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The retromer complex plays an important role in intracellular transport, is highly expressed in the hippocam-
pus, and has been implicated in the trafficking of the amyloid precursor protein (APP). Nevertheless, the traf-
ficking routes of the neuronal retromer and the role it plays in APP transport in neuronal processes remain
unknown. Here we use hippocampal neuronal cultures to address these issues. Using fluorescence microsco-
py, we find that Vps35, the core element of the retromer complex, is in dendrites and axons, is enriched in
endosomes and trans-Golgi network, and is found in APP-positive vesicles. Next, to identify the role the neu-
ronal retromer plays in cargo transport, we infected hippocampal neurons with a lentivirus expressing
shRNA to silence Vps35. By live fluorescence imaging, Vps35 deficiency was found to reduce the frequency,
but not the kinetics, of long-range APP transport within neuronal processes. Supporting the interpretation
that retromer promotes long-range transport, Vps35 deficiency led to increased APP in the early endosomes,
in processes but not the soma. Finally, Vps35 deficiency was associated with increased levels of Aβ, a cleaved
product of APP, increased colocalization of APP with its cleaving enzyme BACE1 in processes, and caused an
enlargement of early endosomes. Taken together, our studies clarify the function of the neuronal retromer,
and suggest specific mechanisms for how retromer dysfunction observed in Alzheimer's disease affects APP
transport and processing.

© 2012 Elsevier Inc. All rights reserved.
Introduction

The retromer is a coat-like complex of proteins comprising a cargo
recognition domain (Vps35/Vps26/Vps29), and a membrane associa-
tion domain composed of a dimer of the sorting nexin proteins SNX1,
2, 5, or 6 (Bonifacino and Hurley, 2008). The retromer has been
shown to act either in trafficking cargoes from the endosome back
to the trans-Golgi network (TGN) (Bonifacino and Hurley, 2008;
Seaman, 2005), or, in the case of polarized epithelial cells, in promot-
ing long-range transport (Verges et al., 2004).

The retromer was first implicated in Alzheimer's disease (AD) in a
study that identified deficiencies in Vps35 and Vps26 in the hippo-
campal formation of patients with late-onset disease (Small et al.,
2005). It was hypothesized that Vps10-containing transmembrane
proteins might be part of the neuronal retromer pathway, mediating
the sorting of the amyloid precursor protein (APP) away from the
amyloidogenic endosomal system (Small et al., 2005). To date, three
members of the family of Vps10-containing proteins have been
o), sas68@columbia.edu
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shown to interact with the neuronal retromer—sortilin, SorL1 (also
called SorLA or LR11) (Muhammad et al., 2008) and, most recently,
SorCS1 (Lane et al., 2010). Several cell culture studies have shown
that selective silencing of Vps35 (Small et al., 2005), Vps26
(Rogaeva et al., 2007), SorL1 (Rogaeva et al., 2007), or SorCS1 (Lane
et al., 2010) causes elevations in Aβ, a cleaved product of APP associ-
ated with AD pathophysiology (Hardy and Selkoe, 2002), and similar
observations have been made in animal models with genetically-
induced deficiencies in Vps35 (Muhammad et al., 2008), Vps26
(Muhammad et al., 2008), SorL1 (Andersen et al., 2005; Dodson et
al., 2006), or SorCS1 (Lane et al., 2010). Additionally, genetic varia-
tions in SorL1 (Rogaeva et al., 2007) or SorCS1 (Reitz et al., 2011) in-
crease the risk of developing late-onset AD.

