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Rapid and Intermittent Cotransport of Slow
Component-b Proteins
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After synthesis in neuronal perikarya, proteins destined for synapses and other distant axonal sites are transported in three major groups
that differ in average velocity and protein composition: fast component (FC), slow component-a (SCa), and slow component-b (SCb). The
FC transports mainly vesicular cargoes at average rates of ~200 - 400 mm/d. SCa transports microtubules and neurofilaments at average
rates of ~0.2-1 mm/d, whereas SCb translocates ~200 diverse proteins critical for axonal growth, regeneration, and synaptic function at
average rates of ~2-8 mm/d. Several neurodegenerative diseases are characterized by abnormalities in one or more SCb proteins, but
little is known about mechanisms underlying SCb compared with FC and SCa. Here, we use live-cell imaging to visualize and quantify the
axonal transport of three SCb proteins, a-synuclein, synapsin-I, and glyceraldehyde-3-phosphate dehydrogenase in cultured hippocam-
pal neurons, and directly compare their transport to synaptophysin, a prototypical FC protein. All three SCb proteins move rapidly but
infrequently with pauses during transit, unlike synaptophysin, which moves much more frequently and persistently. By simultaneously
visualizing the transport of proteins at high temporal and spatial resolution, we show that the dynamics of a-synuclein transport are
distinct from those of synaptophysin but similar to other SCb proteins. Our observations of the cotransport of multiple SCb proteins in
single axons suggest that they move as multiprotein complexes. These studies offer novel mechanistic insights into SCb and provide tools

for further investigating its role in disease processes.
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Introduction
Proteins synthesized in the neuronal cell body are delivered to
distant sites in axons, including synapses, by axonal transport, an
energy-dependent process that occurs throughout the life of the
neuron. Materials are delivered to the axon in three major com-
ponents termed fast component (FC), slow component-a (SCa),
and slow component-b (SCb). Significant progress has been
made in understanding FC and SCa, and many mechanistic de-
tails of FC and SCa transport have been defined, primarily be-
cause of development of methods to visualize their transport in
axons of living neurons (Brown, 2003; Baas and Buster, 2004). In
contrast to FC and SCa, mechanisms underlying SCb remain
enigmatic.

Early studies using radio-isotopic labeling methods showed
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that SCa and SCb are two distinct slow components. Although
both move at slow rates, overall kinetics and the individual
polypeptide composition of SCb is primarily different from SCa
(Black and Lasek, 1980). While SCa transports the major cy-
toskeletal structures (i.e., neurofilaments and microtubules),
SCb transports >200 diverse proteins that are key components of
axons and synapses. Average rates of SCb are also ~2-10 times
faster than SCa. Only a handful of SCb proteins have been iden-
tified, and they are enormously diverse, including enzymes such
as glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and
superoxide dismutase-1; various chaperones calmodulin and
actin-depolymerizing factor; presynaptic proteins such as synap-
sin, a-synuclein, and clathrin; motor proteins such as dynein and
myosin; and cytoskeletal proteins such as actin and spectrin (Gar-
ner and Lasek, 1982; Lasek et al., 1984; Baitinger and Willard,
1987; Bray et al.,, 1992; Dillman et al., 1996; Yuan et al., 1999;
Bourke etal., 2002). The importance of SCb for neuronal viability
is highlighted by studies showing that several SCb proteins, in-
cluding dynein (Hafezparast et al, 2003), superoxide
dismutase-1 (Borchelt et al., 1998), and a-synuclein (Jensen et
al., 1999; Forman et al., 2004; Saha et al., 2004), are linked mech-
anistically to neurodegenerative diseases.

Several in vivo radiolabeling transport studies have specifically
implicated SCb in axon growth and regeneration. One of the first
indications was the similarity in the average rates of SCb and
axonal regeneration (Wujek and Lasek, 1983), raising the possi-



3132 - J. Neurosci., March 21, 2007 - 27(12):3131-3138

bility that SCb provides materials essential for axon growth and
that their delivery by SCb influences axonal growth. This was
reinforced by subsequent studies showing that manipulations ac-
celerating SCb transport also accelerated regeneration (Maier
and McQuarrie, 1990; Jacob and McQuarrie, 1991), and by the
demonstration that proteins critical to normal growth cone mo-
tility and guidance such as dynein, actin, and myosin were trans-
ported in SCb (Baas and Buster, 2004).

