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SUMMARY

Abnormal accumulation of B-secretase (BACET1) in
dystrophic neurites and presynaptic B-amyloid (AB)
production contribute to Alzheimer’s disease patho-
genesis. Little, however, is known about BACE1
sorting and dynamic transport in neurons. We inves-
tigated BACE1 trafficking in hippocampal neurons
using live-cell imaging and selective labeling. We
report that transport vesicles containing internalized
BACE1 in dendrites undergo exclusive retrograde
transport toward the soma, whereas they undergo
bidirectional transport in axons. Unidirectional den-
dritic transport requires Eps15-homology-domain-
containing (EHD) 1 and 3 protein function. Further-
more, loss of EHD function compromises dynamic
axonal transport and overall BACET1 levels in axons.
EHD1/3 colocalize with BACE1 and APP B-C-termi-
nal fragments in hippocampal mossy fiber terminals,
and their depletion in neurons significantly attenu-
ates AP levels. These results demonstrate unidirec-
tional endocytic transport of a dendritic cargo and
reveal a role for EHD proteins in neuronal BACE1
transcytosis and AP production, processes that are
highly relevant for Alzheimer’s disease.

INTRODUCTION

Proteolytic processing of amyloid precursor protein (APP) by the
transmembrane aspartyl protease p-site APP cleaving enzyme 1
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(BACEA1) initiates AB production, a key step in Alzheimer’s
disease pathogenesis (Vassar et al., 1999; Yan et al., 1999). It
is extremely important to understand details of BACE1 trafficking
and processing of APP in neurons because a single amino acid
substitution adjacent to the BACE1 cleavage site of APP, which
significantly reduces BACE1 cleavage and thus AB peptide
generation in cultured cells, has been recently found to protect
against disease onset as well as cognitive decline in the elderly
without Alzheimer’s disease (Jonsson et al., 2012). APP is a
type | transmembrane protein that undergoes secretory and
endocytic trafficking in neurons and is axonally transported
(reviewed in Haass et al., 2012). Conversion of APP to ApB
requires coordination of its intracellular itinerary with that of its
cleavage enzymes, which are also transmembrane proteins. In
cultured cell lines and primary neurons, a subset of full-length
APP is processed to generate ApB. Extensive studies have used
nonneuronal cells to identify the cellular organelles and sorting
pathways involved in amyloidogenic processing of APP.
Although a consensus has not yet emerged, there is a general
agreement on the importance of endocytic trafficking of APP
for AB production (reviewed in Thinakaran and Koo, 2008; Rajen-
dran and Annaert, 2012; Haass et al., 2012). BACE1 activity is
optimal at acidic pH in vitro (Vassar et al., 1999), lending further
support to the notion that APP cleavage by BACE1 is initiated
during transit in acidic endocytic compartments.

In nonneuronal cells, BACE1 cycles between plasma
membrane and endosomes and shows predominant steady-
state localization in endocytic organelles (Vassar et al., 1999;
Huse et al., 2000; Chia et al., 2013). Two routes of BACE1 endo-
cytosis, a clathrin and adaptor protein-2 complex (AP-2) depen-
dent (clathrin-dependent) and an ADP-ribosylation factor 6
dependent (clathrin-independent), have been described (Prabhu
etal., 2012; Sannerud et al., 2011; Das et al., 2013). A C-terminal
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dual-function dileucine motif [***DDISLL%?] appears to mediate
both modes of BACE1 internalization (Prabhu et al., 2012; He
et al., 2002). Although studies of BACE1 trafficking described
above have been informative, most of these were conducted in
nonneuronal cells. The sorting itinerary of transmembrane
proteins can be fundamentally different in polarized neurons
versus nonpolarized nonneuronal cells. Specifically, neuronal
protein sorting involves specialized and intricate transport mech-
anisms such as transcytosis and activity-dependent endocy-
tosis/recycling. Endosomal organelles are found distributed
throughout the soma, dendrites, and axons (Lasiecka and
Winckler, 2011). Neuronal endosomes traffic bidirectionally in
axons and dendrites, adding to the complexity of the mecha-
nisms that regulate endocytic transport in neurons. There is
some indication in the literature that BACE1 localizes to den-
drites and axons in neurons (Laird et al., 2005; Goldsbury
et al., 2006; Zhao et al., 2007; Sannerud et al., 2011; Das et al.,
2013). Compelling in vivo studies demonstrated that ~70% of
AB released in the brain requires ongoing endocytosis and that
synaptic activity regulates the vast majority of this endocy-
tosis-dependent AB secretion (Cirrito et al., 2005, 2008). In
agreement, APP and BACE1 get routed to acidic endocytic or-
ganelles in dendrites upon induction of neuronal activity (Das
et al., 2013).

APP undergoes BACE1-mediated cleavage during antero-
grade axonal transport, and AB can be generated and released
at or near presynaptic sites in vivo (Buxbaum et al., 1998;
Lazarov et al., 2002; Sheng et al., 2002; Cirrito et al., 2005; Harris
et al., 2010; Sokolow et al., 2012). Abnormal accumulation of
BACET1 in axon terminals has been documented in Alzheimer’s
disease brain (Zhao et al., 2007). Nevertheless, the trafficking
pathway(s) that account for dynamic sorting of BACE1 to axons
has not been investigated in any detail. Here, we characterize the
dynamics of endocytic BACE1 trafficking in hippocampal neu-
rons and report that BACE1 internalized in dendrites is exclu-
sively transported toward the soma, and this polarized transport
requires the function of Eps15 homology domain-containing
(EHD) 1 and EHDS3 recycling regulatory proteins. Axonal sorting
and dynamic axonal transport of BACE1 are impaired in neurons
when EHD function is compromised. EHD1/3 colocalize with
BACE1 and APP B-C-terminal fragments in vivo, and loss of
EHD1 or 3 expression leads to diminution of Ap production in
hippocampal neurons. Together, these findings characterize uni-
directional endocytic BACE1 transport in neurons and identify a
role for EHD family proteins in neuronal BACE1 trafficking and Ap
production.

