axonal transport and leads to axonal defects
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Alzheimer’s disease (AD) is a neurodegenerative disease pathologically characterized by amyloid plaques and
neurofibrillary tangles in the brain. Before these hallmark features appear, signs of axonal transport defects
develop, though the initiating events are not clear. Enhanced amyloidogenic processing of amyloid precursor
protein (APP) plays an integral role in AD pathogenesis, and previous work suggests that both the Ap region
and the C-terminal fragments (CTFs) of APP can cause transport defects. However, it remains unknown if
APP processing affects the axonal transport of APP itself, and whether increased APP processing is sufficient
to promote axonal dystrophy. We tested the hypothesis that B-secretase cleavage site mutations of APP alter
APP axonal transport directly. We found that the enhanced 3-secretase cleavage reduces the anterograde
axonal transport of APP, while inhibited p-cleavage stimulates APP anterograde axonal transport. Transport
behavior of APP after treatment with B- or y-secretase inhibitors suggests that the amount of B-secretase
cleaved CTFs (BCTFs) of APP underlies these transport differences. Consistent with these findings, BCTFs
have reduced anterograde axonal transport compared with full-length, wild-type APP. Finally, a gene-targeted
mouse with familial AD (FAD) Swedish mutations to APP, which enhance the p-cleavage of APP, develops
axonal dystrophy in the absence of mutant protein overexpression, amyloid plaque deposition and synaptic
degradation. These results suggest that the enhanced pB-secretase processing of APP can directly impair the
anterograde axonal transport of APP and are sufficient to lead to axonal defects in vivo.

INTRODUCTION

Amyloid precursor protein (APP) plays an essential role in the
pathogenesis of Alzheimer’s disease (AD), a prevalent neuro-
degenerative disease in which patients suffer cognitive decline
and memory loss. Pathological hallmarks of AD brains include
intracellular neurofibrillary tangles and extracellular amyloid
plaques. A primary component of amyloid plaques is AP,
a peptide derived from the sequential proteolytic processing
of APP by - and +vy-secretases. APP is a transmembrane
protein that undergoes axonal transport (1-5), but it is not
clear how proteolytic processing of APP affects its axonal
transport properties. It is known that full-length APP and its
C-terminal fragments (CTFs) accumulate at terminal fields
(6) following anterograde axonal transport and may undergo
further processing into AP that is released at the synapse
(7). Full-length APP and cleavage fragments are reported to

localize into distinct neuritic vesicles (8,9); however, there is
no precise comparative characterization of their individual
transport behaviors.

Elucidating the influence that proteolytic processing has on
APP axonal transport may provide important insight into
understanding the phenotypes characteristic of axonal trans-
port defects that develop both early and late in AD. Before
the hallmark pathologies of amyloid plaques and neurofibril-
lary tangles develop, axonal swellings can be found in sporad-
ic AD brains (10). These types of axonal swellings, consisting
of accumulated organelles and vesicles, have previously been
described in animal models with mutations in genes encoding
motor protein components, as well as in animal models that
overexpress wild-type (WT) or familial AD (FAD) mutant
APP (2,10-16).

Transgenic mice overexpressing FAD Swedish APP muta-
tions (Tg-swAPP"™) develop the phenotypes typical of
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axonal transport defects similar to those seen in sporadic AD
(10). Swedish mutations of APP enhance the [(-secretase
cleavage of APP and are sufficient to cause FAD (17). Intri-
guingly, B-secretase cleaved CTFs (BCTFs) generated from
the B-secretase cleavage of APP are also found to be increased
in sporadic AD brains (18), as are protein levels and the en-
zymatic activity of the APP B-secretase (BACE) (19,20). A
previous study has shown that elevated BCTF levels induce
endosomal defects (21), which is also an early feature of spor-
adic AD (22). These findings highlight the importance of in-
vestigating the P-secretase cleavage of APP in disease
mechanisms, and as a potential regulator of APP axonal trans-
port. Other perturbations to APP, such as overexpression and
deletion, have also been found to disrupt axonal transport,
with overexpression phenotypes dependent on the APP C ter-
minus (2,14,23-25). In addition to the finding that axonal
transport defects can be caused by the overexpression of the
APP C terminus (2), AB is reported to cause axonal transport
defects when added exogenously (26—32). Since the
[B-secretase cleavage of APP generates BCTFs that are subse-
quently cleaved by +y-secretases to generate A3, it is possible
that the enhanced - or +y-secretase cleavage of APP could
affect the axonal transport of APP specifically. However, the
relative contributions to axonal transport defects of APP pro-
cessing to BCTF or AP, or of APP overexpression, are
unknown and have not been directly studied.

Here, we tested the hypotheses that the enhanced B-secretase
cleavage of APP directly alters APP axonal transport in cultured
mouse hippocampal neurons and is sufficient to lead to axonal
defects in vivo without overexpression. We performed a detailed
characterization of the live axonal transport of full-length APP,
full-length APP mutated at its 3-secretase cleavage site and C-
terminal APP cleavage products, in order to compare their
axonal transport behaviors. Direct examination of WT and
mutant APP real-time axonal transport demonstrated that
enhanced [-secretase cleavage reduces APP anterograde
axonal transport, while inhibited [3-secretase cleavage stimulates
it. Our analyses specifically implicated BCTF production, rather
than aCTF or AR production, for these differences in axonal
transport behaviors. BCTFs also showed decreased anterograde
axonal transport compared with full-length APP. To clarify if the
overexpression of mutant APP is necessary to induce axonal
defects, we examined a gene-targeted mouse. Analysis revealed
that FAD Swedish mutations of APP, which enhance 3-secretase
cleavage, are sufficient to induce plaque-independent axonal
dystrophy in the form of axonal dilation, even when mutant
APP is expressed at endogenous levels. Axonal defects occurred
in the absence of any detectable synaptic degradation. These
results suggest that the enhanced [3-secretase processing of
APP can reduce the anterograde axonal transport of APP itself
and can contribute to the development of axonal defects in vivo.