Despite observations linking SCb to axon growth, neuronal
homeostasis, and neurodegenerative diseases, fundamental
mechanisms of SCb transport are unknown. Almost all available
information on SCb was obtained using radio-isotopic labeling
methods, but these techniques lack the spatial and temporal res-
olution needed to dissect transport mechanisms. To address this
issue, we quantitatively analyzed the transport of three fluores-
cently tagged SCb proteins, «-synuclein, synapsin-I, and
GAPDH, and an FC protein synaptophysin in axons of living
neurons. Our studies combine conventional time-lapse imaging
with a novel approach that enabled us to simultaneously visualize
transport of multiple proteins in the same axon. The results re-
veal fundamental aspects of SCb transport.

Materials and Methods

Antibodies and plasmid constructs. For immunofluorescence studies of
a-synuclein and synaptophysin, affinity-purified rabbit polyclonal
(SNL-1) and mouse monoclonal (clone SY38; Chemicon, Temecula, CA)
were used, respectively. Using standard molecular biology protocols,
full-length a-synuclein driven by cytomegalovirus (CMV) promoter was
tagged at the N terminus with monomeric red fluorescent protein
(mRFP) (mRFP:a-SYN) or green fluorescent protein (GFP)
(GFP::a-SYN) by subcloning them into the pDsRed monomer CI or
enhanced GFP (EGFP)-Cl1 vector, respectively (Clontech, Mountain
View, CA). In addition, the CMV promoter in GFP::a-SYN was also
replaced with a synapsin-I promoter. The GFP::RhoB (pAcGFP1-Endo)
is commercially available (Clontech), and the synaptophysin C-terminal
tagged GFP (SYP:GFP) construct has been described previously
(Kaether et al., 2000).

Cell culture and transfection. Hippocampal cultures were obtained
from brains of embryonic day 18 (E18) to E19 C57Bl/6 mice following
standard protocols. Briefly, dissociated cells were plated at a density of
50,000—100,000 cells/cm in poly-p-lysine-coated glass-bottom culture
dishes (MatTek, Ashland, MA) and maintained in Neurobasal/B27 me-
dia (Invitrogen, Carlsbad, CA) supplemented with 0.5 mm glutamine.
Cells were transfected with the respective construct(s) using
Lipofectamine-2000 (Invitrogen) at 7—8 d in vitro (DIV) according to the
instructions of the manufacturer, and transport studies were performed
on 10-15 DIV neurons. All animal studies were performed in accordance
with University of Pennsylvania guidelines.

Microscopy and live-cell imaging. For live-cell imaging, cells growing in
NB/B27 media were quickly rinsed (four times) with a nutrient-enriched
modified L-15-based media that buffers pH at atmospheric CO,. The
modified L-15 media is described by Roy et al. (2000), except glutamate
and nerve growth factor were omitted. In the last rinse, the L-15-based
medium was supplemented with Oxyrase (1:100; Oxyrase, Mansfield,
OH) to minimize photodamage during fluorescence imaging. A sealed
chamber containing the L-15/Oxyrase media was then created on the
MatTek (Ashland, MA) culture dishes using a coverslip and a silicone-
based sealant (Compound 111; Dow Corning, Midland, MI). Cells were
then transferred onto a custom-built Plexiglas incubator housed over a
Nikon TE-2000-E (Nikon, Tokyo, Japan) inverted epifluorescence mi-
croscope. The incubator was kept at ~35°C using an Air-Therm ATX
temperature controller (World Precision Instruments, Sarasota, FL). The
100X oil immersion lens for imaging was also heated to ~35°C using a
Bioptechs objective heater (Bioptechs, Butler, PA). To further minimize
photodamage and photobleaching, the intensity of the fluorescence lamp
was reduced to ~25% of total intensity using neutral-density filters.
Under these conditions, neurons extended growth cones and explored
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their environment for 1 h or more. Regions of thin axons away from
growth cones, adjacent cell bodies, or dendrites that had minimal
synaptic-like varicosities were typically chosen for live imaging. All im-
ages were binned (2 X 2), and exposure times were typically 400—1000
ms, with the camera operating at maximum gain. For display only, a 3 X
3 low-pass filter was used to reduce background in some movies.

