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Botulinum neurotoxin type A (BoNT/A) is a highly potent neurotoxin that elicits flaccid paralysis by enzymatic cleavage of the exocytic
machinery component SNAP25 in motor nerve terminals. However, recent evidence suggests that the neurotoxic activity of BONT/A is not
restricted to the periphery, but also reaches the CNS after retrograde axonal transport. Because BoNT/A is internalized in recycling
synaptic vesicles, it is unclear which compartment facilitates this transport. Using live-cell confocal and single-molecule imaging of rat
hippocampal neurons cultured in microfluidic devices, we show that the activity-dependent uptake of the binding domain of the BONT/A
heavy chain (BoNT/A-Hc) is followed by a delayed increase in retrograde axonal transport of BONT/A-Hc carriers. Consistent with a role
of presynaptic activity in initiating transport of the active toxin, activity-dependent uptake of BONT/A in the terminal led to a significant
increase in SNAP25 cleavage detected in the soma chamber compared with nonstimulated neurons. Surprisingly, most endocytosed
BoNT/A-Hc was incorporated into LC3-positive autophagosomes generated in the nerve terminals, which then underwent retrograde
transport to the cell soma, where they fused with lysosomes both in vitro and in vivo. Blocking autophagosome formation or acidification
with wortmannin or bafilomycin A, , respectively, inhibited the activity-dependent retrograde trafficking of BONT/A-Hc. Our data dem-
onstrate that both the presynaptic formation of autophagosomes and the initiation of their retrograde trafficking are tightly regulated by
presynaptic activity.
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Introduction

Botulinum neurotoxins (BoNTs) are a family of extremely potent
neurotoxins comprising seven serotypes (BoNT/A-G) produced

by different species of the genus Clostridium (Schiavo et al., 2000;
Meunier et al., 2003; Rossetto et al., 2014). BoNTs are widely used
in cosmetic applications and as therapeutic agents for various
neurological afflictions (Foran et al., 2003; Meunier et al., 2003).
The most widely used serotype is BONT/A, which has a 50 kDa
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catalytic light chain (Lc) linked to a 100 kDa heavy chain, which
has two functionally distinct domains: a binding domain (Hc)
and a translocation domain (Hy) (Koriazova and Montal, 2003).
BoNT/A-Hc mediates high-affinity binding to dual receptors, the
ganglioside GT1b, and the protein receptor SV2C on the presyn-
aptic plasma membrane to initiate uptake into synaptic vesicles in
motor nerve terminals (Mahrhold et al., 2006; Benoit et al.,
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2014). Upon acidification of the vesicle lumen, BONT/A-H un-
dergoes a conformational change that mediates the translocation
and cytosolic release of BONT/A-Lc, which subsequently cleaves
the SNARE protein SNAP25 (Blasi et al., 1993; Schiavo et al.,
1993; Rossetto et al., 2014), preventing synaptic vesicle exocytosis
and causing flaccid paralysis. However, the effect of BONT/A is
not restricted to the periphery. Indeed, recent studies have un-
covered central effects resulting from the retrograde axonal
transport of the neurotoxin and its transfer to afferent synapses
(Antonucci et al., 2008; Caleo et al., 2009; Restani et al., 2011).
Furthermore, in primary motor neurons, this retrograde trans-
port occurs together with that of tetanus toxin and the neurotro-
phin receptor p75™"™® (Restani et al., 2012). Importantly, the
underlying cellular machinery facilitating BoNT/A retrograde
flux is still largely unknown.

Macroautophagy, usually referred to as autophagy, is a major
system for the degradation of long-lived proteins and organelles,
and the retrograde autophagosome pathway plays critical roles in
maintaining functional homeostasis and survival in neurons
(Wang et al., 2006; Xie and Klionsky, 2007; Katsumata et al.,
2010; Maday and Holzbaur, 2012a, 2012b; Shehata et al., 2012;
Martin et al., 2013). Autophagosome biogenesis occurs constitu-
tively in presynaptic nerve terminals and autophagosomes un-
dergo dynein-dependent retrograde axonal transport to the
neuronal soma, where they fuse with lysosomes (Xie and Klion-
sky, 2007; Maday and Holzbaur, 2012b). Because the biogenesis
of autophagosomes occurs concurrently with synaptic vesicle re-
cycling in nerve terminals (Katsumata et al., 2010; Shehata et al.,
2012), we explored whether stimulation could affect the genera-
tion of this specialized pool of autophagosomes. Given that
BoNT/A-Hc is internalized in synaptic vesicles (Harper et al,,
2011) and then undergoes retrograde trafficking (Restani et al.,
2012), we used BONT/A-Hc as a specialized synaptic vesicle cargo
to investigate the interrelationship between autophagosome for-
mation and retrograde synaptic component trafficking. We re-
veal that a substantial proportion of BoONT/A-Hc undergoes
retrograde transport within autophagosomes and that the retro-
grade flux of both BoNT/A-Hc and autophagosomes is highly
dependent on the level of presynaptic activity. Our data demon-
strate that a transient increase in presynaptic activity upregulates
presynaptic autophagy and suggest a molecular link between pre-
synaptic activity and presynaptic autophagosome biogenesis.

Materials and Methods

Animals. For in vivo experiments, adult male C57BL/6 mice were used.
For hippocampal cultures, female Sprague Dawley rat dams were killed
and brain tissue was from embryos of both sexes. All experiments were
approved by the Animal Ethics Committee at the University of Queens-
land and were conducted according to the Australian Code of Practice for
the Care and Use of Animals for Scientific Purposes.

Antibodies and reagents. Antibodies were obtained from the following
sources: rabbit anti-LC3 (Novus Biologicals, catalog #NB100-2331; Cell
Signaling Technology, catalog #3868), mouse anti-f-actin (Sigma, cata-
log #50644), mouse anti BIII-tubulin (Covance, catalog #MMS-435P),
and rabbit anti-LAMP1 (Sigma, catalog #L1418; Abcam, catalog
#ab24170). pEGFP-LC3 (plasmid 21073; Kabeya et al., 2000) and
pmRFP-LC3 (plasmid 21075; Kimura et al., 2007) were generated in the
laboratory of Tamotsu Yoshimori (Osaka University, Japan) and ob-
tained from Addgene. The BONT/A-Lc was subcloned into pEGFP-N1 to
make pEGFP-BoNT/A-Lc from the pPCMV-BoNT/A-Lc construct (a gift
from Thomas Binz, Institut fiir Biochemie, Medizinische Hochschule
Hannover, Hannover, Germany), FITC-conjugated p75~"® monoclonal
antibody (Matusica et al.,, 2013) was a gift from Elizabeth Coulson
(Queensland Brain Institute, University of Queensland, Brisbane, Aus-
tralia). BONT/A-truncated SNAP25 antibody was a kind gift from D.
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Sesardic (Division of Bacteriology, National Institute for Biological Stan-
dards and Control, Hertfordshire, United Kingdom). LysoTracker Red
DND-99 was from Thermo Scientific (catalog #L-7528). Fluorescently
conjugated secondary antibodies were obtained from Invitrogen. The
remaining reagents were sourced from Sigma unless stated otherwise.

BoNT/A-Hc expression and conjugation. His6-tagged BONT/A-Hc was
purified using Co IDA-agarose (Scientifix) as described previously
(Couesnon etal., 2009; Harper et al., 2011), then conjugated to Atto647N
maleimide (Atto-TEC, catalog #647N-41) according to the manufactur-
er’s instructions. For BONT/A-Hc-HRP conjugation, the EZ-Link Ma-
leimide Activated Horseradish Peroxidase Kit (Thermo Scientific,
catalog #31494) was used to conjugate HRP to sulfthydryl groups of
BoNT/A-Hc. A 1:2 molar ratio of BONT/A-Hc and activated HRP were
incubated in conjugation buffer at 4°C overnight. The conjugated BoNT/
A-Hc-HRP was purified usinga PD MiniTrap G-25 Column (GE Health-
care, catalog #28-9180-08) following the gravity protocol. The protein
concentration was measured using the Bradford reagent (Bio-Rad, cata-
log #500-0006). All conjugated proteins were stored at —80°C with the
addition of 0.1% bovine serum albumin (BSA) as a stabilizer.