RESULTS

Selective Labeling of Internalized BACE1

In order to selectively visualize endocytosed BACE1, we de-
signed a construct, termed BBS-BACE1-YFP, by introducing a
13-residue a-bungarotoxin binding site (BBS) near the N termi-
nus of BACE1 (Figure S1A). BBS-tagged receptors have been
shown to bind fluorescently labeled a-bungarotoxin (BTX) in
live transfected cells (Sekine-Aizawa and Huganir, 2004). Addi-
tion of the BBS site did not affect the ability of BACE1 to process
APP (Figure S1B). Transfected HelLa or HEK293 cells were

allowed to internalize Alexa-Fluor (AF)-coupled BTX for 60 min
at 37°C, at which point they were subjected to a brief acid
wash to remove surface-bound BTX (Figure 1A). This strategy
selectively labeled cells expressing BBS-BACE1-YFP, and there
was a strong correlation (R = 0.85; Pearson’s r = 0.92; p <
0.0001) between BTX labeling and YFP fluorescence intensity
(Figures 1B and 1C). In stably transfected HEK293 cells, BTX
uptake increased with time over a 3 hr period (Figure 1D). In cells
where only surface BACE1 was labeled with BTX at 12°C, acid
wash quantitatively removed BTX binding (Figure S1C). We
then performed the BTX uptake assay in transfected hippocam-
pal neurons and imaged them after the acid wash. BTX labeling
was evident in neurons transfected with BBS-BACE1-YFP,
whereas it was virtually absent in untransfected neurons under
the conditions employed in our study (Figure 1E). In neurons
transfected with BBS-BACE1, | aa-YFP, a mutant that predomi-
nantly accumulates at the cell surface (Huse et al., 2000; Prabhu
et al., 2012), even a brief, 2 min acid wash was sufficient to strip
nearly all BTX labeling (Figure S1D). Thus, the BTX uptake assay
allows us to selectively visualize endocytosed BACE1 in trans-
fected neurons.

Internalized BACE1 Undergoes Exclusive Retrograde
Transport in Dendrites

In normal human brain, BACE1 localizes to the neuronal soma,
dendrites, and axons; BACE1 distribution overlaps with that of
MAP2 in apical dendrites of hippocampal neurons (Figure S2A).
In cultured hippocampal neurons (12 days in vitro; DIV12),
BACE1-YFP localized to both the somatodendritic compart-
ments and the axons (Figures S2B and S2C). In dendrites,
BACE1 can be found along the dendritic surface and in internal
carriers as well as within dendritic spines, which are closely
apposed to presynaptic sites marked by Bassoon immunostain-
ing (Figures S2C and S2D). Endocytosed BACE1 also localized
to both somatodendritic compartments and axons of hippocam-
pal neurons, as determined by MAP2 immunostaining following
BTX uptake (Figure 2A). In order to visualize the dynamic trans-
port of total BACE1 (YFP fluorescence) or internalized BACE1
(BTX fluorescence) in dendrites, we performed live-cell imaging.
There was substantial variability in BACE1 motility in different
dendritic branches of each neuron during the period of image
acquisition, such that vesicles containing BACE1 underwent
active transport in some dendrites, whereas they remained
largely stationary in others. Therefore, we focused on dendrites
that exhibited the greatest BACE1 vesicle motility in each neuron
and generated kymographs to analyze the results (Figures 2B
and 2C; Movies S1 and S2). As expected, BACE1-YFP fluores-
cence was observed in vesicles that were transported in both
anterograde and retrograde directions along dendrites. Quanti-
tative analysis revealed that an approximately equal number of
BACE1-containing vesicles underwent anterograde and retro-
grade transport (Figure 2C). Intriguingly, we found that nearly
all of the motile vesicles (>95%) containing internalized BACE1
underwent retrograde transport, toward the cell body in proximal
(Figures 2B and 2C; Movie S1) as well as in distal dendritic
segments (Figure 2D; Movie S2). This vectorial retrograde move-
ment of BTX-labeled endocytic BACE1 in dendrites was unex-
pected because, to our knowledge, this has not previously
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transfected with BBS-BACE1-YFP and incubated
with AF555-BTX at 37°C for 1 hr. The coverslips
were washed with ice-cold HBSS and subjected
to an acid wash to remove surface-bound BTX
before fixing. YFP and BTX fluorescence in-
tensities were quantified from individual cells and
plotted (n = 50 cells).

(D) HEK293 cells stably expressing BBS-BACE1-
YFP were cultured in 96-well dishes and incubated
with AF647-BTX for different periods of time. The
cells were subjected to an acid wash before fixing.
AF647-BTX fluorescence intensity was quantified
using a Tecan Safire2 microplate reader and
converted to fold differences using an intensity
standard generated by different cell-plating
densities. n = 3 independent experiments, each
performed in triplicates.

(E) BTX labeling of internalized BACE1 in hippo-
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been observed by live-cell imaging for any transmembrane
protein in dendrites. This exciting finding demonstrates that
following internalization from the dendritic cell-surface, BACE1
undergoes vectorial transport toward the soma for further sorting
or degradation. In contrast to unidirectional dendritic transport,
BTX-labeled internalized BACE1 underwent both anterograde
and retrograde transport in axons, in a manner similar to total
BACE1 (Figure 2E; Movie S3).