Kymograph analysis. All image acquisition and processing was done
using MetaMorph (Molecular Devices, Downingtown, PA). For analyz-
ing images and videos, only the camera noise was subtracted from the
videos without additional processing. To avoid objects that moved bidi-
rectionally without net vectorial movement, only particles that moved at
least 10 um in any direction were analyzed. Kymographs were generated
using the dropdown menu “kymograph” in MetaMorph software. For
calculating average velocities of moving particles, lines were traced over
the kymographs, and the number of pixels corresponding to the X and Y
axes of the straight line was obtained using the dropdown menu “region
measurements”. The “slope” was then calculated from these measure-
ments. For analyzing the SYP:GFP data, representative kymographs
were obtained. A subset of 100 frames (frames 200-300, ~100 s imaging
time representing ~10% of each video) was analyzed from every
SYP::GFP video. These shorter representative videos were simpler to
analyze because they had fewer moving particles. To analyze the propor-
tion of moving versus paused a-synuclein/synaptophysin particles,
shorter representative kymographs from both mRFP:a-SYN and
SYP::GFP live-imaging videos were taken (from frames 200—300, same as
above). The ratio of moving/paused particles was then obtained from
these relatively simpler kymographs. For drawing the overlay kymo-
graphs, lines were independently traced over each of the two kymo-
graphs, binarized, and then pseudocolored (red/green). The two bina-
rized images were then merged and transferred to Adobe Photoshop for
display (Adobe Systems, San Jose, CA). Dual-cam videos were intention-
ally shifted for independent visualization and comparison of each chan-
nel. For statistical analyses, the two groups of data (a-synuclein and
synaptophysin average velocities) were compared using nonparametric
tests (Mann—Whitney; two-tailed). The p values for anterograde and
retrograde velocities were 0.09 and 0.16, respectively. All statistical anal-
yses were performed using Prism software (Graphpad, San Diego, CA).

Simultaneous dual-color time-lapse imaging. Two spectrally distinct
fluorophores were simultaneously excited using appropriate filters and
then detected using the “Dual-Cam” (Optical-Insights, Tucson, AZ), a
device that splits the emission wavelengths into separate (red/green)
channels with only minor loss (~10-15%) of fluorescence intensity in
each channel. Images from each channel were acquired simultaneously
by two CoolSnap-HQ cameras (Photometrics, Tucson, AZ). The whole
system was run by MetaMorph (Molecular Devices). For dual imaging,
only axons showing low and comparable expression of both proteins
were analyzed. The videos were then aligned and analyzed as described
above.

Results

Visualization of a-synuclein transport in SCb

In cultured hippocampal neurons, a-synuclein first appears
at ~7 DIV and is localized predominantly to presynaptic termi-
nals after establishment of synaptic contacts at ~10—14 DIV
(Withers et al., 1997). Axonal a-synuclein was readily identified
in cultures double stained for a-synuclein and microtubule asso-
ciated protein 2 (MAP2; a dendritic marker) as MAP2-negative
structures that contained punctate a-synuclein staining (Fig. 1 A,
arrowheads). Such structures were also identifiable as thin dark
processes clearly distinguishable by phase-microscopy from
MAP2-positive dendrites and cell bodies (Fig. 1A, arrowheads).
We focused on these thin processes to explore a-synuclein trans-
port. Neurons were transfected at 6-7 DIV with either
mRFP::a-SYN or GFP::a-SYN, and transport was assessed at
10-15 DIV when endogenous a-synuclein is robustly expressed
in these cultures. Staining of transfected cultures with the ubiq-
uitous presynaptic marker synaptophysin revealed that the trans-
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Y Endogenous a-SYN
Figure 1.  Punctate nonsynaptic localization of endogenous c-synuclein particles in axons

and characterization of mRFP::c-SYN. A, Cultured hippocampal neurons immunostained with
MAP2 (green) and a-synuclein (red) with corresponding overlay and phase images. Although
the bulk of c-synuclein localizes to synapses (yellow; along MAP2-positive dendrites in overlay
image), punctate nonsynaptic c-synuclein (red; arrowheads along MAP2-negative axons) is
evident. B, Cultured hippocampal neurons transfected with mRFP::c-SYN (red) and subse-
quently immunostained with the presynaptic marker synaptophysin (green) shows that the
bulk of the fusion protein localizes to presynaptic sites (arrowheads), similar to the wild-type
protein. Perikarya in A and B are denoted by an asterisk.

fected protein localized prominently to presynaptic boutons, just
like endogenous a-synuclein (Fig. 1 B, arrowheads). These results
are similar to several other studies indicating that N-terminal tags
in a-synuclein do not alter biological behavior in mammalian
cells (Fortin et al., 2005). In axons, the expressed protein localized
to punctate structures. The diffuse mRFP::«-SYN likely repre-
sents a-synuclein on the plasma membrane and/or in the cyto-
plasm, consistent with similar reports for several other synaptic
proteins (Ahmari et al., 2000). Results obtained with mRFP/GFP
tagged fluorescent proteins driven by CMV or synapsin-I pro-
moter were similar (Fig. 1 B) (data not shown).