Neuronal cultures. Rat hippocampal neurons were prepared as de-
scribed previously (Wangetal., 2011) and seeded in microfluidic devices
(Xona, catalog #RD450) following the manufacturer’s protocol (Taylor
etal.,, 2005). For the single-molecule tracking experiments, devices were
design based on aforementioned devices but adapted to fit on 22 mm,
glass-bottomed, super-resolution compatible culture dish dishes (In
Vitro Scientific, catalog #D29-20-1.5-N). Axon extension device molds
were made through standard multilayer SU8 photolithographic means
and devices were molded using standard soft lithographic techniques.
Devices and culture dishes were then exposed to oxygen plasma (Har-
rick) and bonded. Freshly bonded devices were baked at 65°C overnight
to facilitate bonding. Immediately before use, the devices were exposed to
oxygen plasma to increase the wettability of the device. Afterward, in a
sterile environment, the devices were filled and rinsed with 70% ethanol
and Milli-Q water (Millipore), after which they were coated for 1 h with
poly-p-lysine at 0.1% at 37°C. The devices were subsequently rinsed with
Milli-Q water, PBS, and plating medium. The devices were left in plating
medium until neurons were seeded. The devices were seeded by adding a
highly concentrated suspension of cells (107 cells/ml) to the soma cham-
ber only. The cells were then allowed to attach for 1 h before the medium
reservoirs were filled with plating medium. Cultured neurons were trans-
fected using Lipofectamine LTX with Plus Reagent (Thermo Scientific,
catalog #15338100) after 12 d in vitro (DIV 12). Live-imaging experi-
ments were performed 48 h after transfection.

Stimulation and nerve terminal labeling with BONT/A-Hc: fluorescence
microscopy. Stimulation and labeling were performed on rat hippocam-
pal neurons cultured in microfluidic devices between DIV 14 and 17.
Briefly, the culture medium was removed from all chambers and neurons
were incubated for 5 min at 37°C in low K™ buffer containing the fol-
lowing (in mm): 15 HEPES, 145 NaCl, 5.6 KCl, 2.2 CaCl,, 0.5 MgCl,, 5.6
D-glucose, and 0.5 ascorbic acid plus 0.1% BSA, pH 7.4, or high K"
buffer containing the same ingredients as the low K * buffer except that it
contained 95 mm NaCl and 56 mm KCI (Fu et al., 2009; Harper et al.,
2011; Martin et al., 2013), with 100 nm BoNT/A-Hc-Atto647N added to
the nerve terminal chambers only. For the single-particle tracking exper-
iments, 1 nMm BoNT/A-Hc-Atto647N was used. Devices were then re-
turned to the original medium for 2 h before imaging. Images were
acquired with a Zeiss LSM710 inverted microscope maintained at 37°C
and 5% CO, and videos were analyzed for carrier kinetics using the spot
function of Imaris software (Imaris version 7.7; Bitplane). Kymographs
were generated using Image] software using the plugin Multi-
Kymograph. For immunofluorescence microscopy of fixed cells, micro-
fluidic devices were removed and neurons were fixed at various time
points with PBS containing 4% paraformaldehyde and 4% sucrose and
then processed for immunocytochemistry as described previously (Wen
etal., 2008). Permeabilization was performed using 0.1% saponin, 0.2%
gelatin, and 1% BSA in PBS. Imaging was performed on a Zeiss LSM 710
confocal microscope and analyzed with Zen (Zeiss) and Image]J software.
All images were processed using Adobe Photoshop CS 5.1 and figures
were compiled using Adobe Illustrator CS 5.1.
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Electron microscopy. Rat hippocampal neurons cultured in microflu-
idic devices were stimulated as described above and then incubated for a
further 3—4 h, after which the cells were washed in PBS, the microfluidic
device removed, and the cells fixed in 2.5% glutaraldehyde in PBS. To
measure BONT/A-Hc-HRP trafficking, rat hippocampal neurons cul-
tured in microfluidic devices were treated as described for confocal mi-
croscopy except that 100 nv BoNT/A-Hc-HRP was added to the nerve
terminal chambers for the period of stimulation. Cells were returned to
growth medium for 3 h before fixation. After fixation, cells were pro-
cessed for 3,39-diaminobenzidine (DAB) cytochemistry using standard
protocols. Fixed cells were contrasted with 1% osmium tetroxide and 4%
uranyl acetate before dehydration and embedding in LX-112 resin
(Harper et al., 2011). Ultrathin sections (~60 nm) were cut using an
ultramicrotome (UC64; Leica). Sections were visualized on a transmis-
sion electron microscope (model 1011; JEOL) equipped with a cooled
charge-coupled device camera (Morada; Olympus). Autophagosomes
within the cell soma proximal region of the microfluidic channel were
counted and scored for the presence or absence of the DAB reaction
product using Image] software.

p75N™ and LysoTracker labeling and colocalization analysis. DIV 14
hippocampal neurons cultured in microfluidic devices were incubated at
37°C with 50 nm LysoTracker for 30 min or with an antibody against the
extracellular domain of p75N"™® (1/500 diluted) for 1 h (Matusica et al.,
2013). After incubation, neurons were pulse-chase labeled with fluores-
cently labeled BONT/A-Hc under high K* or low K™ conditions as
described above and then washed with culture medium before being
imaged with an iLas® microscope (Roper Scientific) fitted with a 100X
oil-immersion objective (numerical aperture 1.49; Nikon) and a high-
performance EMCCD camera (Photometrics, Evolve 512 Delta) with
MetaMorph software. Axons were visualized in microgrooves using live-
imaging buffer containing the following (in mm): 25 HEPES, 145 NaCl,
5.6 KCl, 0.5 MgCl, 2.2 CaCl,, and 5.6 p-glucose, pH 7.4. Time-lapse
images of two fluorophores were captured at 0.1-0.3 s intervals for 95 s.
Carriers were tracked automatically with the “surface” function of Imaris
software (Imaris version 7.7; Bitplane) and the same parameter settings
were used in both the low K - and high K *- treated groups. The colo-
calization ratio between different channels was calculated with the “co-
localization” function of Imaris software, with the ratio of all time points
accumulated to generate the total ratio within a movie. Statistical analy-
ses and bar graphs were generated using Prism 6 (GraphPad Software).

In vivo injection of mCherry-BoNT/A-Hc. BoNT/A-Hc fused to
mCherry was generated in pGEX-KG by introducing the mCherry se-
quence into the vector, followed by the BONT/A-Hc sequence (aa 873-
1296, NCBI sequence P10845; Binz et al., 1990). The mCherry-BoNT/
A-Hc protein was expressed in the BL21 strain of E. coli as a GST
C-terminal fusion protein before being purified on glutathione Sephar-
ose beads (GE Healthcare) and eluted using thrombin. Further purifica-
tion was performed by gel filtration using a Superdex 200 10/200 GL
column (GE Healthcare). For in vivo experiments, male C57BL/6 mice
were anesthetized with isoflurane, followed by intraplantar injections of
mCherry-BoNT/A-Hc (1 pg) into the right foot. After 24 h, the mice
were killed and slices were prepared from the L4-S2 region of the spinal
cord. Slices containing a red fluorescent signal in the lateral column were
selected under a dissecting fluorescent microscope (Nikon, SMZ1500)
and labeled for immunofluorescence microscopy using LC3 or LAMP1
antibodies. Images were acquired on an A1R laser confocal microscope
(Nikon) and analyzed with NIS elements software.

Single-particle detection of internalized BINT/A-Hc in hippocampal ax-
ons. Transfected neurons cultured in microfluidic devices on glass-
bottomed culture dishes (In Vitro Scientific, catalog #D29-20-1.5-N)
were stimulated with high K* buffer for 5 min with 1 nm BoONT/A-Hc-
Atto647N added to the nerve terminal chamber only, and then washed 3
times with culture medium and chased for 2-4 h in a 37°C incubator.
Axon channels were visualized in live-imaging buffer at 37°C. Cells were
acquired on a motorized inverted microscope (Nikon, TiE) equipped
with a perfect focus system under slightly oblique illumination (ILas?;
Roper Scientific) using a 100 X 1.49 numerical aperture CFI Apo objec-
tive (Nikon). Time-lapse movies were captured at 20 frames/s through an
EM-CCD (Evolve512 delta; Photometrics) using MetaMorph software
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(Molecular Devices) for the indicated period and analyzed using custom-
made single-molecule analysis software (Kechkar et al., 2013; Nair et al.,
2013). To isolate trajectories of carriers that underwent directed motion
from nonspecific noise and immobile objects, we selected the trajectories
based on their duration (>25 consecutive frames) and with a mean
square displacement (MSD) (Steyer and Almers, 1999; Papadopulos et
al., 2013) fitting a polynomial equation of the type: (r"}(t) = a® + b
with R? > 0.99 (Maucort et al., 2014). Using this fit, we also extracted
trajectory speeds using \/; = . The spatial resolution (73 * 5 nm) of
our experiments was extracted by interpolating the MSD.