We used endogenous organelle markers to characterize the
distribution of endocytic BACE1 in dendrites of hippocampal
neurons. Confocal microscopy analysis showed that both total
BACE1 and internalized BACE1 localized to early endosomes
(marked by NEEP21 or EEA1). The extent of colocalization was
quantified using Manders’ coefficient (Figures 3A and S3). Recy-
cling endosome localization (marked by transferrin receptor
[TfR]) of internalized BACE1 was also apparent in dendrites (Fig-
ures 3A, 3B, and S3). We confirmed recycling endosome locali-

3 campal neurons. DIV12 neurons transfected or
not with BBS-BACE1-YFP were incubated with
AF647-BTX for 4 hr at 37°C. The coverslips were
subjected to acid wash before fixing. z stacks
were acquired and projected onto a single plane to
visualize YFP and BTX fluorescence. Identical
conditions were used for image acquisition and
processing for untransfected and BBS-BACE-
YFP-transfected cells.

See also Figure S1.

zation of internalized BACE1 using
Rab11b, a GTPase well characterized
for regulating slow recycling of many
endocytic cargos, including TfR (Son-
nichsen et al., 2000). We cotransfected
neurons with BACE1-YFP and a
mCherry-tagged Rab11B  construct
similar to one previously employed to characterize recycling
endosome membrane domains (Sonnichsen et al., 2000). We
found that internalized BTX-labeled BACE1 colocalized with
mCherry-Rab11B in dendrites and axons (Manders’ coefficient
0.66 = 0.09 and 0.28 + 0.15, respectively) (Figure 3D).

EHD Proteins Colocalize with BACE1 and APP B-CTFs

In Vivo, and Their Depletion in Hippocampal Neurons
Decreases Ap Levels

Members of the EHD protein family function in membrane tubu-
lation and vesicle fission processes and are thought to coordi-
nate Rab GTPase-mediated endocytic vesicular trafficking of
early as well as recycling endosomes in nonneuronal cells and
neurons (Lasiecka et al., 2010; Naslavsky and Caplan, 2011;
Lasiecka and Winckler, 2011). Because endogenous EHD
proteins could not be reliably detected in cultured hippocampal
neurons using currently available antibodies, we utilized

1554 Cell Reports 5, 1552-1563, December 26, 2013 ©2013 The Authors



100
80
60
40
20

Overlay +

=

¥
.
X -

O Total @ Internalized

*kkk

Figure 2. Dynamic Characteristics of Inter-
nalized BACE1

(A) Localization of internalized BACE1 in dendrites
and axons. DIV12 neurons were transfected with
BBS-BACE1-YFP and internalized BACE1 was
labeled by incubation with AF647-BTX for 4 hr
at 37°C followed by acid wash to remove surface-
bound BTX. Deconvolved images of a transfected
neuron depict the distribution of total and
internalized pool of BACET1 in the cell body and
dendrites (top) and the corresponding axonal
network (bottom).

(B) Unidirectional transport of internalized BACE1
in dendrites. Time-lapse images of total (YFP
fluorescence) and internalized BACE1 (BTX fluo-
rescence) were sequentially acquired following
AF647-BTX uptake, at the rate of one frame/sec
for 3 min. Images of a dendritic segment, with the
cell body on the left, and the corresponding ky-
mographs of total and internalized BACE1, are
shown.

(C) Quantification of total and internalized BACE1
motility in dendrites (n = 760 total and 699 inter-
nalized carriers from 18 neurons). Error bars
represent SEM. Unlike the bidirectional transport
of total BACE1 in dendrites, internalized BACE1
undergoes transport exclusively in the retrograde
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(D) A still image from the first frame of Movie S2
depicting internalized BACE1 dynamic transport in
a distal dendrite. The retrograde transport tracks
of representative transport vesicles in different
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previously described DsRed-tagged EHDs (George et al., 2007).
In transfected neurons, EHD1 and EHD3 colocalized with BACE1
in dendrites, dendritic spines, and neuronal soma, as well as in
axons (Figures 4A-4C). Internalized BACET1, labeled using BTX
uptake, also showed extensive colocalization with EHD1 and
EHDS3 in dendrites and dendritic spines, and along the axons
(Figures 4A and 4B). Results of Manders’ coefficient of colocal-
ization are depicted in (Figure 4C). Together, the results
described above show that a significant fraction of BACE1 local-
izes to endocytic organelles along dendrites and axons.

Three of the four known mammalian EHD proteins (EHD1,
EHD3, and EHD4) were detected in mouse brain lysates by
immunoblot analysis (George et al., 2007), but the cellular and
subcellular localization of EHDs in the brain is unknown. To
determine whether EHD proteins are expressed in the hippo-

(E) Dynamic axonal transport of internalized
BACE1. Time-lapse images of total and internal-
ized BACE1 were sequentially acquired from
neurons following AF555-BTX uptake, at the rate
of one frame/sec for 3 min. Bidirectional axonal
transport of total and internalized BACE1 were
visualized by generating kymographs.

See also Figure S2.

uw |

campus, we immunostained mouse brain
sections using antibodies that specifically
recognize individual EHD family members
(George et al.,, 2007) and performed
confocal microscopy analysis. Consistent with the immunoblot
data, expression of EHD1, EHD3, and EHD4 was readily detec-
tible by immunostaining in mouse brain, whereas EHD2 was
not detectable (Figures 5 and S3). Interestingly, EHD1 and
EHD3 prominently localized in hippocampal mossy fibers where
they colocalized with BACE1 (Figure 5A). EHD4 expression
was mainly restricted to the cell bodies of neurons in the dentate
gyrus and CA1-CAS3 (Figure S4).

To assess whether EHD1 and 3 function in endosomal traf-
ficking affects amyloidogenic processing of APP, we analyzed
the effect of small interfering RNA (siRNA) knockdown of EHD1
and EHDS3 in cultured neurons. In these experiments, we
achieved knockdown efficiencies of 64% (EHD1) and 61%
(EHDS3) 72 hr after transfection with siRNAs, as assayed by quan-
titative PCR. Media conditioned by siRNA-treated neurons were
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Figure 3. Subcellular Localization of Internalized BACE1

(A and B) Neurons transfected with BBS-BACE1-YFP were labeled by AF647-
BTX uptake, subjected to acid wash, and immunolabeled for EEA1, NEEP21,
and TfR. Manders’ coefficient of colocalization with endosome markers was
quantified by confocal microscopy for total BACE1 [YFP] (A; n = 11-16
neurons) and internalized BACE1 [BTX fluorescence] (B; n = 7-13 neurons).
Representative confocal images are depicted in Figure S3.