Time-lapse imaging of axonal regions containing fluorescent
a-synuclein revealed that it was transported both anterogradely
and retrogradely (Fig. 2) (supplemental Video 1, available at
www.jneurosci.org as supplemental material), with a modest an-
terograde bias (57% of the transported particles moved antero-
gradely). The motility of the transported a-synuclein-containing
particles in axons was quantified using kymographs as described
above. In these kymographs, stationary particles appear as hori-
zontal lines, whereas moving structures appear as diagonal lines,
the slopes of which correspond to the average velocity of the
moving particles. The kymograph in Figure 2 shows that
mRFP::a-SYN puncta are transported in rapid movements (av-
erage velocity of the particle was ~1 wm/s during active move-

J. Neurosci., March 21, 2007 - 27(12):3131-3138 = 3133

ment) that are interrupted by pauses (e.g., the arrow points to a
pause).

To address the possibility that exogenous a-synuclein might
be transported within the endosomal/lysosomal compartment, as
seen occasionally with other exogenously expressed proteins
(Roy et al,, 2000; Wang and Brown, 2002), we coexpressed
mRFP::a-synuclein with GFP::RhoB, a marker of the endosomal/
lysosomal pathway (Wheeler and Ridley, 2004). This enabled
both proteins to be visualized simultaneously by dual-color time-
lapse video microscopy so we could determine the extent to
which transported mRFP::a-SYN colocalized with GFP::RhoB.
Representative kymographs from these time-lapse experiments
are shown in supplemental Fig. S1 (available at www.jneurosci.
org as supplemental material). Anterogradely moving a-SYN
contained almost undetectable levels of GFP::RhoB, suggesting
that this material is not within the endosomal/lysosomal com-
partment but instead reflects a-synuclein transport in SCb. Al-
though most retrograde particles were positive for RhoB, 18% of
the particles (3 of 17) were negative for the endosomal marker.
Therefore, whereas retrograde structures positive for both RhoB
and a-synuclein probably represents a-synuclein moving in deg-
radative pathways, the occasional retrograde mRFP::a-SYN par-
ticles negative for RhoB may correspond to a retrograde compo-
nent of SCb transport. In further support of this, we also observed
5% of the anterograde a-synuclein particles moving bidirection-
ally (>10 wm in each direction). We note that a recent study
reported movements of GFP::a-SYN in young (~5 DIV) cortical
cultures (Utton et al., 2005). The movements described in this
study were short range (<5 pwm) and bidirectional, with a retro-
grade bias, which is very different from our observations of
a-synuclein transport here showing an anterograde bias com-
monly spanning much greater distances (see above). In our sys-
tem, such short-range movements were usually associated with
endosomal/lysosomal organelles as evidenced by their colocaliza-
tion with RhoB during transit. To avoid possible inclusion of
a-synuclein in endosomal/lysosomal organelles in our analyses
of SCb, we only analyzed a-synuclein particles that moved at least
10 wm (for details, see Materials and Methods).

Direct comparison of a-synuclein and
synaptophysin transport
To directly compare the kinetics of SCb to those of FC, we com-
pared a-synuclein transport to synaptophysin, a transmembrane
protein moving in FC (Elluru et al., 1995). To do this, we used a
previously described SYP::GFP fusion protein (Kaether et al.,
2000). Synaptophysin is transported in FC as small puncta along
axons (Nakata et al., 1998; Kaether et al., 2000), and we obtained
comparable results (Fig. 3A) (supplemental Video 2, available at
www.jneurosci.org as supplemental material). Comparison of
representative kymographs for mRFP::a-SYN and SYP::GFP re-
vealed striking differences in their relative frequencies of active
transport (Fig. 3B) (supplemental Videos 3 and 4 and Fig. S2,
available at www.jneurosci.org as supplemental material). Al-
though active transport of mRFP::a-SYN is infrequent and inter-
rupted by pauses, SYP::GFP moves nearly continuously with only
occasional interruptions over long stretches (typically 30-50
um) of the imaged live axons. However, velocities of the two
proteins during episodes of movement are markedly similar. In-
deed, as shown by the histograms in Figure 4 A, the average ve-
locities for all mRFP::a-SYN and SYP::GFP particles are statisti-
cally similar during periods of active movement.

Therefore, whereas SYP::GFP moves persistently over long
distances, mRFP::a-SYN covers much shorter distances because
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of the frequent pauses in its active translo-
cation, despite moving rapidly during ac-
tive transport. Presumably, these pauses
also make the overall mRFP:a-SYN
movements much more infrequent, add-
ing to the overall slow nature of a-
synuclein transport. Table 1 summarizes
the quantitative analyses of mobile an-
terograde and retrograde mRFP::a-SYN
and SYP::GFP particles. It is evident that
mRFP:a-SYN moved much less fre-
quently than SYP::GFP, but their antero-
grade and retrograde transport velocities
were similar when they were actively mov-
ing. For the above measurements, al-
though all moving mRFP::a-SYN parti-
cles could be quantified, it was not feasible
to analyze all SYP:GFP particles because of
the enormous number of particles that
were persistently in motion [see SYP::GFP
videos and kymographs in Fig. 3 and sup-
plemental Videos 2 and 4 and Fig. S2
(available at www.jneurosci.org as supple-
mental material)].

