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Abstract

Chondroitin sulfate proteoglycans (CSPGs) inhibit the formation of axon collateral branches. The 

regulation of the axonal cytoskeleton and mitochondria are important components of the 

mechanism of branching. Actin-dependent axonal plasticity, reflected in the dynamics of axonal 

actin patches and filopodia, is greatest along segments of the axon populated by mitochondria. We 

report that CSPGs partially depolarize the membrane potential of axonal mitochondria, which 

impairs the dynamics of the axonal actin cytoskeleton and decreases the formation and duration of 

axonal filopodia, the first steps in the mechanism of branching. The effects of CSPGs on actin 

cytoskeletal dynamics are specific to axon segments populated by mitochondria. In contrast, 

CSPGs do not affect the microtubule content of axons, or the localization of microtubules into 

axonal filopodia, a required step in the mechanism of branch formation. We also report that 

CSPGs decrease the mitochondria-dependent axonal translation of cortactin, an actin associated 

protein involved in branching. Finally, the inhibitory effects of CSPGs on axon branching, actin 

cytoskeletal dynamics and the axonal translation of cortactin are reversed by culturing neurons 

with acetyl-L-carnitine, which promotes mitochondrial respiration. Collectively these data indicate 

that CSPGs impair mitochondrial function in axons, an effect which contributes to the inhibition of 

axon branching.
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INTRODUCTION

Chondroitin sulfate proteoglycans (CSPGs) are a family of extracellular matrix components 

that regulate aspects of axon development and pathfinding (Silver and Silver, 2014). 

Moreover, failure of the CNS to repair and reestablish function after injury is in part 

attributed to the injury-induced expression of CSPGs around the lesion site (Bartus et al., 

2012; Sharma et al., 2012; Silver and Silver, 2014; Ohtake and Li, 2015). CSPGs are also a 
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major component of the perineuronal nets that regulate developmental neuronal plasticity 

(Miao et al., 2014; Dyck and Karimi-Abdolrezaee, 2015). An additional role of CSPGs is to 

suppress axon collateral branching in vivo (Barritt et al., 2006; Tom et al., 2009; Lee et al., 

2010; Starkey et al., 2012; Lee et al., 2014; Lemarchant et al., 2014; Lang et al., 2015), and 

this rewiring of existing circuitry through axon branching is of major importance in the 

response of the nervous system to injury (Reviewed in Onifer et al., 2011; Wang and Sun, 

2011; Dietz and Fouad, 2014; Kadomatsu and Sakamoto, 2014). While it is clear that 

CSPGs negatively regulate axon branching the mechanism used by CSPGs to suppress the 

formation of axon branches remains to be elucidated.

The production of an axon collateral branch requires localized reorganization of the 

cytoskeleton that can be broken down into sequential steps (Gallo, 2011; Gallo, 2013; Kalil 

and Dent, 2014). The first step is the formation of an axonal filopodium. Axonal filopodia 

arise from focal dynamic accumulations of actin filaments along the axon shaft termed actin 

patches. The targeting of one or more axonal microtubules into the filopodium is the next 

necessary event prior to the maturation of a filopodium into a branch. Filopodia containing 

microtubules have the potential to reorganize and develop polarity resulting in a nascent 

branch with a growth cone-like structure at its tip. Recent studies have identified a crucial 

role for axonal mitochondria in the formation of both axonal filopodia and their maturation 

into branches (Courchet et al., 2013; Spillane et al., 2013; Tao et al., 2014). Stalled 

mitochondria determine the sites along the axon where branches can form (Courchet et al., 

2013; Spillane et al., 2013; Tao et al., 2014), and the respiration of mitochondria is required 

for branch formation (Spillane et al., 2013). Actin patches and filopodia are dependent on 

actin filament polymerization. Actin monomers must be ATP loaded in order to polymerize 

after which the ATP is hydrolyzed to ADP (Pollard and Cooper, 2009). Consequently, 

blockade of mitochondrial respiration blocks axonal actin dynamics (Ketschek and Gallo, 

2010). In the context of nerve growth factor (NGF) induced branching of sensory axons 

mitochondria respiration is also required to establish localized sites of high intra-axonal 

protein synthesis that is in turn required for NGF-induced branching (Spillane et al., 2012; 

Spillane et al., 2013). The current study aims to elucidate the aspects of the axonal 

cytoskeletal dynamics underlying branching affected by CSPGs, and whether CSPGs may 

also be affecting axonal mitochondria thus contributing to the suppression of axon 

branching.

METHODS

Culturing and transfection of sensory neurons

Gallus Gallus fertilized eggs of unknown sex were obtained from Charles River Laboratories 

and incubated in a 1502 Sportsman incubator (GQF MFG Inc). Culturing was performed on 

laminin (25 μg/ml; Invitrogen), polylysine (100 μg/mL; Sigma) and chicken CSPGs (5 

μg/mL; Millipore) coated substrata, in defined F12H (Invitrogen) serum-free medium with 

supplements as previously described in and detailed in (Lelkes P.I., 2006). Briefly, coverslips 

were coated with polylysine overnight, washed, coated with CSPGs or water for one hour, 

washed again and coated with laminin for an hour. Substrates were suspended in water when 
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coating slides for all experiments involving CSPGs. NGF (R&D Systems) was used at 20 

ng/ml and acetyl-L-Carnitine (Fisher Scientific) was used at 500 μM unless otherwise stated.

