1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Dev Neurobiol. Author manuscript; available in PMC 2018 December 01.

-, HHS Public Access
«

Published in final edited form as:
Dev Neurobiol. 2017 December ; 77(12): 1351-1370. doi:10.1002/dneu.22535.

Chondroitin Sulfate Proteoglycans Negatively Regulate the
Positioning of Mitochondria and Endoplasmic Reticulum to
Distal Axons

Rajiv Sainath, Lorena Armijo-Weingart, Andrea Ketscheck, Zhuxuan Xu, Shuxin Li, and
Gianluca Gallo

Shriners Hospitals Pediatric Research Center, Temple University School of Medicine, Department
of Anatomy and Cell Biology, Medical Education and Research Building, 3500 North Brad St,
Philadelphia, PA 19140

Abstract

Chondroitin sulfate proteoglycans (CSPGs) are components of the extracellular matrix that inhibit
the extension and regeneration of axons. However, the underlying mechanism of action remains
poorly understood. Mitochondria and endoplasmic reticulum (ER) are functionally inter-linked
organelles important to axon development and maintenance. We report that CSPGs impair the
targeting of mitochondria and ER to the growth cones of chicken embryonic sensory axons. The
effect of CSPGs on the targeting of mitochondria is blocked by inhibition of the LAR receptor for
CSPGs. The regulation of the targeting of mitochondria and ER to the growth cone by CSPGs is
due to attenuation of PI3K signaling, which is known to be downstream of LAR receptor
activation. Dynactin is a required component of the dynein motor complex that drives the normally
occurring retrograde evacuation of mitochondria from growth cones. CSPGs elevate the levels of
p150G! dynactin found in distal axons, and inhibition of the interaction of dynactin with dynein
increased axon lengths on CSPGs. CSPGs also decreased the membrane potential of mitochondria,
and pharmacological inhibition of mitochondria respiration at the growth cone independent of
manipulation of mitochondria positioning impaired axon extension. Combined inhibition of
dynactin and potentiation of mitochondria respiration further increased axon lengths on CSPGs
relative to inhibition of dynactin alone. These data reveal that the regulation of the localization of
mitochondria and ER to growth cones is a previously unappreciated aspect of the effects of CSPGs
on embryonic axons.
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INTRODUCTION

CSPGs are components of the extracellular matrix of the nervous system with roles in the
development and regeneration of axonal projections (Silver and Silver, 2014). CSPGs impair
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axon extension and induce the growth cone to become “dystrophic”. Dystrophic growth
cones are characterized by decreased and unstable protrusive activity and altered membrane
turnover (Tom et al., 2004). The LAR and PTP receptors mediate most inhibitory effects of
CSPGs (Sharma et al., 2012). Binding of CSPGs to either receptor decreases PI3K signaling
and activates RhoA-ROCK signaling (Fisher et al., 2011; Silver et al., 2014; Ohtake et al.,
2016), and both restoration of PI3K signaling and inhibition of ROCK signaling partially
counter the effects of CSPGs on axon extension (Monnier et al., 2003; Jain et al., 2004;
Silver et al., 2014). CSPGs also attenuate Erk signaling in neurons (Ohtake et al., 2016).
While CSPGs are considered to affect the cytoskeleton, if and how CSPGs affect axonal
organelles has not been investigated.

Mitochondria are a major source of ATP production, regulate cytoplasmic calcium levels and
are sources of reactive oxygen species generation. In neurons mitochondria undergo
bidirectional transport along axons and accumulate at the growth cone (Saxton and
Hollenbeck, 2012; Sheng et al., 2014). Recent studies have identified the transport of
mitochondria to distal axons as an important component of axon regeneration after injury
(Cartoni et al., 2016; Han et al., 2016; Zhou et al., 2016). Conversely, the stalling of axons
correlates with retrograde displacement of mitochondria from the axon tip (Morris and
Hollenbeck, 1993). A previous study found that CSPGs decrease mitochondria respiration
along the axon shaft, thereby contributing to the suppression of branching along embryonic
sensory axons (Sainath et al., 2016). Mitochondria and the endoplasmic reticulum (ER) are
functionally and structurally linked organelles that cooperate in calcium signaling and traffic
metabolites (Filadi et al., 2017). Both organelles are considered to contribute to axon
morphogenesis (Winkle et al., 2016), and the respiration of axonal mitochondria can be
controlled by extracellular signals (MVerburg and Hollenbeck, 2008; Pacelli et al., 2015;
Sainath et al., 2016). However, the regulation of the subcellular distribution of axonal
organelles by extracellular signals is poorly understood. We report that the targeting of
mitochondria and ER to the distal axon is negatively regulated by CSPGs and provide
evidence that this effect of CSPGs is mediated by the LAR receptor and suppression of PI3K
signaling. Dynactin associated with polymerizing microtubule tips serves to activate the
normally occurring retrograde transport of organelles in distal axons resulting in their
evacuation from growth cones (Moughamian and Holzbaur, 2012; Moughamian et al., 2013;
Nirschl et al., 2016). The decreased targeting of mitochondria to distal axons on CSPGs are
similarly mediated by a dynactin and microtubule dynamics based mechanism, and CSPGs
elevate the levels of dynactin in distal axons.

METHODS

Culturing, substrata and transfection

Chicken embryonic (E) day 7 dorsal root ganglion neurons were cultured in defined medium
containing 20 ng/mL nerve growth factor as previously detailed (Lelkes et al., 2006).
Transfection of dissociated neurons was performed prior to plating using Amaxa
Nucleofector (Lonza) on setting G013 and 10 g of each plasmid in Amaxa transfection
solution following the manufacturer’s protocol. Substrates were prepared as described in
Sainath et al (2016). Control substrates were coated with polylysine (100 pg/mL; Sigma)
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and laminin (15 pg/mL; Invitrogen), and experimental substrates further coated with CSPG
mixtures from E14 chicken brains (EMD Millipore; 5 pg/mL was used unless otherwise
noted). The CC1-mCherry plasmid was as in Moughamian and Holzbaur (2012), the NPY'ss-
mCherry as in Sainath and Gallo (2015), the eYFP-B-actin plasmid as in Ketschek and Gallo
(2010), the mtDsRed and mt-GFP were as in Spillane et al (2013). Chondoitinase ABC
(Sigma) treatment was performed as previously described (Lang et al., 2015) using 0.033
units/mL for 1 hour, followed by washing away the enzyme prior to plating neurons.