Statistic analysis. After analysis for the normal distribution and homo-
geneity of variance among values of the same set, these data were sub-
jected to statistical analysis using one-way ANOVA supplemented with ¢
tests. Unless otherwise noted, sample number (1) represents the number
of axon channels for video acquisition and each experiment was repeated
at least three times. All data are shown as mean = SEM, with p < 0.05
considered to be a significant difference.

Results

Retrograde trafficking of BONT/A-Hc in hippocampal
neurons is increased by presynaptic activity

BoNT/A enters nerve terminals by an activity-dependent process
(Dolly et al., 1984; Harper et al., 2011). Recent studies have
shown that the toxin can subsequently undergo retrograde ax-
onal transport, leading to previously unreported pathological
consequences (Verderio et al., 2007; Antonucci et al., 2008; Res-
tani et al., 2012). However, the identity of the retrograde carriers
transporting the toxin back to the cell soma remains to be fully
elucidated. To address this question, we used primary hippocam-
pal neurons cultured in microfluidic devices to spatially separate
axon nerve terminals from the somato-dendritic area (Fig.
1A,B). To avoid toxin reaching the soma chamber through the
axon channels during the 5 min pulse-labeling process, we in-
duced a hydrostatic pressure difference between the two cham-
bers separated by the microgrooves, driving a microfluidic flow
from the soma to the terminal chamber, thereby restricting the
toxin in the terminal chamber (Taylor et al., 2005). BONT/A en-
docytosis and trafficking were investigated by pulsing the nerve
terminal chamber with an Atto647-conjugated binding domain
of the BONT/A-Hc (100 nm) for 5 min in either a high K buffer
to induce synaptic vesicle recycling or in a control low K ™ buffer.
This was followed by a thorough wash in culture medium to
remove the excess probe and confocal time-lapse imaging. To
maximize our analysis of retrograde carriers, imaging and quan-
tification were performed in the axon channels immediately ad-
jacent to the soma chamber. Although retrograde carriers were
very rare in the first hour of analysis in both experimental condi-
tions, a clear increase in the flux of BONT/A-Hc retrograde car-
riers occurred from 2 to 4 h (Fig. 1C). This was particularly
evident in cells that had been pulse labeled in a depolarizing high
K™ buffer (Fig. 1C). We found an ~3-fold increase in the num-
ber of retrograde BoNT/A-Hc-positive carriers in neurons
treated with a single 5 min pulse of high K* (2.0 = 0.3/min)
compared with low K *-treated cells (0.7  0.1/min; Fig. 1D). We
could not detect any difference in the number of stationary or
anterograde BoNT/A-Hc-positive carriers (Fig. 1D). We subse-
quently analyzed the kinetic parameters of these carriers and
found that stimulation did not affect the average speed of retro-
grade, stationary or anterograde BoNT/A-Hc-positive carriers
(Fig. 1E). Indeed, the patterns of the tracks were similar between
the low K © and high K" groups, as seen in the kymographs (Fig.
2A), although the flux of carriers was clearly increased in the
stimulated group. This was confirmed by frequency distribution
analysis of the average speeds, which showed the similar peaks
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between the two groups (Fig. 2B), and
analysis of the instant speed of BoNT/A- A
Hc-positive carriers, which was also unaf-
fected by stimulation (Fig. 2C). Finally, we
analyzed the “dwelling time,” defined as
carriers with an instant speed of <0.7
um/s, expressed as a percentage of total
time spent in the imaging area. This re-
vealed no change in the dwelling time
(Fig. 2D). These data demonstrate that
raising presynaptic activity selectively
increases the number of BoNT/A-Hc-
positive carriers undergoing retrograde
axonal transport without affecting other
dynamic parameters such as speed and
dwelling time. This suggests that the level
of presynaptic activity influences the gen-
eration of BoNT/A-Hc-positive retro-
grade carriers, but does not affect the
underlying mechanism driving these car-
riers with specific molecular motors.
Because we used a higher concentra-
tion of BoONT/A-Hc (100 nM) than that
of BoNT/A holotoxin (Harper et al,
2011), which has been reported to gener-
ate pathological conditions (Pellizzari et
al., 1999), we considered the possibility
that this may affect the binding specificity
and subsequent sorting to recycling vesi-
cles. We therefore also examined the fate
of internalized BoONT/A-Hc at lower, more
pathologically relevant concentrations. Con-
ventional confocal microscopy is unable to de-
tect such alow concentration of endocytosed
BoNT/A-Hc-Atto647N because only a
few molecules are likely to enter each
retrograde carrier. We therefore adopted
the use of a more sensitive, single-
molecule detection technique. BoNT/A-
Hc-Atto647N (1 nM) was internalized in
the nerve terminals of neurons cultured
in microfluidic devices under high K™
conditions and chased for 2—4 h (Fig. 3A).
The hallmark of single-molecule detec-
tion is the stochastic disappearance of flu-
orescence resulting from photobleaching. Using superresolution
microscopy, we were able to detect single molecules of internal-
ized BONT/A-Hc-Atto647N traveling in the axon channels (Fig.
3B). The trajectories of single molecules of BoNT/A-Hc were
traced and analyzed with MetaMorph PALM tracer (Nair et al.,
2013). Importantly, we could detect molecules undergoing
retrograde-directed motion within the axons (Fig. 3B). Because
we predicted that these would be transported within retrograde
carriers, we screened for directed motion trajectories using a
mathematical filter based on fitting trajectory MSDs to a polyno-
mial equation (see Materials and Methods), fitting curves as
shown in Figure 3C. This allowed us to calculate the speed of each
transported molecule of BONT/A-Hc and compare it with that of
BoNT/A-Hc carriers measured using conventional confocal mi-
croscopy (Fig. 3D). Importantly, we found that the average speed
of the single BONT/A-Hc molecules undergoing axonal retro-
grade movement was not significantly different from that ob-
tained using the higher concentration of BONT/A-Hc and imaged
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Axonal retrograde trafficking of BoNT/A-Hc-positive carriersis increased by activity. A, Photograph of the microfluidic
devices used to compartmentalize nerve terminals from the somatodendritic area. Scale bar, 1 cm. B, Scheme illustrating the
BoNT/A-Hc retrograde transport assay; red spots in the terminal chamber represent BoNT/A-Hc (100 nm). Hippocampal neurons
cultured in microfluidic devices were pulse labeled by incubating BoNT/A-Hc-Atto647 (100 nw) for 5 min in the nerve terminal
chamberin the presence of low or high K ™ buffer, washed in culture medium, and imaged by time-lapse confocal microscopy from
2 to 4 h after the pulse. C, Color-coded arrowheads specify different retrograde carriers. Note that more retrograde carriers are
detected in the axons of stimulated neurons. Scale bar, 10 wm. D, E, BoNT/A-Hc-positive carriers were tracked and their frequency
(D) and average speed (E) were calculated in the indicated experimental conditions. Data from 5 independent neuron preparations
areshown; n = 34and 31individual channels for low K * and highK * respectively. ***p << 0.001; n.s., not significant, Student’s

by time-lapse confocal microscopy (Fig. 3D), strongly suggesting
that these were indeed the same carriers. Our results confirm that
BoNT/A-Hg, in the range of concentrations used in this study,
specifically enters an endocytic compartment that ultimately
leads to the generation of fast axonal retrograde carriers.