RESULTS

APP-YFP [-secretase cleavage site mutations alter its
cleavage

To testif alterations in the 3-secretase cleavage of APP can affect
APP axonal transport properties, we generated and characterized
two mutant forms of human APP tagged with yellow fluorescent

protein (APP-YFP). FAD Swedish APP-YFP possesses two
mutations at the 3-secretase cleavage site (K595N and M596L)
to enhance B-secretase cleavage (17,33). M596V APP-YFP has
a single mutation at the same site to inhibit B-secretase cleavage
(34) (Fig. 1B). To confirm that Swedish and M596V mutant
APP-YFP undergo enhanced or suppressed [3-secretase cleavage,
respectively, we performed western blots from cells transfected
with WT, FAD Swedish (SWE) or M596V (MV) APP-YFP.
The C-terminal [-secretase cleavage product of APP-YFP,
BCTF-YFP, was increased in cells transfected with SWE
APP-YFP and decreased in cells transfected with MV
APP-YFP compared with WT APP-YFP (Fig. 1C). Levels of full-
length, endogenous mouse APP remained relatively unchanged.
Thus, as expected, mutations of the [3-secretase cleavage site of
APP-YFP alter its cleavage by B-secretase.

FAD Swedish mutations reduce the anterograde axonal
transport of APP-YFP

Although the overexpression of FAD Swedish APP causes
axonal transport phenotypes in Drosophila and mouse
(2,10), the effects of these mutations specifically on APP
vesicle movement dynamics in axons remain untested. In
order to understand the role that proteolytic processing plays
in APP axonal transport, we first compared the axonal trans-
port dynamics of SWE APP-YFP to those of WT APP-YFP.

Primary cultures of mature hippocampal neurons with well-
established axonal projections from WT mice were transfected
at 10 days in vitro with either WT or SWE APP-YFP. Experi-
ments were carefully designed so data could be collected in
parallel, and only data from multiple repetitions of these
experiments performed on several different days were com-
pared with each other. In addition, several culture preparations
were transfected, and several different plasmid preparations of
each construct were used. Care was taken to collect data only
from axons of neurons lacking any gross morphological signs
of cellular toxicity. A large amount of fluorescent protein was
present within transfected cell bodies (Fig. 2A), but individual
puncta of moving APP-YFP-containing vesicles were visible
within axons distal to the cell body (Fig. 2B, arrows).
Neurons transfected with WT or SWE APP-YFP showed
similar numbers (Fig. 2C) and intensities (Fig. 2D) of fluores-
cent particles in axons, suggesting that there is no major differ-
ence in the amount of tagged protein that enters axons under
these conditions.

Movement of APP-YFP vesicles across time was plotted on
kymographs (Fig. 2E) and analyzed. FAD Swedish mutations
induced obvious changes to the axonal transport of APP-YFP
vesicles, including a significant decrease in the percentage of
SWE APP-YFP particles moving in the anterograde direction
when compared with WT APP-YFP (Fig. 2F; P =0.017).
More precise characteristics of axonal transport dynamics
include segmental velocity and run length, which are defined
as the speed and distance a particle travels in one direction
without being interrupted by a pause in movement or a rever-
sal in direction traveling. Segmental velocities and run lengths
of anterograde and retrograde SWE APP-YFP were compar-
able with WT (Fig. 2G and H). Thus, FAD Swedish mutations,
which enhance the B-secretase cleavage of APP, alter axonal
transport of APP itself by reducing its anterograde transport.
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Figure 1. APP-YFP B-secretase cleavage site mutations alter its cleavage. (A) A schematic representation of the APP protein tagged with YFP, with the secretase
cleavage sites indicated. AR region is indicated in black, and the 6E10 antibody epitope is identified. Cleavage products formed upon a-, B- and -y-secretase
cleavage are indicated. (B) Amino acid sequence flanking the P-secretase cleavage site (indicated by dotted line) for WT, SWE and MV APP-YFP. (C)
Western blot of SH-SY5Y cells transfected with WT and mutant (SWE and MV) APP-YFP and untransfected (unt) cells as a control. The 6E10 antibody
epitope lies in the AP region, so it will recognize full-length APP-YFP and BCTF-YFP, but not the aCTF-YFP. Top arrowheads identify full-length
APP-YFP and full-length endogenous APP bands, and bottom arrowhead identifies BCTF-YFP bands. Both YFP bands are absent in the untransfected
control. Above the dotted line is the membrane at a low exposure. Below the dotted line is the same membrane at a higher exposure to reveal the
BCTF-YFP bands. This higher exposure also reveals a set of non-specific bands present in all samples that lies immediately above the BCTF-YFP bands.

Inhibition of B-secretase cleavage by the MV mutation
enhances the anterograde axonal transport of APP

Because FAD Swedish mutations at the B-secretase cleavage
site of APP enhance its cleavage by B-secretase and reduce
APP anterograde axonal transport, we tested the ability of
B-secretase cleavage inhibition to stimulate anterograde
APP axonal transport. Thus, we examined the axonal trans-
port of APP-YFP with an M596V mutation at the 3-secretase
cleavage site, which inhibits the B-secretase cleavage of APP
(34) (Fig. 1C). Mouse hippocampal neurons transfected with
MV APP-YFP had similar numbers and intensities (Fig. 3A
and B) of fluorescent particles in axons as neurons trans-
fected with WT APP-YFP, suggesting that there is no
major difference in the amount of tagged protein that
enters axons.

The MV mutation stimulated the anterograde axonal trans-
port of APP-YFP (Fig. 3C), including a significant increase
in the percentage of particles moving in the anterograde dir-
ection (P = 0.007) and a decrease in the retrograde direction
(P = 0.045) compared with WT APP-YFP (Fig. 3D). Antero-
grade, but not retrograde, segmental velocity (P = 0.026) and
run length (P =0.003) of MV APP-YFP significantly
increased compared with WT (Fig. 3E and F). Strikingly,
SWE and MV mutations have opposite effects on the
[B-secretase cleavage of APP and opposite effects on APP
axonal transport, suggesting that the [-secretase cleavage
of APP can contribute to the regulation of APP axonal trans-
port properties.