Microfluidic chambers were designed by the Thomas Lab (Holland et. al, 2016) using
AutoCAD software, based on a prior description (Park et. Al, 2006). Master molds
(fabricated at Stanford University Microfluidics Foundry and Missouri State University
Jordan Valley Innovation Center) consisted of three chambers (width of middle chamber:
1,000 pm; width of adjacent chambers: 1,500 um) connected by 450-um-long microgrooves.
Microfluidic chambers devices were cast using Sylgard 184 (Dow Corning). DRG neurons
were dissociated and cultured on laminin and polylysine substrata in media containing 20
ng/mL NGF in the microfluidic chambers for 3 days in vitro with a media change on day 2
in vitro. The fluidically isolated axonal compartment contained either control media
containing DMSO or Antimycin A (Sigma).

Pharmacological reagents and peptides

Extracellular LAR peptide (ELP) and random peptide (RP, control) were prepared and used
as described in Fisher et al (2011). PI13Kpep and PI3KpepAla peptides (custom synthesized
by American Peptide Corporation) were used as previously described (Silver et al., 2014).
LY294002, Y27632 and PD325901 were purchased from Sigma and dissolved in DMSO at
1000x the final concentration.

Immunostaining

Cultures were fixed with 0.25% glutaraldehyde for 15 min and subsequently permeabilized
using (0.1% TX-100) for 15 min. Glutaraldehyde autofluorescence was then quenched with
2 mg/mL sodium borohydride in calcium magnesium-free phosphate buffered saline (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 3 times, and
when needed (i.e., p150€! staining) secondary antibodies were applied for 45 min, washed
in deionized water, and mounted in no-fade mounting medium. The p150€!¥ dynactin
antibody was used as detailed in Sainath and Gallo (2015). Tubulin was stained using anti-
a-tubulin conjugated to fluorescein (DM1A-FITC; Sigma). Rhodamine phalloidin was
obtained from Invitrogen and used per the manufacturer’s protocol.

Organelle dye labeling

All organelles dyes were purchased from Invitrogen. Organelles were stained by a 30 min
treatment with 25 nM Mitotracker Green, 1 nM Mitotracker Red, 500 nM ER tracker red or
75 nM Lysotracker red, followed by three washes in medium and a 30 min recovery period
prior to imaging.
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Imaging and image analysis

Imaging of fluorescently labeled cells was performed on a Zeiss 200M Axiovert microscope
using a 100x (1.3 N.A) objective, a 40x objective for imaging of the rate of axon extension,
and a 20x objective for acquisition of data addressing axon lengths in neurons expressing
fluorescent constructs. Zeiss Axiovision software was used for image acquisition using an
Orca ER (Hamamatsu) camera, and analysis using the built in functions for area, length and
intensity measurements. All images used for quantification of fluorescence intensities were
acquired using parameters that did not result in pixel saturation and maintained constant in
any given experiment with all data acquired during the same microscopy session.

Analysis of mitochondria and ER positioning

Mito-Tip measurements were obtained by tracing the distance between the distal-most extent
of the distal-most mitochondrion in the axon to the distal-most portion of the growth cone
excluding filopodia. Similarly, the distance between the highest peak of ER staining in the
distal 50 um of the axon and the distal most part of the axon was determined, as with Mito-
Tip measurements. Peaks were determined using the NIH ImageJ plot profile function with a
line scan through the axon.

Analysis of growth cone dynamics

The frequencies of the initiation of protrusive events were determined from time lapses of
growth cones from using either phase contrast optics or epifluorescent imaging of eYFP-p-
actin expressing neurons. A protrusive event was defined as the initiation of a filopodium or
a lamellipodium from a stretch of the perimeter of the growth cone which did not exhibit
protrusive activity in the prior frames. The continued extension of a lamellipodium of
filopodium in subsequent frames was not considered a protrusive event, but rather the
continuation of the previously initiated event. If a lamellipodium or filopodium underwent
retraction into the perimeter of the growth cone but was then reinitiated after more than 20
seconds this was then considered a new independent protrusive event.

Analysis of axon lengths and growth cone morphology

Overall axon morphology and length were analyzed from 20x images of neurons, with
montage of multiple images if the axons did not fit in a single image. Sensory neurons
generate 1-2 axons in our culturing conditions. Since axon extension is growth cone
mediated and each axon has a growth cone, two separate axon measurements were made for
neurons with two axons. When axons bifurcate through growth cone splitting the ensuing
branches of the main axon shaft grow at an approximate 60—70° angle and exhibit similar
axon calibers. If an axon bifurcated, as determined by this definition, the lengths of each
emergent branch was considered in the total axon length for that axon. In contrast, axon
collateral branches arise at an approximate 90° angle from the axon shaft and have a much
smaller caliber than the main axon. Measurements of collateral lengths were not considered
in the determination of total axon length.

For growth cones with clearly defined “neck” regions, reflective of where the growth cone
enlarged relative to uniform caliber of the axon shaft, the proximal most extent of the growth
cone was considered to be the neck. For growth cones that did not have necks (i.e., did not
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spread out and exhibited a fusiform morphology) we defined the growth cone as the distal 10
um of the axon. This distance was used because it approximates the proximo-distal length of
growth cones with necks in our culturing system.

Statistical analysis

RESULTS

Analysis was performed using Graphpad Instat software, which automatically checks the
normalcy of the data distribution. Sets containing non-normally distributed data were
compared using the Mann-Whitney test. Non-normally distributed data sets are shown in
graphs using the mean, SEM and median. Normally distributed data sets were compared
using Welch t-tests. Categorical data sets were compared using the Fisher’s exact test
performed on the raw categorical data, but categorical data are presented as percentages in
figures. For all experiments data were collected from 4-6 replicate cultures per group.

CSPGs promote the retrograde displacement of mitochondria away from the tip of the

axon

The extension of axons on uniform CSPGs substrata, or up a gradient of CSPGs, is inhibited
and growth cones generate few filopodial and lamellipodial protrusions and exhibit altered
membrane dynamics (Tom et al., 2004; Silver et al., 2014; Lang et al., 2015). Growth cones
of adult rat dorsal root ganglia (DRG) extending up a gradient of CSPGs exhibit the
formation of varicosities along the distal axon that subsequently undergo retrograde
movement (Lang et al., 2015). Time-lapse analysis of the extension of chicken embryonic
DRG axons on uniform CSPG substrates revealed that the tip of the axon similarly
undergoes repeated formation of varicosities which subsequently undergo retrograde
displacement along the axon shaft (Figure 1A). Unless otherwise noted the remainder of this
study was conducted using chicken embryonic DRGs. Varicosities found in the vicinity of
the axon tip exhibited accumulation of mitochondria (Figure 1B). The distance between the
distal-most mitochondrion and the distal most extent of the growth cone excluding filopodia
but including lamellipodia (hereafter referred to as Mito-Tip) was increased in both axons
growing from sensory explants and dissociated neurons cultured overnight on CSPG coated
substrata, and in axons growing from explants cultured on the control substratum following
acute treatment with soluble CSPGs (Figure 1B,C). The increase in Mito-Tip was observed
both through labeling mitochondria with dyes or expression of genetically encoded
mitochondrially targeted GFP (Figure 1C). On CSPGs, the distal 10 um of the axon
representing the growth cone contained fewer mitochondria than on the permissive control
substratum (Figure 1D). Analysis of the number of mitochondria along the more proximal
axon (20-60 pm behind the tip) in the same population did not reveal differences between
CSPG coated and control substrata (1.6+0.1 and 1.7+0.1 mitochondria/10 um respectively,
p>0.05).