Retrograde trafficking of BoNT/A holotoxin is regulated by
presynaptic activity

Because the light chain of BONT/A (Lc/A) is the protease that
specifically cleaves the C terminus of SNAP25, thereby blocking
neurotransmitter release (Pellizzari et al., 1999; Schiavo et al.,,
2000; Meunier et al., 2002), exogenously expressed GFP-tagged
BoNT/A-Lc/A (GFP-Lc¢/A) can be used to specifically block neu-
roexocytosis in transfected neurons (Bajohrs et al., 2004). To
confirm that BONT/A-Hc uptake and retrograde transport are
dependent on the level of presynaptic activity, hippocampal neu-
rons transfected with GFP-Lc/A were subjected to BoNT/A-Hc
pulse labeling under high K™ stimulation and the amount of
BoNT/A-Hcin the GFP-L¢/A-transfected neurons was compared
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Figure2.  The kinetics of retrograde BoNT/A-Hc carriers is not affected by presynaptic activ-
ity. A, Representative kymographs of BoNT/A-Hc carriers generated by a line scan following a
single axon track on the time-lapse image stacks. Arrowheads indicate retrograde carriers and
asterisks stationary compartments. Scale bars: x-axis, 10 wm; y-axis, 10 s. B, , Frequency
distribution of average speed (B) and instant speed (€) of BoNT/A-Hc carriers after a 5 min pulse
in either low K * or high K ™ treatment followed by a 2— 4 h chase. Dwelling time defined by
tracks times with an instant speed of 0— 0.7 wm/s is quantified in € (blue highlight) and D as
percentage dwelling time relative to the total track time shown in the indicated conditions.
Datafrom 5independent neuron preparationsare shown; n = 34and 31individual channels for
low K * and high K ™, respectively. *p < 0.05; n.s., not significant, Student’s  test.

with that of adjacent nontransfected neurons (Fig. 4A). In addi-
tion, the retrograde transport of BONT/A-Hc to the soma after a
2—4 h chase was also compared (Fig. 4B). As expected, we found
significantly less BONT/A-Hc (Hc/A) uptake in the nerve termi-
nals of GFP-Lc/A-transfected neurons compared with the adja-
cent nontransfected neurons (Fig. 44, top right). The enzymatic
cleavage activity of exogenous expressed GFP-Lc/A in these cells
was confirmed by immunofluorescence using an antibody
specifically designed to recognize BoNT/A-cleaved SNAP25
(SNAP25A; Ekong et al., 1997; Foran et al., 2003; Fig. 44, right
middle and bottom). Similarly, the retrograde transport of
BoNT/A-Hc to the neuronal soma after pulse-chase labeling was
also significantly decreased in GFP-Lc/A-expressing neurons
(Fig. 4B). Quantification of these data is shown in Figure 4, Cand
D. These results confirm that the uptake of BONT/A-Hc is depen-
dent on presynaptic activity in hippocampal neurons (Dong et
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al., 2006; Harper et al., 2011; Colasante et al., 2013) and reveal
that subsequent BONT/A-Hc fast axonal retrograde transport is
also upregulated by activity.

Although the binding domain of BoNT/A is a useful probe
with which to visualize the endocytosis and retrograde transport
of this toxin, it is unable to recapitulate the complete intoxication
process that occurs in neurons. Therefore, we determined whether
retrogradely transported BoNT/A holotoxin remained active upon
reaching the soma compartment and if it was affected by raising
presynaptic activity. DIV 14 hippocampal neurons cultured in
microfluidic devices were subjected to a 5 min incubation with
BoNT/A holotoxin (100 pMm) in the nerve terminal chamber un-
der high K™ or low K* conditions, and a hydrostatic pressure
difference between the 2 chambers to fluidically isolate each
chamber was maintained during the pulse (Taylor et al., 2005).
After extensive washes and a 24 h chase, neurons were fixed and
immunostained for SNAP25A (Fig. 4E). Consistent with a previ-
ous report (Restani et al., 2012), SNAP25A labeling was detected
in both the soma and terminal chambers in both stimulated and
unstimulated neurons. Interestingly, image analysis revealed a
stronger SNAP25A signal in both the terminal (Fig. 4E,F) and
soma (Fig. 4 E, G) chambers after high K * stimulation. The spec-
ificity of the SNAP25A was confirmed by the low signal detected
in the chamber in the absence of BONT/A (Fig. 4E).

The immunolabeling results were confirmed by Western blot-
ting lysates derived from the somatic chamber of high-density
neuronal cultures for SNAP25A (Fig. 4H ). To verify the specific-
ity of the SNAP25A antibody, we included a positive control
(BoNT/A was directly added to the somatic chamber itself) and a
negative control (no toxin was added to any chamber) in addition
to the high K "-stimulated and -unstimulated groups. Probing
the intoxicated soma chamber from stimulated neurons (positive
control) revealed strong protease activity, as shown in Figure 4H
(lane 1), which was absent from the negative control (Fig. 4H,
lane 2). Upon intoxication of the terminal chamber and probing
of the soma chamber, we detected clear cleavage activity (Fig. 4H,
lane 3), indicating that the holotoxin transported by axonal ret-
rograde trafficking was still highly active upon reaching the soma
chamber. Interestingly, there was a significant increase in the
level of SNAP25 cleavage detected in the soma of stimulated neu-
rons compared with unstimulated neurons (Fig. 4H, lane 4, I).

Our results are consistent with a previous study in motor
neurons (Restani et al., 2012) showing that BONT/A holotoxin
endocytosed at the nerve terminal can be retrogradely trans-
ported to the soma and remain catalytically active. Interestingly,
we also demonstrate that presynaptic activity up-regulates the
delivery of active BONT/A to the soma chamber.

Presynaptic activity regulates BONT/A-Hc colocalization with
p75N"™ and acidic carriers

Having shown that retrograde transport of BoNT/A-Hc is up-
regulated by presynaptic activity, we next attempted to character-
ize the nature of the retrograde BoNT/A-Hc carriers. One
important group of retrograde compartments is the signaling
endosome containing the neurotrophin receptor p75™"® (Bron-
fman et al., 2003). In cultured motor neurons, neurotoxins such
as tetanus toxin, BONT/A, and BoNT/E hijack this route to reach
the soma of motor neurons and their carriers also contain
P75 NTR (Lalli and Schiavo, 2002; Restani et al., 2012). To deter-
mine whether retrograde BONT/A-Hc carriers use a similar route
in hippocampal neurons, we used an FITC-conjugated antibody
that recognizes the rat p75~"® extracellular domain (Matusica et
al., 2013) to label the surface p75~™ of neurons cultured in
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microfluidic devices. The labeled neurons
were subjected to 5 min of BONT/A-Hc-
Atto647 pulse labeling at their nerve
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0.3 s intervals with a high-sensitivity
EMCCD for 95 s and videos were analyzed
for colocalization. In unstimulated neu-
rons, 20.5 = 2.7% of BONT/A-Hc carriers
labeled for p75™™ (Fig. 5A—C). This co-
localization ratio was not significantly al-
tered by high K * stimulation, with 17.9 +
3.0% of BONT/A-Hc carriers also labeling
for p75N™® (Fig. 5A-C). These data indi-
cate that some BoNT/A-Hc carriers are
indeed transported to the soma via the
same endosomal pathway as p75™'%,
However, we could not detect an effect of
increased presynaptic activity on this sub-
set of retrograde BoNT/A-Hc carriers
(Fig. 50).

Next, we determined the potential
overlap between BoONT/A-Hc carriers and
acidified compartments labeled with Ly-
soTracker (Lewis and Lentz, 1998). We
incubated neurons cultured in microflu-
idic devices with the acidic vesicle marker
LysoTracker Red before BoNT/A-Hc
pulse-chase labeling and examined the co-
localization ratio of LysoTracker and
BoNT/A-Hc. In unstimulated neurons, a
low proportion of BoNT/A-Hc carriers
were LysoTracker positive (9.1 = 1.8%;
Fig. 5D-F), consistent with the results of a
previous study (Restani et al., 2012). Interestingly, we found a
significantly higher overlap between BoNT/A-Hc and acidified
compartments after high K * stimulation (22.3 =+ 2.7%; Fig. 5D
F), indicating that, in hippocampal neurons, more BoNT/A-Hc
is transported through acidified compartments after increased
presynaptic activity.

Figure 3.

Synaptic activity upregulates autophagosome biogenesis in
nerve terminals

To further understand the nature of the BoNT/A-Hc-positive
retrograde carriers, we examined axons morphologically within
the microfluidic channels using transmission electron micros-
copy. Direct comparison of the axons 3—4 h after stimulation
revealed a striking increase in the number of autophagosomes
detected in stimulated neurons (Fig. 6 A, B). In contrast, the
density of other organelles such as mitochondria was not sig-
nificantly affected by stimulation (Fig. 6C). These results sug-
gest that presynaptic activity upregulates autophagosome
formation and retrograde transport. Next, we used BONT/A-
Hc-HRP (100 nM) to pulse label nerve terminals of neurons
cultured in microfluidic devices for 5 min and then examined
the presence of BONT/A-Hc-HRP in the autophagosome com-
partments in axon channels using DAB cytochemistry. Signif-
icantly more electron-dense autophagosome structures were
detected in the BoNT/A-Hc-HRP-labeled group compared
with the unlabeled control group (Fig. 6 D, E). This not only
confirmed the specificity of the probe labeling, but, more im-
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BoNT/A-Hc single molecules also undergo fast retrograde axonal transport. A, Scheme illustrating BoNT/A-Hc (red
spot) axonal retrograde transport in microfluidic devices and the single-molecule detection technique used. Hippocampal neurons
grown in microfluidic devices were pulsed 5 min with BoNT/A-Hc-Atto647 (1 nm) added to terminal chamber only. Aftera2 h chase,
single-molecule detection was performed in the axon channel. B, Selected trajectories of BONT/A-Hc-Atto647N single molecules
tracked at the entrance of the axon channel overlaid with a bright-field image. Shown is a high-power view of a single-molecule
trajectory (bottom). Scale bar, 10 wm. €, MSD of the trajectories of all detected BoNT/A-Hc molecules and those selected for
undergoing active transport (directed motion). D, Left, Frequency distribution of the average speed of single BoNT/A-Hc molecules
(1 nw) and carriers (100 nw). Right, Statistical comparison of the average speeds of BoNT/A-Hc molecules (detected by single-
molecule imaging) and fluorescent carriers detected by confocal microscopy. For the 1 nm group, n = 21 axon channels (a total of
176 trajectories from 3 independent neuron preparations). For the 100 nm group, n = 27 axon channels (a total of 571 trajectories
from 5 independent neuron preparations). n.s., Not significant, Student’s t test.

portantly, also provides direct evidence that nerve-terminal-
derived BoNT/A-Hc is sorted into autophagosomes in
hippocampal neurons.

