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Abstract

The axonal transport of organelles is critical for the development, maintenance and survival of
neurons, and its dysfunction has been implicated in several neurodegenerative diseases.
Retrograde axon transport is mediated by the motor protein dynein. In this study, using embryonic
chicken dorsal root ganglion neurons, we investigate the effects of Ciliobrevin D, a
pharmacological dynein inhibitor, on the transport of axonal organelles, axon extension, nerve
growth factor (NGF)-induced branching and growth cone expansion, and axon thinning in
response to actin filament depolymerization. Live imaging of mitochondria, lysosomes and Golgi-
derived vesicles in axons revealed that both the retrograde and anterograde transport of these
organelles was inhibited by treatment with Ciliobrevin D. Treatment with Ciliobrevin D reversibly
inhibits axon extension and transport, with effects detectable within the first 20 minutes of
treatment. NGF induces growth cone expansion, axonal filopodia formation and branching.
Ciliobrevin D prevented NGF-induced formation of axonal filopodia and branching but not
growth cone expansion. Finally, we report that the retrograde reorganization of the axonal
cytoplasm which occurs upon actin filament depolymerization is inhibited by treatment with
Ciliobrevin D, indicating a role for microtubule based transport in this process, as well as
Ciliobrevin D accelerating Wallerian degeneration. This study identifies Ciliobrevin D as an
inhibitor of the bi-directional transport of multiple axonal organelles, indicating this drug may be a
valuable tool for both the study of dynein function and a first pass analysis of the role of axonal
transport.
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Introduction

Microtubule based axonal transport is critical for the development, maintenance and survival
of neurons. During development, the axonal transport of Golgi-derived vesicles, synaptic
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vesicles, mRNA granules, mitochondria and other organelles is considered necessary for
appropriate axon extension, guidance and branching (Hollenbeck and Saxton, 2005; Colin et
al., 2008; Ha et al., 2008; Jung et al., 2012; Greif et al., 2013; Spillane et al., 2013).
Dysfunction of the molecular motors which transport these cargoes has been implicated in
several neurodegenerative diseases such as amyotrophic lateral sclerosis (ALS), Alzheimer's
disease and Huntington's Disease (Sasaki and Iwata, 1996; Williamson and Cleveland, 1999;
Gunawardena et al., 2003; Pigino et al., 2003; Trushina et al., 2004; Stokin et al., 2005).
Microtubule based axonal transport is driven by the motor proteins of the kinesin family and
cytoplasmic dynein, hereafter referred to as kinesin and dynein, whereas actin based
intracellular transport is driven by myosin family members (Hirokawa, 1998; Karki and
Holzbaur, 1999; Vale, 2003). In axons, microtubules have a polarized organization with the
plus ends pointing distally towards the growth cone (Baas et al., 1989). Kinesins are plus
end-directed motors and dynein (DYNC1) is a minus end-directed motor (Gennerich and
Vale, 2009). The polarity of axonal microtubules, in conjunction with the intrinsic
microtubule end specific direction of kinesin and dynein movement, underlies the ability of
neurons to bi-directionally transport organelles and other cargoes.

siRNA knockdown of dynein heavy chain (DYNC1H1) reduces axon length in vitro
(Ahmad et al., 2006), indicating that the dynein motor complex is required for axon
extension. Similarly, loss of the dynein cofactor dynactin by local ablation in the growth
cone through chromophore-assisted laser inactivation (CALLI), decreases growth cone
advance (Abe et al., 2008). Dynein may directly contribute to axon extension by regulating
the transport of short microtubules in axons, by regulating the extension of microtubules into
the growth cone periphery or by regulating microtubule plus ends (Myers and Baas, 2007;
Liu et al., 2010; Lin et al., 2011; Nadar et al., 2012; Lazarus et al., 2013). Less is known
about the involvement of dynein in axon branching. However, Drosophila dynein light chain
mutants exhibit defects in sensory axon terminal arborization, with branches occurring
aberrantly or not at all (Murphey et al., 1999).

Ciliobrevin D was discovered as an inhibitor of dynein ATPase activity, preventing the
cycling activity of the motor protein (Ye et al., 2001; Cao et al., 2003; Janiesch et al., 2007;
Chou et al., 2011; Firestone et al., 2012). Ciliobrevin D does not impair kinesin 1 (KIF5)-
dependent microtubule gliding in vitro or the ATPase activity of kinesin-1 and kinesin-5
(KIF11), nor does it disrupt the association between ADP-bound dynein and microtubules in
a co-sedimintation assay (Firestone et al., 2012). The effects of Ciliobrevin D on dynein
driven cellular transport have been confirmed in cell systems, such as the repositioning of
the microtubule organizing center in T-cells, where the effects of Ciliobrevin D are
comparable to that of siRNA against the dynein heavy chain and expression of a dominant-
negative fragment of p150 glued, as well as inhibiting dynein dependent melanosome
aggregation (Firestone et al., 2012; Yi et al., 2013).

In this study we address the effects of Ciliobrevin D on the axonal transport of
mitochondria, Golgi-derived vesicles, lysosomes as well as multiple aspects of axonal
biology. Ciliobrevin D inhibited the bi-directional transport of all these organelles in
embryonic sensory axons in vitro, an effect later discussed in the context of prior
demonstrations of bi-directional effects of inhibiting dynein function. Ciliobrevin D
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treatment impairs axon extension and NGF-induced axon branching. Ciliobrevin D also
inhibits the retrograde redistribution of axonal cytoplasm that occurs in response to acute
actin filament depolymerization but promotes Wallerian degeneration following axotomy.
Collectively, these observations indicate that Ciliobrevin D may be a valuable tool for first
pass analysis of hypothesis involving a role for axonal transport, minimally of the transport
of the set of organelles investigated in this study, and dynein in primary neurons.

Cell Culture and Transfection

Constructs,

Imaging

Fertilized chicken eggs containing embryos of either sex were obtained from Charles River.
Embryonic day 7 chicken dorsal root ganglion neurons were cultured either as dissociated
cells, for experiments involving electroporation or dye labeling, or explants. All culturing
was performed on laminin-coated substrata (25 pg/ml; Invitrogen) in defined F12H
(Invitrogen) serum-free medium with supplements as previously described in and detailed in
(Lelkes P.1., 2006). NGF (R&D Systems) was used at 20 ng/ml except for the experiments
in Figure 3 and 4 which used 40 ng/ml. Explants and dissociated cell cultures were used for
experiments between 20 and 30 h after plating. For live imaging experiments, explants or
dissociated cells were plated in glass-bottom dishes as described in (Ketschek and Gallo,
2010).

Dissociated DRG cells were transfected using an Amaxa Nucleoporator (program G-13, 10
ug of plasmid) and chicken transfection reagents, as previously described by (Ketschek and
Gallo, 2010). For experiments in which the cultures were fixed, cells or explants were
cultured on glass coverslips.

Drugs and Organelle Stains

The NPYss-mCherry plasmid was a kind gift from Dr. G. Banker (Oregon Health and
Science University) and adapted from the NPYss-GFP previously described (El Meskini et
al., 2001). The drugs latrunculin A (Molecular Probes) and Ciliobrevin D (EMD
Chemicals), both in DMSO, and the dyes MitoTracker Green and LysoTracker Red, both
from Invitogen, were prepared according to manufactures’ directions and stocks were stored
at —20°C at concentrations 1000-fold greater than those used in experiments. We observed
that following reconstitution, after 1 week at 4° or 3 months at —20°, the drug lost efficacy
based on its effects on axon extension and growth cone morphology. Thus, it is
recommended that freshly reconstituted Ciliobrevin D be used for experimentation.
MitoTracker Green was used at 25 nM and LysoTracker Red was used at and 75 nM. Live
cells were labeled with the dyes for 30 min in culturing medium, followed by three washes
of medium prior to imaging.