Pharmacological inhibition of 3-secretase stimulates APP
anterograde axonal transport, but y-secretase inhibition
reduces it

Given that mutations to the 3-secretase cleavage site of APP
alter APP axonal transport, we further tested the ability of
[B-secretase cleavage to regulate APP axonal transport by
using a non-genetic approach. Specifically, since FAD
Swedish mutations enhance the [-secretase cleavage of
APP, a key prediction is that the pharmacological inhibition
of B-secretase should suppress the reduced anterograde
axonal transport phenotype of FAD Swedish APP-YFP. We
found that 40 M B-secretase inhibitor significantly increased
the percentage of FAD Swedish APP-YFP particles moving
in the anterograde direction (P = 0.006) and decreased the
percentage of retrograde particles (P = 0.019) compared
with FAD Swedish APP-YFP with vehicle alone (Fig. 4A).
Neurons treated with the drug did not show any gross signs
of cellular toxicity (data not shown), and a lower 10 um
dose had a reduced effect on transport (Fig. 4A). These
results in which impaired anterograde axonal transport of
SWE APP-YFP can be reversed with B-secretase inhibition
suggest that the FAD Swedish APP transport phenotype is
likely due to enhanced B-secretase cleavage caused by the
mutations.

Although a B-secretase inhibitor was able to reverse the
effects of FAD Swedish mutations on APP axonal transport,
it will inhibit the cleavage of both transfected APP-YFP and
endogenous APP. We set out to distinguish which is
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Figure 2. FAD Swedish mutations reduce APP anterograde axonal transport. (A) Confocal image of a mouse hippocampal neuron transfected with SWE
APP-YFP. Scale bar = 10 wum (B) Fluorescent SWE APP-YFP particles in an axon. Arrows follow a single particle traveling in the anterograde direction
across chronological frames (top to bottom) from a movie used in data analysis. Scale bar = 10 pwm. (C—H) WT APP-YFP (white) n = 40 axons, 1009 particles
and SWE APP-YFP (black) n = 40 axons, 1129 particles. (C) The mean number of fluorescent particles per length of transfected mouse hippocampal axon. (D)
The mean fluorescent intensities of axonal particles. (E) Representative kymographs for WT and FAD Swedish APP-YFP axonal transport from 15s, 10 Hz
movies. Right or left descending particles represent anterograde or retrograde moving vesicles, respectively. Vertical lines represent stationary particles. (F)
Percentage of anterograde (P = 0.017), retrograde and stationary SWE APP-YFP particles compared with WT. Average segmental velocities (G) and segmental
run lengths (H) for anterograde and retrograde APP-YFP particles obtained from kymograph analyses. (Student’s #-tests, *P < 0.05.

responsible for altering SWE APP-YFP axonal transport. If the
inhibitor alters SWE APP-YFP axonal transport by acting dir-
ectly on SWE APP-YFP, then the inhibitor treatment of MV
APP-YFP would be predicted to have no effect on MV
APP-YFP axonal transport, since it already has inhibited
[B-secretase cleavage as a result of the M596V mutation. We
found that MV APP-YFP treated with 40 wm B-secretase in-
hibitor showed normal axonal transport that was comparable
with MV APP-YFP with vehicle alone (Fig. 4B). 40 pm
[B-secretase inhibitor dramatically increased FAD Swedish
APP anterograde axonal transport, but had no effect on MV
APP axonal transport, indicating a direct role for BCTF pro-
duction on APP axonal transport instead of an indirect or
toxic effect of the inhibitor. In addition, these results suggest
that the stimulation of APP anterograde axonal transport
caused by the MV mutation is likely due to its inhibited
B-cleavage of APP-YFP.

Typically, the B-secretase cleavage of APP is followed by
y-secretase cleavage to generate A3, the primary component
of amyloid plaques. Some studies report that AR can induce
general axonal transport defects in cell culture (26—32,35,36),
but evidence from transgenic mice and Drosophila suggests
that A3 is not the only fragment of APP that causes axonal trans-
port defects that result from perturbations to APP in vivo
(2,24,37). To investigate the role that AP plays in altered APP
transport upon increased BCTF generation, a y-secretase inhibi-
tor was used with SWE APP-YFP to reduce A3 production and
raise BCTF-YFP levels. Pharmacological inhibition with 5 M,
but not a lower dose of 100 nwm, y-secretase inhibitor further
reduced SWE APP-YFP anterograde axonal transport, by de-
creasing the percentage of anterograde (P = 0.002) and increas-
ing the percentage of retrograde (P = 0.001) axonal transport
compared with SWE APP-YFP with vehicle alone (Fig. 4C).
Neurons treated with this drug did not show any signs of cellular
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Figure 3. MV mutation stimulates APP anterograde axonal transport. (A—F) WT APP-YFP (white) n = 44 axons, 1172 particles, and MV APP-YFP (black) n = 52
axons, 1577 particles. (A) The mean number of fluorescent particles per length of transfected mouse hippocampal axon. (B) The mean fluorescent intensities of
axonal particles. (C) Representative kymographs for WT and MV APP-YFP axonal transport. (D) Percentage of anterograde (P = 0.007), retrograde
(P =0.045) and stationary MV APP-YFP particles compared with WT. Average segmental velocities (E) and segmental run lengths (F) for anterograde
(P =0.026 and P = 0.003, respectively) and retrograde APP-YFP particles obtained from kymograph analyses (Student’s #-tests, *P < 0.05, **P < 0.01).

toxicity (data not shown). The ability of the y-secretase inhibitor
to alter APP axonal transport in an opposing manner to the
B-secretase inhibitor argues for specificity of these inhibitors
and against indirect drug toxicity effects. Thus, reducing A3
production and increasing BCTF-YFP levels exacerbated the
decreased anterograde axonal transport phenotype of SWE
APP-YFP. These data suggest that enhanced [B-secretase cleav-
age by FAD Swedish mutations is sufficient to impair antero-
grade APP axonal transport by a mechanism that is likely
BCTF-dependent and AB-independent.

APP BCTFs exhibit impaired anterograde axonal
transport

Since our data suggest that the enhanced (3-secretase cleavage
of APP impairs APP anterograde axonal transport, while
inhibited B-secretase cleavage stimulates it, it implies that
these phenotypes simply result from alterations in BCTF
levels. However, our experiments described so far inherently
do not distinguish full-length APP-YFP from CTF-YFP
axonal transport. To test the hypothesis that BCTFs have
reduced anterograde axonal transport compared with full-

length APP, we examined the axonal transport of CTFs
tagged with enhanced green fluorescent protein (EGFP).