We then investigated the site of autophagosome biogenesis
by analyzing the distribution of endogenous microtubule-
associated protein 1A/1B-LC 3 (LC3, an autophagosome marker)
carriers between the nerve terminals and the cell soma at dif-
ferent times after stimulation. Neurons cultured in microflu-
idic chambers were stimulated with high K™ for 5 min and
then chased for 10 min or 120 min in original conditioned
medium. Neurons were subsequently labeled for LC3 and
BII-tubulin. Consistent with previous studies, the basal num-
ber of LC3-positive compartments was low in both the soma
and nerve terminals in unstimulated neurons (Komatsu et al.,
2005; Katsumata et al., 2010; Shehata et al., 2012; Martin et al.,
2013; Fig. 6F). After stimulation and incubation for 10 min, a
significant increase in LC3-positive compartments was ob-
served in the nerve terminal chamber (Fig. 6 F,G). After 120
min, a significant increase in LC3-positive compartments was
observed in both the soma and the nerve terminal (Fig. 6F).
Notably, after 10 min, when LC3-positive compartments were
already greatly increased in the nerve terminals, the LC3 com-
partments in the neuronal soma remained at a low level that
was not significantly different from that of unstimulated con-
trols (Fig. 6G,H).

To measure the effect of presynaptic activity on autophagy
independently, we analyzed the level and modification of LC3
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Figure4.

Retrograde BoNT/A holotoxin transport is affected by presynaptic activity. A—D, Both BoNT/A-Hc (Hc/A) uptake (A) and retrograde trafficking (B) were reduced in GFP-Lc/A-transfected

neurons. Hc/A intensity of GFP-Lc/A-transfected neurons (box a) compared with Hc/A intensity of adjacent untransfected neuron (box b). SNAP25A was used to verify its cleavage in GFP-Lc/A-
transfected hippocampal neurons. Scale bar, 20 wm. €, Quantitative results of A. D, Quantitative results of B. Data from 3 independent cultures are shown; n = 21 and 14 for uptake and retrograde,
respectively. **p << 0.01; ***p < 0.001, paired t test. E, Hippocampal neurons grown in microfluidic devices were pulsed for 5 min with 100 pu BoNT/A added to the terminal chamber only, after
which the long-range effects of BoNT/A were assessed in unstimulated (low K ™) or stimulated (high K ™) conditions by immunofluorescence microscopy of SNAP25A. Chambers without BoNT/A
addition were used as the negative control (control). Scale bar, 50 um. F, G, Quantitative results of terminal chamber (F) and soma chamber (G), respectively. Data are from 4 independent cultures;
n=4.%p <0.05, Student’s t test. H, Representative Western blot of soma chamber lysate samples as described above and soma chamber lysate with BoNT/A added directly to the soma chamber
asapositive control (lane 1). 3-actin was used as the loading control. /, Quantitative results of H, with SNAP25A signal normalized to 3-actin. Data are from 3 independent preparations, n = 3.*p <

0.05, paired t test.

at different time intervals after high K™ stimulation in cul-
tured hippocampal neurons. Because the lipidated form of
LC3, LC3-1I, has been shown to be a specific marker for au-
tophagic activity in mammals (Komatsu et al., 2005; Tanida et
al., 2008), we determined the LC3-II level up to 2 h after
stimulation. We found that LC3-II was significantly increased
at 2 h, but not 1 h, after high K™ stimulation (Fig. 61,7). This
result demonstrates that there is a delayed increase in au-
tophagic activity after K stimulation.

Together, these data indicate that neuronal activity induces
the rapid biogenesis of autophagosomes in nerve terminals and
that these autophagosomes are subsequently transported to the
neuronal soma through fast retrograde axonal trafficking.

Fate of retrogradely transported BoNT/A-Hc in the

neuronal soma

Axonal autophagosomes eventually fuse with lysosomes in the cell
soma, suggesting that this pool of BONT/A could be destined for
degradation. We therefore examined the colocalization of BONT/A-
Hc-Atto647 with autophagosome and lysosome markers by immu-
nofluorescence and confocal microscopy at different locations along
the BONT/A-Hc retrograde pathway. Neurons were stimulated for 5
min in the presence of BONT/A-Hc-Atto647, followed by a 2—-4 h
chase in normal medium. They were then fixed and stained with
either lysosomal-associated membrane protein 1 (LAMP1) (Wa-
sano and Hirakawa, 1994) or LC3 (Tanida et al., 2008). Consistent
with previous reports (Wang et al., 2006), we found that LC3-
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BoNT/A-Hc carriers partially colocalize with p75"™ and LysoTracker compartments. A~C, Hippocampal neurons cultured in microfluidic devices were incubated with FITC-p75"™

antibody for 1h at 37°Chefore exposure to stimulated (high K ™) or unstimulated (low K *) conditions, with BoNT/A-Hc added to the terminal chamber only. Neurons were chased for 2— 4 h at 37°C
and the axon channels were imaged. A, Images of neurons treated with low K ™ or high K . BoNT/A-Hc (Hc/A) carriers colocalized with p75 NTR are indicated with arrowheads. Scale bar, 5 um.B,
Kymographs corresponding to the time series described above. Colocalized tracks are indicated with arrowheads. Scale bars: x-axis, 1 wm; y-axis, 10 s. €, Quantification of B. Data are from 3
independent preparations; n = 49 and 46 forlow K ™ and high K ™ respectively. n.s., Not ignificant, Student’s ttest. D—F, Hippocampal neurons cultured in microfluidic devices were incubated with
LysoTracker Red for 30 min at 37°C before exposure to stimulated (high K *) or unstimulated (low K ™) conditions, with BoNT/A-Hc added to the terminal chamber only. Neurons were chased for
2-4hat37°Cand the axon channels were imaged. D, Images of neurons treated with low K * or high K ™. BoNT/A-Hc (Hc/A) carriers colocalized with LysoTracker are indicated with arrowheads.
Scalebar, 5 um. E, Kymographs corresponding to the time series described above. Colocalized tracks are indicated with arrowheads. Scale bars: x-axis, 1 um; y-axis, 10s. F, Quantification of E. Data
are from 3 independent preparations; n = 51and 57 for low K * and high K ™, respectively. **p < 0.01.

positive puncta, corresponding to autophagosomes, were present in
axons located in the neuronal soma (Fig. 7A), nerve terminal cham-
ber (Fig. 7B), and axon channels (Fig. 7C). In contrast, LAMP-1-
positive compartments were highly enriched in the soma (Fig. 7A),
with very few being detected in the axons or nerve terminals (Fig.
7B), as quantified in Figure 7D and in good agreement with previous
studies (Parton et al., 1992).

We next determined the degree of colocalization between
BoNT/A-Hcand LAMP1 or LC3 in stimulated and unstimulated
neurons. At the level of the soma, 24.9 *+ 2.0% of the BoNT/A-
Hc-Atto647-positive compartments colocalized with LC3 label-
ing and 41.9 * 4.0% colocalized with LAMP1 labeling (Fig. 7E),
confirming that retrogradely transported autophagosomes fol-

low the canonical degradative pathway upon reaching the soma
by fusing with acidified lysosomes (Kimura et al., 2007). In the
nerve terminal chambers, 35.8 * 5.1% of BoNT/A-Hc labeling
colocalized with LC3 labeling whereas only 4.1 = 1.0% colocal-
ized with LAMP1-positive compartments (Fig. 7E), consistent
with the incorporation of BONT/A-Hc-Atto647 into autophago-
somes at the nerve terminals.