(C) Representative confocal images of a dendrite segment depicting coloc-
alization of internalized BACE1 dendrites and spines with endogenous TfR.
Scale bar, 10 pm.

(D) Neurons cotransfected with BACE1-YFP and mCherry-Rab11b were
labeled by AF647-BTX uptake, subjected to acid wash, and immunostained for
MAP2. The extent of colocalization of Rab11b and internalized BACE1 in
dendrites and axons was quantified (n = 8 neurons).

Error bars represent SEM. See also Figure S3.

assayed using a sensitive electrochemiluminescence assay to
quantify the levels of secreted AB. We observed a significant
decrease of AB38, AB40, and AB42 peptides secreted by neu-
rons following knockdown of EHD1 or EHDS3 (Figure 4D).

To determine whether EHD’s influence on APP processing
might be relevant in vivo, we examined colocalization between
EHD and BACE1-cleaved APP B-C-terminal fragments (3-CTF)
in a transgenic mouse model of Alzheimer’s disease patho-
genesis. Confocal analysis revealed that both EHD1 and EHD3
show substantial overlap with APP B-CTF and/or AB in mossy
fiber terminals in APPswe/PS1AE9 transgenic mouse brain

(analyzed at 2 months, before the onset of overt extracellular
AB deposition) (Figure 5B), suggesting that in mouse brain,
BACE1 in EHD-positive structures likely mediates the process-
ing of APP to B-CTF, the precursor of AB. Together, these results
suggest arole for EHD1 and EHD3 in APP processing in neurons.

EHD1 and EHD3 Regulate Dynamic BACE1 Transport in
Hippocampal Neurons

The results described above prompted us to investigate whether
EHD1 and EHD3 coordinate BACE1 transport in neurons. For
these studies, we chose to employ a dominant-negative (DN)
approach that has been successfully used in previous investi-
gations (George et al., 2007; Yap et al., 2010) because DN plas-
mids can be efficiently transfected into mature neurons to
compromise EHD function in less than 24 hr (unlike siRNA
approach, which requires 3 days to achieve knockdown of
EHD expression following transfection of young neurons at
DIV5). We performed live-cell imaging and generated kymo-
graphs to assess whether unidirectional retrograde transport of
internalized BACE1 was affected by expression of EHD DN
mutants that lack the EH domain (EHD-AEH) (Figure 6A; Movie
S4). Quantitative analysis revealed a significant decrease in the
fraction of retrograde transport of dendritic carriers containing
internalized BACE1 in neurons expressing DN mutant EHD1 or
EHD3 as compared with those expressing wild-type (WT)
proteins (Figure 6B). This effect was extremely robust such
that a marked reduction in retrograde transport of vesicles was
evident just from quantification of total BACE1 transport in
dendrites; nevertheless, anterograde transport of BACE1-YFP
remained unchanged by DN EHD expression (Figure 6B).
Together, these results reveal a functional requirement of
EHD1 and EHDS3 for the dynamic retrograde transport of
BACE1-containing endosomes in dendrites.

We then asked whether EHD function was required for
membrane sorting of internalized BACE1 in endocytic organelles
and/or for the retrograde transport of BACE1 in endocytic
carriers. Coexpression of EHD1-AEH or EHD3-AEH with
BACE1 had no significant effect on steady-state BACE1 locali-
zation at the dendritic surface, as measured by surface BTX
labeling (the surface/total fluorescence ratios normalized to
vector controls were EHD1 WT, 1.0 + 0.11; EHD1-AEH, 0.89 =
0.12; EHD3 WT, 1.0 + 0.21; EHD3-AEH, 1.05 + 0.13 [p =
0.9272; n = 21-28 neurons each]). In agreement, localization
of endocytosed BACE1 in somatodendritic compartments
following BTX uptake was apparent in neurons transfected
with WT or DN EHDs (Figure 7A). Quantitative analysis of
organelle marker staining revealed no increase of internalized
BACE1 in endosomes positive for EEA1 or NEEP21, suggesting
that that the expression of EHD-AEH mutants did not cause a
retention of internalized BACE1 in early endosomes (Figure S5).
Furthermore, there was no decrease in the extent of colocaliza-
tion with TfR, suggesting that internalized BACE1 is able to
reach TfR-positive recycling endosomes (Figure S5). We noted
a small increase in the extent of BACE1 colocalization with TfR
in neurons expressing DN EHD proteins. This increase may be
mechanistically important because EHD1/3 could regulate
BACE1 exit from the TfR-positive endocytic recycling
compartment.
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Figure 4. Colocalization of Internalized
BACE1 with EHD1 and EHD3 and Neuronal
AB Production following EHD Knockdown
(A) Neurons cotransfected with BBS-BACE1-YFP
and DsRed-tagged EHD1 or EHD3 were labeled
by AF647-BTX uptake, subjected to acid wash,
and analyzed by confocal microscopy. Insets
show magnified segments of dendrites.

(B) Images of representative axon segments show
colocalization of internalized BACE1 with EHD1
and EHD3 in tubulovesicular carriers.

(C) Manders’ coefficient of colocalization of total
or internalized BACE1 with EHD1 (n = 16 neurons)
or EHDS3 (n = 12 neurons) was quantified.