Besides implicating retromer dysfunction in AD pathogenesis,
these studies suggest that APP is a cargo that is also trafficked by ret-
romer. Indeed, this prediction was recently confirmed in non-
neuronal cell lines, showing that the retromer complex is involved
in endosome-to-TGN trafficking of APP (Vieira et al., 2010). Neverthe-
less, despite high expression levels in the brain (Haft et al., 2000), in
particular the hippocampal formation (Muhammad et al., 2008), a de-
tailed characterization of the neuronal retromer has not yet been
completed. More importantly, as neurons are highly polarized, it is
unknown whether the neuronal retromer is involved in long-range
transport of cargo and if so how.

http://dx.doi.org/10.1016/j.nbd.2012.03.030
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We used cultured hippocampal neurons to address these series of
questions. After establishing in fixed neurons the distribution of
Vps35, the core element of the retromer, we turned to live imaging
to investigate the role the retromer plays in long-range transport.
We focused on the distribution APP, to understand the general role
the neuronal retromer plays in cargo transport, but also to clarify
the link between retromer dysfunction and AD pathophysiology. Re-
sults of our studies suggest that, akin to polarized epithelial cells,
the retromer can act to promote the long-range transport of cargo,
and suggests that retromer dysfunction causes elevations in Aβ pro-
duction by redistributing APP to endosomes in neuronal processes.

Results

Localizing the retromer complex within neurons

Confocal microscopy was used to identify the subcellular localiza-
tion of the neuronal retromer complex and its colocalization with var-
ious intracellular markers. As in other cell types, Vps35 and Vps26,
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Fig. 1. Vps35 localizes on endosomes and trans-Golgi Network (TGN) throughout the neuro
fixed and stained for endogenous Vps35 (red) and the indicated organelle or synaptic mark
Arrows in the inset show regions of colocalization. B, Colocalization index for the indicated s
members of the retromer complex, were highly colocalized in puncta
distributed throughout the neuron (Fig. 1A). Similar to non-neuronal
retromer, neuronal retromer (as detected with an anti-Vps35 anti-
body) colocalized with markers of the early endosomes (EEA1, Rab5
and syntaxin13) and TGN (syntaxin16 and Golgin97), but to a lower
extent with a marker of the late endosome/lysosome, Rab7, or the
cis-Golgi (GM130; Figs. 1A–B). Importantly, proteins of the retromer
complex were found, not only in the soma, but also throughout neu-
ronal processes, including both dendrites and axons, as defined by the
presence and absence of MAP2 immunoreactivity in processes, re-
spectively (Fig. 1A). Vps35 did not co-localize with markers of the
presynaptic terminal (synaptophysin) and dendritic spines (PSD95;
Figs. 1A–B), suggesting that the retromer complex is excluded from
the synapse. On high magnification, however, the retromer complex
was often found juxtaposed to PSD95 suggesting that a pool of the
retromer complex may be found at the base of dendritic spines
(Fig. 1A).

Finally, supporting studies that have implicated retromer in APP
transport, we used confocal microscopy to show that Vps35 partially
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n.A, 14 day old mouse primary hippocampal neurons from postnatal day 0 mice were
ers (green) using antibodies, and imaged using confocal microscopy (Zeiss LSM 700).
tainings. Values denote means±SEM (n≥25 fields). Scale bars are 10 μm in all panels.
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Fig. 2. Vps35 colocalizes with amyloid precursor protein.A, Hippocampal neurons (14 DIV) were fixed and stained for endogenous Vps35 (red) and the amyloid precursor protein
(APP) (green). Neurons were imaged as in Fig. 1. Inset shows colocalization between APP and Vps35 occurring also in neuronal processes. B, HeLa cells were transfected with APP-
mRFP (red), and stained for endogenous Vps35 (green) and the early endosomal protein EEA1 (blue), 24 h post-transfection. Merge shows extensive colocalization between Vps35
and APP occurring on early endosomes. N=15 fields from at least three independent experiments. Scale bars are 10 μm.
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colocalizes with APP (Fig. 2) and SorL1 in neurons (Fig. 1B; ~35% colo-
calization for both). To provide additional evidence in support of the
relationship between APP and retromer in a heterologous system,
HeLa cells were transfected with APP-mRFP and stained with anti-
Vps35 and anti-EEA1 antibodies. As in hippocampal neurons
(Fig. 1), Vps35 colocalized with EEA1- and APP-positive early endo-
somes in HeLa cells (Fig. 2B; inset). In contrast, little colocalization
was found between APP and TGN markers in this cell line (Supple-
mental Fig. 1).
Neuronal retromer promotes long-range transport of APP in processes