We then examined the effect of increased presynaptic activity
on the formation and transport of autophagosomal BONT/A-Hc-
positive carriers directly in the axon bundles within the channels
of microfluidic chambers. In unstimulated conditions, we de-
tected very few LC3- or BoONT/A-Hc-positive carriers and even
fewer double-positive compartments (4.3 = 1.4% double posi-
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Figure 6.

Electron microscopy of axon channels reveals that BoNT/A-Hc s retrogradely transported by autophagosomes. A, Representative axon bundles from unlabeled neurons with autopha-

gosomes (a7 and a2, boxes) and mitochondria (arrowheads) along the microtubule tracks. Scale bar, 500 nm. B, €, Quantification of autophagosomes (B) and mitochondria (€) observed along the
axon bundles in the indicated conditions; n = 3 independent microfluidic devices. *p << 0.05; n.s. not significant, Student’s t test. D, Representative electron microscopy of axon bundles of neurons
cultured in microfluidic devices with (right) or without (left) BoNT/A-Hc-HRP added to the nerve terminal chambers under high K * conditions. Autophagosomes are indicated by arrowheads. Scale
bar, 500 nm. E, Quantification of BoNT/A-Hc-HRP-containing autophagosome as shown in D; n = 3. **p << 0.01, Student’s ¢ test. F, Representative LC3 and Slll-tubulin immunostaining of
hippocampal neurons cultured in microfluidic devices and fixed at indicated times after stimulation. Boxed regions are shown in G; arrowheads indicate nerve terminals. H, Quantification of the level
of L3 fluorescence normalized to BllI-tubulin; n = 6 from 2 independent cultures. ***p << 0.001; **p << 0.01, Student’s  test. /, Representative L(3 and 3-actin (loading control) immunoblots.

J, Quantification of I, n = 3. *p < 0.05, Student’s t test.

tive in the case of LC3 and 14.7 = 4.3% in the case of BONT/A-Hg;
Fig. 7C). After high K * stimulation, the number of LC3 and
BoNT/A-Hc double-positive carriers was significantly increased
(24.5 = 5.8% of the LC3-positive and 49.7 * 6.3% of the BONT/
A-Hc-positive compartments contained both labels; Fig. 7F, G).
These data not only suggest that BONT/A-Hc is incorporated into
autophagosomes, but also indicate that autophagosome biogen-
esis and retrograde transport are upregulated by a single, 5 min
stimulation pulse, consistent with our electron microscopy data
(Fig. 6B).

To validate our in vitro pulse-chase data, we performed in vivo
experiments in mouse motor neurons. Recombinant mCherry-

BoNT/A-Hc was injected in the right feet of mice and, 24 h after
injection, the level of colocalization of retrogradely transported
BoNT/A-Hc with LC3 or LAMP1 was assessed in the cell soma of
spinal cord motor neurons (Fig. 84). Consistent with our in vitro
data, we found that the majority (79.3 * 0.02%; Fig. 8 B,D) of
LC3-positive carriers in the cell bodies of motor neurons also
contained BoNT/A-Hc. However, because there were a far
greater number of BoNT/A-Hc-positive carriers than LC3-
positive carriers present in the steady-state motor neuron soma,
the number of BONT/A-Hc-positive carriers that were also posi-
tive for LC3 was fairly low (5.6 = 1.1% of total; Fig. 8 B, E). A high
degree of colocalization was observed between BoNT/A-Hc and
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***p < 0.001, Mann—Whitney test.

LAMPI (50.7 = 2.6%; Fig. 8C,E). Because a far greater number of
somatic BONT/A-Hc-positive carriers were positive for LAMP1
than for LC3, we concluded that autophagosomes play a critical
role in transporting BoNT/A-Hc to the soma, where a large
proportion of these carriers undergo fusion with lysosomes.
These in vivo data further confirmed our in vitro data showing
that a significant proportion of presynaptically derived
BoNT/A undergoes autophagosome-mediated retrograde
trafficking to the neuronal soma. Notably, a nonnegligible
proportion of BONT/A-Hc-positive carriers were negative for
both LC3 and LAMP1 in the neuronal soma in both in vitro
and in vivo experiments. The nature and pathophysiological
relevance of this population is currently unknown (Antonucci
et al., 2008; Restani et al., 2012).

BoNT/A-Hc is retrogradely transported in autophagosomes

To examine the kinetics and regulation by presynaptic activity of
the retrograde autophagosomal transport of BoNT/A-Hc, we
performed time-lapse imaging of axons in neurons transfected
with GFP-LC3 or RFP-LC3. We first confirmed that GFP-LC3
displayed a cytosolic expression pattern in the soma and a vesic-
ular expression pattern near the nerve terminals (Fig. 9A), as
previously reported (Maday and Holzbaur, 2012b). We then an-
alyzed the localization of BONT/A-Hc after a 5 min uptake pulse
in stimulated or unstimulated conditions using GFP-LC3-
transfected neurons. In unstimulated neurons, only a few retro-
grade GFP-LC3-positive (0.52 * 0.1/min; Fig. 9B,D) or BoNT/
A-Hc-positive (1.4 = 0.2/min; Fig. 9 B, E) carriers were observed
and even fewer were colabeled (0.08 * 0.02/min; Fig. 9B, F).

However, after stimulation, the number of GFP-LC3-positive
carriers colabeled with BONT/A-Hc (double-positive carriers) in-
creased ~3.9-fold (0.39 £ 0.09/min; Fig. 9F). The stimulated
neurons had a significantly higher percentage of GFP-LC3-
positive vesicles containing BONT/A-Hc (Fig. 9G). These data
indicate that presynaptic activity increases not only the genera-
tion of autophagosomes, but also the sorting of BONT/A-Hc into
this pathway.

Because GFP fluorescence is known to be sensitive to pH,
resulting in quenched fluorescence in acidified vesicles (Kimura
et al., 2007), we used the pH-resistant RFP-LC3 construct to
further investigate the nature of the BONT/A carriers. We ana-
lyzed the number and kinetics of RFP-LC3 carriers in the axons
and their level of colocalization with BoONT/A-Hc. As expected,
we found that the number of retrograde RFP-LC3-positive carri-
ers was higher than the number of GFP-LC3-positive carriers,
confirming that a significant proportion of the retrograde,
autophagosome-derived carriers were acidified (Fig. 9C,D), as
previously reported (Lee et al., 2011; Maday and Holzbaur,
2012b). Consistent with our data using GFP-LC3, we found the
same activity-dependent increase in the number of RFP-LC3-
positive retrograde carriers (from 0.4 * 0.08/min to 1.5 * 0.3/
min; Fig. 9D), BoNT/A-Hc-positive carriers (Fig. 9E), and RFP-
LC3 and BoNT/A-Hc double-positive carriers (~3.5-fold) (Fig.
9F) and also an increase in the percentage of double-positive
carriers relative to the total number of RFP-LC3-positive vesicles
(Fig. 9G).

One of the first stages in the maturation of autophagosomes is
their fusion with acidified but nondegradative components of the
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Figure 8.  Retrogradely transported mCherry-BoNT/A-Hc accumulates in lysosomes from
spinal cord motor neuron soma after paw injection. A. Schematic of paw injection of mCherry-
BoNT/A-Hc (Hc/A) in vivo. Twenty-four hours after injection, mice were killed and perfused. The
spinal cord was then dissected and sliced for immunofluorescence processing. The level of
colocalization of mCherry-BoNT/A-Hc wi‘th LC3 or LAMPT was assessed in the cell soma of
ipsilateral spinal cord motor neurons. B, C, Representative images of mCherry-BoNT/A-Hc co-
localized with LC3 (B) and LAMP1 (C) in the soma of spinal cord motor neurons. Scale bar, 10
m. D, E, Mander's ratio of colocalization between BoNT/A-Hcand LAMP1 or L(3, respectively.
Data are from 3 independent experiments; n = 52 for L(3 staining, n = 59 for LAMP1 staining.
**%p <0.001, Student’s t test.

endosomal system to generate intermediate compartments
termed amphisomes that subsequently fuse with lysosomes in the
cell soma. To elucidate whether neuronal activity affects this pro-
cess, we used tandem fluorescently tagged LC3 (tFP-LC3: mRFP-
EGFP-LC3). In axons, the maturation of autophagosomes is
reflected by changes in the ratio of RFP/GFP fluorescence, in that
LC3-positive vesicles retaining both GFP and RFP fluorescence
are autophagosomes (Fig. 10A,A1,A3, boxes), whereas LC3-
positive vesicles displaying only RFP fluorescence are amphi-
somes and/or autolysosomes (Fig. 10A,A2,A4, boxes) (Maday
and Holzbaur, 2012b; Martin et al., 2013). We found that, in the
cell body of neurons, stimulation increased the number of