Timelapse imaging of mitochondria dynamics, focusing on axons that contained
mitochondria in the distal 20 um at the beginning of imaging on both control and CSPG
coated substrata, revealed that on CSPGs mitochondria initially located to the axon tip
exhibited a greater tendency to undergo retrograde evacuation from the tip and decreased
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anterograde movements toward the tip on CSPG substrata (Figure 1E, F). Analysis of the
proportions of mitochondria that remained stalled or underwent net anterograde or
retrograde movement in the more proximal axons (20-60 um from tip) in the same set of
axons did not reveal any difference (p=0.54, Chi? test for independence). Consideration of
the dynamics of axon extension relative to mitochondria motility in distal axons, by
measuring the Mito-Tip in timelapses, revealed that on the control substratum mitochondria
overall remained targeted to the distal axon (Figure 1G). On the control substratum, Mito-
Tip occasionally briefly increased and this was due to the forward advancement of the axon
without coordinated advance of the mitochondria (Figure 1G,H), which however “caught
up” with the distal end of the axon within 2—4 minutes. In contrast, on CSPG coated
substrata the mitochondria continuously exhibited elevated Mito-Tip measurements and,
consistent with prior observations (Figure 1E,F), when Mito-Tip increased it was due to the
evacuation of mitochondria from the distal axon.

CSPGs impact the positioning of the ER in distal axons but not lysosomes or Golgi-
derived vesicles

To study the distribution of the ER in axons and growth cones we labeled the ER with ER-
tracker, a dye that selectively incorporates into the ER. On the control substratum, the ER
accumulates at the growth cone (Figure 11). Imaging of the distribution of the ER along
axons revealed that, similar to mitochondria, on CSPGs the distal accumulation of the ER
was displaced away from the tip of the axon and also colocalized to varicosities along axons
(Figure 11,J), although some ER was retained at the tips of axons. The mean maximal
intensity of the distal-most ER accumulations did not differ between control and CSPG
substrata (p=0.15). In contrast to the ER and mitochondria, analysis of the distribution of
lysosomes, labeled using LysoTracker, along axons did not reveal any difference between
the control and CSPG-coated substrata (Supplemental Figure 1A,B). Similarly, analysis of
the number of NPYss-mCherry puncta, reflective of Golgi-derived vesicles (El Meskini et
al., 2001), along distal axons did not show any difference between the control and CSPG
substrata (Supplemental Figure 1C,D). Collectively, the data indicate that CSPGs impair the
targeting of mitochondria and ER to the distal axon, but lysosomes and Golgi-derived
vesicles do not appear to be affected.

Involvement of the LAR receptor and suppression of PI3K signaling in the effects of
CSPGs on the targeting of mitochondria to growth cones

The majority of the effects of CSPGs on neuronal function are due to the chondroitin sulfate
glycosaminoglycan (GAG) chains attached to the core protein (Sharma et al., 2012).
Chondroitinase ABC (ChABC) is an enzyme that cleaves the GAG chains and blocks the
axon growth inhibitory effects of CSPGs in vivo and in vitro (Bardbury and carter, 2011).
The determine if GAG chains mediate the effects of CSPGs on mitochondria positioning and
growth cone morphology CSPG substrata were treated with ChABC prior to plating neurons
following established protocols (Lang et al., 2015). Treatment with ChABC restored
mitochondria positioning to distal axons, increased the number of growth cone filopodia and
the percentage of growth cones exhibiting lamellipodia (Supplemental Figure 2). These data
indicate that the GAG chains of CSPGs are required for the effects of CSPGs on
mitochondria positioning and growth cone morphology.
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The LAR and PTPa receptors account for the majority of the inhibitory effects of CSPGs on
axon extension and regeneration (Ohtake and Li, 2015). A 2 hr treatment of cultures with the
ELP peptide, which blocks the interaction of CSPGs with the LAR receptor and promotes
axon extension in vitro and regeneration in vivo (Fisher et al., 2011), decreased Mito-Tip on
CSPGs (Figure 2A,B), and also expectedly promoted elaboration of growth cones as
reflected by increases in their area and the number of filopodia relative to treatment with the
inactive control RP peptide (Figure 2A,C,D). The LAR receptor mediates its effects through
a suppression of PI3K-Akt signaling (Fisher et al., 2011; Ohtake et al., 2016).
Pharmacological inhibition of PI3K (1 hr 25 uM LY294002) on permissive substrata
increased Mito-Tip (Figure 2E,F). Direct activation of PI3K signaling using the cell
permeable peptide PI3Kpep partially restores the extension of axons and growth cone
morphology on CSPG coated substrata (Silver et al., 2014). A 1 hr treatment with PI3Kpep,
but not the inactive control PI3KpepAla peptide (Ketschek and Gallo, 2010; Silver et al.,
2014), of neurons cultured on CSPG coated substrata overnight decreased Mito-Tip and
restored mitochondria into distal axons (Figure 2G). We next considered the effects of
activating and inhibiting PI3K on the localization of the ER to distal axons. PI3Kpep
treatment promoted the distal localization of the ER on CSPG substrata (Figure 3A,B) and
inhibition of PI3K resulted in the retrograde displacement of the ER away from the axon tip
on the control substratum (Figure 3C,D).

CSPGs also activate RhoA-ROCK signaling and inhibition of ROCK promotes axon
extension of CSPG substrata. In contrast to the manipulation of PI3K signaling, treatment
with an inhibitor of ROCK signaling (25 pM Y27632, 1 hr) failed to affect either Mito-Tip
or the localization of the distal most accumulation of the ER on CSPG substrata (Figure 3E).
CSPGs also decrease Erk signaling (Ohtake et al., 2016). However, inhibition of Mek-Erk
signaling using PD325901 (1 pM, 1 hr) also did not affect either Mito-Tip (p=0.75, n=166
and 144) or the number of mitochondria in growth cones (p=0.97) on the control substratum.
However, as a positive control the treatment with PD325901 was effective in decreasing the
levels of phosphorylated Erk (not shown).