We transfected neurons with BCTF-EGFP and compared its
axonal transport with that of WT APP-EGFP. Cells transfected
with BCTF-EGFP do not express any full-length APP-EGFP
(Fig. 5A). Mouse hippocampal neurons transfected with
either full-length WT APP-EGFP or BCTF-EGFP showed
similar numbers of fluorescent particles in axons, suggesting
that there is no major difference in the amount of tagged
protein that enters axons (Fig. 5B). However, BCTF-EGFP
exhibited severely reduced anterograde axonal transport com-
pared with WT APP-EGFP (Fig. 5C), including a significantly
decreased percentage of anterograde (P < 0.001) and an
increased percentage of retrograde (P = 0.003) axonal trans-
port, along with an increase in the percentage of stationary
particles (P = 0.024; Fig. 5D). Both anterograde segmental
velocity (P = 0.001) and run length (P < 0.001) significantly
decreased compared with WT APP-EGFP, while retrograde
segmental velocity increased (P = 0.025; Fig. 5E and F).
Thus, BCTF-EGFP exhibits reduced anterograde axonal trans-
port compared with WT APP-EGFP, with a phenotype much
more drastic than the SWE APP-YFP phenotype. These data
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Figure 4. Pharmacological inhibition of 3- and vy-secretase activity alters APP axonal transport. (A) Percentage of anterograde, retrograde and stationary SWE
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P < 0.01).

support the hypothesis that the altered axonal transport of FAD
Swedish APP is due to an increased proportion of BCTFs and
demonstrate directly divergent live axonal transport behavior
of full-length APP and BCTFs.

Inhibiting the B-secretase cleavage of APP by the M596V
mutation enhances its anterograde axonal transport, but this
could possibly be due to an increased proportion of either full-
length APP or aCTFs. To address this issue, we transfected
neurons with aCTF-EGFP to compare its axonal transport
with WT APP-EGFP. Western blots of transfected cells
showed the presence of the aCTF-EGFP product when
probed with a C-terminal APP antibody (Fig. 5G). However,
neurons transfected with aCTF-EGFP only exhibited diffuse
fluorescence in neurites. Therefore, the axonal transport of
punctate particles was not observed (Fig. 5H), as with
APP-EGFP and BCTF-EGFP.

Axonal defects in an FAD Swedish APP gene-targeted
mouse

Taken together, our in vitro results indicate a direct impact of
APP processing on axonal transport properties of APP vesi-
cles, such that FAD Swedish mutations that enhance the
B-secretase cleavage of APP inhibit its anterograde axonal
transport. Flies and mice overexpressing FAD Swedish APP
also develop phenotypes typical of axonal transport defects
(2,10). Enhanced 3-secretase processing is thought to occur
in both sporadic and FAD (17-20,33), and AD brains charac-
teristically display axonal dystrophy (38—42). APP is not

overexpressed, however, in sporadic or FAD, as it is in these
FAD Swedish APP animal models previously studied. It
remains unanswered whether FAD Swedish mutations enhan-
cing the B-secretase cleavage of APP are sufficient to cause
axonal defects, or if the overexpression of the mutant
protein is required as well.

To address this issue, we tested the hypothesis that FAD
Swedish mutations could lead to axonal defects in a mouse
model that does not overexpress APP. We examined axonal
phenotypes of neurons in a gene-targeted mouse that has
FAD Swedish mutations and a humanized AP region targeted
to the mouse APP gene (Fig. 5A). Previous studies report
increased (-secretase cleavage and A generation without
amyloid plaque deposition (43,44), emphasizing the use of
this mouse as a model of the earliest changes that might
occur in the disease process.

We assessed axonal morphologies in the cholinergic basal
forebrain, a location known to show axonal transport defects
in AD brains and Tg-swAPP"™ mice (10). Immunohistochem-
istry for choline acetyltransferase (ChAT), the enzyme that
catalyzes the final step in acetylcholine biosynthesis, was per-
formed to identify cholinergic axonal morphology in the septal
nucleus. A significant increase in dilated axons over 1.5 pm in
diameter was observed in the septohippocampal region of the
septal nucleus of 12-month-old gene-targeted mice compared
with WT, age-matched littermates (Fig. 6B), including both
the total length and number of dilated axons (Fig. 6C and D,
a < 0.05). This phenotype was specific to the septohippocam-
pal subregion of the septal nucleus and was not observed in the
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WT APP-EGFP and BCTF-EGFP axonal transport. (D) Percentage of anterograde (P < 0.001), retrograde (P = 0.003) and stationary (P = 0.024) particles
for BCTF-EGFP compared with WT APP-EGFP. Segmental velocities (E) and run lengths (F) for anterograde (P = 0.001 and P < 0.001, respectively) and
retrograde (P = 0.025) particles obtained from kymograph analyses. (G) Western blot of cells transfected with aCTF-EGFP and the untransfected control,
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showing no axonal transport (Student’s #-tests, *P < 0.05, **P < 0.01).

medial or intermediate septal subregions (Fig. 6C and D).
Thus, FAD Swedish mutations to APP that we have shown
alter axonal transport of APP in vitro can also lead to axonal
defects in vivo, even when mutant APP is not overexpressed.

We demonstrated in vitro that the B-secretase processing of
APP can alter its axonal transport, which could potentially also
affect the delivery of necessary components to axon terminals.
Because FAD Swedish APP gene-targeted mice develop
axonal changes, we tested if synapses in their corresponding
terminal field were also affected. Therefore, we tested for