J. Neurosci., April 15, 2015 - 35(15):6179 - 6194 « 6189

autolysosomes, which are the most prevalent LC3-positive
compartment, but had no obvious effect on the number of au-
tophagosomes (Fig. 10B). In contrast, autophagosomes were
more abundant in the nerve terminals (Fig. 10A,A1,A3, boxes,
B). When we subsequently analyzed the distribution of BoNT/
A-Hcbetween autolysosomes and autophagosomes in stimulated
and unstimulated neurons, no significant difference was ob-
served (Fig. 10C), suggesting that presynaptic activity promotes
autophagosome maturation without affecting the sorting of
BoNT/A-Hc within this pathway. In agreement with previous
reports showing that LC3 retrograde trafficking can be increased
by excitotoxic stimuli (Katsumata et al., 2010), our results clearly
demonstrate that the number of presynaptically generated au-
tophagosomes is upregulated by depolarizing stimulation and
that these autophagosomes undergo efficient maturation in the
cell soma. This upregulated retrograde flux of autophagosomes is
a major trafficking pathway mediating the activity-dependent
retrograde transport of BONT/A-Hc.

Biogenesis and maturation of autophagosomes is required for
BoNT/A-Hc retrograde trafficking

Finally, to test whether autophagosomes play a role in BoNT/
A-Hc retrograde trafficking, we examined the effects of two dif-
ferent pharmacological autophagy inhibitors on this process.
Bafilomycin A,, a potent and specific inhibitor of vacuolar H ™
ATPase, inhibits the acidification of autophagosomes and blocks
the later stage of autophagy (Yamamoto et al., 1998). In contrast,
wortmannin, a pan PI3-kinase inhibitor (Meunier et al., 2005;
Wen et al., 2008; Wen et al., 2011), inhibits autophagosome for-
mation and blocks the early stage of autophagy (Blommaart et al.,
1997). Hippocampal neurons cultured in microfluidic devices
were incubated with wortmannin (40 nm), bafilomycin A, (50
nM), or DMSO (vehicle) for 0.5 h before a pulse of BONT/A-Hc
labeling at the nerve terminals under high K™ stimulation. After
a 2—4 h chase in the continued presence of wortmannin or bafilo-
mycin A,, we found that both autophagy inhibitors significantly
reduced the frequency of BoONT/A-Hc retrograde carriers detected
along the axon channels, as indicated by a significant decrease in
retrograde BONT/A-Hc carrier numbers in treated axons compared
with the group incubated with DMSO (Fig. 114, B).

These data demonstrate that, in hippocampal neurons, the
autophagy pathway is required for the activity-dependent retro-
grade axonal trafficking of BONT/A-Hc. This result is also con-
sistent with our data showing that increasing presynaptic activity
upregulates both axonal autophagy flux and BoNT/A-Hc retro-
grade trafficking (Figs. 6, 9) and supports the notion that a sub-
stantial portion of activity-dependent BoNT/A-Hc retrograde
transport is mediated by nerve-terminal-initiated autophago-
some flux.

Discussion

In the present study, we demonstrate that presynaptic activity in
hippocampal neurons increases the retrograde transport of BoNT/
A-Hc, as well as active BONT/A holotoxin, from the nerve terminal
to the cell soma. Detailed characterization of the activity-dependent
retrograde trafficking of BONT/A-Hc has shown that a significant
proportion of this traffic is mediated by autophagosomal flux both in
vitro and in vivo. We reveal that raising presynaptic activity upregu-
lates the biogenesis of autophagosomes in a process initiated at the
nerve terminal and results in increased autophagosomal delivery of
the toxin cargo to the soma.
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Presynaptic activity increases L(3-mediated BoNT/A-Hc axonal retrograde trafficking. GFP-LC3- or RFP-LC3-transfected neurons cultured in microfluidic devices were incubated with

BoNT/A-Hc-Atto647 (100 nw) for 5 min in either low- or high K medium, followed by a 2— 4 h chase in culture. A, Representative images of axons extending into the nerve terminal chambers
labeled with both BoNT/A-Hc-Atto647 (Hc/A, middle) and GFP-LC3 (top); arrowhead points to a soma. Time-lapse imaging was performed in regions proximal to the soma chamber (yellow boxes).
Scale bar, 30 m. B, Top, Time-lapse imaging of BoNT/A-Hc-Atto647 (Hc/A) and GFP-LC3 in axons. Bottom, Kymographs of the same axons showing carrier movement over 276 s. Arrowheads point
tomoving carriers. €, Top, Time-lapse imaging of BoNT/A-Hc-Atto647 (Hc/A) and RFP-LC3 in axons. Bottom, Kymographs of the same axons showing carrier movement over 264 s. Arrowheads point
to moving carriers. Scale bars: x-axis, 10 m; y-axis, 10s. D-G, Quantification of the number of XFP-LC3 (GFP-LC3 or RFP-LC3, respectively, as labeled on the x-axis; D), BoNT/A-Hc-Atto647 (E), and
BoNT/A-Hc/XFP-LC3 double-positive vesicles (F) detected over 400 s in the indicated conditions. G, Percentage of XFP-LC3 vesicles containing BoNT/A-Hc. GFP-LC3-transfected groups: n = 43 for
lowK ™, n = 51forhigh K *. RFP-LC3-transfected groups: n = 27 forlow K *, n = 30 for high K ™. *p < 0.05; **p < 0.01; ***p < 0.001, Mann—Whitney test.

Retrograde transport of BONT/A-Hc

Unlike tetanus neurotoxin, which depends on retrograde ax-
onal transport to mediate its potent blockade of inhibitory
neurotransmission (von Bartheld, 2004; Deinhardt and
Schiavo, 2005), the classically accepted cellular target of the
BoNTs is the peripheral motor nerve terminal, where they
induce flaccid paralysis by blocking acetylcholine release
(Meunier et al., 2002). However, retrograde transport of some
BoNT types has recently been discovered in vivo and in cul-
tured neurons, revealing that these neurotoxins also undergo
long-distance retrograde trafficking and transcytosis in cen-
tral neurons (Antonucci et al., 2008; Restani et al., 2011; Res-
tani et al., 2012), which is consistent with the central effects of
BoNT/A observed in some patients (Caleo et al., 2009). The
fact that BONT/A uptake into the nerve terminals is facilitated

by stimulation (Dong et al., 2006; Harper et al., 2011) and that
the toxin is retrogradely transported provided a unique op-
portunity to address whether BONT/A retrograde flux is also
controlled by presynaptic activity.

After BoNTSs enter nerve terminals via receptor-mediated en-
docytosis, the exposure of the BONT holotoxin to the acidic pH of
the synaptic vesicles induces release of the Lc protease into the
cytosol while the binding domain of the Hc remains on the syn-
aptic vesicle lipid bilayer (Koriazova and Montal, 2003; Pirazzini
et al., 2014). The Hc-binding domain can be therefore used as a
reliable tool to monitor the binding, uptake, and retrograde traf-
ficking of the parental BONT/A in motor and hippocampal neu-
rons (Harper et al., 2011; Restani et al., 2012). Here, we used
BoNT/A-Hc and demonstrated that, in central neurons cultured
in microfluidic chambers, the frequency of BONT/A-Hc-positive
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Presynaptic activity does not influence the fate of retrogradely transported BoNT/A-Hc upon reaching the soma. Tandem fluorescently tagged LC3 (tFP-LC3: mRFP-EGFP-L(3)-

transfected neurons were incubated with BoNT/A-Hc-Atto647 (100 nw) for 5 min in either low or high K ¥ medium, followed by a 2—4 h chase in culture medium. A, Representative images of
autophagosome (Autophag. A7 and A3 boxes) and autolysosome (Autolyso., A2 and A4 boxes) and in the proximal axons (A7, A3) and soma (A2, A4) in the indicated conditions. Arrowheads
indicate tFP-LC3-positive vesicles. Scale bar, 10 wm. B, Quantification of the number of somatic autolysosomes and autophagosomes in the indicated conditions. C, Percentage of somatic
autophagosomes and autolysosomes containing BoNT/A-Hcin the indicated conditions. Data are from 3 independent cultures; n = 9forlow K ™;n = 11forhighK . *p < 0.05, Mann—Whitney

test.