CSPGs depolarize the membrane potential of mitochondria in distal axons

Actin is an ATPase and the turnover of actin filaments is a major sink for ATP utilization in
developing neurons (Bernstein and Bamburg, 2003). We previously reported that CSPGs
depolarized the membrane potential of mitochondria along the axon shaft of sensory neurons
contributing to CSPG-mediated suppression of axon branching by decreasing axonal actin
dynamics (Sainath et al., 2016). In sensory neurons, and other cell types, the mitochondrial
dye Mitotracker Red incorporates into mitochondria in a manner dependent on the
membrane potential (Buckman et al., 2001; Pendergrass et al., 2004; Sainath et al., 2016).
Analysis of the labeling of Mitotracker Red in the distal-most mitochondria in axons
similarly showed that mitochondria membrane potential is depolarized on CSPGs relative to
the control substratum (Figure 4A). The intensity of mitotracker red staining in mitochondria
on CSPGs was decreased by 47% relative to the control substratum (Figure 4A; p<0.001,
n=102 and 116).
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We sought an approach to mimic the effect of CSPGs on mitochondria membrane potential
S0 as to investigate how this might impact axon extension and growth cone protrusion
dynamics. Antimycin-A is an inhibitor of cytochrome C reductase that results in the
disruption of the proton gradient, depolarization of the mitochondrial membrane potential
and decreased ATP production. Therefore, we carried out a dose response curve analysis of
the effects of varied concentration of antimycin-A on the membrane potential of
mitochondria in distal axons (not shown). Treatment with 2.5 pM antimycin-A decreased
Mitotracker red staining intensity by 53% on the control substratum (Sainath et al., 2016), an
effect similar to the 47% decrease observed on CSPGs. The effect of antimycin-A treatment
on mitotracker red intensity is established by 30 min following treatment (Sainath et al.,
2016). Analysis of the response of growth cones on the control substratum to acute treatment
with 2.5 UM antimycin-A yielded a 39% suppression of the rate of axon extension during a
30 min post-treatment period relative to control treatment with DMSO (Figure 4B; p<0.05,
n=18, 23 axons). Treatment with antimycin-A also suppressed the initiation of filopodia and
lamellipodia at growth cones sampled at 30 min post-treatment for 6 min (Figure 4C,D).
After antimycin-A treatment the frequency of formation of protrusive structures was
decreased by approximately 70%. Treatment of sensory explants with antimycin-A starting
at 24 hrs following culturing and persisting for an additional 48 hrs showed that antimycin-A
treated axons underwent minimal further extension without exhibiting overt retraction or
degeneration (Figure 4E), the latter evidenced by the absence of the formation of axonal
swellings or loss of tubulin staining (see boxed in region of Figure 4E). Finally, culturing
neurons in microfluidic chambers containing antimycin-A in the distal compartment, into
which axons extend after having gone through the microfluidic channels connecting the cell
body and distal compartment, blocked extension into the distal compartment (Figure 4F).
While 63% of axons within 20 um of the entry into the distal chamber containing DMSO
penetrated the chamber by >20 um, only 7% did so when the chamber contained antimycin-
A (p<0.0001; n=7 and 4 chambers respectively; the position of axon tips denoted by arrows
in Figure 4F). Collectively, these observations indicate that suppression of mitochondrial
membrane potential at levels analogous to those observed on CSPGs can contribute to the
impairment of axon extension and growth cone dynamics.

Treatment with acetyl-L-carnitine (ALC) promotes mitochondrial respiration (reviewed in
Onofrj et al., 2013). ALC partially restores mitochondria-dependent axon branching on
CSPG substrata and rescues the dynamics of the axonal actin filament cytoskeleton locally
associated with mitochondria from the inhibitory effects of CSPGs (Sainath et al., 2016). To
determine if ALC could promote protrusive activity at growth cones, neurons were
transfected with eYFP-B-actin and mt-DsRed and then treated for four hrs with medium +
ALC (500 uM final concentration; the same concentration as in Sainath et al. (2016) that
promotes branching and restores actin dynamics along the axon shaft). ALC treatment did
not alter the Mito-Tip distance on CSPGs (Figure 5A,B), indicating it had no effect on the
targeting of mitochondria into distal axons. We next analyzed the rate of formation of
protrusive structures, represented by the initiation of new lamellipodia or filopodia, at the
growth cones of neurons transfected with eYFP-p-actin. ALC treatment promoted the
initiation of growth cone protrusive activity during the 6 min imaging period (Figure 5C,D).
However, the effect of ALC on the promotion of protrusive active was partial. Growth cones
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treated with ALC exhibited 48% of the relative rates of protrusive activity of growth cones
on the control substratum without additional treatments (n=21 growth cones; p=<0.001).
Considering filopodia existing at the growth cone at the beginning of imaging we observed
that treatment with ALC increased the percentage of these filopodia that underwent one or
more bouts of tip elongation >1 um during the imaging period (Figure 5E). Furthermore, the
growth cones treated with ALC also exhibited more filopodial and lamellipodial retractions
(Figure 5C; data not shown). Collectively these observations indicate that ALC treatment
promotes actin filament polymerization and turnover at the growth cone. The observations
on growth cone dynamics are consistent with a morphological analysis of growth cones.
CSPGs decreased the number of growth cone filopodia and the percentage of growth cones
exhibiting lamellae (Figure 5F-H). Treatment with ALC partially recovered both the number
of filopodia and percentage of growth cones exhibiting lamellae (Figure 5F—H). In both
cases, the CSPG+ALC groups trended upward toward the control values but were not
statistically different from either the control or CSPG, indicating that ALC treatment
resulted in partial recovery.

Decreasing the number of mitochondria targeting to growth cones impacts growth cone
morphology

CSPGs result in decreased number of mitochondria in growth cones (Figure 1D). In order to
individually mimic this aspect of the effects of CSPGs on mitochondria we used mDivi-1, an
inhibitor of the Drpl GTPase that mediates mitochondria fission, to decrease the targeting of
mitochondria into axons. Chronic treatment with mDivi-1 suppresses the transport of
mitochondria into axon from the cell body (Steketee et al., 2012; Spillane et al., 2013),
presumably because many mitochondria attain lengths not permissible for fast transport and
because mitochondria length is inversely proportional to their frequency of transport
(Narayanareddy et al., 2014). Consideration of a dose response to chronic treatment with
mDivi-1 starting at the time of culturing and analyzed at 24 hrs of culturing showed that 1
UM mDivi-1 decreased the length of axons extending from sensory explants by
approximately half (not show) and decreased the number of mitochondria at growth cones
by 50% relative to DMSO treatment (Figure 6A,B), similar to the the range of the effects of
CSPGs (Figure 1D). mDivi-1 did not alter Mito-Tip measurements relative to DMSO
controls (p=0.15), indicating that although fewer mitochondria are present at growth cones
they are similarly targeted relative to the distal edge. However, consistent with the effects of
mDivi-1 on mitochondria fission and in turn length, relative to the DMSO group the length
of the most distal two mitochondria in axons cultured in 1 uM mDivi-1 was slightly
increased (median lengths of 1.3 and 1.5 pm for DMSO and mDivi-1 respectively, p=0.03,
n=160 and 170). Overnight culturing in 1 uM mDivi-1, decreased growth cone area (Figure
6C) and the number of filopodia at growth cones (Figure 6D). These observations provide
proof of concept evidence that decreasing the number of mitochondria that target to distal
axons impacts both the extension and morphology of growth cones. However, as with any
other approach that decreases the transport of mitochondria in axons, we cannot rule out
possible effects of decreased mitochondria density along the axon shaft or effects due to
increased mitochondria density in cell bodies.
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CSPGs elevate the levels of dynactin p150-Glued in the distal axon