The observation that Vps35 is found in processes raised the possi-
bility that the neuronal retromer might play a role in long-range
cargo transport. To investigate this possibility we developed a
shRNA lentivirus directed against Vps35. Infection of primary hippo-
campal neurons with this virus resulted in greater than 80% reduction
in Vps35 relative to control virus (Fig. 3). In agreement with other
studies (Muhammad et al., 2008; Verges et al., 2004), a downregula-
tion of Vps35 caused a concomitant downregulation of a second ret-
romer protein, Vps26 (Fig. 3), suggesting a general destabilization of
the retromer complex.

By transfecting Vps35-deficient neurons with APP-mRFP, we find
that Vps35 deficiency causes a relative decrease in the number of
long-range moving APP-positive particles (Figs. 4A–C; p=0.014)
but does not affect the kinetics of APP's long-range trafficking. APP
was transported through neuronal processes with a relative velocity
of 1–2 μm/s in both control and Vps35 knockdown conditions
(Figs. 4A–B; Movie 1A–B and data not shown). As previously de-
scribed in epithelial cells (Verges et al., 2004), retromer might pro-
mote the long-range transport of cargo, although not necessarily
found in long-range vesicles themselves. To investigate this issue in
neurons, we first transfected neurons with a construct expressing a
GFP-tagged version of human Vps35 (GFP-Vps35; Fig. 5). Exogenous-
ly expressed Vps35 was found to be localized throughout the soma
and processes, a pattern similar to that seen by staining for endoge-
nous Vps35 (Movie 2; see also Fig. 1). By live imaging the motility
of Vps35 was characterized as short-ranged or stationary (Fig. 5, left
panel; Movie 2), suggesting that the neuronal retromer is not found
in long-range moving vesicles.

Previous studies have shown that in motor neurons Rab7, but not
Rab5, is a marker of long-range transport vesicles (Deinhardt et al.,
2006). Accordingly, we transfected neurons with GFP-Rab5 or GFP-
Rab7. Rapid long-range movement of GFP-Rab7 (Fig. 5, right panel
and Movie 4) was documented in the processes of hippocampal neu-
rons, distinct from the movement described for Vps35. In contrast,
the relatively stationary or short-range movement of GFP-Rab5 was
similar to that observed for Vps35 (Fig. 5, left and middle panels;
Movies 2 and 3).

Finally, we mapped the normal movement of APP by transfecting
neurons with APP-mRFP. Interestingly, live imaging suggested that
the movement of APP in neuronal processes is a composite of a
Rab5-like stationary phase (likely reflecting the movement of early
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Fig. 3. Vps35 deficiency increases Aβ-40 and 42 accumulation.A, Hippocampal neurons (7 DIV) were treated with either control lentivirus or Vps35 shRNA lentivirus, both of which
express GFP. Neurons were stained for Vps35 (red) seven days post-infection. B, Neurons were treated with lentivirus as in A, and homogenized to obtain a total cell lysate. Western
blot analysis shows significant reduction in Vps35 and Vps26 with no significant change in total APP (upper panel) or BACE (lower panel) levels. C, Murine Aβ-40 and 42 levels were
measured in the media of either control treated or Vps35 shRNA treated neurons by ELISA (Invitrogen). Values denote means±SEM (n=9 from 3 independent experiments). *,
pb0.05. **, pb0.01 using the Student's t-test.
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endosomes) and a Rab7-like long-range phase (likely reflecting that
of late endosomes) (Figs. 4A–B), although a significant pool of APP
also traffics anterogradely with TGN-derived vesicles (Kaether et al.,
2000; Koo et al., 1990), We then transfected with fluorescently
tagged Vps35 and APP, and both proteins localized to axons and den-
drites (Movie 5). While APP exhibited both long-range and short-
range movements, in an anterograde as well as retrograde manner
as previously described (Kaether et al., 2000), Vps35 undergoes
mainly short-range movements. Similar results were obtained in
HeLa cells transfected with APP-mRFP and GFP-Vps35 (data not
shown).