(D) Primary neurons were transfected with siRNA
against EHD1 or EHD3. A scrambled siRNA was
used as the negative control. The levels of AB38,
AB40, and AB42 in the conditioned media were
quantified by ELISA and normalized to control
siRNA (n = 4 technical replicates).
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In neurons expressing DN EHD1/3, we observed a diminution
of BACE1 levels in axons. We carefully quantified the fluores-
cence intensities along dendrites and axon segments in individ-
ual neurons following BTX uptake. The results show a significant
decrease in the mean fluorescence intensity in axons versus
dendrites (axon/dendrite ratio) of total BACE1 as well as inter-
nalized BACE1 in neurons expressing EHD-AEH mutants as
compared with WT EHDs or empty vector control (Figure 7B).
The diminution of total BACE1 levels in axons in addition to inter-
nalized BACE1 suggest that this decrease is not simply due to
defects in local axonal recycling of BACE1. Finally, we sought
to determine if this decrease is due to a loss of a dynamically
transported pool of BACE1 in axons. Indeed, live-cell imaging
of neurons transfected with EHD1 or EHD3 DN mutants revealed
a significant decrease in the number of motile BACE1-YFP-con-
taining carriers in axons (Figures 7C and 7D; Movie S5). Although
the effect on BACE1 axonal transport is quite striking, live-cell
imaging of neurons cotransfected with NPY-mCherry revealed
apparently unperturbed dynamic bidirectional transport of
trans-Golgi-network (TGN)-derived vesicles in neurons express-
ing EHD-AEH mutants (Figure 7E). Thus, EHD1 and EHDS3
function is required for efficient sorting of BACE1 to axons (as
evidenced by a decrease in axon:dendrite ratio) as well as
dynamic axonal transport of BACE1-containing vesicles.

distribution in neurons is dynamically

modulated by endocytic sorting in a traf-

ficking pathway that requires EHD protein
function. Endogenous EHD proteins colocalize with BACE1 in
hippocampal mossy fibers, and loss of EHD1 or EHD3 expres-
sion in cultured neurons results in a significant decrease of AB
secretion. These findings on EHD regulation of BACE1 trafficking
and axonal targeting and AP production in neurons provide
insights into presynaptic AB release and are highly relevant to
abnormal presynaptic accumulation of BACE1 near amyloid
plagues documented in Alzheimer’s disease.

Dynamic Transport of BACE1 in Hippocampal Neurons

With a few exceptions, investigations on BACET1 trafficking have
relied on nonpolarized cells to define intracellular sorting of
BACE1 between plasma membrane, endosomes, the TGN,
and lysosomes. The results of our live-cell imaging studies in
hippocampal neurons provide information on polarized transport
of BACE1 and implicate EHD proteins in endocytic sorting and
axonal transport of BACE1. Although analysis of total BACE1-
YFP fluorescence revealed bidirectional transport in dendrites
with no obvious bias in directionality, a clear bias in retrograde
transport toward the soma was observed in dendrites when
the internalized BACE1 pool was selectively visualized. Internal-
ized BACE1 either remained stationary or underwent exclusive
retrograde transport toward the soma (Figure 2; Movies S1 and
S2). On the other hand, total BACE1 and internalized BACE1
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Figure 5. Colocalization of Endogenous EHD1 and EHD3 with BACE1 and APP B-CTFs in Mouse Brain

(A) Sagittal sections of P19 mouse brain were immunostained with antibodies against BACE1 and EHD1 or EHD3 and confocal images were acquired using 10 x
(top) and 100x objectives (bottom). Insets show higher magnification of the boxed area within the terminal field of mossy fibers (MF).

(B) Sagittal sections of 2-month-old APP/PS1 transgenic mouse brain were stained with antibodies against APP B-CTF (monoclonal antibody [mAb] 3D6) and
EHD1 or EHD3 and analyzed by confocal microscopy. Lack of strong mAb 3D6 staining in mossy fibers of nontransgenic mice (NTg, inset) indicates the selectively

of this antibody for APP B-CTFs and/or AB.
See also Figure S4.

underwent bidirectional axonal transport. The vectorial transport
of internalized BACE1 in dendrites shares some similarity with
the overall fate of receptors such as L1/NgCAM and TrkA, which
are axonally targeted following endocytosis from the somato-
dendritic cell surface (Yap and Winckler, 2012). However, our
live-cell imaging results of BACE1 endocytic transport charac-
terize the dynamic and exclusive retrograde transport of endocy-
tosed transmembrane protein cargo from dendrites.

The bidirectional and saltatory nature of BACE1 transport in
neurons are characteristics of microtubule-based transport.
Unlike the uniform orientation of microtubules in axons with their
plus ends distal to the cell body, dendrites of mature neurons
have an equal number of microtubules with their plus ends
oriented toward or away from the cell body (Baas et al., 1988).
Therefore, it is remarkable that dynamic transport of internalized
BACET1 is bidirectional in axons, whereas it is only retrograde in
dendrites. Not only do the transport vesicles containing internal-
ized BACE1 need to distinguish between the plus end and minus
end of microtubules in the near vicinity, they must also employ
long-range guidance cues in order to navigate through dendritic
branch points in a unidirectional manner and progressively move
toward the soma (see Movie S2). In comparison, TfR and inter-

nalized transferrin are known to undergo bidirectional transport
in dendrites (Prekeris et al., 1999; Burack et al., 2000; Lasiecka
etal., 2010; Farias et al., 2012; data not shown). How internalized
BACE1-containing endosomes in dendrites achieve unidirec-
tional retrograde movement toward the soma, despite microtu-
bule orientation in both directions, is an intriguing question that
will require further studies.