decreased innervation of septal nucleus terminal fields in the
hippocampus. Immunohistochemistry was performed for
both ChAT and the presynaptic marker synaptophysin, and
density of labeling was measured in the hippocampus. FAD
Swedish APP gene-targeted mice show comparable levels of
synaptic density to WT mice through the age of 24 months,
using both ChAT (Fig. 6E) and synaptophysin (Fig. 6F—I)
as probes. Cholinergic axonal dilation in gene-targeted mice
does not correlate with decreased presynaptic density in corre-
sponding terminal fields. Thus, the axonal defect observed in
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Figure 6. Axonal defects in FAD Swedish APP gene-targeted mice. (A) WT (top) and mutant (bottom) amino acid sequences near the 3-secretase cleavage site for
mouse APP. Mutated amino acids are boxed in the bottom row. (B) ChAT immunohistochemistry in the septohippocampal subregion of the septal nucleus in the basal
forebrain. Dilated axon (arrow) shown in the FAD Swedish APP brain. Scale bar = 30 wm. (C) The average length and (D) the average number of dilated axons with
diameter over 1.5 wm in septohippocampal, intermediate and medial subregions of the septal nucleus at 12 months [WT, n = 4 (white); APP, n = 4 (black)]. (E)
(Left) Example image of ChAT staining in the dentate gyrus of the hippocampus. (Right) The average percent area labeled by ChAT in inner molecular layer of the
dentate gyrus in 18 m mice [WT, n = 4 (white); APP, n = 4 (black)]. (F) (Left) Example image of synaptophysin staining in the dentate gyrus. (Right) The average
percent area labeled by synaptophysin in the inner molecular layer of dentate gyrus in 6 m mice (WT, n = 4; APP, n = 3) and (G) 18 m mice (WT, n = 3; APP,
n =4). The average percent area labeled by synaptophysin in the hippocampal region (H) CA1l in 18 m mice (WT, n =3; APP, n =4) and (I) CA3 in 24 m
mice (WT, n = 3; APP, n = 3) (Mann—Whitney rank-sum test, *a < 0.05).

Swedish APP gene-targeted mice occurs in the absence of other DISCUSSION

AD-associated pathology, such as synaptic loss and amyloid

plaque deposition, and likely represents one of the earliest We investigated the effects of B-secretase cleavage on APP
events in the pathological cascade of disease progression. axonal transport and axonal morphology. FAD Swedish



mutations of APP that enhance (3-secretase cleavage were suf-
ficient to impair APP anterograde axonal transport in vitro and
lead to axonal defects in vivo. An opposing MV mutation that
inhibits the B-cleavage of APP had the opposite effect and sti-
mulated APP anterograde transport, as did the pharmacologic-
al inhibition of B-secretase activity. Increasing BCTF and
reducing AP levels with a +y-secretase inhibitor further
reduced Swedish APP anterograde transport, and direct exam-
ination of BCTFs revealed dramatic impairment of axonal
transport. Taken together, these observations suggest a
BCTF-dependent mechanism to impair APP anterograde trans-
port. Furthermore, the brains of mice with FAD Swedish
mutations targeted to the mouse APP gene also developed
axonal defects in the absence of synaptic degradation or
amyloid plaque formation, arguing for axonal changes as an
early event in disease progression.

The enhanced B-secretase cleavage of APP was previously
suggested to lead to axonal transport defects (10,37), but it was
not possible to distinguish effects of APP overexpression from
effects of the Swedish mutations that the stimulate 3-cleavage
of APP. Although a previous study reported that FAD Swedish
mutations do not impair APP axonal transport by the criterion
of APP accumulation at the proximal side of a nerve ligation,
the data demonstrated an increased ratio of retrograde to the
anterograde axonal transport of FAD Swedish mutant APP
compared with non-mutant APP (45), which is consistent
with our findings. In fact, this previous biochemical experi-
ment also provided only an indirect comparison between
mice with overexpressed FAD Swedish human APP and
mice overexpressing human PS1, an APP processing compo-
nent, but with endogenous mouse APP (45). Our study made
a direct comparison between non-mutant and FAD Swedish
mutant human APP, both expressed at similar levels and
with endogenously expressed, non-mutant proteolytic process-
ing components. Live imaging of real-time axonal transport
demonstrated that FAD Swedish mutations increasing
[B-secretase cleavage can modestly impair the anterograde
axonal transport of APP itself. Identifying the more moderate
consequences of the enhanced [3-secretase cleavage of APP
can, in principle, help elucidate potentially important pheno-
types relevant to neurodegeneration. Disease takes decades
to develop, especially in late-onset AD, in which there is
enhanced APP processing in the absence of APP mutations.

Earlier studies have suggested the divergent axonal trans-
port of CTFs and full-length APP based on their distribution
into distinct axonal transport vesicles (8,9). We now provide
for the first time a detailed comparative analysis of CTF live
axonal transport behavior that supports the qualitative data
previously available. We directly examined BCTF axonal
transport to demonstrate a dramatic reduction in anterograde
transport compared with full-length APP. Increased BCTF
levels caused by FAD Swedish mutations of APP likely under-
lie the comparatively moderate transport phenotype resulting
from the mutations. This interpretation is supported by the
finding that increasing BCTF levels by using a y-secretase in-
hibitor on FAD Swedish APP also severely reduced antero-
grade transport. Conversely, preventing the B-cleavage of
FAD Swedish APP with a (-secretase inhibitor produced a
large increase in APP anterograde axonal transport. A sizeable
increase in anterograde transport was also seen with MV
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mutant APP, in which B-cleavage is precluded. Thus, not
only does [-secretase cleavage appear to mediate APP
axonal transport, but the magnitude of B-secretase cleavage
directs the size of the effect on APP axonal transport. Our
data indicate that full-length APP has an increased propensity
toward anterograde axonal transport toward the synapse than
BCTFs.

Several studies report that AR can induce defects in the
axonal transport of mitochondria and dense core vesicles,
and these AP-dependent effects appear to target general
axonal transport machinery. The total number of transporting
vesicles decreased, and both anterograde and retrograde trans-
port and velocities were similarly decreased (26—32,35,36).
Our data, on the other hand, provide evidence that mutations
affecting APP processing at the [-secretase cleavage site
altered the axonal transport of APP itself. There was no de-
crease in the total number of transporting vesicles, and antero-
grade and retrograde transport were altered in an opposing
manner. Furthermore, the reduced anterograde axonal trans-
port of FAD Swedish APP could be reversed with [3-secretase
inhibition and exacerbated with -y-secretase inhibition.
Because the +y-secretase inhibition of FAD Swedish APP
increases BCTF and reduces AP production, our data
suggest that there is also a PCTF-dependent and
ApB-independent mechanism for APP axonal transport inhib-
ition. In fact, the direct examination of BCTF axonal transport
demonstrated that BCTFs have a higher propensity toward
retrograde axonal transport compared with full-length APP.
Our findings are consistent with previous research that found
AB-independent defects in axonal transport (2,24,37), in add-
ition to BCTF-dependent and Ap-independent endosomal
changes (21).