Dynactin is a required component and activator of the dynein retrograde motor complex
(Liu, 2017). Dynactin targets to the distal axon and promotes the evacuation of mitochondria
and organelles from the distal axon during normally occurring axon extension (Moughamian
and Holzbaur, 2012; Moughamian et al., 2013). In contrast, manipulation of dynactin does
not greatly affect retrograde transport along the proximal axon (Moughamian and Holzbaur,
2012). The established role of dynactin in mediating the retrograde transport of organelles
from the distal axon is shown schematically in Figure 7A. Importantly, dynactin-mediated
initiation of retrograde transport in the distal axons involves dynactin being recruited to the
actively polymerizing tips of microtubules (Figure 7A; Moughamian et al., 2013). The
previously described role of dynactin in mediating the retrograde transport of organelles
selectively from the distal axon is an observation similar to the effects of CSPGs on
mitochondria, which are also specific to the distal axon. The levels of the required p150-
Glued subunit of dynactin were elevated in the distal 20 um of the axons of neurons cultured
on CSPGs in a concentration dependent manner (Figure 7B,C), as determined by
quantitative immunochemistry. Treatment with ELP during the entire 24 hr culturing period
attenuated the increase in p150-Glued levels relative to treatment with the control RP
peptide (Figure 7D). Inhibition of PI3K signaling with LY294002 for one hr on the control
substratum increased the levels of p150-Glued by approximately 35% (Figure 7E),
indicating that PI3K signaling negatively regulates the levels of p150-Glued in distal axons.

Role of microtubule plus tip dynamics in regulating the number of mitochondria in growth
cones

Microtubule dynamics in the distal axon are a required component of the dynactin mediated
retrograde displacement of organelles from the distal axon (Figure 7A; Moughamian et al.,
2013). As expected from the prior literature, suppression of microtubule dynamics for 1 hr
using 3 nM vinblastine (as characterized in our prior work; Ketschek et al., 2016) on the
control substratum resulted in increased numbers of mitochondria in distal axons (Figure
7F), but did not affect Mito-TIP measurements (not shown). Analysis of the effects of
treatment with vinblastine on CSPG coated substrata revealed that a 1 hr treatment with 3
nM VB decreased Mito-TIP and increased the number of mitochondria populating the distal
axons (Figure 7G,H). The effects of vinblastine are thus consistent with the microtubule
dynamics and dynactin dependent mechanism for the evacuation of mitochondria from distal
axons on both control and CSPG substrata.

Inhibition of the dynactin-dynein interaction increases axon lengths on CSPGs

The observation that suppressing microtubule tip dynamics increased the number of
mitochondria in growth cones on CSPGs is generally consistent with the previously detailed
mechanism for initiating the evacuation of mitochondria from growth cones summarized in
Figure 7A. To further test this mechanism we expressed the CC1 fragment of p150C!u
dynactin that results in dissociation of dynactin from dynein (Quintyne et al., 1999) and has
been shown to block the initiation of organelle retrograde movements away from growth
cones (Moughamian and Holzbaur, 2012). Expression of CC1 in neurons cultured on CSPGs
increased median axon lengths by 42% (Figure 8A,B). However, in the same population of
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axons CC1 expression did not alter the lengths of axon collateral branches (p=0.27, n=52
and 19, Man-Whitney test), the proportion of axons exhibiting collateral branches (p=0.41,
Fisher’s exact test) or the proportion of axons exhibiting bifurcations (p=0.85, Fisher’s exact
test). Moreover, 77% of the distal axons of CC1 expressing neurons exhibited a swollen
appearance (Figure 8A), likely reflective of the accumulation of organelles in distal axons as
also previously observed for inhibition of dynactin function on permissive substrata (Ahmad
et al., 2006), relative to 2% in the control group. In contrast, 72% of the control axons on
CSPGs exhibited varicosities along the distal 50 pm (Figure 8A), as described in Figure 1.

We previously reported that culturing neurons in the presence of 500 uM ALC did not
increase axon lengths on CSPG coated substrata, although it increased axon lengths on the
control substratum and 500 uM represents a saturating dose (Sainath et al., 2016). In
retrospect, this lack of an effect may be due to the fact that ALC does not restore Mito-Tip
(Figure 5A,B) and thus promoting mitochondrial respiration when mitochondria are not
properly targeted to distal axons on CSPGs may not have an effect. We therefore sought to
determine if treatment with ALC would further enhance axon lengths on CSPGs in neurons
expressing CC1-mCh. Neurons expressing CC1-mCh and treated with ALC exhibited axon
lengths 31% greater than those only expressing CC1-mCh (Figure 8B). However,
consideration of the restoration of axon lengths relative to neurons on the control substratum
(n=88) indicates that the combination of CC1+ALC treatments only restores 37% of axon
length relative to control levels (Figure 9B).

DISCUSSION

Although CSPGs are established as important regulators of neurodevelopment and axon
regeneration, the underlying cellular mechanism of action is not fully understood. This
report provides evidence that CSPGs affect the targeting of mitochondria and the ER into the
distal axon, the site of axon elongation. Multiple recent reports have emphasized the
importance of the axonal transport and targeting of mitochondria to distal axons in axon
regeneration (Cartoni et al., 2016; Han et al., 2016; Zhou et al., 2016). The current study
addressing CSPGs is consistent with this emerging literature. CSPGs decreased the number
of mitochondria in distal axons by approximately 50% and increases the Mito-Tip by
approximately 100% relative to control. Actin is an ATPase and the turnover of actin
filaments can consume up to 50% of neuronal ATP (Bernstein and Bamburg, 2003). The
growth cone can thus be considered a major site of ATP utilization due to the high levels of
local actin turnover. Actin filaments are a major contributor to the rate of axon extension and
absolutely necessary for the maintenance of the growth cone. Thus, the mis-targeting of
mitochondria to growth cones on CSPGs is likely to contribute to the observed dystrophy of
the growth cone by removing mitochondria from the subcellular domain where their
generation of ATP is in greatest demand. Consistent with this notion, inhibition of the
mitochondrial membrane potential impairs axon extension and suppresses growth cone
dynamics. Additionally, calcium is a major regulator of the growth cone cytoskeleton (Zheng
and Poo, 2007), and mitochondria and the ER contribute to the regulation of cytosolic
calcium (Filadi et al., 2017). The modulation of ER function and its role in calcium
signaling impacts axon extension and the growth cone (Valenzuela et al., 2011; Shim et al.,
2013; Raiborg et al., 2015; Rao et al., 2016; Wada et al., 2016; Watanabe et a;., 2016).
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CSPGs elevate calcium levels in distal axons (Snow et al., 1994). The mistargeting of these
organelles by CSPGs may thus affect the growth cone through changes in calcium signaling.
However, the role of calcium and calcium sources in the effects of CSPGs remains to be
further elucidated.