EHD Proteins Function in Transport of Internalized
BACE1

The four mammalian EHD paralogs show partial overlap in intra-
cellular localization and function as homo- or hetero-oligomers.
Together, they regulate endocytic trafficking of a number of
receptors such as TfR, GLUT4 glucose transporter, AMPA
receptor, and L1/NgCAM (Naslavsky and Caplan, 2011). We
found that, in mouse brain, EHD1 and EHD3 colocalized with
BACE1 and APP B-C-terminal fragments in large mossy fiber
terminals. In cultured hippocampal neurons, expression of
EHD1-AEH or EHD3-AEH DN mutant resulted in the loss of retro-
grade transport of internalized BACE1 in dendrites. However,
because EHD DN expression did not cause aberrant retention
of internalized BACE1 in EEA1- or NEEP21-positive early
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BACE1 in Dendrites

(A) Neurons cotransfected with BBS-BACE1-YFP
and the indicated DsRed-tagged EHD WT or EHD-
AEH construct were labeled by AF647-BTX up-
take. Representative kymographs of internalized
BACE1 transport in dendrites are shown.

(B) Quantification of total and internalized BACE1
motility in dendrites. EHD1 WT n = 679 total (T) and
312 internalized (l) vesicles from 13 neurons;
EHD1-AEH n = 427 T- and 227 I|-vesicles from
eight neurons; EHD3 WT n = 546 T and 291
|-vesicles from 12 neurons; EHD3-AEH n = 462 T-
and 182 I|-vesicles from nine neurons.

Error bars represent SEM.
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some similarities, but also differ consider-
ably, when compared with trafficking of
cell adhesion molecules such as Caspr2
and L1/NgCAM, which also undergo
endocytic sorting following internalization
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endosomes, it appears that the initial steps in membrane sorting
of BACE1 upon endocytosis in dendrites are EHD independent.
In axons, there was an overall decrease in the levels of total as
well as internalized BACE1 (Figures 7A and 7B). Interestingly,
the loss of the motile BACE1 pool in axons is particularly striking,
especially when transport of TGN-derived vesicles was unper-
turbed by DN EHD expression (Figures 7C and 7E). Together,
these findings indicate that EHD1 and EHD3 have a critical role
in endosomal transport of BACE1 and axonal targeting and/or
sorting of motile vesicles containing BACE1. It is known that
endosomes containing EHD1 traffic bidirectionally along den-
drites (Lasiecka et al., 2010). Internalized BACE1 shows clear
colocalization with EHD1 and EHD3 (Figure 4). Yet, nearly all
the motile vesicles containing internalized BACE1 in dendrites

Antero-

detected in both dendrites and axons.
Overexpression of either WT or DN EHD
proteins markedly reduces L1/NgCAM
endocytosis in dendrites (Yap et al,
2010). However, this does not appear to
be the case for BACE1; colocalization of internalized BACE1
with EEA1, NEEP21, and TfR was not reduced by EHD DN
expression. Instead, retrograde motility of internalized BACE1-
containing vesicles in dendrites was compromised. In the case
of Caspr2, nonpolarized biosynthetic delivery to somatoden-
dritic and axonal plasma membrane is followed by compart-
ment-specific endocytosis and elimination of somatodendritic
Caspr2 (Bel et al., 2009). By contrast, biosynthetic L1/NgCAM
internalized from the somatodendritic plasma membrane is
transported in nondegradative endosomes and delivered to
axonal plasma membrane (Yap et al., 2008). Similar to L1/
NgCAM, endocytic elimination does not appear to be the reason
why BACE1 internalized from dendrites is transported to the
soma. Rather, loss of retrograde transport in dendrites is
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Figure 7. EHD1 and EHD3 Are Required for
Axonal Localization and Dynamic Axonal
Transport of BACE1

(A) Neurons were cotransfected with BBS-
BACE1-YFP, and the indicated DsRed-tagged
EHD WT or EHD-AEH construct were labeled by
AF647-BTX uptake, subjected to acid wash, and
immunostained for MAP2. Pseudocolor images of
total (YFP) and internalized BACE1 (BTX fluores-
cence) in representative neurons among the set of
neurons used for quantitative analysis is shown.
Insets show magnified segments of axons.

(B) Mean axon and dendrite fluorescence in-
tensities for total (YFP) and internalized BACE1
(BTX fluorescence) were quantified from individual
neurons (n = 11-15 neurons each) and used to
calculate axon:dendrite ratios. Note the significant
decrease of axonal BACE1 localization in neurons
expressing EHD-AEH.

(C) Quantification of BACE1-YFP vesicle motility
in axons of neurons cotransfected with the
indicated construct. vector n =773, EHD1 WT n =
412, EHD1-AEH n =385, EHD3 WT n =952, EHD3-
AEH n = 281 vesicles were analyzed from 7-14
neurons.

(D) Representative kymograph analysis of BACE1-
YFP transport in axons of transfected neurons is
shown.

(E) Neurons were cotransfected with NPY-
mCherry and empty vector or the indicated GFP-
tagged EHD-AEH constructs. Representative
kymographs of NPY-mCherry axonal transport are
shown.

Error bars represent SEM. See also Figure S5.
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Sokolow et al., 2012). Based on the iden-
tification of several neuronal membrane
proteins as BACE1 substrates, including
L1/NgCAM (Zhou et al., 2012; Kuhn
et al., 2012), it is conceivable that axonal
localization of BACE1 serves an impor-
tant physiological role in the nervous sys-
tem, in addition to its most investigated
function in Ap production.
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accompanied by a concomitant decrease in the levels of total
and internalized BACE1 in axons, raising the intriguing possibility
that internalized BACE1 in dendrites reaches the soma and is
ultimately targeted to axons by transcytotic transport. Our char-
acterization of a role for EHD proteins in BACE1 sorting and
axonal transport is highly relevant to physiological Ap production
because of the compelling in vivo data on axonal transport and
BACE1 processing of APP during transit and the release of AB
near presynaptic sites (Buxbaum et al., 1998; Lazarov et al.,
2002; Sheng et al., 2002; Cirrito et al., 2005; Harris et al., 2010;