Next, we estimated the proportion of
moving versus stationary (paused)
mRFP::a-SYN and SYP::GFP particles
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mRFP::a-SYN time-lapse imaging

Kymograph

39s
45s
Anterograde ———»
Figure 2. Punctate a-synuclein particles are transported bidirectionally in axons. A, Axonal transport of transfected

mRFP::a-SYN particles in 10—14 DIV hippocampal neurons. Selected video frames show mRFP::-SYN particles transported
anterogradely (single arrowheads) and retrogradely (double arrowheads) in axons; elapsed time (in seconds) is shown on the left
of each frame. (For the corresponding video, see supplemental video 1, available at www.jneurosci.org as supplemental material.)
Several immobile particles are shown (one marked by asterisk), and particle movements are quantified in kymographs on the
right. Lines on the kymograph marked by the asterisk and the arrowheads represent the transport of similarly marked particles in
the video frames to the left. Note that the movement is rapid, with pauses (arrow) during transit. Scale bars for the kymographs are
at the bottom left of kymograph(s). Scale bar, 5 m.

along axons. Here, we analyzed shorter,

representative kymographs from both a-synuclein and synapto-
physin transport experiments to monitor particles that were ei-
ther moving or stationary. These analyses showed that at any
given time, only a small fraction of the anterograde
mRFP::a-SYN puncta moved, whereas the majority of puncta
were paused in axons (Table 1).

The above data show that although a-synuclein and synapto-
physin move at comparable velocities during active transport,
their overall transport behavior is very different. This in turn
suggests that they move completely separately from each other.
To directly test this possibility, we visualized the transport of
mRFP::a-SYN and GFP::SYP in the same axons using simulta-
neous live-cell dual-color video microscopy. Figure 5, A-D,
shows selected frames and kymographs from these experiments
(supplemental Video 5, available at www.jneurosci.org as supple-
mental material), which indicate that at any given time, many
more SYP::GFP particles move compared with mRFP::a-SYN
particles. Because the density of transported SYP::GFP particles is
high and their movements frequently overlap, the exact number
of particles cannot be determined, but during a 4475 s imaging
period, there were several hundred particles. In comparison, we
only observed 22 moving a-synuclein particles. These data show
in a very direct manner that the vast majority of the transported
synaptophysin moves independently from «-synuclein, albeit
not exclusively independently, because we observed instances in
which synaptophysin and a-synuclein were cotransported. In
some examples, synaptophysin and a-synuclein moved together
throughout the video record (Fig. 5D, yellow line in merged im-
age), whereas in other cases, particles of a-synuclein and synap-
tophysin appeared to merge and move together transiently for
short distances (Fig. 5B, C, yellow lines in merged images). These
results may correspond to in vivo radiolabeling studies, which
show that a small fraction of total labeled synaptophysin could be
detected at times when SCb was the main fraction of radiolabeled
protein in the nerve segment (Elluru et al., 1995). Also, cofrac-

tionation of a-synuclein with membrane fractions that include
synaptophysin has been demonstrated in mouse and human
brains (Kahle et al., 2000). It is also well established that
a-synuclein can bind to membranes under certain conditions
(Kubo et al., 2005). Therefore, the limited cotransport that we
observed may reflect similar interactions occurring in the axon.

Cotransport of SCb proteins

To gain additional insights into the underlying mechanisms of
SCb transport, we asked whether other SCb proteins also moved
in a rapid but infrequent manner and whether different SCb pro-
teins are transported independently of each other as distinct car-
goes or transported together. To accomplish this, we transfected
cultured hippocampal neurons with a-synuclein and two differ-
ent SCb proteins and visualized them simultaneously using the
dual-cam system we developed. The first SCb protein we chose
was synapsin-I, and like a-synuclein, it is also a vesicle-associated
protein enriched at presynapses. In addition, we studied an un-
related protein that also moves in SCb. Therefore, the second SCb
protein we chose was GAPDH, a glycolytic enzyme localized
throughout the axons. Both synapsin-I and GAPDH are estab-
lished SCb proteins (Baitinger and Willard, 1987; Paggi and
Petrucci, 1992; Yuan et al., 1999).