Phase and wide-field epifluorescence imaging of live (dissociated or ganglion explants) or
fixed cells was performed on Zeiss Axiovert inverted microscopes equipped with a heated
stage for live-cell imaging (Ketschek and Gallo, 2010). For all live-cell imaging, cultures are
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allowed to equilibrate for 15 min on the heated stage prior to imaging. An Orca ER camera
(Hamamatsu) was used for all wide-field image acquisition.

Immunocytochemistry

Cultures were fixed using 0.25% glutaraldehyde (Figure 2A, B, C) or cultures were
simultaneously fixed (0.25% glutaraldehyde) and extracted (0.1% TX-100) in cytoskeletal
buffer to only reveal polymeric cytoskeletal components (Figure 3 and 4), as previously
described (Gallo and Letourneau, 1998). Glutaraldehyde fluorescence was quenched with 2
mg/ml sodium borohydride in calcium magnesium-free PBS for 15 min. Samples were then
blocked using 10% goat serum in PBS with 0.1% Triton X-100 (GST) and stained with
primary antibodies for 45 min, washed in GST, washed in deionized water, and mounted in
no-fade mounting medium (As described by Gallo and Letourneau, 1999). Tubulin was
detected using anti—a-tubulin (DM1A- FITC 1:100; Sigma) and actin filaments using
rhodamine-phalloidin (1:20; Invitrogen). Tyrosinated and acetylated tubulin levels were
investigated using previously described immunocytochemical and analytical protocols and
reagents (Jones et al., 2006; Ketschek et al., 2007). Endogenous p150Glued dynactin was
detected using the immunological reagents and protocols described in Grabham et al.
(2007).

Analysis of axon branching and kymography

Branches were defined as described in (Spillane et al., 2012). Briefly, mature collateral
branches along the axon shaft are defined as an axonal protrusion >10um in length that
contained one or more microtubules and exhibited secondary branches or a distal polarized
distribution of actin filaments. Axonal filopodia were defined as F-actin-based protrusions
that did not exhibit additional protrusive structures at their tip and a polarized distribution of
filaments. Kymograph construction and analysis was performed using the
MultipleKymograph plugin for NIH ImageJ and analyzed using ImageJ.

Analysis of axon degeneration following severing

The extent of varicosity formation along axons was determined using the Image J particle
analysis algorithm. In phase contrast images varicosities appear as enlarged segments of the
axon which are more phase dark than the rest of the axon. Images were thresholded so that
only varicosities remained in the image and the percentage of area of the image
representative of varicosities was determined. The total area covered by axons was similarly
determined using a lower threshold and not found to differ between the images at any time
points and between treatment groups (ANOVA, p=0.94).

Statistical Analysis

All data sets were analyzed using Instat 3 software (GraphPad Inc.). The software
automatically tests the normalcy of the data sets through the Kolmogorov-Smirnov test. If
any data set in an experimental design was not normal then non-parametric analysis was
performed (Mann-Whitney). Parametric data sets are presented as means and standard error
of measurements, nonparametric data sets are presented as distributions of data points. If all
sets were normally distributed then Welch t-tests were used. Data sets binned into categories
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were analyzed through the Chi-squared test using the raw categorical data, and data are
presented as percentages in graphs.

Ciliobrevin D inhibits both the retrograde and anterograde transport of organelles and

vesicles

We first determined the effects of Ciliobrevin D on the axonal transport of mitochondria,
lysosomes and Golgi-derived vesicles. For these initial experiments we utilized 20 uM
Ciliobrevin D, a dose reported to maximally affect dynein based transport mechanisms in
previous studies (Engel et al., 2011; Firestone et al., 2012). To directly observe the effect of
Ciliobrevin D treatment on the motility of mitochondria, we performed time lapse analysis
of mitochondria labeled with MitoTracker Green dye. Mitochondria were labeled by
incubating dissociated sensory neuron cultures in MitoTracker Green (25 nM) for 45
minutes while being also treated with 20 uM Ciliobrevin D or DMSO, as a vehicle control,
and then observing the dynamics of mitochondria in three second intervals for 120 frames.
In control cultures 40.8% of mitochondria moved at least 2 pum in a single bout within the
timeframe analyzed, and are referred to as motile mitochondria. Motile mitochondria spent
on average 21.3 +4% of time moving anterograde, 13.8+2% of time moving retrograde and
67.5+% of time stalled (Fig. 1A,G, Courchet et al., 2013). Interestingly, while treatment
with Ciliobrevin D prevented the retrograde movement of mitochondria, anterograde
movement was also impaired. The humber of motile mitochondria was reduced to 13.6%,
compared to 40.8% in controls. In the motile population, mitochondria spent on average 7.1
+2% of time moving anterograde, 7.4+3% of time moving retrograde and 85.4+2% of time
stalled (Fig. 1B,G; p<0.001 compared to control). Thus, even the mitochondria that
underwent some motility in the presence of Ciliobrevin D exhibited decreased engagement
of both retrograde and anterograde transport.

To determine the effects of Ciliobrevin D on the transport of additional intracellular cargoes,
we performed time-lapse analysis of lysosome movement. Using the same experimental
paradigm we used for imaging mitochondria, we determined that 44.3% of control
LysoTracker Red labeled lysosomes are motile (Fig. 1C, G). Similar to mitochondria, after a
45 minute incubation in Ciliobrevin D, the percentage of motile lysosomes was reduced to
0.7% (Fig. 1D,G; p<0.001). To further analyze the effects of Ciliobrevin D treatment on the
transport of membranous cargoes in axons, we expressed the NPYss-mCherry plasmid in
dissociated sensory neurons. This results in the expression of mCherry targeted to Golgi-
derived vesicles by the preproneuropeptide Y precursor signal (EI Meskini et al., 2001). In
DMSO control cultures 84.4% of mCherry-labeled vesicles are motile (Fig. 1E.G).
Ciliobrevin D reduced the percentage of motile vesicles to 17.9% (Fig. 2F,G; p<0.001).
These data reveal that although Ciliobrevin D acts directly on dynein and does not affect
kinesins 5 and 1 in cell free assays (Firestone et al., 2012), in cultured embryonic sensory
axons, Ciliobrevin D affects not only the retrograde movements of membranous cargoes, but
also their anterograde movements, resulting in stalling of these transport cargoes.
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Ciliobrevin D treatment results in a redistribution of p150Glued dynactin