The B-secretase cleavage of APP is thought to occur in early
endosomes (3,46,47), and endosomes become enlarged upon
increased BCTF levels (21) and as an early phenotype in
AD (22). In axon terminals of mice carrying an extra copy
of the APP gene, early endosomes containing APP, CTFs
and the neurotrophic factor nerve growth factor (NGF) were
enlarged. Retrograde axonal transport of NGF decreased pro-
portionally with increasing CTF, but not APP, levels, and NGF
retrograde axonal transport also decreased in Tg-swAPPF™®
mice (24). Because Drosophila and mouse models that overex-
press either mutant or WT APP exhibit axonal transport
defects (2,10,24), it suggests that perturbations to APP pro-
cessing and amount are both capable of affecting axonal trans-
port. This may be crucial in understanding mechanisms that
can contribute to sporadic or late-onset AD, in which there
are no mutations to APP. Sporadic AD brains exhibit pheno-
types suggestive of axonal transport defects (10) and
undergo enhanced APP processing, even though there are no
known genetic mutations.

Impaired axonal transport and endosomal defects have been
shown to develop concurrently (24) and exhibit BCTF-
dependence (21), suggesting a potential mechanistic link.
Endosomes in both cell bodies and axon termini have been
proposed to play a role in sorting and assembly of APP trans-
port vesicles (48—51). Decreased activity of endosomal com-
ponent rab3A has previously been reported to reduce the
association of APP transport vesicles with motor protein
kinesin-I and decrease APP transport into neurites (48). In
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light of these findings, it is possible that dysfunctional endoso-
mal activity, caused by the enhanced (3-secretase processing of
APP and increased BCTF levels, can lead to altered APP trans-
port in both the anterograde and retrograde directions.

A variety of neurodegenerative diseases are associated with
defects in axonal transport (52—56), but the initial pathways
leading to signs of defective axonal transport in AD remain
unknown (10). APP is important for maintaining axonal struc-
ture in development and degeneration (57—59). FAD Swedish
mutations enhancing the B-secretase cleavage of APP not
only impair APP anterograde axonal transport in vitro, but
they also lead to axonal defects in vivo in both gene-targeted
mice examined in this study and Tg-swAPP"™ mice previously
studied (10). Swedish APP gene-targeted mice develop dilated
axons in the cholinergic basal forebrain in the absence of
amyloid plaques. While axonal dystrophy is a phenotype com-
monly associated with amyloid plaques (38—42,60), it has
been shown that axonal transport and dystrophy defects can
develop well before amyloid plaques deposit in sporadic AD
brains (10). Dilated neurites and axon terminals with accumu-
lated proteins have previously been reported independent of,
or prior to, plaque deposition (41,60,61). In addition, Drosoph-
ila and mice overexpressing FAD Swedish APP also develop
axonal dystrophy phenotypes typical of axonal transport
defects in the absence of plaques (2,10). Because FAD
Swedish APP gene-targeted mice have increased levels of
both BCTFs and AB (43), however, further study is required
to address which is responsible for the axonal defects observed
and if axonal transport defects are involved.

APP processing has been shown to be important for synap-
tic signaling and plasticity, both of which have been shown to
be impaired in AD and animal models of amyloid pathology
(32,48,51,62—74). We demonstrated that FAD Swedish muta-
tions to APP impair APP axonal transport and lead to axonal
defects. Abnormal delivery, function and signaling of APP,
CTFs and other co-transported factors in axonal vesicles
could also potentially compromise synaptic function as a
downstream effect. Previous studies report that primary neur-
onal cultures from FAD mutant mice had inhibited the trans-
port of mitochondria and reduced synaptic proteins (36,68).
The gene-targeted FAD Swedish mice in our study,
however, develop axonal defects without any detectable corre-
sponding synaptic loss. The axonal defects we report likely
represent an early event, while synaptic damage and neuronal
dysfunction occur later in the pathological process. Gene-
targeted mice have normal levels of APP expression without
plaque formation and might capture early disease progression,
while transgenic mice that overexpress FAD mutant proteins
and eventually form plaques likely represent an accelerated
pathological process.

The possible significance of altered APP axonal transport
caused by FAD mutations is highlighted by the findings that
defective axonal transport can contribute to the development
of both AD-related amyloid and tau pathology (10,75).
When axonal transport was further disrupted in Tg-swAPP"™
mice by reducing kinesin motor protein subunit kinesin light
chain 1 (KLCI1), AB levels and amyloid plaque deposition
increased (10). Axonal injury also causes APP and fragments,
including AR, to accumulate at sites of damage (76—80). Thus,
assaults to axonal health, such as defective axonal transport,

can contribute to the amyloidogenic processing of APP or
amyloid deposition. Furthermore, axonal transport defects in
mice lacking KLC1 lead to abnormal tau hyperphosphoryla-
tion and accumulation, along with axonal swellings and acti-
vation of stress kinases (75). Tau hyperphosphorylation
underlies the neurofibrillary tangle formation associated with
AD. Reducing KLC1 in animal models of tauopathy also
exacerbates tau hyperphosphorylation, aggregation and neuro-
degeneration (81). Thus, transport inhibition can contribute to
tau pathology. Together, these findings suggest that impaired
axonal transport could potentially contribute to disease pro-
gression by increasing amyloidogenesis and abnormal tau
phosphorylation as a downstream effect. Amyloidogenesis
and abnormal tau phosphorylation could, in turn, eventually
further disrupt general axonal transport mechanisms
(9,27,82,83), presenting a possible cascade of events toward
cellular demise and pathology characterizing AD. These find-
ings continue to underscore the importance of possible
ApB-independent, as well as AB-dependent, disease mechan-
isms driven by APP and its cleavage products that result
from the enhanced B-secretase cleavage of APP in sporadic
and FAD.

MATERIALS AND METHODS

Constructs

Bacterial plasmid pcDNA3 uses a cytomegalovirus promoter to
encode for APP695 with YFP fused to the C terminus
(APP-YFP) (84). With the use of QuikChange II XL site-
directed mutagenesis kit (Stratagene), mutations were targeted
to the amino acids immediately adjacent to the PB-secretase
cleavage site of APP to create two new constructs. The first
mutant construct contained the FAD Swedish mutations
(K595N and M596L), while the second mutant construct con-
tained the MV mutation (M596V). To create aCTF-EGFP
(C83-EGFP), a BCTF-EGFP (C99-EGFP) construct, graciously
obtained in a pcDNA3.1 vector from C. Haass (85), was used as
the starting construct for a two-step cloning procedure. The C83
fragment with the signal peptide and C-terminal EGFP were
then cloned into a pcDNA3 vector. APP-EGFP was a generous
gift from O.M. Andersen (unpublished data). Several prepara-
tions of each plasmid were used for experiments.