For these experiments, we transfected mRFP::a-SYN with ei-
ther synapsin-1 or GAPDH tagged with GFP (GFP::SYS-I and
GFP::GAPDH, respectively) in cultured hippocampal neurons
and visualized the red/green fluorophores simultaneously using
our dual-cam system. Simultaneous visualization of the red/
green fusion proteins during transport showed that most
mRFP::a-SYN particles were cotransported both anterogradely
and retrogradely with GFP::SYS-I and GFP::GAPDH (Fig. 6A-F)
(supplemental Videos 6 and 7, available at www.jneurosci.org as
supplemental material). Representative kymographs clearly
demonstrate the cotransport of the mRFP:a-SYN with
GFP::SYS-1 (Fig. 6 B,C) and mRFP::a-SYN with GFP::GAPDH
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A SYP::GFP time-lapse imaging
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Figure3.  Axonal transport dynamics of synaptophysin compared with those of a-synuclein.
A, Axonal transport of SYP::GFP particles in cultured hippocampal neurons. Several anterograde
particles are observed, three of which are marked by colored arrowheads (red, blue, and yel-
low). The corresponding kymograph is shown on the right. Lines on the kymograph marked by
colored arrowheads represent transport of similarly marked particles in the video frames to the
left. (For the corresponding video, see supplemental video 2, available at www.jneurosci.org as
supplemental material.) B, Representative kymographs obtained from mRFP::ce-SYN (left) and
SYP::GFP (right) imaging. In the kymographs below, anterogradely moving particles are over-
laid with red or green lines representing movement of ce-synuclein and synaptophysin, respec-
tively. Note the infrequent and rapid mRFP::c-SYN movements, interrupted by pauses (arrow-
heads), unlike the frequent, rapid, and persistent movements of SYP::GFP. (For videos
corresponding to these kymographs, see supplemental videos 3 and 4, available at www.
jneurosci.org as supplemental material.) Scale bars for the kymographs are at the bottom left of
kymograph(s). Scale bar, 5 um.

(Fig. 6E,F) over long distances. Quantitative analyses of these
experiments (Table 2) show that both synapsin-I and GAPDH
are transported rapidly but infrequently in axons, similar to
a-synuclein, and that most synapsin-I and GAPDH particles are
cotransported with a-synuclein.

Discussion

This study reveals novel mechanistic details about transport of
SCb proteins. We showed that SCb proteins move rapidly at ve-
locities similar to those seen in fast transport, but the movements
are infrequent and individual particles often pause, leading to a
slow overall rate when averaged over time. Additionally, using
simultaneous dual-color video microscopy, we showed that SCb
transport is distinct from the FC, and that multiple SCb proteins
are cotransported in axons, suggesting that they move as compo-

J. Neurosci., March 21, 2007 - 27(12):3131-3138 « 3135

Histogram of average velocities

Anterograde
I o-synuclein
[ synaptophysin
p>0.05
0.1
>
(9
c
()
)
(on
= l
A= | | 10 0
()
=
o
1
[}
oc
0.1
0.2
Retrograde
EE o-synuclein
[ synaptophysin
- p>0.05
o 1o 20 30
Average velocity (um/s)
Figure 4.  Frequency histograms of transported a-synuclein and synaptophysin. A, Fre-

quency histograms of average anterograde and retrograde velocities of moving mRFP::c-SYN
and SYP:GFP particles (excluding pauses) show that they both move rapidly at a broad range of
velocities, and the groups are statistically similar ( p > 0.05; Mann—Whitney test, two tailed).

nents of common cargoes. The kinetics of SCb transport in our
study explains for the first time some of the unique features of this
rate-class, whereas our data on the cotransport of SCb proteins
provides new insights on the nature of SCb cargoes.

Rapid, intermittent transport of SCb proteins

When neurofilaments and microtubules moving in SCa were vi-
sualized by live-cell imaging (Roy et al., 2000; Wang et al., 2000;
Wang and Brown, 2002), it was shown that cytoskeletal proteins
were transported rapidly and infrequently but with significant
pauses during transit. These and other findings led to the “stop
and go” hypothesis (Brown, 2003; Brown et al., 2005), which
proposes that the overall slower rate of the slow component pop-
ulation is an average of rapid movements of individual cargoes in-
terrupted by pauses. Although these studies advance understanding
of SCa transport mechanisms, SCb mechanisms remained unclear.
Therefore, our data are significant, because we show here that even
noncytoskeletal proteins in SCb move in a stop and go manner but
with several differences as discussed below.