The dynactin complex regulates multiple aspects of dynein function and the p150Glued
subunit of the complex is crucial for this regulation (Vallee et al., 2012). We used an
established immunocytochemical protocol to image the distribution of endogenous p150
dynactin in axons and growth cones (Grabham et al., 2007; n=66 and 71 axons for DMSO
and Ciliobrevin D treated axons sampled from a total of 6 cultures). In 56% of axons treated
with DMSO p150 dynactin exhibited either a diffuse distribution or a diffuse distribution
with small puncta (Figure 1H). In the remaining 44% of axons, p150 dynactin also labeled
linear profiles (Figure 11), likely reflective of mitochondria based on their morphology and
lengths. In contrast, 87% of Ciliobrevin treated axons exhibited multiple p150 dynactin
labeled linear profiles, and the staining intensity of these profiles was greater than in DMSO
treated axons (Figure 1H,I). Counts of the number of p150 dynactin stained linear profiles in
the distal 50 um of axons revealed median values of 2 and 6 for DMSO and Ciliobrevin D
treatments, respectively (p<0.0001). This effect of Ciliobrevin D was also evident
considering only axons that exhibited one or more profiles (medians of 3 and 7, p<0.0001).
Analysis of the mean intensity of p150 dynactin staining in regions of interest defined by
linear profiles in the distal 50 um of axons yielded a 21% increase in the Ciliobrevin D
treated axons (p<0.0001; n=161 and 293). In both DMSO and Ciliobrevin D treated axon
populations, the distribution of cytoplasmic p150 dynactin staining in axons exhibiting
linear profiles was similarly distributed amongst a diffuse or punctate background.
Considering only axons exhibiting linear profiles, 59% and 62% of axons exhibited a diffuse
pattern of p150 dynactin staining in DMSO and Ciliobrevin D treated groups. Similarly,
considering all axons, regardless of the presence of detectable linear profiles, 34% and 35%
of axons in DMSO and Ciliobrevin D treatment exhibited a diffuse p150 dynactin staining
pattern in the cytoplasm, indicating Ciliobrevin D does not affect the relative distributions of
axons exhibiting these two types of p150 dynactin distribution. However, although not
readily quantifiable, in approximately 50% of the Ciliobrevin D treated axons classified as
exhibiting a punctate distribution the puncta appeared brighter and on a background of lower
cytoplasmic intensity than that evident in the DMSO treated axons (compared the
representative examples in Figure 1H, punctate DMSO vs punctate Ciliobrevin D). Although
Ciliobrevin D treatment caused a redistribution of p150 dynactin staining in axons,
Ciliobrevin D did not affect the net staining intensity for p150 dynactin in the distal 50 um
of axons (p>0.6). These observations indicate that Ciliobrevin D results in the accumulation
of p150 dynactin on linear structures, likely reflective of mitochondria, and smaller puncta
possibly reflective of vesicles.

Ciliobrevin D reversibly inhibits axon extension

Analysis of the effects of chronic (24 hr) treatment with Ciliobrevin D concentrations
between 5-40 pM applied at the time of culturing on the extension of axons from sensory
explants cultured in the presence of NGF showed that concentrations greater than 5 uM
resulted in a strong inhibition of axon extension and that treatment with 10 uM completely
blocked axon extension (not shown). To quantify axon extension, cultures were fixed and
stained with anti a-tubulin to visualize axons (Fig. 2A,B). 5 uM chronic Ciliobrevin D
treatment decreased the extension of axons by approximately 50% relative to the DMSO
controls (Fig. 2A,B,C). Axons from control explants extend on average 502+28um (n=46)
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from the explant, in contrast to Cilobrevin D treated explants which extend axons on average
261+17um in length (Fig. 2C n=46, p<0.001).

We next investigated the time course of the effects of acute Ciliobrevin D treatment on the
rate of axon extension. Sensory explants cultured overnight in NGF were treated with either
DMSO control (Fig. 2D, n=60) or 20 uM Ciliobrevin D (Fig. 2E, n=59) and their net axon
extension was measured over a period of 90 minutes following treatment. Acute Ciliobrevin
D treatment reduced the rate of axon extension within 20 minutes of treatment, and by 90
minutes Ciliobrevin D treated axons extended on average only 3.5+2 um, compared to
control axons which extended on average 314 um (Fig. 2F).

Ciliobrevin D reversibly disrupts the pre-formed spindles of metaphase-arrested cells and
melanosome aggregation (Firestone et al., 2012). To determine if Ciliobrevin D reversibly
inhibits axonal outgrowth, dissociated DRG cultures were incubated in 20 pM Ciliobrevin D
for 60 minutes, washed three times with either 20 uM Ciliobrevin D or DMSO containing
medium and then imaged for 60 minutes. Axons where Ciliobrevin D had been washed out
extended faster by 20 minutes (p<0.05), and by 60 minutes extended 25+6 um, as compared
to axons remaining in Ciliobrevin D, which exhibited a net axon extension of 1.4+2 um (Fig.
2G). Note that following washout, the rate of axon extension at 60 min in Fig. 2G is similar
to that of the DMSO controls at 60 min in Fig. 2F, indicating full restoration of axon
extension rate. These data demonstrate that Ciliobrevin D reversibly inhibits axon extension,
with rates of extension returning to control levels by 20 minutes.

Because Ciliobrevin D significantly inhibits axon extension after 20 minutes we investigated
whether there was a corresponding loss of mitochondrial motility at this time, similar to that
observed after longer Ciliobrevin D incubation. DRG explants were incubated in
MitoTracker green for 30 minutes, followed by incubation in DMSO control media or 20pM
Ciliobrevin D for 20 minutes at which point mitochondrial movement was imaged in three
second intervals for 120 frames (Fig. 2H,1). After a 20 minute incubation in Ciliobrevin D,
the percentage of motile mitochondria was reduced from 46.2% to 17.04%, indicating that at
the time when Ciliobrevin D inhibits axonal extension there is a corresponding reduction in
mitochondrial motility (Fig 2J, p<0.0001).

Ciliobrevin D inhibits the NGF induced formation of axonal filopodia and branches but not
the NGF induced increase in growth cone area.

NGF drives several functions critical to the development of axons, including axon extension
and branching. Two major effects of NGF on sensory neurons are to increase the size of the
growth cone and induce the formation of axonal filopodia and branches (Letourneau, 1978;
Gundersen and Barrett, 1979; Paves and Saarma, 1997; Gallo and Letourneau, 1998;
Ketschek and Gallo, 2010; Spillane et al., 2012). To determine the effects of Ciliobrevin D
on NGF induced growth cone expansion, E7 sensory explants were cultured overnight in the
absence of NGF and then treated for 40 min with or without NGF (40 ng/mL; Fig. 3A,B)
and/or 20 pM Ciliobrevin D (Fig. 3C,D). Following treatments, cultures were
simultaneously fixed and extracted to remove soluble tubulin and actin while preserving
microtubules and actin filaments to view the cytoskeleton (Gallo and Letourneau, 1999).
NGF induced a nearly threefold increase in the area of growth cones from 25+3.4pm? in
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DMSO control treated cultures to 79+9.2 um? (Fig. 3E). Treatment with Ciliobrevin D did
not change the average growth cone area 32+3.1 in the absence of NGF treatment (Fig. 3E).
Similarly, Ciliobrevin D did not prevent the NGF induced expansion of the growth cone
(Fig. 3E). NGF treatment increased the median number of filopodia at growth cones from 1
to 5 (Fig. 3F). While, Ciliobrevin D did not affect NGF induced growth cone expansion, it
reduced the number of NGF induced growth cone filopodia from a median of 5 to 2.5 (Fig.
3F). In the absence of NGF treatment Ciliobrevin D treatment alone also increased the
number of growth cone filopodia, from a median of 1 to 2. Consistent with prior studies
involving dynein depletion, Ciliobrevin D treated growth cones contained microtubules that
often formed loops and were confined to the central domain in both no NGF and NGF
treatment conditions (Myers et al., 2006).