Together, these results suggest that as in other polarized cells the
neuronal retromer is absent from long-range moving vesicles, but
nevertheless acts to promote long-range transport.
Neuronal retromer traffics APP away from EEA1- and BACE1-positive
endosomes

We reasoned that if the neuronal retromer acts to promote long-
range transport in processes, Vps35 deficiency might cause an in-
crease of APP in distal early endosomes. To test this, we examined
the localization APP in Vps35 deficient neurons. Confirming the pre-
diction, we find that APP is increased in EEA1-positive early endo-
somes in processes, and to a lesser extent, in the soma (Figs. 6A–B
and Supplemental Fig. 2). In contrast, we do not find an increase of
APP in late endosome/lysosome, using the LAMP1 marker (Fig. 6B).
To rule out any effect due to changes in protein levels, we assessed
total protein using Western blotting. Vps35 deficiency produced no
significant change in protein levels of endogenous APP, BACE (β-site
APP-cleaving enzyme) or EEA1 (Fig. 3B and data not shown). Interest-
ingly, in cultured hippocampal neurons, Vps35 deficiency resulted in
a significant enlargement of early endosomes (as stained by EEA1),
when compared to control conditions (Fig. 6C).

Next, we investigated the effect the redistribution of APP to early
endosomes has on APP proteolytic cleavage. First, in agreement
with previous studies (Muhammad et al., 2008; Sullivan et al.,
2011), we find that Vps35 deficiency in cultured neurons causes a
mild but significant increase in Aβ peptide, a cleaved product of APP
(Fig. 3C). Second, guided by studies showing that retromer deficiency
accelerates β-secretase cleavage of APP (Muhammad et al., 2008), we
find that Vps35 deficiency increased the colocalization between APP
and BACE1. Although observed throughout the neuron, the greatest
increase in colocalization was observed in processes (pb0.001;
Figs. 7A–B). A similar assessment carried out for BACE1 showed that
the extent of BACE1 colocalization with EEA1 is not affected with ret-
romer downregulation (Fig. 7C).

Discussion

To begin understanding the role of the neuronal retromer, we first
mapped the localization and colocalization of its core component,
Vps35, with organelle markers within hippocampal neurons. Prior
studies addressing mammalian retromer function in relation to APP
trafficking and AD have used primarily non-neuronal cells (Vieira et
al., 2010). Here we provide the first cell-based evidence for retromer
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function in a neuronal setting. The series of fluorescence microscopy
studies suggest that, as in other cell types (Bonifacino and Hurley,
2008; Seaman, 2005), neuronal Vps35 is found primarily in endo-
somes and the TGN. Importantly, Vps35 was found in the three dis-
tinct compartments of neurons (cell body, axons and dendrites).
This distribution, together with previous observations in epithelial
cells, showing involvement of retromer in transcytosis of cargoes
such as PIGR (Verges et al., 2004), raised the possibility that neuronal
retromer might be involved in long-range transport. Indeed, previous
studies have established that APP undergoes both anterograde and
retrograde transport in processes (Koo et al., 1990), and that altering
this transport affects amyloidogenic processing of APP (Brunholz et
al., 2012). Additionally, previous studies have expressed exogenous
PIGR in neurons, showing that PIGR undergoes long-range transport
in neuronal processes (Ikonen et al., 1993).