Cultures

Primary hippocampal cultures were prepared by dissecting
brains from WT, newborn C57BL/J6 mice on post-natal day
1. Dissection buffer consisted of Hank’s Balanced Salt Solution
with glucose, hydroxyethyl piperazineethanesulfonic acid and
antibiotics. Isolated hippocampi were incubated in a 0.22 pm
filtered mixture of 45 U papain (Worthington) in phosphate-
buffered saline (PBS), DL-cystein HCI (Sigma), bovine serum
albumin and p-glucose (Sigma) enriched with 0.05% of
DNase (Boehringer Mannheim) for 20 min at 37°C. Hippo-
campi were triturated by pipetting carefully in Dulbecco’s
Modified Eagle Medium with 10% fetal bovine serum (FBS).
Cells were grown in 500 wm L-glutamine and neurobasal
media  supplemented with B27  (Invitrogen) over



poly-L-lysine-coated coverslips and stored in a 37°C incubator
with 5% CO,. At least three separate cultures prepared on differ-
ent days were used for each experiment. SH-SY5Y cultures
were grown in F-12 nutrient and Hamm media supplemented
with 10% FBS.

Transfection and drug treatment

After 10 days in culture, hippocampal neurons were trans-
fected with APP-YFP for 2 h with 800 ng of WT or mutant
DNA per well of a 24-well plate. Low transfection efficiency
was obtained using Lipofectamine 2000 (Invitrogen). Experi-
ments were designed to collect data 12—16 h after transfection
from control and experimental groups in parallel. From a
single 24-well plate of cultured hippocampal neurons, half
the wells were transfected with WT APP-YFP, while the
other half was transfected with mutant APP-YFP. Transfected
hippocampal cultures in some experiments were treated with
either B-secretase inhibitor II (Calbiochem) or -y-secretase in-
hibitor compound E (Calbiochem). For drug treatment experi-
ments, the entire plate was transfected with either Swedish or
MYV APP-YFP. An hour before imaging the next day, half the
wells were treated with drug dissolved in dimethyl sulfoxide
(DMSO), and half the wells were treated with an equal
volume of DMSO only. For APP-, BCTF- and aCTF-EGFP
transfections, 500 ng of DNA was used per well, and data
were collected 4—10 h after transfection. At least three separ-
ate culture preparations and transfections were performed for
each experimental group, using multiple preparations of
plasmid DNA. SH-SYS5Y cells were used for western blot
experiments because of their high transfection efficiency.
Transfections the day after splitting followed a protocol
similar to hippocampal transfection.

Axonal APP-YFP movie collection

Transfected axons were located in primary hippocampal cul-
tures using an inverted epifluorescent microscope (TE-2000U,
Nikon) and a 100 x oil immersion objective (Nikon, 1.4 NA,
0.126 pm/pixel) connected to a CCD camera (Roper Scientific).
During imaging, cultures were kept at 37°C using a heated stage
and 5% CO, chamber. Twelve to 16 h after transfection, movies
of axons expressing fluorescent protein were collected using
Metamorph 7.0 software (Universal Imaging Corporation) run
on a PC computer. Directionality was determined by tracking
axons far away from cell bodies or axon termini, and individual
transfected axons could be distinguished due to the small
number of transfected neurons in the primary culture. Data
were not collected if movement directionality could not be
determined, or if cells appeared unhealthy. Particles moving
from cell bodies to axon termini were considered anterograde,
and those moving from termini to cell bodies were considered
retrograde. Continuous, 15-second movies of 150 frames with
100 millisecond exposure for each frame were collected for
APP-YFP or APP-EGFP axonal movement. Phase and fluores-
cent images of cell bodies were also collected to ensure that
there were no signs of gross toxicity to the cells or substantial
differences in the amount of transfected fluorescent protein
present. All movies were collected within an hour of the
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culture being placed in the heat- and CO,-controlled micro-
scope incubator chamber.

APP-YFP movement analysis

Using Metamorph software, a kymograph was generated for
each movie to plot time on the y-axis and distance on the
x-axis for the movement of each fluorescent particle. Manual
analyses were conducted on particle movement trajectories
plotted on these kymographs. Percentages of anterograde,
retrograde and stationary particles were extracted by following
particle movement from initial starting point to ultimate
ending point along the kymographs. Segmental velocity and
run length are the speed and distance a particle travels in a
given direction, during a segment of movement that is not
interrupted by a pause in movement or a reversal in movement
direction. These were calculated using kymographs by tracing
particle movement across an uninterrupted segment of move-
ment, then calculating distance traveled and time taken to
travel that distance. Each data set analyzed consists of
movies collected from at least three separate culture prepara-
tions and transfections performed on different days, using mul-
tiple plasmid preparations. Only data from multiple repetitions
of these experiments performed in parallel on several different
days were pooled for analyses.