The first step in the formation of a collateral axon branch is the formation of an axonal
filopodium. Axonal filopodia emerge from actin based precursor structures termed “actin
patches” (Gallo, 2006; Loudon et al., 2006). To determine the effects of Ciliobrevin D on
NGF induced filopodia formation and branching, E7 sensory explants were cultured
overnight in the absence of NGF and then treated for 40 min with or without NGF (40
ng/mL; Fig. 4A,B) and/or 20 uM Ciliobrevin D (Fig. 4C,D). A 40 minute treatment with
NGF increased the number of filopodia in the distal 100um of the axon (Fig. 4E). While
Ciliobrevin D did not change the number of filopodia when compared to DMSO control
cultures not treated with NGF, Ciliobrevin D impaired the NGF-induced increase in the
number of axonal filopodia (Fig. 4E).

The second step in the formation of an axon branch is the extension and stabilization of
microtubules in filopodia (Reviewed in Gallo, 2011). At the sites of nascent branches,
microtubules undergo localized reorganization and fragmentation into smaller microtubules,
which may target microtubules into filopodia through motor-protein driven transport (Yu et
al., 1994; Baas et al., 2006). NGF promotes axon branching through both increasing the
formation of axonal filopodia and the targeting of microtubules into filopodia (Ketschek and
Gallo, 2010; Spillane et al., 2011; Spillane et al., 2012; Spillane et al., 2013). Thus we
investigated whether Ciliobrevin D alters the percentage of filopodia that contain
microtubules (Gallo and Letourneau, 1999). As expected, treating cultures with NGF for 40
minutes increased the percentage of filopodia that contained microtubules from 30.8% to
43.8%. Treating cultures with Ciliobrevin D in the absence of NGF did not affect the
targeting of microtubules into filopodia (23.9% compared to 30.8%; Fig. 4F). In the
presence of NGF, Cilobrevin D reduces the percentage of filopodia containing microtubules,
43.8% in NGF treated cultures compared to 18.6% when treated with both Ciliobrevin D
and NGF (Fig. 4F, p<0.05). These data indicate that Ciliobrevin D sensitive mechanisms are
involved in the NGF-induced targeting of microtubules into axonal filopodia.

Ciliobrevin D also affected the length of filopodia along the axon shaft. In the presence of
NGF control filopodia exhibited an average length of 9.7+0.4um compared to Ciliobrevin D
incubated filopodia which had an average length of 6.9+4um (Fig. 4G, p< 0.0001). A more
in depth examination revealed that Ciliobrevin D inhibited the extension of filopodia that did
not contain microtubules (filopodia w/actin only, Fig 4G; p<0.001), with control filopodia
having mean lengths of 9.5+0.6um compared to 6.7+0.5um in the presence of Ciliobrevin D
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(Fig. 4G). Interestingly, the length of filopodia that contained microtubules did not differ
significantly, with an average of 10.1+0.5um for control axons and 9.2+1.4um in
Ciliobrevin D (Fig. 4G).

As previously described in Spillane et al. (2011), mature collateral branches are defined as
an axonal protrusion >10pm in length that contains one or more microtubules and exhibits
secondary filopodia or lamellipodia based protrusive structures. As stated above, Ciliobrevin
D treatment reduces the NGF induced formation of axonal filopodia and percentage of
axonal filopodia that contain microtubules, both of which are necessary steps to form
collateral axon branches, thus we also determined whether treatment with Ciliobrevin D also
inhibits NGF-induced axon branching. As expected, following treatment with NGF 46% of
axons exhibited 1 or more branches compared to 4.4% of axons in the absence of NGF (Fig.
4H, p<0.001). Ciliobrevin D treatment in the absence of NGF treatment did not affect the
low level of baseline branching (3.5% vs 4.4% for Ciliobrevin D and DMSO controls,
respectively). However, in the presence of Ciliobrevin D treatment with NGF failed to elicit
branching (Fig. 4H, p<0.001). Thus, consistent with the effects of Ciliobrevin D on the
NGF-induced formation of axonal filopodia and the targeting of microtubules into filopodia,
Ciliobrevin D also inhibits NGF-induced axon branching.

Effects of Ciliobrevin D on tubulin post-translational modifications

Post-translational modification of tubulin can affect a variety of microtubule functions and
their dynamics (Janke and Bulinski, 2011), and dynein associates with microtubule plus tip
regulatory proteins and impacts microtubule dynamics (Vallee et al., 2012; Duellberg et al.,
2014). We determined if Ciliobrevin D alters the levels of tyrosinated and acetylated a-
tubulin, two modifications reflective of the relative stability of microtubule polymer.
Cultures were simultaneously fixed and extracted to remove soluble tubulin while
preserving microtubules and stained with anti-a-tubulin to reveal total microtubule polymer
and anti-post-translationally modified tubulin antibodies as in our previous work (Jones et
al., 2006; Ketschek et al., 2007). The absolute total levels of staining in a fixed length of
distal axon (50 um) were then determined and also considered as the ratio of post-
translationally modified tubulin to total a-tubulin. Treatment with Ciliobrevin D (20 pM, 30
min) decreased the total microtubule content of distal axons (Figure 5A). Similarly,
Ciliobrevin D decreased both the absolute and relative levels of tyrosinated and acetylated
tubulin in distal axons relative to total microtubule polymer levels (Figure 5B-E).

Ciliobrevin D minimizes Latrunculin A induced retrograde cytoplasmic redistribution.

Axon extension requires assembly and reorganization of the cytoskeleton, which includes
actin polymerization and depolymerization (Letourneau, 2009). Previous work from our lab
demonstrated that in embryonic sensory explants which had previously extended axons for
24 hrs, overnight incubation with latrunculin A, which decreases F-actin by binding soluble
actin rendering it polymerization incompetent (Coue et al., 1987; Spector et al., 1989),
results in the thinning and retraction of axons (Jones et al., 2006). To investigate this process
further, we treated sensory explants cultured in NGF overnight, which have established
axons, with 5uM latrunculin A and observed the behavior of the distal 40um of axons every
three minutes over the course of one hour. Latrunculin A caused a disto-proximal thinning
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of axons and a retrograde evacuation of cytoplasm from the tip of axons in 79% of axons,
had no obvious effect in 17%o0f axons, and in 4% of axons a slight distal extension of
cytoplasm was observed (Fig. 6A,B). During this acute treatment paradigm we did not
observe retraction of the distal-most extent of the tip of the axon from its original position.
The most pronounced effect of latrunculin A treatment was the apparent disto-proximal
retrograde evacuation of cytoplasm, as also reflected by a decrease in the darkness of the
axon shaft using phase-contrast imaging (Fig. 6A,C). Consistent with the notion that
latruculin A induces retrograde redistribution of the cytoplasm and organelles, we found that
a 20 min treatment decreased the number of MitoTracker Green labeled mitochondria
targeted to the distal 20 um of the axons by 29% (p<0.01; n=71 and 95 for DMSO and
latrunculin A treatment, respectively). By one hour following treatment with latrunculin A
only a few axons retained one or more mitochondria in their distal 40 pm segment,
indicating continued evacuation of mitochondria with prolonged treatment (not shown).

Inhibition of dynein and interactions between microtubule and actin filament based motor
proteins have been suggested to induce some forms of axon retraction and reorganization,
providing a rationale for testing whether Ciliobrevin D may alter the response of axons to
actin filament depolymerization (Baas and Ahmad, 2001). We thus investigated whether the
latrunculin A induced redistribution of cytoplasm and axon thinning from the distal tips of
axons is affected by treatment with Ciliobrevin D. Addition of Ciliobrevin D reduced the
cytoplasmic redistribution caused by latrunculin A, reducing the percentage of axons that
exhibited axon thinning to 26%, raising the percent of axons that undergo no change to 42%
and increasing the axons that undergo extension to 42% (Fig. 6A,B, p<0.0001).