Our findings suggest that retromer plays a role in long-range
transport of APP. Specifically, we report that retromer deficiency
caused a decrease in the frequency, but not the velocity, of APP parti-
cles found to undergo long-range transport in neuronal processes.
Furthermore, retromer deficiency was found to increase APP in the
early endosomes within processes, which is consistent with the no-
tion that retromer deficiency reduced the sorting and delivery of
APP into long-range moving particles. Importantly, studies have
established that Aβ is actively produced by the cleavage of APP in
early endosomes of distal neuronal processes (Kinoshita et al., 2003;
Rajendran et al., 2006). This is in agreement with findings suggesting
that early endosomes are major sites of APP processing (as reviewed
in Small and Gandy, 2006), in part due to the presence of a highly ac-
tive pool of BACE1 in these organelles. Consistent with this interpre-
tation, our results show that retromer deficiency increases the
colocalization of APP with its cleaving enzyme BACE1. Thus, by trap-
ping more APP in the early endosomes of dendrites or axons, retro-
mer deficiency can lead to accelerated APP processing. This scenario
is consistent with an increasing number of studies implicating retro-
mer and its cargoes in late-onset AD.

These cargoes include sortilin, SorL1 and SorCS1, among others,
and have also been involved in the binding and transport of APP
(Andersen et al., 2005). It is however unclear whether APP missorting
in processes of retromer-deficient neurons is caused by that of SorL1
and related members. Our data suggest that SorL1 is also missorted
upon Vps35 silencing, but rather than exhibiting a greater localization
in early endosomes, it is enriched on the TGN compartment (Supple-
mental Fig. 3). One potential explanation is that the endosomal pool
of SorL1 may be preferentially degraded in lysosomes of Vps35-
deficiency neurons, consistent with previous work on the mannose-
6-phosphate receptor (Arighi et al., 2004) as well as the mild reduc-
tion of SorL1 protein levels found in Vps35-deficient neurons (data
not shown).

Interestingly, we find that retromer deficiency causes an enlarge-
ment of EEA1-positive early endosomes. Endosomal enlargement
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was first linked to AD in seminal studies that examined neurons from
postmortem brains (Cataldo et al., 2001; Nixon, 2005). Recent studies
have used stem cell biology to convert fibroblasts to neurons from AD
patients, either by direct induction in fibroblasts harvested from pa-
tients with presenilin mutations (Qiang et al., 2011) or via induced
pluripotency stem cells from patients with APP duplications and spo-
radic disease (Israel et al., 2012). Remarkably, enlargement in early
endosomes was found to characterize the neurons from all three AD
populations. Thus, endosomal enlargement is increasingly viewed as
an intracellular histological phenotype characteristic of AD. By docu-
menting endosomal enlargement, our current studies further links
retromer deficiency to AD (Small, 2008), and suggests that defects
in sorting proteins out of the early endosome (Small and Gandy,
2006) might be a potential mechanism for why endosomes become
enlarged.

In summary, our studies clarify the general function of the retro-
mer in neurons, and by focusing on APP our results clarify how retro-
mer dysfunction observed in AD can lead to amyloid accumulation.
Interestingly, recent studies have linked Vps35 mutations to Parkin-
son's disease (Vilarino-Guell et al., 2011; Zimprich et al., 2011), al-
though it remains unknown whether these mutations cause a gain
or loss of retromer function and whether they might interfere with
binding of cargo specifically associated with Parkinson's disease. In
any case, retromer is now implicated in two neurodegenerative dis-
eases, suggesting that the brain is particularly vulnerable to alter-
ations in retromer function. By clarifying the function of the
neuronal retromer our studies aide in better understanding how de-
fects in neuronal retromer contribute to disorders of the brain.
Materials and methods