Western blot analysis

Protein analysis of transfected cultures was performed by
western blots. For each experiment, one 10 cm plate of
SH-SYSY cells was transfected with each construct. The
next day, cells were rinsed of culture media and scraped
from the plate using PBS with a protease inhibitor cocktail
(Roche). Cells were collected on ice, and then pelleted by
centrifuging at 4°C for 10 min at 1000g. After removing
PBS, the cell pellets were resuspended and homogenized
using NP-40 lysis buffer. After protein concentration was
determined using the Bradford assay, an equal volume of
2x lithium dodecyl sulfate sample buffer (Invitrogen) was
added with B-mercaptoethanol to a final concentration of
4%. Equal amounts of protein samples were loaded onto
4-12% Bis—Tris gels, using SeePlus 2 as a molecular
weight marker (Invitrogen), and gels ran at 90 V until dye
reached the end of the gel. Transfer onto nitrocellulose
membranes was done at 0.3 A for 90 min using 25 mm Tris-
base, 190 mm glycine and 20% methanol. Ponceau S stain
(Sigma) indicated the quality of the transfer and was used
as a guide when cutting membranes into separate sections
for incubation with different antibodies. Membrane blocking
was performed for 1 h at room temperature with 5% milk in
Tris-buffered saline with 0.25% Tween (TBST), while
primary antibody diluted in blocking solution was incubated
overnight at 4°C. Human-specific APP antibody 6E10
(Covance) was used at 1:1000. This antibody recognizes
the first 16 amino acids of the A region and will conse-
quently detect full-length APP and BCTFs, but not aCTFs.
C-terminal APP antibody (Zymed) was used at 1:500 to
detect aCTF. Tubulin was used at 1:10000 as a loading
control. Antibodies were used sequentially to detect levels
of BCTF-YFP and tubulin in the same membrane.
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Horseradish peroxidase-conjugated goat anti-mouse IgG sec-
ondary antibody was diluted in TBST at 1:10 000, and incu-
bation was done for 2 h at room temperature. Membranes
were developed with ECL Western blotting substrate
(Pierce). Dissected mouse brains were collected and immedi-
ately frozen in liquid nitrogen. Sample preparation and
western blot technique were performed in a similar fashion.

Mice and genetic crosses

Gene-targeted mice obtained for these studies possess FAD
Swedish mutations and a humanized AP region targeted to
the mouse APP gene and were originally on the 129/CD-1
genetic background (Cephalon, West Chester, PA, USA)
(42). We backcrossed these mice onto the C57BL/J6 genetic
background for five generations and bred to each other the
resulting C57BL/J6 mice heterozygous for the gene-targeted
APP mutations. Mice homozygous for the APP gene-targeted
mutations and their age-matched, WT littermates were
included for study.

Immunohistochemistry

At various ages, mice were transcardially perfused first with
0.1 m phosphate buffer (PB), pH 7.2, followed by 4% parafor-
maldehyde in PB (4% PFA). Dissected brains were post-fixed
overnight with 4% PFA at 4°C. Coronal sections 50 pwm thick
were cut using a vibrating blade microtome (Leica 1000S),
collected in PB and stored in 30% glycerol cryoprotectant
until immunohistochemistry was performed the next day.
For light microscopy, every 6th section was collected in PB
into a serially sampled set representative of the cholinergic
basal forebrain and rinsed in PB three times for 5 min each
rinse. Brain slices there then quenched for 1 h at room tem-
perature with 0.6% hydrogen peroxide and rinsed again in
PB. Tissue was blocked and permeabilized for 1 h at room
temperature with 10% serum and 0.2% Triton X-100 in PB,
then incubated in primary antibody ChAT (Invitrogen)
diluted 1:100 in the same solution for 72 h at 4°C. After
washing brain sections with PB six times for 10 min each
rinse, tissue was blocked again. Primary antibody signal was
enhanced using a biotinylated secondary antibody (Jackson
ImmunoResearch) at 1:200 for 1 h at room temperature, fol-
lowed by rinsing with PB. Tissue was then incubated with
biotin—avidin complexes from the ABC vectastain kit for
1 h at room temperature, rinsed and developed with Nova
Red (Vector Laboratories). After rinsing with water and
mounting onto microscope slides, brain slices were dehydrated
in an ethanol series, cleared with xylene and mounted with
Permount (Fisher). Slides were then coded for blind data col-
lection and analysis using a stereological approach. Fluores-
cence microscopy was conducted in a fashion similar to
light microscopy. Three serial sections through the hippocam-
pus for each mouse were collected in PB, rinsed, blocked and
permeabilized, then incubated in either primary antibody
synaptophysin (Millipore) or ChAT (Invitrogen) at 1:100 over-
night at 4°C. After washing brain sections with PB three times
for 5 min each rinse, they were incubated with a fluorophore-
conjugated secondary (AlexaFluor) at 1:200 for 1 h at room

temperature. Tissue was mounted with fluorescence-
preserving Vectashield media (Vector Laboratories).

Stereology

Brain stereology was performed with an Axioplan Zeiss light
microscope associated with a Bioquant Nova Stereology soft-
ware image analysis system (Bioquant R&M Biometrics, Inc.).
In brief, dystrophic cholinergic axon length and number were
determined using random, systematically-sampled serial sec-
tions of 50 wm brain slices. The first slice was selected as
the most anterior slice containing the septal nucleus, with
every other slice spaced apart by 250 pwm. Random serial sec-
tions were analyzed using the Bioquant system to calculate
lengths and numbers of dystrophic axons by tracing non-
varicose, dilated axons with widths over 1.5 wm in the entire
area of each septal nucleus subregion contained in each
brain slice. A minimum of three mice per experimental
group were analyzed at each age point.

Immunofluorescent analyses

Fluorescent images were collected with an inverted Nikon
Bio-Rad Laboratories FV-1000 confocal imaging system and
100x oil immersion objective. Before data collection, con-
focal acquisition settings to be used for all images were deter-
mined to ensure for an intensity range below saturation.
Images were collected at six different sites within the synaptic
region of interest for each brain slice. Single images were col-
lected for synaptophysin at each location. For ChAT imaging,
z stacks were collected, consisting of 10 images separated by
1 pm, and made into maximum projections. Analysis con-
sisted of using ImageJ software to apply a standard threshold
selection to all synaptophysin or all ChAT images and calcu-
late the percent area labeled. Mean values were obtained for
each animal, and animals within the same genotype were
pooled for statistical analyses and graphical plotting.

Statistics

For analyses of APP-YFP movement parameters, Student’s
t-tests were used to determine significant differences
between mutant and WT, or drug-treated and vehicle-treated,
groups. Percentages of movement in each direction, mean seg-
mental velocities and mean segmental run lengths were calcu-
lated for each movie collected. These movie values were used
for statistical comparisons between experimental groups.
Single stars indicate statistical significance with a P-value of
<0.05, and double stars indicate a P-value of <<0.01.
Graphs plot the percent of the control value for each construct
or drug-treatment group, and error bars represent the standard
error of the mean (SEM). For analyses of gene-targeted mice,
each graph plots genotype means obtained from several
animals, and error bars represent the SEM. Asterisks indicate
statistical significance. For brain stereology and immunofluor-
escent image analyses, a Mann—Whitney (two sample rank
sum) nonparametric statistical test was used at an « signifi-
cance of 0.05.
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