Anterograde

Axonal Sorting

Dysfunction of endosomal protein sorting
(such as accumulation of AB within
enlarged early endosomes that contain Rab4 and Rabb) has
been implicated in pathogenesis of sporadic Alzheimer’s dis-
ease (reviewed in Rajendran and Annaert, 2012). It has been
proposed that APP and its secretases are transported in distinct
secretory and/or endosomal organelles under physiological
conditions but begin to accumulate in enlarged endosomes
during disease onset, increasing the chances of amyloidogenic
processing, a notion that is consistent with studies that
employed the Rab5q79, mutant (Sannerud et al., 2011). In addi-
tion to Rab5, experimental perturbations of protein function or
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alterations in the expression of several mediators of endocytic
sorting, such as NEEP21, sorLA/LR11, GGA family members,
retromer complex subunits, ADP-ribosylation factor 6, sorting
nexin 17, and phosphatidylinositol clathrin assembly lymphoid-
myeloid leukemia protein (PICALM), have been reported to affect
APP processing and AB production. We have identified EHD1
and EHD3 as regulators of BACE1 trafficking in neurons. Knock-
down of EHD expression in primary neurons significantly
reduced AP secretion, implicating EHD function in neuronal
APP processing. These findings may also have functional rele-
vance to abnormal presynaptic accumulation of BACE1 near
amyloid plaques documented in Alzheimer’s disease (Zhao
et al., 2007). Interestingly, Rab11 GTPase, which forms a com-
plex with EHD proteins via Rab11FIP2, was independently iden-
tified as one of the two major regulators of AB production in
mammalian cells in an unbiased paired RNAi screen of human
Rab GTPases and Rab GTPase-activating proteins (Udayar
et al., 2013). In conclusion, our studies demonstrate a role for
EHD proteins in regulating unidirectional dendritic BACE1 trans-
port and axonal sorting and provide insights into cellular mech-
anisms responsible for BACE1 localization and AB release near
presynaptic sites.

EXPERIMENTAL PROCEDURES

cDNA Constructs

C-terminally EYFP-tagged BACE1 was generated by subcloning mouse
BACE1 cDNA (provided by Dr. Nabil G. Seidah) in-frame into the pEYFP-N1
vector. A similar strategy was used to generate BACE1-Cerulean. A 13-
amino-acid a-Bungaratoxin Binding Site (BBS) (Sekine-Aizawa and Huganir,
2004) was inserted after the prodomain of BACE1, to generate BBS-BACE1-
YFP. The dileucine mutation (L499A/L500A) was introduced by PCR mutagen-
esis. To generate mouse Rab11B, a mouse brain PCR product that codes for
amino acids 72 to 218 was exchanged for the corresponding region in HA-
tagged Rab11A construct (Ren et al., 1998). The cDNA inserts were then sub-
cloned in-frame into the pmCherry-C1 vector. All constructs were verified by
sequencing. DsRed-, GFP-, or myc-tagged human EHD1 and three plasmids
have been described (George et al., 2007). NPY-mCherry was provided by Dr.
Gary Banker.

BTX-Labeling Assay Development

Hela cells plated on coverslips were transfected with BBS-BACE1WT-YFP
using Lipofectamine 2000. For the BTX uptake experiments, cells were incu-
bated the next day with 6.7 ng/ml AF555-BTX (Molecular Probes) at 37°C for
1 hr. Coverslips were then gently washed twice in cold Hanks’ balanced salt
solution with 10 mM HEPES (pH 7.3) (HBSS). BTX bound to cell-surface
BACE1 was removed by incubation in an acidic solution (0.5 M NaCl and
0.2 M acetic acid [pH 2.8]) for 5 min on ice (acid wash). For surface labeling,
transfected cells were incubated at 10°C for 20 min with 13.3 ng/ml AF555-
BTX in complete culture medium. The coverslips were washed twice in cold
HBSS, and one set of coverslips was further subjected to acid wash. Cells
were fixed in 4% PFA/4% sucrose for 20 min at room temperature, and nuclei
were stained with 0.25 pg/ml Hoechst 33342 (Molecular Probes) before
mounting the coverslips.

HEK cells stably expressing BBS-BACE1WT-YFP were plated in a 96-well
black glass-bottom plate (Costar) pretreated with poly-L-lysine (Sigma) to
optimize cell adhesion. Eighteen hours after plating, cells were incubated
at 37°C with 4 pug/ml AF647-BTX for a range of time points as indicated
(time course experiment in Figure 1D). After the incubation, cells were
gently washed three times on ice with PBS and fixed. Fluorescence inten-
sities were quantified a Tecan Safire2 microplate reader (Tecan). Nontrans-
fected HEK cells were assayed alongside as a control for background
subtraction. Three wells were used for each time point, and the experiment

was independently repeated three times. A standard curve was generated
in each experiment using a range of cell densities assayed by BTX uptake
for 1 hr.

Labeling of Surface and Internalized BACE1 in Neurons

All animal studies were approved by the Institutional Animal Care and Use
Committee and conducted in accordance with University of Chicago Animal
Care Guide lines. Hippocampal neurons were cultured from E17 mouse
embryos as previously described (Kaech and Banker, 2006). Dissociated
neurons were cultured on poly-D-lysine coated glass coverslips suspended
over a monolayer of primary astrocytes prepared from P0O-P2 mouse pups.
Cultures were maintained in Neurobasal supplemented with B27 serum-free
and GlutaMAX-1 supplement (Invitrogen). Neurons were transfected with
Lipofectamine 2000 (Invitrogen) on DIV11 and fixed for immunostaining or
used for live-cell imaging between DIV12 and 14. In BTX uptake experiments
AF647- or AF555-conjugated BTX (Invitrogen) was added to the culture
medium (6.6 or 2 ng/ml, respectively), at 37°C for 3-4 hr. Coverslips were
washed with ice-cold Hanks’ balanced salt solution with 10 mM HEPES
(pH 7.3) (HBSS), and BTX bound to cell-surface BACE1 was removed by a
2 min acid wash. Subsequently neurons were fixed and stained with antibodies
against MAP2 and endosome markers (see Supplemental Experimental Pro-
cedures). For live-cell imaging, coverslips were washed after BTX uptake
with imaging medium (119 mM NaCl, 2.5 mM KCI, 2 mM CaCl,, 2 mM
MgCl,, 30 mM D-glucose, and 25 mM HEPES [pH 7.4]) before image acquisi-
tion. For surface staining, neurons were incubated on ice with culture medium
containing 13.33 ng/ml AF647-BTX for 20 min.