To quantify the amount of axon thinning we measured the total area of distal 40um of the
axon over the course of 60 minutes (Fig. 6C). In the presence of 5um latrunculin A, the area
of the axons undergoes a 48% reduction from 62.7+4.9 pm? to 32.5+3.5 um? after 60
minutes, indicative of the extent of cytoplasmic withdrawal (Fig. 6C,D, p<0.0001).
Cotreatment with Ciliobrevin D reduced this latrunculin A dependent change in distal axon
area to 17%, with axon area changing from 66.5+4.2 pm? to 55.2+2.6 pm? after 60 minutes
(Fig. 6C,D, p<0.0001).

Ciliobrevin D accelerates Wallerian degeneration and impairs the response of the axonal
actin cytoskeleton to severing

Following severing, the distal segments of axons undergo Wallerian degeneration (Conforti
et al., 2014; Freeman, 2014), and malfunction of dynein has been implicated in age/disease
dependent and excitotoxic axonal degeneration (LaMonte et al., 2002; El-Kadi et al., 2007;
Fujiwara et al., 2012; Ikenaka et al., 2012). To test whether dynein may also be involved in
the mechanism of Wallerian degeneration we severed axons growing from explants at the
base of the explant (Figure 7A) and tracked their degeneration over time. To provide
sufficient lengths of axons the explants were cultured for 48 hrs. The formation of
varicosities/beads is a hallmark of axon degeneration. Treatment with 20 uM Ciliobrevin D
at the time of axotomy promoted the formation of varicosities along axons relative to control
DMSO treated cultures at 3 and 5 hrs following axon severing (Figure 7B,C). At the 5 hr
time point, cultures were simultaneously fixed and extracted and stained to reveal
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microtubules and actin filaments. In DMSO treated cultures, the axons on the severed side
of the explant exhibited increases in actin filaments levels, often distributed uniformly
throughout the shaft of the axon (Figure 8A,B). In contrast, Ciliobrevin D treated severed
axons did not exhibit uniformly distributed actin filaments but rather exhibited local
accumulations of filaments along the axon shaft (Figure 8A,B). These data indicate that
dynein activity counters severing-induced axon degeneration and that it contributes to
severing-induced reorganization of actin filaments in severed axons, which may have a
protective function in the context of Wallerian degeneration.

Discussion

The active transport of cargoes along the axon is critical for the development, maintenance
and regeneration of axons (Prokop, 2013). The anterograde transport of proteins, vesicles,
organelles and mRNA is necessary for proper axon growth and guidance as well as the
targeted formation of axon branching (Hollenbeck and Saxton, 2005; Ha et al., 2008; Jung et
al., 2012; Spillane et al., 2013). Dynein mediated retrograde transport is considered to play
an important role in retrograde signaling mechanisms along axons and the clearance of
damaged cellular components (Hirokawa et al., 2010). However, inhibition of dynein
function also impacts the forward extension of axons, which is otherwise considered to rely
on anterograde transport mechanisms, as reflected by studies demonstrating that dynein
knockdown in DRG cultures inhibits axon outgrowth (Ahmad et al., 2006; Grabham et al.,
2007). Furthermore, dynein light chain drosophila knockout mutants, display reduced
density of axon tracts, mistargeting of axons, and defects in branching in vivo, indicating
that dynein function is necessary for the development of axons (Phillis et al., 1996; Murphey
et al., 1999). It should be noted that overexpression of p50-dynamitin, which inhibits dynein
function, or a rigorous protocol of dynein heavy chain knockdown also causes axons to
develop misaligned microtubules within axons (Echeverri et al., 1996; Ahmad et al., 2006).
Similar to the effects of dynein knockdown, we report that chronic treatment with the dynein
inhibitor Ciliobrevin D reduces axon extension. The effect of Ciliobrevin D on axon
extension is evident within 20 minutes of treatment of previously established axons,
indicating that active transport is required for active axon elongation. Importantly, after
washing out Ciliobrevin D, axon extension returns to control levels within ten minutes,
enabling manipulation of dynein activity within a short temporal window. These
observations using Ciliobrevin D to inhibit dynein function further indicate that the dynamic
regulation of dynein activity in axons contributes to axon extension.

Ciliobrevin D is an inhibitor of the dynein ATPase, which is required for its motor protein
activity (Firestone et al., 2012). Ciliobrevin D inhibits the activity of dynein but not kinesin
1 or 5in invitro reconstituted motor protein assays (Firestone et al., 2012). Our study
reveals that treatment of cultured embryonic sensory neurons with Ciliobrevin D blocks, as
expected, the retrograde transport of organelles (mitochondria, lysosomes and Golgi-derived
vesicles), but also their anterograde transport. Thus, Ciliobrevin D acts as an inhibitor of the
bidirectional axonal transport of these organelles. The bidirectional effect of inhibiting
dynein activity or depleting dynein has precedent. In Drosophila S2 cells, dynein
knockdown prevents all peroxisome transport, not just unidirectional transport (Ally et al.,
2009). These effects can be rescued by replacing the lost motor protein with an unrelated,
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peroxisome motor of the same directionality. Similarly, Kim et al. (2007) also observed a
bidirectional block of peroxisome matility in Drosophila cells following dynein depletion.
In axons, cytoplasmic dynein and kinesin mutants display genetic interactions with respect
to defects in cargo localization, suggesting they are interdependent for fast axonal transport
(Martin et al., 1999). Similarly, Fejtova et al. (2009) found that interfering with the binding
between dynein light chains and the synaptic vesicle protein bassoon impaired both
retrograde and anterograde movements of synaptic vesicles. Furthermore, injection of
dynein function blocking antibodies or treatment with Ciliobrevin D also bidirectionally
affected bulk cytoskeletal movements in axons, and injection of function blocking
antibodies caused stalling of lysosomes in COS-7 cells (Yi et al., 2011; Roossien et al.,
2014). The anterograde transport of neurofilaments was also found to be impaired by
inhibition of dynein function through multiple approaches (Uchida et al., 2009). A concern
with studies addressing dynein light chains (e.g., LC8/DYNLL) is that these proteins may
have roles outside of dynein (Rapali et al., 2011). The observations from the current study
using Ciliobrevin D indicate that impairment of dynein ATPase activity alone can account
for its role in the regulation of both retrograde and anterograde transport, although
undiscovered effects of Ciliobrevin D on dynein structure cannot currently be ruled out.

This study revealed that treatment with Ciliobrevin D inhibits both retrograde and
anterograde fast axonal transport. Axonal mitochondria move by fast axonal transport which
is to varying degrees saltatory and bidirectional (Reviewed in Hollenbeck and Saxton,
2005). Likewise, lysosomal and Golgi derived vesicular transport occurs via fast axonal
transport both anterogradely and retrogradely, all of which was inhibited by Ciliobrevin D
(Hirokawa and Takemura, 2005). These data indicate that Ciliobrevin D can be used as a
tool to inhibit the fast axonal transport of the classes of membranous organelles investigated
in this report. Additional studies will be required to screen additional cargoes. The
anterograde transport of mitochondria is mediated by kinesin 1 (KIF5) and the retrograde
transport by dynein (Schwarz, 2013). The anterograde transport of lysosomes can be
mediated by the KIF5, KIF3A/3B, KIF1Bf and KIF2f kinesins and retrograde transport is
mediated by dynein (Hirokawa and Noda, 2008; Granger et al., 2014) The anterograde and
retrograde transport of Golgi derived synaptic vesicles is dependent on KIF1A and KIF5B
and dynein, respectively (Okada et al., 1995; Yonekawa et al., 1998; Cai et al., 2007;
Fejtova et al., 2009). Thus, it would be predicted that additional axonal cargoes using these
combinations of anterograde kinesins and retrograde dynein motor proteins may be similarly
affected by Ciliobrevin D. Furthermore, recent evidence indicates that the mechanism of
slow axonal transport, which conveys non-membranous cargoes, relies on the same motor
systems and mechanism as fast axonal transport (Scott et al., 2011; Tang et al., 2013). It will
be of interest to test whether Ciliobrevin D also affects slow axonal transport (Roy, 2014).