High K* B
+wortmannin

A Highk*
0s +DMSO

s

HighK*
+bafilomycin

BoNT/A-He
BoNT/A-Hc Tracks

Vi
174s

Retrograde=

Retro grade= Retrograde=

Figure11.

retrograde carriers is greatly increased upon stimulation, whereas
the average speed (0.8 wm/s) and behavior of these carriers is
unaffected. Because the BONT/A-Hc probe was used at a high
concentration here (100 nM), we also examined the fate of BONT/
A-Hc at a more pathologically relevant concentration (1 nm) us-
ing single-particle tracking. We found that, at this concentration,
BoNT/A-Hc was also recruited to fast axonal retrograde traffick-
ing. The values found for the average speed are in good agreement
with a previous report (Restani et al., 2012) regardless of the

(400s)
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Activity-dependent BoNT/A-Hcretrograde flux is blocked by autophagy inhibitors. Hippocampal neurons cultured in
microfluidic devices were incubated with wortmannin (40 nu), bafilomycin A, (50 nm), or DMSO for 0.5 h before pulse-chase
BoNT/A-Hc labeling at nerve terminals under high K * stimulation. A, Kymographs of BoNT/A-Hc carriers in DMSO vehicle- (left),
bafilomycin A,- (middle), or wortmannin (right)-treated axon channels over 174s. Retrograde tracks are marked with arrowheads.
Scale bars: x-axis, 10 m; y-axis, 20 s. B, Quantification of BoNT/A-Hc retrograde carrier numbers in corresponding neurons, as
shown in A; n = 53 DMSO; n = 20 bafilomycin A;; n = 56 wortmannin, ***p << 0.001, Mann—Whitney test.

concentration of BoNT/A-Hc used. We
also used the same protocol to determine
whether the retrograde trafficking of
BoNT/A holotoxin is regulated by presyn-
aptic activity, revealing that BONT/A ho-
T lotoxin internalized from the nerve
terminal reached the soma and remained
catalytically active, as reflected by cleavage
of SNAP25 in the soma chamber. Impor-
tantly, we further found that the amount
of cleaved SNAP25 in the soma chamber
increased in response to a stimulatory
pulse of high K™, indicating that this was
sufficient to increase the amount of active
BoNT/A transported to the soma that
eventually reaches the afferent synapses
after transcytosis. We can only assume
that this was the result of BONT/A activity
after transcytosis in the afferent terminals
because of the extent of SNAP25 cleavage
found in the soma chamber from our
Western blot analysis. However, more
work is warranted to investigate whether
some cleaved SNAP25 has also been trans-
ported to the soma for degradation and/or
if some active Lc accessed the soma cytosol after axonal transport.
More work is needed to assess whether and how transcytosis
occur after retrograde transport, a pathway that has remained
enigmatic. Although we found that approximately half of the
BoNT/A-Hc is transported via autophagosomes, we cannot ex-
clude the possibility that the active holotoxin might be trans-
ported via a parallel pathway that is also upregulated by
presynaptic activity. Further studies using the holotoxin are also
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warranted to determine whether inhibiting autophagy can pre-
vent the active toxin from acting in the soma chamber.

Retrograde pathways that mediate transport of BONT/A-Hc

in neurons

Axonal retrograde transport of target-derived materials to the
distal soma is crucial for the survival and function of neurons, the
most classical example of which is the retrograde transport of
neurotrophin factors and their receptors (i.e., nerve growth fac-
tor and p75 NTRY via signaling endosomes (Zweifel et al., 2005).
Recent studies in mammalian neurons have revealed a subpopu-
lation of virulence factors (i.e., rabies virus, tenanus toxin, and
BoNTs) that hijack this long-range retrograde pathway to reach
the soma, but whether these carriers are acidified remains con-
troversial. In motor neurons, tetanus toxin and BoNTs hijack
nonacidified p75™"®-transporting organelles (Lalli and Schiavo,
2002; Restani et al., 2012), but in dorsal root ganglion neurons,
the p75N"®-binding rabies virus is delivered to the soma via acid-
ified p75™"™ carriers (Gluska et al., 2014). In our study using
BoNT/A-Hcas a probe for synapse-derived vesicles, we identified
a portion of the retrograde carriers that colocalized with p75~™
and were not affected by presynaptic activity (Fig. 5A-C). How-
ever, some of BONT/A-Hclocalized to acidified organelles. Inter-
estingly, this population was significantly increased with high K
stimulation (Fig. 5D-F), suggesting the existence of presynaptic-
activity-dependent sorting mechanisms that recruit BONT/A-Hc
to acidified compartments.

In axons, autophagosomes are one of the best-defined acidified
compartments, mediating the degradation of terminal-derived car-
goes after long-distance axonal retrograde transport (Lee et al.,
2011; Maday and Holzbaur, 2012b). Although the content of
autophagosomes can be derived from many cellular sources
(Weidberg et al., 2011), the main source of the autophagosomes
within the nerve terminals of neurons is the endocytic pathway
(Fader and Colombo, 2009; Yang et al., 2013), which converges
with the autophagic pathway through late endosome/multive-
sicular bodies or early endosome fusion to form the single-
membrane amphisome (Berg et al., 1998; Fader and Colombo,
2009). In this study, we found that the proportion of BONT/A-Hc
carriers overlapping with either autophagosomes or acidified
compartments was significantly increased after synaptic activa-
tion, suggesting that there might be sorting machinery between
the autophagic pathway and its upstream endocytic pathway, a
process that is highly regulated by neuronal activity. However, it is
still unknown how this machinery bifurcates to distribute endocyto-
sed cargoes between nonacidified signaling endosomes and acidified
autophagosomes. It could be worthwhile to analyze the sorting
mechanism for terminal-endocytosed cargoes destined for different
retrograde pathways given the importance of retrograde transport,
which is essential for neuronal survival and function (Maday and
Holzbaur, 2012b; Nixon, 2013; Yang et al., 2013).

Regulation of presynaptic autophagy of BONT/A-Hc by
presynaptic activity

Autophagy in the mammalian brain is a highly inducible pathway
that is normally kept at a low basal level, but can be rapidly
activated in response to environmental stimuli (Mizushima et al.,
2001; Koushika et al., 2004; Xie and Klionsky, 2007). In hip-
pocampal pyramidal neurons, depolarization induces the activa-
tion of autophagy, which promotes presynaptic AMPA receptor
degradation (Shehata et al., 2012). In addition to postsynaptic
autophagy, an excitotoxic insult has been found to increase the
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retrograde autophagosome flux in cerebellar explant axons (Kat-
sumata et al., 2010). With real-time imaging in live neurons, we
revealed an increase in the retrograde flux of endogenous and
fluorescently tagged LC3-positive compartments and, using elec-
tron microscopy, we were able to identify an increased number of
double-membrane autophagosome compartments in axons 2—4
h after stimulation. Because a major component of these au-
tophagosomes is synaptically derived BoNT/A-Hc, our data in-
dicate that presynaptic activity upregulates the incorporation of
presynaptically derived endocytic cargoes into retrogradely tar-
geted autophagosomes. This suggests that autophagy may play a
physiological role in restoring neuronal homeostasis, which is
transiently disturbed by neuronal activity.

In neurons, the pharmacological inhibitors bafilomycin A,
and wortmannin can be used to block different steps of the au-
tophagy pathway, which is the key retrograde transport pathway
for the axon degradation of derived material (Wang et al., 2006).
Consistent with this, we found that inhibition of autophagy using
either inhibitor also blocked BoNT/A-Hc retrograde flux, sug-
gesting that autophagic activation is required for BoNT/A-Hc
retrograde trafficking and further supporting the idea that BONT/
A-Hc undergoes retrograde transport through autophagosomes.
More experiments will be needed to determine whether such
pharmalogical interventions could also prevent the retrograde
transport and transcytosis of the holotoxin in the soma chamber
in vitro and in vivo.

In conclusion, we have demonstrated that BoNT/A-Hc
undergoes retrograde trafficking after endocytic uptake at the
synapse. Importantly, this retrograde flux is significantly upregu-
lated by presynaptic activity. A substantial proportion of retro-
grade BoNT/A-Hc-positive carriers are colabeled by the
autophagosome marker LC3 both in vitro and in vivo. Similarly,
LC3-positive carrier flux also shows an activity-dependent in-
crease, suggesting that autophagy plays a key regulatory role in
restoring presynaptic homeostasis. Because neuronal autophagy
defects underlie many neurodegenerative conditions, under-
standing the precise physiological role that this process plays in
the brain is of considerable importance.
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