Image Acquisition and Analysis

Wide-field epifluorescence images of fixed neurons were acquired as 200 nm
z stacks using 20x (NA 0.75) or 60x (NA 1.49) objectives. Confocal images
were acquired using a Leica SP5 Il STED-CW Superresolution Laser
Scanning Confocal microscope using 10x (NA 0.4) and 100x (NA 1.4;
zoom 2.5) objectives. Quantitative analysis was performed using Metamorph
(Molecular Devices) and Imaged software. Additional information on image
processing is detailed in the Supplemental Experimental Procedures. Axonal
and dendritic BACE1 fluorescence intensities were quantified on 60x z stack
projections of neurons using an established method (Sampo et al., 2003;
Farias et al., 2012). Briefly, the average fluorescence intensities were
measured along 100-200 pm-long one-pixel-wide line segments traced on
two to three representative sections of dendrites and axons in each neuron
using Imaged. The mean fluorescence intensity in the soma was quantified
by drawing a region around the soma. The average axon:dendrite ratio
was calculated for each neuron. Manders’ coefficient of colocalization of
BACE1 with organelles markers or tagged proteins was calculated on thresh-
olded confocal images of dendrites or 60x deconvolved z stack projections
of axons (identified by MAP2 staining) using JACoP ImageJ plugin (Bolte and
Cordelieres, 2006).

Live-Cell Imaging

Live-cell images were acquired on a motorized Nikon TE 2000 microscope
maintained at 37°C in a custom-designed environment chamber, at the rate
of one frame/s, using 60x (NA 1.49) objective and Cascade 11:512 CCD camera
(Photometrics). Image stacks were processed in Imaged software. Kymo-
graphs were generated in Metamorph and used to determine the frequency
and directionality of movement of transport vesicles that moved at the rate
of >0.1 um/sec.

Immunohistochemistry and Immunofluorescence Staining

The antibodies and methods used for staining human and mouse brain tissue
are described under Supplemental Experimental Procedures (Zhao et al,
2007; Gong et al., 2011).

siRNA Transfection in Primary Neurons and Ap Quantification

Chemically synthesized stealth siRNAs from Invitrogen were used to knock
down endogenous EHD1 and EHD3 expression in primary mouse neuronal
cultures. A pool of four different siRNAs was transfected into DIV5 neurons
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at a final concentration of 100 nM using Lipofectamine RNAIMAX (Invitrogen).
The siRNA sequences used were as follows:

Sense sequences:

EHD1-oligo1, CCGCCCUCAGGAAGCUCAAUGACCU;
EHD1-oligo2, GGGCAUUGAUGAUGUUGAGUGGGUA;
EHD1-0ligo3, GGAAGAUCUGGAAGUUGGCAGAUGU;
EHD1-oligo4, CAGCAUCAGCAUCAUUGACACUCCU;
EHD3-oligo1, UGGCUCAUGACAUUGCCCAGCUCAU;
EHD3-oligo2, GGUGAACAACCUGGCUGAGAUCUAU;
EHD3-oligo3, GGGUGGACCGAAUUAUCCUACUCUU;
and EHD3-oligo4, CCUUCAUCAGGUACCUGCUGGAACA.

Antisense sequences:

EHD1-oligo1, AGGUCAUUGAGCUUCCUGAGGGCGG;
EHD1-oligo2, UACCCACUCAACAUCAUCAAUGCCCG;
EHD1-0ligo3, ACAUCUGCCAACUUCCAGAUCUUCCG;
EHD1-oligo4, AGGAGUGUCAAUGAUGCUGAUGCUG;
EHD3-oligo1, AUGAGCUGGGCAAUGUCAUGAGCCA;
EHD3-oligo2, AUAGAUCUCAGCCAGGUUGUUCACC;
EHD3-0ligo3, AAGAGUAGGAUAAUUCGGUCCACCC;

and EHD3-oligo4, UGUUCCAGCAGGUACCUGAUGAAGG.

Conditioned medium was collected and assayed for AB essentially as
described (Bali et al., 2012). An electrochemiluminescene assay was used to
measure AB38, AB40, and AB42 in a mouse specific 96-well MULTI-ARRAY
multiplex kit (Meso Scale Discovery).

Real-Time RT-PCR

Total RNA from mouse primary neurons was isolated using TRIzol (Invitrogen)
and cDNA was prepared using the iScript cDNA synthesis kit (BIO-RAD)
according to the manufacturer’s recommended protocol. Real-time PCR
was performed using iTaq Universal SYBR Green Supermix (BIO-RAD). Rela-
tive EHD1 and EHD3 gene expression levels were calculated with the AACt
method using GAPDH for normalization.

Statistical Analysis

Each experiment was performed using at least three independent sets of
cultures. Data are presented as mean + SEM. Statistical significance was
determined by t tests (comparison of two groups; Figures 2C, 6B, and S1C)
or ANOVA (comparison of three or more groups) using GraphPad Prism soft-
ware and indicated the figures: *p < 0.05; **p < 0.01; ***p < 0.001; ***p <
0.0001; ns, nonsignificant.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental Procedures,
five figures, and five movies and can be found with this article online at
http://dx.doi.org/10.1016/j.celrep.2013.12.006.
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