The targeting of dynein to transport cargoes, or subcellular domains (e.g., the nuclear
envelope), is an important aspect of the regulation of dynein function (Vallee et al., 2012).
Dynactin is involved in the recruitment of dynein to some, but not all, cargoes (Haghnia et
al., 2007; Tan et al., 2011; Vallee et al., 2012). The observation that Ciliobrevin D treatment
induced a redistribution of p150 dynactin within axons also indicates that the ATPase
activity of dynein may be involved either in the targeting or retention of the dynein-dynactin
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complex on axonal organelles. It will be of interest to further investigate the role of dynein
ATPase function in the targeting of dynein and dynactin to cargoes and organelles.

Based on the observation that Ciliobrevin D acts as a bidirectional inhibitor of the axonal
transport of mitochondria, lysosomes and Golgi derived vesicles, we sought to determine its
utility as a reagent for addressing the role of dynein-dependent axonal transport in biological
phenomena. To this end, we used NGF-induced branching, as this is a mechanism which is
considered to rely on aspects of axonal transport, which have however only been minimally
explored. For example, the delivery of synaptotagmin 1 containing vesicles promotes the
formation of axonal filopodia and branches (Greif et al., 2013), depletion of the kinesin
adaptor calsyntenin-1 impairs branching (Ponomareva et al., 2014) and mitochondrial
localization has recently been shown to have an important role in axon branching (Courchet
etal., 2013; Greif et al., 2013; Spillane et al., 2013; Tao et al., 2014). The effects of
Ciliobrevin D indicate that dynein-dependent transport based mechanisms contribute to the
formation of NGF-induced axonal filopodia, and the ability of microtubules to enter or be
retained in axonal filopodia. Consistent with prior studies on dynein function, Ciliobrevin D
also caused the looping of microtubules in growth cones and inhibited the targeting of
microtubules into filopodia (Ahmad et al., 2006). The effects of Ciliobrevin D on
microtubules, reflective of dynein inhibition, indicate that dynein activity is required for the
second step in collateral branch formation, the invasion of axonal filopodia by microtubules.
Interestingly, although filopodia along Ciliobrevin D treated axons were shorter in length,
the few that contained microtubules exhibited similar lengths as control filopodia. This
observation indicates that once a microtubule is targeted into an axonal filopodia, it
regulates its length independent of dynein activity. Indeed, microtubule tips exhibit a variety
of possible signaling functions due to the cohort of associated proteins (Dent and Baas,
2014). Consistent with previously discussed studies reporting a role for dynein in axon
extension, Ciliobrevin D also impaired the extension of the main axon. The effects of
Ciliobrevin on axon extension are not unexpected given its general inhibition of the
bidirectional transport of mitochondria and Golgi derived vesicles, both of which contribute
to axon extension (Jareb and Banker, 1997; Steketee et al., 2012; Spillane et al., 2013), and
its effects on microtubules in distal axons. Interestingly, the NGF-induced expansion of the
growth cone was not found to be affected by Ciliobrevin D. This may reflect the pre-existing
positioning of relevant organelles at the growth cone which are not required to undergo
transport in order to have roles in the regulation of growth cone expansion.

Ciliobrevin D exhibited complex effects on growth cone filopodia. In the absence of NGF,
Ciliobrevin D treatment increased the number of filopodia. However, Ciliobrevin D largely
inhibited the NGF-induced increase in the number of growth cone filopodia as NGF
treatment only slightly increased the number of filopodia above the levels present in the
presence of Ciliobrevin D alone. At present the mechanistic basis for these effects is unclear,
but indicate that dynein or organelle motility may have non-conserved roles in the regulation
of growth cone filopodia as a function of NGF treatment on laminin substrata. We have seen
a similar NGF-dependent effect of the myosin Il inhibitor blebbistatin on growth cone
protrusive dynamics in other ongoing studies (not shown), indicating that NGF may alter the
mechanisms underlying growth cone protrusive activity relative to those activated by
laminin signaling alone. A component of the mechanism that may underlie the differences in
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filopodia in the presence of NGF relative to the absence of NGF on laminin is the myosin
motor-dependent NGF-induced redistribution of integrin receptors to filopodia (Grabham
and Goldberg, 1997; Grabham et al., 2000). Dynein can exhibit interplay with myosin
family members (e.g., myosin II; Myers et al., 2006) and is recruited to the leading edge of
growth cones by laminin (Grabham et al., 2007), the data may reflect this type of interaction
in an NGF regulated manner, but will require future analysis.

Ciliobrevin D treatment resulted in an approximately 30% decrease in the total levels of
microtubule polymer in distal axons. This finding is consistent with the emerging role of
dynein and dynactin in regulating aspects of microtubule plus end dynamics, and suggest an
impairment of polymerization or promotion of depolymerization. p150 dynactin has been
reported to act as an anti-catastrophe factor during axonal microtubule polymerization
(Lazarus et al., 2013). This observation suggests that the subcellular redistribution of p150
induced by Ciliobrevin D may be linked to the decrease in axonal microtubule mass through
the promotion of catastrophes. At the time of polymerization, tubulin is in tyrosinated form
and subsequently undergoes detyrosination in a time dependent manner following
incorporation into microtubules (reviewed in MacRae, 1997; Janke and Bulinski, 2011).
Ciliobrevin D treatment decreased the levels of tyrosinated tubulin in microtubules,
generally consistent with decreased microtubule dynamics and increased stability. It is also
possible that Ciliobrevin D may have resulted in an increase in non-tyrosinatable tubulin, an
issue that would require further analysis. However, the acetylation of tubulin is also a time-
dependent modification of tubulin in polymeric form and the levels of acetylated tubulin
were also decreased by Ciliobrevin D treatment. If microtubules were less dynamic and
more stable following Ciliobrevin D treatment, then the levels of acetylated tubulin would
be expected to be increased by Ciliobrevin D treatment. This observation raises the
possibility that dynein function/p150 distribution, or perhaps organelle motility, contributes
to the dynamics of tubulin acetylation.