cDNA and antibodies
Human APP-mRFP and GFP-Vps35 (human) were generated by

subcloning into pCDNA3.1 and pEGFP vectors respectively. GFP-
Rab5 (human) was a kind gift from H. Stenmark. GFP-Rab7
(human) was provided by J. Gruenberg. Vps35-shRNA and corre-
sponding control lentiviral constructs (System Biosciences) were
kindly provided by Xinhua Lin and are described in (Belenkaya et
al., 2008). Antibodies used: Vps35 (Abcam), Vps26 (Abcam and pro-
vided by Juan Bonifacino), APP (Abcam), EEA1 (Pierce), Rab5 (Synap-
tic systems), Syntaxin13 (Synaptic systems), Golgin97 (Molecular
Probes), Syntaxin16 (Synaptic systems), GM130 (BD Biosciences),
LAMP1 (Abcam), PSD95 (Synaptic systems), Synaptophysin (provid-
ed by Pietro De Camilli), MAP2B and SorL1 (BD Biosciences), and
BACE1 (Millipore). All primary antibodies were used at a dilution of
1:200 from the specified vendors (unless otherwise stated). All sec-
ondary antibodies (AlexaFluor 488, AlexaFluor 555 and AlexaFluor
647) were obtained from Invitrogen, and used at 1:250–1:500.

Cell culture
Hippocampi were dissected from postnatal day 0 wild type mice,

trypsinized for 30 min at 37 °C, then dissociated by passing through
a Pasteur pipette and finally plated on poly-Ornithine coated 12 or
18 mm coverslips (imaging) or 6 well plates (ELISA) at a density of
40,000–50,000 cells/cm2. Media were changed 24 h post-plating to
remove any cell debris. Neurons were cultured for 14 days (unless
otherwise indicated) in Neurobasal-A media supplemented with B-
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Fig. 6. Vps35 deficiency shifts the localization of APP.A, Hippocampal neurons were treated with control shRNA lentivirus (left panel) or Vps35 shRNA lentivirus (right panel). Neu-
rons were fixed and stained for endogenous APP (red) and the early endosome marker EEA1 (blue). Diffuse GFP fluorescence marks the infected neuronal processes (top most
panel) and arrows mark points of colocalization. B, Quantification of the colocalization between APP and EEA1 or APP and LAMP1 in control treated (white bars) or Vps35
shRNA treated (black bars) neurons was determined as done in Fig. 1. Values denote means±S.E.M (n>20 fields for Soma and 19 fields for Processes, from 3 independent
experiments). Scale bars are 5 μm. C, Quantification of average EEA1 positive endosome size in control and Vps35 shRNA treated neurons was done using ImageJ. Values denote
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27, Glutamax and u-FDU, in a 5% CO2 incubator. Vps35-shRNA lentivi-
rus was generated by transfecting control or Vps35-shRNA vectors
and pPACK-H1 packaging mix (System Biosciences) into HEK-293T
cells using Lipofectamine 2000 as per manufacturer's instructions.
Media were collected 48–72 h post-transfection and spun in an
ultra centrifuge at 22,000×g for 1.5 h. Lentiviral pellet was re-
suspended in Neurobasal-A media and used at 1000× for infection.

HeLa cells were grown at 37 °C in a 5% CO2 incubator in MEM me-
dium supplemented with Glutamine (Invitrogen), 10% fetal bovine
serum (Invitrogen) and penicillin/streptomycin (Invitrogen). These
cells were transiently transfected with the indicated cDNA(s) using
the Fugene-6 reagent (Roche Diagnostics), using the manufacturer's
instructions, for 48 h or 72 h.

Confocal microscopy
Mouse primary hippocampal neurons and HeLa cells cultured on

coverslips were fixed in 4% PFA and permeabilized with 0.05–0.1% sa-
ponin in PBS/serum buffer. Images were captured with a Zeiss LSM
700 META confocal microscope equipped with a 63× Plan-Apochro-
mat objective and HeNe1, HeNe2 and Argon lasers. Colocalization
analysis was performed using the ImageJ software (NIH) and ZEN
software (Zeiss).