The LAR receptor inhibits PI3K and Erk signaling and activates RhoA-ROCK (Fisher et al.,
2011; Ohtake et al., 2016) and is localized to the growth cones of the chicken sensory
neurons used in this study (Ketschek et al., 2012). The data indicate a sufficient and
necessary role for suppression of PI3K signaling, but not ROCK or Erk, downstream of LAR
in the effects of CSPGs on mitochondria positioning at growth cones. Similarly, PI3K
activity regulates the accumulation of the ER at the growth cone. The function of PI3K in
the regulation of organelle transport/localization in axons is not well appreciated. However, a
role of PI3K in the anterograde targeting of vesicles during calcium-mediated growth cone
guidance has been reported (Akiyama and Kamiguchi, 2010), and is generally consistent
with the current observations. Alternatively, depolymerization of actin filaments has also
been reported to result in evacuation of mitochondria from distal axons (Morris and
Hollenbeck, 1993) and along the axon actin filament based mechanisms locally capture
mitochondria (Chada and Hollenbeck, 2004). Thus, altered levels or organization of actin
filaments in growth cones in response to the suppression of PI3K activity by CSPGs may
also be contributing to the observed aberrant targeting of mitochondria.

The effects of CSPGs on axon growth are mediated through multiple receptor systems
including LAR, PTPo and Nogo receptors (reviewed in Sharma et al., 2012). We did not
analyze the possible contribution of CSPG receptors beyond LAR in the current study and
cannot exclude that alternative receptors may also contribute to the observed effects of
CSPGs on mitochondria. However, the observation that inhibition of LAR alone suffices to
restore mitochondria positioning at growth cones indicates that other receptors may have a
minor, if any, role in this aspect of the effects of CSPGs on mitochondria. The current study
used a mixture of CSPGs purified from embryonic chicken brains that contains a variety of
CSPG species. Thus, it is possible that one or more specific species of CSPG acting through
LAR may be impacting mitochondria, while other CSPGs may impact different aspects of
the mechanism of axon extension through different receptors (Ohtake et al., 2016). Genetic
knock out of LAR and PTPa have partial effects on reversing the inhibition of axon growth
by CSPGs (Shen et al., 2009; Fisher et al., 2011), indicating that signals through multiple
receptors are responsible for the full effect of CSPG mixtures on axon growth. Alternatively,
even different forms of the same CSPG (e.g., aggrecan) can have disparate effects on growth
cone filopodia (Beller et al., 2013). Thus, the effects of the CSPG mixture on axonal
mitochondria may be due to a specific species of CSPG in the brain derived mixture used in
the current study. The role of additional CSPGs receptors and CSPG species in mediating
the effects on ER positioning will need to be considered in future investigations.

In sensory neurons, dynactin in growth cones serves to promote the dynein-dependent
retrograde transport of mitochondria and additional cargoes away from the growth cone
(Moughamian and Holzbaur, 2012; Moughamian et al., 2013). The observation that on
CSPGs there is a further enrichment of dynactin in the distal axon provides insight into the
mechanism responsible for the mistargeting of mitochondria. Dynein controls ER
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localization in non-neuronal cells (Wang et al., 2003; WozZniak et al., 2009), but whether the
ER is also subject to this dynactin based mechanism in axons is not known. The dynactin
mechanism also promotes the evacuation of lysosomes and vesicles from distal axons, which
were not found to be affected on CSPGs, indicating an additional level in the mechanism
determining which cargoes are affected. The cargo specific regulation may occur through
adaptor proteins for cargoes and motors (Maday et al., 2014), and will require further
investigation. Recent work has identified Actr10 as a mitochondria specific regulator of
retrograde transport (Drerup et al., 2017), not affecting lysosomes, which may be involved
the specificity of the effects of CSPGs. How CSPGs elevate dynactin levels in distal axons
will require further analysis but may involve regulation of the CAP-gly domain or the
microtubule proteins involved in this interaction (Moughamian and Holzbaur, 2012;
Moughamian et al., 2013). Similarly, how PI3K signaling may regulate the levels of p150G!u
in growth cones will require further consideration. It is possible that the increase in p150¢!t
levels could, at least in part, arise through the regulation of the axonal translation of p150¢!Y,
which was recently shown to occur in sensory axons (Villarin et al., 2016).

The investigations aimed at dissecting and isolating the effects of CSPGs on mitochondria
(e.g., decreasing mitochondria number at growth cones and impairing their respiration)
indicate that both the suppression of respiration and impairment of targeting of mitochondria
can impact growth cones dynamics and axon extension. The combination of these individual
effects of CSPGs on mitochondria is likely to contribute to the suppression of growth cones
dynamics and extension. Promoting mitochondria respiration using ALC partially rescued
protrusive dynamics at growth cones on CSPGs, but as previously reported has no effect on
axon extension (Sainath et al., 2016). Under these conditions ALC did not impact the
targeting of mitochondria to growth cones. Thus, the partial effect of ALC is likely
attributable to the persistent absence of proper targeting of mitochondria to growth cones,
even under conditions of promoted respiration.