We previously reported that chronic depolymerization of actin filaments induces the
retraction of early embryonic sensory axons (Jones et al., 2006). In the current work, we
extend these observations by investigating the mechanism of this form of axon retraction/
reorganization. Time-lapse imaging of the response of axons to the actin filament
depolymerizing drug latrunculin A revealed a distal-proximal thinning of the axon,
characterized by apparent retrograde cytoplasmic displacement. Motor protein based force
generation has been suggested to underlie some forms of axon retraction (Baas and Ahmad,
2001; Ahmad et al., 2006; Hirokawa et al., 2010; Prokop, 2013). We therefore used
Ciliobrevin D to address whether motor protein driven axonal transport mechanisms could
contribute to actin filament depolymerization induced axon retraction. The observation that
Ciliobrevin D strongly inhibited the effects of actin filament depolymerization in axons
suggests that the cytoplasmic regression is driven, at least in part, by motor protein based
mechanism. In contrast to axons only treated with latrunculin A, joint treatment with
Ciliobrevin D increased the proportion of axons that exhibited forward elongation in the
absence of actin filaments during the imaging period. This elongation is likely due to
continued polymerization of microtubules in the distal axon, although this issue will require
further analysis. In axons not treated with latrunculin A, Ciliobrevin D decreased the
microtubule content of distal axons, and effect possibly linked to the observed redistribution
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of p150 dynactin and its role as an anti-catastrophe factor (Lazarus et al., 2013). Thus, if the
observed forward advance of axons is reflective of a microtubule-based mechanism, this
indicates some interaction between an intact actin filament cytoskeleton and the effects of
Ciliobrevin D. Generally consistent with this notion, we have previously reported that in
older E14 sensory axons, which continue to exhibit some forward advance following actin
filament depolymerization, the duration of microtubule plus tip polymerization events is
decreased relative to E7 axons which in contrast fail to extend following filament
depolymerization (Jones et al., 2006).

The mechanisms of severing-induced axon degeneration are beginning to be unveiled
(Conforti et al., 2014; Freeman, 2014). The current study indicates that the actin
cytoskeleton undergoes reorganization in the distal axon following severing. The
reorganization of axonal actin filaments is impaired by treatment with Ciliobrevin D,
indicating it is a process dependent on dynein or organelle motility. Increase in axonal actin
filament levels and organization occurs in control axons during the period when
degeneration is starting and may represent an intrinsic protective mechanism, which is
abrogated by inhibition of dynein. Consistent with this notion, Ciliobrevin D prevented the
increase in actin filaments in severed axons, accelerated the onset of varicosity formation
along axons, and axon degeneration involves the caspase mediated proteolysis of actin
(Sokolowski et al., 2014). It will be of interest to elucidate the mechanisms through which
dynein regulates various aspects of the axonal cytoskeleton (e.g., filopodia in the context of
branching and axonal actin filament reorganization/polymerization in the context of axon
degeneration). In the context of severing induced axon degeneration, the RhoA pathway
may be involved in the regulation the axonal actin cytoskeleton (Garland et al., 2012).
Consistent with this notion, loss of the dynein regulator Lis1 results in activation of RhoA in
neurons (Kholmanskikh et al., 2003). It will be of interest to determine the contribution of
motor protein driven transport mechanisms in other forms of axon retraction (e.g., retraction
initiated in response to axon repellents) and distal-proximal axon retraction/degeneration in
response to injury or degenerative diseases (Luo and O'Leary, 2005; Gallo, 2006; Myers et
al., 2006; Neukomm and Freeman, 2014).

In conclusion, we report that in chicken embryonic sensory neurons Ciliobrevin D acts as an
inhibitor of the bi-directional axonal transport of mitochondria, lysosomes and Golgi-
derived vesicles. As dynein is considered to be the major, if not sole, motor protein
responsible for retrograde transport, Ciliobrevin D may indeed impair multiple forms of
microtubule based transport through dynein-anterograde motor protein inter-dependence.
This issue will require additional exhaustive investigation. It must also be considered that
although the effects of Ciliobrevin D described in this work lend themselves to
interpretations consistent with the literature on dynein/dynactin, off target effects of the drug
cannot be ruled out. However, Ciliobrevin D may be a useful tool for a first pass test of
hypothesis involving a functional role for axonal transport, which if yielding a positive
result should then be followed up by more in depth molecular analysis. Finally, low doses of
Ciliobrevin D may be useful to generate low to moderate degrees of impairment of axonal
transport to mimic that which is considered to occur in neurodegenerative disorders.
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Figure 1.
Ciliobrevin D inhibits both anterograde and retrograde organelle transport and induces

redistribution of p150 dynactin in axons. (A) Kymograph of mitochondrial movement along
the axon. Mitochondria exhibit saltatory movement in both directions. X axis is the position
along the axon shaft, with proximal movement (retrograde) going left and distal
(anterograde) to the right. Y axis is time. Scale bar indicates 10um. (B) A 45 minute
incubation in 20 uM Ciliobrevin D inhibits mitochondrial movement both retrogradely and
anterogradely. (C) Kymograph of lysosome movement, exhibiting largely retrograde
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movement. (D) A 45 minute incubation in 20 uM Ciliobrevin D inhibits almost all lysosome
movement. (E) Kymograph of Golgi-derived vesicle movement. Vesicles labeled by the
NPYss-mCherry construct exhibit both anterograde and retrograde movement. (F) A 45
minute incubation in 20 uM Ciliobrevin D inhibits Golgi-derived vesicle movement. (G)
Ciliobrevin D significantly reduces motility as revealed by quantification of the percent of
motile vesicles (12 and 11 axons sampled for controls and CilioD groups), lysosomes (18
and 23 axons sampled for control and Cilio D groups) and mitochondria (8 and 6 axons
sampled for controls and CilioD groups). (H) Examples of the distribution of p150 dynactin
staining in axons treated with DMSO or Ciliobrevin D (20 pM, 30 min). In both panels H
and | images in panels were acquired with identical settings and similarly processed. Arrows
denote linear profiles. (I) Examples of linear profiles (arrows) staining with p150 dynactin
antibodies exhibited greater intensities in Ciliobrevin D treated axons than DMSO treated.
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Figure 2.

Ciliobrevin D reversibly inhibits axon extension. (A) Phase contrast image of a
representative DRG explant cultured overnight in NGF and DMSO (control). The sample is
stained with anti-a-tubulin. Scale bar indicates 200um. (B) Example of an explant cultured
overnight in the continuous presence of 5uM Ciliobrevin D. Ciliobrevin D reduced axonal
outgrowth (compare to panel A). (C) Quantification of the average distance control or
Ciliobrevin D incubated axons extended from the explant when cultured overnight. Chronic
Ciliobrevin D significantly reduces axonal outgrowth (p<0.001). (D) Phase contrast time-
lapse sequence of DRG axon extension over 90 minutes after exposure to DMSO control
media. Scale bar indicates 25um. (E) Acute Ciliobrevin D treatment inhibits axon extension
within 20 minutes of exposure. (F) Quantification of the net distance axons traveled within
90 minutes following exposure to DMSO control or acute Ciliobrevin D (treatment begins at
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0 min). (G) Quantification of net axon extension in cultures initially incubated in
Ciliobrevin D for 60 minutes, followed by wash out of the Cilibrevin D containing medium,
and replacement with either Ciliobrevin D or DMSO containing medium at 0 min relative to
the graph. (H) Kymograph of mitochondrial movement in axons after 20 a minute
incubation in DMSO control. Scale bar indicates 10um. (I) As in panel H, a kymograph of
axonal mitochondria following 20 minute exposure to Ciliobrevin D. Note that compared to
DMSO (H), the mitochondria in axons that were treated with Ciliobrevin D exhibit minimal
motility. (J) Quantification of the percentage of motile mitochondria 20 min following
incubation in Ciliobrevin D or DMSO containing media. Mitochondria were sampled from 8
and 5 axons in control and Ciliobrevin D groups, respectively, from the same number of
cultures.
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Figure 3.