Endosome size analysis was done using ImageJ. Briefly, the thresh-
old for each image was adjusted to eliminate background and the ‘An-
alyze Particles’ function (in μm2) was used to calculate the size of all
particles in the image. Average sizes of particles are reported.
Transfection and live-cell imaging
For APP-mRFP, GFP-Vps35, GFP-Rab5 and GFP-Rab7 imaging,

mouse hippocampal neurons were transfected with 2 μg DNA per
ml of media 9–10 days after plating, using Lipofectamine LTX (Invi-
trogen) as per manufacturer's instructions. Transfection was carried
out for 30 min at 37 °C and transfection media were replaced with
saved conditioned media. Neurons were imaged 24–48 h post-trans-
fection. When indicated, Vps35 shRNA or control shRNA lentivirus
was added 4 days prior to transfection for efficient knockdown. Neu-
rons were imaged in 37 °C imaging solution (119 mM NaCl, 3 mM
KCl, 25 mM HEPES [pH. 7.2], 30 mM Glucose, 2 mM CaCl2, 2 mM
MgCl2, 10 μMCNQX) using an Olympus IX81 inverted Epifluorescence
microscope, with a 37 °C heated stage and constant bubbling of 5%
CO2 in a humidity controlling water bath. Images were captured at
3-second intervals for the individual constructs or 5-second intervals
for GFP-Vps35 APP-mRFP double transfection. Images were captured
using Slidebook software (Olympus). Kymographs were generated
using MetaMorph software, briefly explained below. The purpose of
Kymographs is to measure velocities of moving structures over time
in 2D. Processes to be analyzed are selected using a segmented line
tool. The length of the segment is represented as the x-axis on the ky-
mograph, whereas the total time of the time-lapse movie is repre-
sented on the y-axis. The kymographs are generated in grayscale
with background correction such that bright puncta are easily dis-
cernible on the kymograph. A particle that moves along a track (neu-
ronal process), can be seen as a slanting line on the kymograph. The
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Fig. 7. Vps35 deficiency increases the colocalization between APP and BACE1.A, Hippocampal neurons were treated with either control shRNA (left panel) or Vps35 shRNA (right
panel) as in Fig. 3. Neurons were fixed and stained for endogenous APP (red) and BACE1 (blue). B–C, Colocalization between APP and BACE1 (B), or between BACE1 and EEA1 (C), in
control treated (white bars) or Vps35 shRNA treated (black bars) neurons was determined as in Fig. 1C, Values denote means±S.E.M (n=17 fields for Soma and 19 fields for Pro-
cesses, from 3 independent experiments). *, pb0.05. ***, pb0.001 using Student's t-test. Scale bars are 5 μm.
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greater the slope of the line, the faster the velocity of the particle
along the neuronal process. In each experiment there was a difference
in the number of total particles. To normalize across all experiments,
the number of stationary and long-range moving particles in each ex-
periment was divided by the total number of particles in that exper-
iment. This allowed for a statistical comparison to be completed
between the groups.

Aβ ELISA
Murine Aβ 1–40, 1–42 ELISA was performed as per manufacturer's

instruction (Invitrogen). Briefly, conditioned media from two-week
old primary hippocampal cultures were collected and AEBSF
(0.2 mg/ml) was added to prevent Aβ degradation, and kept on ice
till the start of the experiment. Media volume was adjusted to ac-
count for variability due to evaporation (2 ml final volume per well
of a six well plate). Media were spun at 1000×g at 4 °C for 5 min to
pellet any cell debris. ELISAs were carried out in duplicates, and the
averaged values are reported in pg/ml.

Colocalization quantification
Percent colocalization was quantified using ImageJ software

(N.I.H.). Briefly, the red and green channels were split and the thresh-
old for each channel was adjusted to omit the background. The over-
lapping pixels were determined using the Image Calculator function
(pixels overlapping in red AND green). The percent colocalization
was calculated using the following equation: %colocalization=100×
(overlapping pixels / total Vps35 positive pixels).

Supplementary data to this article can be found online at doi:10.
1016/j.nbd.2012.03.030.
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