Although both SCa and SCb proteins are transported rapidly
but infrequently, their overall rates as determined by radiolabel-
ing studies differ by a factor of ~ 2-10 (Brown, 2003). These
differences can be ascribed to differences in the intrinsic proper-
ties of the motors, the frequency of transport, physical properties
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of the cargoes that influence the move-
ment, or any combination of the above
factors. The available data from cultured
sympathetic and hippocampal neurons
show that average rates of a-synuclein
particles transported in SCb (~1 pm/s)
are faster than the rates of neurofilaments
movingin SCa (~0.4—0.7 wm/s). The fre-
quency of anterograde SCb transport in
our study (one movement every ~2 min)
is also higher than the frequency of an-
terograde neurofilament transport in SCa
(one movement every ~3.5-5 min). The
predominantly cytosolic cargoes of SCb
are also very different from the cytoskel-
etal cargoes in SCa. Therefore, any or all of
the differences in kinetics of SCa and SCb
seen in the live-cell studies could account
for the generation of the faster SCb rates.
In accordance with the higher transport
frequency of SCb when compared with
neurofilaments, it is also our impression
that SCb proteins seem to move greater
distances during episodes of active trans-
port. For instance, although SCb particles
spent the majority of their time pausing
and the frequency of movement is obvi-
ously much lower than the FC protein
synaptophysin, we observed several exam-
ples of transport in which a-synuclein
particles moved almost continuously
throughout the time imaged [see
a-synuclein kymographs in Fig. 3 and in
supplemental Fig. 1 (available at www.
jneurosci.org as supplemental material)].

Cotransport of cargoes: a common
theme in axonal transport

Although cargoes moving in the FC are
mainly associated with vesicles, and those
in SCa are cytoskeletal, SCb cargoes are a
diverse and primarily unrelated group of
proteins moving together in axons. How
are these =200 proteins with a variety of
biophysical properties moving in axons at
fairly discrete overall rates? Our observa-
tion that both synaptic and nonsynaptic
SCb proteins are transported together
raises the possibility that they move in
common carriers and/or as constituents of
common cargoes, perhaps as multiprotein
complexes transported within axons. Al-
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Table 1. Quantitative analysis of « -synuclein and synaptophysin transport

Number of Frequency of Average velocity Estimated % of

Direction moving particles movement (#/5) (m/s) moving objects
a-Synuclein Anterograde 81 1120 1.18 = 0.08 7.6
Retrograde 62 1157 0.99 = 0.09 3.5
Synaptophysin Anterograde 56 1710 1.40 = 0.07 326
Retrograde 22 1/26 1.16 = 0.08 133

Quantitative analysis of mRFP::c-SYN and SYP::GFP particles are shown. All data are derived from kymograph analysis, and synaptophysin movements were
analyzed as described in Materials and Methods. Average velocities (when moving) are expressed as mean == SEM. The proportion of moving objects was
estimated as described in Materials and Methods.
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Figure 5.  Simultaneous visualization of transport kinetics of a-synuclein and synaptophysin in the same axon. Cultured

hippocampal neurons were double-transfected with mRFP::c-SYN and SYP::GFP and visualized by simultaneous dual-color video
microscopy. 4, Selected frames from a time-lapse sequence shows a single mRFP::c-SYN particle (red) transported anterogradely
(arrowhead). In the same axon, several SYP::GFP particles (green) are seen, including those being transported (marked with
asterisks, also see the corresponding kymograph). (For corresponding video, see supplemental Video 5, available at www.
jneurosci.org as supplemental material.) B—D, Kymographs from dual-cam experiments wherein each three-frame panel shows
the original mRFP::c-SYN kymograph (left), SYP::GFP kymograph (middle), and a pseudocolor overlay of anterograde tracings
(mRFP::-SYN in red and SYP::GFP in green) from the two kymographs (right). The kymograph in Bis from the time-lapse shown
above. Note the different transport frequencies and cotransport (yellow diagonal lines in merged kymographs) of mRFP::c-SYN
and SYP:GFP. Retrograde mRFP::x-SYN particles were often cotransported with SYP::GFP; the asterisk in D marks one such
particle. Scale bars for the kymographs are at the bottom left of the kymograph(s). Scale bar, 5 m.

though the precise nature of these complexes is unknown, our
study suggests that at least one such complex could contain the
three SCb proteins: a-synuclein, synapsin-I, and GAPDH.
Cotransport of multiprotein complexes has been observed in
fast axonal transport of presynaptic proteins as well, and two
biochemically and morphologically distinct organelles have been
identified. Whereas the transported synaptic vesicles move in a
multivesicular complex comprised of several different proteins
called synaptic-vesicle protein transport vesicle (STV) (Ahmari et
al., 2000), the active zone components are thought to be trans-
ported separately in dense-core vesicular structures called “pic-