Ciliobrevin D prevents NGF induced increases in the number of filopodia at growth cones
but not the increase in growth cone area. (A) Example of the growth cone of an axon
extending from a DRG explant cultured in the absence of NGF after a 40 minute exposure to
DMSO control media with no NGF. The axon was simultaneously fixed and extracted, and
stained to reveal actin filaments (red) and microtubules (green) (fixation and labeling
scheme applies to panels A-D). Scale bar indicates 20um. (B) Representative example of an
axon with expanded growth cone after 40 minute exposure to NGF (40ng/ml). (C) Example
of the growth cone of an axon following a 40 minute treatment with 20 pM Ciliobrevin D in
the absence of further treatment with NGF. (D) Example of a growth cone after 40 minute
exposure to both Ciliobrevin D and NGF. Note the reduced number of filopodia compared to
panel B (NGF treatment) but the maintenance of the NGF-induced increase in area (compare
to panel C). (E) Quantification of growth cone area. Ciliobrevin D, does not prevent the
NGF dependent growth cone expansion. n=growth cones sampled from 4-6 cultures. (F)
Distribution of the percentage of growth cones exhibiting the binned number of filopodia.
Ciliobrevin D treatment alone increased the number of filopodia at growth cones relative to
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DMSO controls, but Ciliobrevin D treatment failed to elicit any additional increases in the
number of filopodia in the presence of NGF, and instead reduced the number of growth cone
filopodia. Filopodia were analyzed in the same set of growth cones as in panel E.
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Figure4.
Ciliobrevin D inhibits NGF induced increases in the number of axonal filiopodia and

branches. (A) Example of an axonal filopodia containing actin filaments (red) and filopodia
containing microtubules (green) in cultures after 40 minute exposure to DMSO control
media (samples were fixed and stained as in Figure 3). Scale bar indicates 20 pm. (B)
Example of an axon with increased axonal filopodia number and length after a 40 minute
treatment with NGF (40ng/ml). (C) Example of an axon following a 40 minute treatment
with 20 uM Ciliobrevin D. (D) Example of an axon following a 40 minute treatment with
both 20 uM Ciliobrevin D and NGF displaying reduced axonal filopodia compared to axons
treated with NGF alone (panel B). (E) Distribution of the percentage of axons that contained
the binned number of filopodia containing only actin filaments and not microtubules.
Ciliobrevin D reduces the number filopodia containing only actin filaments. 39-54 axons
were sampled from 3-6 cultures per group. (F) Quantification of the percentage of axonal
filopodia that contain microtubules, presented as the percentage of all filopodia present
along the axons sampled in panel E. NGF promotes the targeting of microtubules into axonal
filopodia, and Ciliobrevin D treatment decreases the number of filopodia containing
microtubules following treatment with NGF. Analysis performed using Chi-squared tests.
(G) Quantification of the length of all axonal filopodia, filopodia containing only actin
filaments or filopodia with both actin and microtubules. (H) Quantification of the percent of
axons that display at least one branch. NGF induces formation of branches, which is
prevented by Ciliobrevin D.
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Figureb5.
Effects of Ciliobrevin D on tubulin post-translational modifications. (A) Graph showing the

absolute values of the integrated intensities of total a-tubulin in the distal 50 um of axons.
n=axons sampled from 4-6 cultures per group. (B) Examples of representative ratiometric
images reflective of the ratios of acetylated (Ac) and tyrosinated (Tyr) tubulin to total a-
tubulin (images prepared using Image J ratiometric plugin). Ciliobrevin D decreased the
ratios of both tubulin modifications to total tubulin. (C) Graph of the total levels of
acetylated tubulin in the distal 50 um of axons, normalized to DMSO treatment. (D) Graph
showing the ratiometric values of acetylated tubulin to total tubulin levels. (E) Graph of the
total levels of tyrosinated tubulin in the distal 50 um of axons, normalized to DMSO
treatment. (F) Graph showing the ratiometric values of tyrosinated tubulin to total tubulin
levels.
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Figure6.
Ciliobrevin D minimizes latrunculin A (LatA) induced retrograde cytoplasmic

redistribution. (A) Examples of the three categories used for semi-quantitative analysis of
the effects of 5 UM LatA treatment on the appearance of distal axons. Note the phase
contrast light appearance of the distal axon in the “thinning” category at 60 min of LatA
treatment compared to 0 min. Arrowheads in the extension category denote the distal most
extent of the phase dark component of the axon at 0 and 60 min respectively. (B) Semi-
quantitative analysis of the response of axons to a 1 hr treatment with 5 UM LatA. Axons
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were categorized based on their morphology at 60 min post-treatment relative to
immediately after treatment. n=number of axons shown in the bars sampled from 6 cultures
per group. LatA treatment induced thinning of the axons. Cotreatment with 20 pM
Ciliobrevin D greatly attenuated axon thinning and promoted distal axon extension. (C)
Representative stills from time-lapse sequences showing the retrograde redistribution of
cytoplasm in the distal axons following LatA treatment (top panels) and the impairment of
this redistribution by cotreatment with Ciliobrevin D. (D) Quantitative analysis of the area
of the distal 40 um of axons at 0 and 60 min post-treatment. In axons not exhibiting
extension, the area of the axon was measured from the point demarcating 40 um behind the
axon tip at time 0 min. In axons exhibiting extension, the measurement was made from the
point demarcating 40 um behind the axon tip at time 0 and 60 min respectively. The initial
area measurements at 0 min did not differ between the LatA and LatA + Ciliobrevin D
groups. LatA treatment decreased axon area, and Ciliobrevin D cotreatment strongly
attenuated the decrease in axon area. Axons sampled from 4 cultures per group.
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Figure7.
Ciliobrevin D promotes the degeneration of the distal axon after severing. (A) Example of

an explant stained with anti-tubulin to reveal axons denoting the site of severing (red
arrows) and a representative region where the images in later panels were sampled (white
box). (B) Phase contrast images of axons at 1-5 hrs post severing. Axonal varicosities
increase with time after severing and appear as black beads along the axons. Ciliobrevin D
treatment increased the presence of variocosities. The increased presence of varicosities was
most pronounced at 5 hrs postsevering. (C) Graph showing the extent of varicosity
formation along axons as an indicator of axon degeneration. As described in the Methods,
the area of images representative of varicosities was determined for 9 explants from images
of live axons taken using phase contrast imaging at 3 and 5 hrs post severing. The extent of
varicosity formation in DMSO treated cultures increased between 3 and 5 hrs (p=0.03).
Although the mean extent of varicosity formation in the presence of Ciliobrevin D was
increased by 43% relative to DMSO treatment at 3 hrs post severing, this did not result in a
significant difference in a Bonferroni multiple comparison test analysis. However, by 5 hrs
varicosity formation was increased by 154% in Ciliobrevin D treated axons relative to
DMSO controls (p<0.001).
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Figure8.
Ciliobrevin D prevents axon severing induced changes in axonal actin organization. (A)

Examples of axons that underwent combined fixation and extraction and were labeled to
reveal microtubules and actin filaments. Not severed axons exhibit the normal distribution of
axonal actin filaments, characterized by localized patches and accumulations amongst a low
level of filaments. By 3 hrs following severing axons have begun to exhibit increased levels
of actin filaments, which in some axons appear to fill the axon (examples denoted by yellow
arrow). By 5 hrs the increase in actin filaments and filling of the axon in severed axons has
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become more prominent and frequent. In cultured treated with Ciliobrevin D actin filaments
did not fill axons and presented as patches and accumulations along the length of the axon.
(B) False colored higher magnification examples of axons, severed or not severed, from
control cultures at 5 hrs post severing. Note the relatively uniform distribution of actin
filaments in severed axons.
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