The mechanism underlying the evacuation of mitochondria from growth cones on CSPGs
appears to be similar to that mediating the normally occurring evacuation of organelles from
growth cones on permissive substrata (Figure 7A; Moughamian and Holzbaur, 2012;
Moughamian et al., 2013). The elevated levels of p150C!Y in growth cones on CSPGs likely
contribute to the increased frequency of mitochondria evacuation from growth cones on
CSPGs. Consistent with this notion, expression of CC1, which impairs the interaction
between dynactin and dynein, increased axon lengths on CSPGs. Moreover, when CC1
expression was combined with ALC treatment, to promote mitochondrial respiration, there
was a further increase in axon lengths on CSPGs. Collectively, these data indicate that both
the targeting and respiration of mitochondria must be restored on CSPGs in order to obtain
increases in axon lengths (Figure 9A,B). However, on CSPGs axons length was
approximately 20% of the length on the control substratum (Figure 9B). The combined
expression of CC1 and ALC treatment restored axon lengths to approximately 37% of the
control lengths. Thus, while relative to the baseline length on CSPGs both CC1 and
CC1+ALC had pronounced effects, even with CC1+ALC axon length was only restored to
37% of control axon lengths. This partial effect is not surprising as CSPGs are expected to
continue to impair other aspects of the mechanism of axon extension through suppression of
growth promoting signaling pathways (e.g., PI3K and Erk) and activation of inhibitory
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pathways (e.g., RhoA-ROCK). It will be of interest to determine in future studies if
combinatorial experimental manipulations that reactivate the suppressed pathways and
inhibition of the inhibitory pathways, along with manipulation of mitochondria, will result in
further enhanced axon extension.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figurel.
CSPGs impair the targeting of mitochondria and the ER to the distal axon. (A) Example of

the dynamics of axons on CSPGs. Varicosities formed along the distal axon that
subsequently underwent retrograde displacement (yellow arrows). Although periods of
growth cone elaboration were observed (e.g., 15-24 min) the axon failed to advance
significantly. (B) Example of localization of mitochondria (green; distal most denoted by
green arrow) relative to the distal most axon (denoted by red arrow) in dissociated neurons.
The inset shows the accumulation of mitochondria in a varicosity proximal to the axon tip.
(C) Quantification of the number of mitochondria in distal axons of dissociated neurons.
Bars on right show analysis considering only axons with mitochondria targeted to distal 10
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um in both control and CSPG groups. (D) Quantification of Mito-Tip under different
culturing conditions, on CSPG substrata or treatment with soluble CSPGs (20 mg/mL, 1 hr),
and labeled with mitotracker green (MT-green) or genetically encoded GFP targeted to
mitochondria (mt-GFP). (E) Example of timelapse imaging of mitochondria in distal axons
of dissociated neurons. White arrows in first panels denote distal and the blue dots the
outline of the growth cones (time in sec). In CSPG panels, green arrow denotes a
mitochondrion which moved distally, and yellow arrows denote retrograde movement of
mitochondria away from the axon tip. While the number of mitochondria increased in the
control axon, 2/3 of mitochondria evacuated on CSPGs. (F) Quantification of the percentage
of mitochondria that underwent net retrograde or anterograde/distal movement during the
imaging periods (360 sec, 10 sec intervals). (G) Measurements of Mito-Tip from dual
channel phase contrast and green movies. Note that the Y-axis has approximately twice the
range for the CSPG group relative to the control due to the increase Mito-Tip measurements
in the former. Each line represents one axon. Arrows denote brief periods of increased Mito-
Tip in controls. (H) Example of intermittent increase in Mito-Tip in control axons. Between
0-6 min the axon advances but the mitochondria do not. At 7-9 min some of the
mitochondria advance and return in proximity to the tip of the axon. (I) Examples of ER
Tracker labeled axons and line scans. White and yellow arrowheads denote distal axon tip
and accumulation of ER. Line scans of the intensity of ER-tracker labeling along the axons
are shown below the images. The tip of the axon and the distal-most highest peak of labeling
intensity are denoted by white and yellow arrows, respectively. (J) Quantification of the
mean distance between the axon tip and the distal-most highest peak of ER-tracker staining
intensity.
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Figure 2.
Evidence for the involvement of the LAR receptor and suppression of PI3K signaling in

mediating the effects of CSPGs on mitochondria positioning and growth cone morphology.
(A) Examples of axons on CSPGs +/- treatment with the LAR inhibitory ELP peptide or the
control inactive RP peptide(2 hrs). Phase contrast and Mitotracker green labeled
mitochondria are shown. Labeling as in Figure 1B. (B) Graph showing Mito-Tip
measurements under conditions of RP (control) and ELP treatment on CSPG substrata.
Sample sizes showing the bars also apply to panels C and D. (C) Graph showing the effects
of RP and ELP treatment on growth cone size on CSPG substrata. (D) Graph showing the
effects of RP and ELP treatment on the number of growth cone filopodia on CSPG substrata.
(E) Examples of growth cones on the control substratum treated for 30 min with DMSO or
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the PI3K inhibitor LY294002. Presentation as in panel (A). (F) Graph of Mito-Tip
measurements for axons on the control substratum as a function of treatment with DMSO or
LY294002. (G) Graph showing the effects of treatment with the PI3K activating PI3Kpep,
and its inactive control PI3KpapAla, on Mito-Tip measurements. PI3KpepAla does not
affect Mito-Tip measurements on CSPGs. However, treatment with PI3Kpep treatment
decreases Mito-Tip measurements relative to RP treatment, and with PI3Kpep treatment
Mito-Tip measurements are not different from the control substratum. Samples sizes are
denoted in the bars.
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Regulation of ER positioning at growth cones on CSPGs by PI3K signaling. (A) Examples
of the distribution of the ER, as revealed by ER tracker labeling, in distal axons on CSPGs
treated with the PI3K activating peptide PI3Kpep or the inactive control peptide
PI3KpepAla. Arrows denote the distal most ER accumulation. (B) Quantification of the
distance of the distal most ER peak relative to the tip of the axon, as in Figure 1J, on CSPGs
with PI3Kpep or PI3KpepAla treatment. (C) Quantification of the distance of the distal most
ER peak relative to the tip of the axon on the control substratum following treatment with
DMSO or the PI3K inhibitor LY294002. (D) Quantification of the distance of the distal most
ER peak relative to the tip of the axon and Mito-Tip on CSPGs following treatment with the
ROCK inhibitor Y27632. Samples sizes are denoted in the bars.
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Figure 4.
Inhibition of mitochondria membrane potential to a similar extent as observed on CSPGs