colo transport vesicles” (PTV) (Zhai et al., 2001; Shapira et al.,
2003). Thus, the STVs may help in synaptic vesicular complex
organization the PTVs may help consolidate the active zones at
presynaptic terminals. Cotransport has also been observed for
scaffolding proteins and elements of the signaling pathways (Ver-
hey et al., 2001). This kind of efficient “packaging” of multiple
polypeptides may help them perform their independent but
complementary roles at synaptic terminals (Sytnyk et al., 2004)
and may represent a common theme in intracellular transport of
fast and slow component proteins (Almenar-Queralt and Gold-
stein, 2001).
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Figure 6.  Simultaneous visualization of SCh proteins reveal that they are cotransported anterogradely. Cultured hippocampal
neurons were double transfected with mRFP::-SYN and either GFP::SYS-I or GFP::GAPDH (all SCb proteins) and visualized by
simultaneous dual-color video microscopy. A-F show selected frames and kymographs from dual-camimaging. Each set of frames
shows ce-synuclein (red) and synapsin-I or GAPDH (green), with the corresponding overlay image (yellow). Each three-frame
kymograph panel shows the mRFP::-SYN kymograph (left), GFP::SYS-I or GFP::GAPDH kymograph (middle), and a pseudocolor
overlay of anterograde tracings from the respective kymographs (right). The yellow lines in overlaid kymographs represent
cotransport. 4, B, Cotransport of an object (arrowhead) positive for mRFP::ce-SYN and GFP::SYS-I; the asterisk marks a stationary
object. Arrowheads and asterisks in B represent movement of correspondingly marked particles in the frames above. C, Additional
kymograph showing cotransport and pausing of an anterograde mRFP::c-SYN/GFP::SYS-1 object. D, E, Cotransport of an object
(arrowhead) positive for mRFP::-SYN and GFP:GAPDH with corresponding kymographs. F, Additional examples of
mRFP::c-SYN/GFP::GAPDH cotransport. (For corresponding videos, see supplemental videos 6 and 7, available at www.jneurosci.
org as supplemental material.) Scale bars for the kymographs are at the bottom left of the kymograph(s). Scale bar, 5 pem.

Table 2. Quantitative analysis of simultaneous visualization of SCh proteins

Number of Frequency of Average velocity Particles cotransported with
moving particles movement (#/5) (mf/s) a -synuclein

Synapsin-| 31 1181 0.98 = 0.09 27/31(87%)

GAPDH 29 1/180 1.18 = 0.13 26/29 (86%)

All data were obtained from kymograph analysis. Frequency and average velocities of the SCh proteins synapsin-I and GAPDH were similar to o -synuclein.
Average velocities (when moving) are expressed as mean = SEM. The majority of the synapsin-I and GAPDH particles were also cotransported with
ac-synuclein.

The idea of “SCb complexes” was originally proposed by clas-
sical radiolabeling studies that noted a fairly coherent transport
of the front of the radiolabeled SCb “wave” (Garner and Lasek,
1982) and is also supported by experiments showing that SCb
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components can be coimmunoprecipi-
tated from cultured axons (Black et al.,
1991). Although such a cotransport was
also proposed for SCa (Lasek et al., 1984),
recent motor inhibition studies strongly
suggest that the two SCa components neu-
rofilaments and microtubules use distinct
transport mechanisms (Xia etal., 2003; He
et al., 2005). However, in contrast to SCa,
our direct observations suggest that SCb
proteins indeed move together in axons.
One question is whether all SCb proteins
are transported as a single complex or
multiple SCb complexes exist in axons. Al-
though we examined only three SCb pro-
teins, our data suggest the latter scenario,
because not all synapsin-I and GAPDH
particles were cotransported, possibly be-
cause they are also transported as compo-
nents of other, yet undefined complexes.
Therefore, SCb appears to represent a het-
erogeneous group of cargo complexes that
exhibit comparable transport kinetics,
much as the FC represents the movement
of multiple vesicle populations moving
with similar kinetics.

In summary, our results reveal funda-
mental aspects of SCb, derived from direct
observations of axonal transport in cul-
tured neurons. We show that three SCb
proteins are transported infrequently and
intermittently, unlike synaptophysin
transported in FC. By simultaneous visu-
alization of slow and fast component
proteins, we show that synaptophysin
transport is primarily independent of
a-synuclein, and that various SCb pro-
teins show almost identical kinetics dur-
ing transport, suggesting that they may be
transported as components of common
cargos. We anticipate that our model sys-
tem for the study of SCb transport will
lead to additional insights into basic
mechanisms of this component of axonal
transport. Additionally, because defective
axonal transport of a-synuclein has been
implicated in the pathogenesis of Lewy bod-
ies and brain degeneration in Parkinson’s
disease (PD) (Jensen et al., 1999; Roy et al.,
2005), our observations of a-synuclein
transport in SCb open up new avenues for
investigating the role of altered a-synuclein
transport in mechanisms of PD.
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