impairs axon extension and growth cone protrusive dynamics. (A) Examples of axons
stained with mitotracker red. Top panels show phase contrast images of axonal morphology
on control and CSPG coated substrata. Bottom panels show the mitotracker red grayscale
staining intensity. The false colored insets show the distal most mitochondria (shown in
white boxes in the gray scale images). Line plots of mitotracker red intensity are shown
below each of the false colored insets. (B) Examples of the extent of axon extension on the
control substratum following a 30 min treatment with either DMSO of 2.5 uM antimycin-A.
The white arrows in the 30 min panels show the position of the growth cone at time 0. (C)
Examples of growth cone dynamics in DMSO and Antimycin-A treatment conditions. The
control DMSO treated growth cone exhibits many protrusions. Antimycin-A treatment
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suppresses protrusive activity, but as denoted by the arrows some degree of protrusion
persists. (D) Quantification of the total number of protrusive events at growth cones
(lamellipodia or filopodia) in DMSO and Antimycin-A treated samples during a 6 min
imaging period starting at 30 min post-treatment. (E) Examples of the extent of axon
extension on the control substratum at 24 hrs and 72 hrs representing pre-treatment (24 hrs)
and 48 hrs post-treatment with either DMSO or 2.5 uM antimycin-A. The schematic shows
the time course of the experiment and treatments. Note that the DMSO treated control (72
hrs) exhibits axons much longer than the 24 hr pre-treatment example. In contrast, the
antimycin-A treated example (72 hrs) shows minimal advance of axons beyond the extent
evident at 24 hrs. The boxed region in the antimycin-A panel is magnified below showing
that the axons do not exhibit signs of degeneration and maintain a uniform linear
morphology, as revealed by tubulin staining. (F) The schematic shows the setup of the
microfluidic chambers. The examples below show axons that extended through the channels
and into the DMSO containing distal axon chamber in the control group and stalled at the
entry of the distal axon chamber containing antimycin-A. Samples sizes are denoted in the
bars.
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Figure5.
Treatment with acetyl-L-carnitine (ALC) partially restores growth cone dynamics and

morphology on CSPGs. (A) Examples of axons expressing eYFP-B-actin and mtDsRed on
CSPG and CSPG+ALC. (B) Graph showing Mito-Tip measurements on CSPG and CSPG
+ALC. (C) Examples of the dynamics of growth cones on CSPG + ALC. The two growth
cones shown are the same as depicted in panel A. The growth cone on CSPGs exhibits very
little dynamics as reflected by minimal remodeling. In contrast, the growth cone treated with
ALC is much more dynamic. Examples of lamellar protrusion (30-60 sec, yellow arrows at
60 sec) and filopodial protrusion (30-60 sec, green arrow at 60 sec) are shown. Also note
that not only was protrusive activity increased at growth cones but also retraction of
filopodia and lamellae (white arrows at 0 sec). (D) Graph showing de novo protrusive events
at growth cones in the form of filopodia or lamellipodia on CSPG and CSPG+ALC. (E)
Graph showing the percentage of filopodia existing at the beginning of the video sequence
that undergo > 1 um protrusion on CSPG and CSPG+ALC. (F) Examples of growth cones
stained with rhodamine phalloidin to reveal actin filaments on the control substratum, CSPG
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and CSPG+ALC. (G) Graph showing the number of filopodia at growth cones on the control
substratum, CSPG and CSPG+ALC. (H) Graph of the percentage of growth cones exhibiting
one or more lamellae on the control substratum, CSPG and CSPG+ALC. Bars are color
coded as in panel G. Samples sizes are denoted in the bars.
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Decreasing the number of mitochondria at the growth cone affects growth cone morphology.
(A) Examples of growth cones treated with DMSO or 1 uM mDivi-1 for the entirety of the
culturing period. Phase contrast with over-layered mitochondria (green) is shown. Note the
simplification of growth cone morphology in the mDivi-1 treatment condition. (B) Graph of
the number of mitochondria in growth cones as a function of DMSO or mDivi-1 treatment.
The color scheme and sample sizes also apply to panels (B—C). (C) Graph of growth cone
area as a function of DMSO or mDivi-1 treatment. (D) Graph of the number of filopodia
present at growth cones as a function of DMSO or mDivi-1 treatment. Samples sizes are
denoted in the bars of panel B and apply to B-D.
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Elevated levels of p150-Glued in distal axons on CSPG substrata. (A) Schematic of the
mechanism that drives the initiation of retrograde transport away from distal axons. Briefly,
microtubule plus tips undergoing polymerization recruit EB3 that in turn serves to scaffold a
complex consisting of CLIP-170, dynactin and dynein. This complex then promotes the
activation of retrograde organelle evacuation from growth cones. Thus, impairing
microtubule plus tip dynamics, or the function of dynein-dynactin, prevents to initiation of
retrograde transport from the distal axon. (B) Examples of p1509!! dynactin staining in
growth cones on the control and CSPG (10 pg/mL) substrata. (C) Quantification of the
staining intensity of p150C! staining in growth cones as a function of CSPG concentrations
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used to coat substrata. Comparison to the control substratum. (D) Culturing in the presence
of ELP decreases the staining intensity of p150¢!t in growth cones on 5 pg/mL CSPGs
relative to the control treatment with RP. (E) Inhibition of PI3K activity using LY 294002 (25
HM) increases the staining intensity of p150©! in growth cones on the control substratum.
(F) Suppression of microtubule plus tip dynamics using 3 nM vinblastine (VB; 60 min)
increases the number of mitochondria in the distal 10 um of axons on control substrata. (G)
Treatment with vinblastine (60 min) on CSPG substrata decreased Mito-Tip. (H) Treatment
with vinblastine on CSPG substrata increased the number of mitochondria in distal axons.
Samples sizes are denoted in the bars.
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Figure 8.

CSPGs

Disruption of the interaction between dynactin and dynein increases axon lengths on CSPG
substrata. (A) False colored examples of neurons (CB = cell body) and their axons on
CSPGs expressing CC1-mCherry (mCh) or mCh alone. The distal axon of the CC1-mCh
expressing neurons exhibits distal thickening as represented by warmer colors in the false
colored image (see color bar). The arrows in the mCh panel show the presence of
varicosities along the distal axon, as previously detailed in Figure 1, also evidenced by
warmer colors. (B) Graph of axon length measurements for mCh, CC1-mCh and CC1-mCh
plus 500 UM acetyl-L-carnitine (ALC). Black lines in bars denote the medians as on CSPGs
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axon length measurements were not normally distributed. Samples sizes are denoted in the
bars.
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Figure9.
Working model for the contribution of CSPGs effects on growth cone mitochondria to the

suppression of axon elongation. Under control conditions growth cones contain a normal
content of normally respiring mitochondria resulting in sufficient ATP production to
maintain steady axon elongation. CSPGs result in a decrease in the number of mitochondria
targeting to growth cones and a suppression of their respiration. Inhibition of the interaction
between dynein and dynactin (using CC1) increases the number of mitochondria at growth
cones, but is not expected to affect their respiration, and results in partial increases in axons
lengths on CSPGs (see bottom graph). When mitochondria respiration is promoted (ALC
treatment) in conjunction with CC1 expression the effects of CSPGs on axon elongation
further suppressed. The arrows in the graph below CC1 and CC1+ALC denote the detected
increases in axon lengths relative to CSPGs. However, as CSPGs are expected to continue
inhibiting pathways that promote elongation, and drive the activity of pathways that inhibit
elongation, the restoration of mitochondrial parameters only has partial effects on axon
elongation, as shown by the bottom graph depicting the overall effects of treatments on axon
lengths.
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