For axon length and branching determinations E7 DRG neurons were dissociated and 

cultured. All live imaging was performed on dissociated neurons. For analysis of axon 

branching in response to acute or chronic (24 hrs) NGF treatment we cultured E7 explants as 

previously detailed for this assay (Ketschek and Gallo, 2010; Spillane et al., 2012). 

Dissociated DRG cells were transfected using an Amaxa Nucleoporator (program G-13, 10 

μg of plasmid) and chicken transfection reagents, as previously described by (Ketschek and 

Gallo, 2010). All experiments were performed 24 hrs after plating.

Immunocytochemistry

To image and quantify the axonal cytoskeleton cultures were simultaneously fixed and 

extracted using a combination of 0.25% glutaraldehyde and 0.1% triton X-100 in 

cytoskeleton preservation buffer (PHEM buffer) (see Gallo and Letourneau, 1998; Gallo and 

Letourneau, 1999) for 15 min. In all cases, following fixation/extraction the samples were 

washed with phosphate buffered saline (PBS) and then treated with 4 mg/mL sodium 

borohydride to quench glutaraldehyde autofluorescence. The samples were then washed in 

PBS and blocked in 10% goat serum in PBS containing 0.1% triton X-100 for 15 min, 

followed by washing three times with PBS. Tubulin and actin filaments were stained using 

an anti-α-tubulin antibody directly conjugated to fluorescein (Sigma; DM1A-FITC, 1:100) 

and rhodamine phalloidin (Invitrogen; per supplier’s directions) for 45 min. All antibodies 

were diluted in PBS containing 10% goat serum and 0.1% triton X-100.

Mitochondria labeling approaches

Axonal mitochondria were labeled with mitotracker red (1 nM) or green (25 nM) for 30 

minutes followed by two washes with dye free medium (both from ThermoFisher). 

Similarly, labeling was performed with JC-1 (50 nM; ThermoFisher) for 30 min followed by 

two washes prior to image acquisition. The distal most three JC-1 or mitotracker red labeled 

mitochondria, which were not overlapping or clustering with other mitochondria, in the 

distal 20–70 μm of axons were quantified, excluding the distal 20 μm representative of the 

growth cones.

Imaging

Imaging was performed using a Zeiss 200M inverted microscope equipped with an enclosed 

heating stage. An Orca ER camera (Hamamatsu) was used for image acquisition and all 

digital aspects of imaging and microscope and camera control were performed using Zeiss 

Axiovision software. For determination of mitochondria morphology, mitotracker red and 

JC-1 signals images were acquired at 100x (1.3 numerical aperture) using 1×1 camera 

binning to obtain maximal spatial resolution. For all data sets involving the quantification of 

fluorescence intensities imaging parameters were used which did not result in any saturated 

pixels, as determined through consideration of the intensity histograms for images. Live 

imaging of mitotracker red labeled mitochondrial dynamics was performed using 2×2 

binning using minimal light exposure resulting in clearly detectable mitochondria to 

minimize bleaching during imaging.
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Image analysis

The mean intensity of mitotracker red was determined for individual mitochondria following 

subtraction of the signals in the adjacent cytoplasmic domain. For analysis of JC-1 both 

channels were acquired in image stacks and the ratio of the two determined within the 

outline of the mitochondrion.

FRAP analysis of translational reporters was performed as previously detailed (Spillane et 

al., 2012; Spillane et al., 2013). MyrGFP hotspots were determined from line scans of 

images generated using ImageJ. For each line scan, the numerical values of intensity were 

exported into Excel and the mean determined. A hotspot was defined as a peak in the signal 

which was at least twice the mean for the linescan (determined from the Y-value data sets 

obtained from ImageJ).

Statistical analysis

The data were analyzed using Instat 3 software (GraphPad Inc.). If any data set in an 

experimental design was not normal (Kolmogorov-Smirnov test), then non-parametric 

analysis was performed (Mann-Whitney test for two group comparisons, and nonparametric 

ANOVA with Dunn’s posthoc tests). Parametric data are presented as means and standard 

error of measurements. If all sets were normally distributed then Welch t-tests were used, 

with paired test used for pre-post experimental designs, or ANOVA with Bonferroni post-

hoc tests. Categorical data sets were analyzed through the Fischer’s test using the raw 

categorical data. Two tailed tests used when the hypothesis lacked directionality, one tailed 

when the hypothesis predicted directionality. Means ± SEM are presented, or medians as 

detailed.

RESULTS

CSPGs decrease the collateral branching of cultured sensory axons

We first sought to determine the effects of a mixture of CSPGs, purified from embryonic day 

14 chicken brains (see Methods), on the branching of embryonic day 7 chicken sensory 

neurons cultured in the presence of the branch inducing factor NGF (20 ng/mL). In all 

experiments throughout the study the control condition involved culturing the neurons on 

glass substrata coated with polylysine and laminin, and the experimental substrata were 

further coated with CSPGs as described in the Methods. Axon branches were analyzed in 

samples which underwent combined fixation and extraction to specifically retain the 

polymerized cytoskeleton without interference from soluble cytoskeletal proteins (Gallo and 

Letourneau, 1998; Gallo and Letourneau, 1999). Samples were subsequently stained with 

anti-α-tubulin and phalloidin to stain microtubules and actin filaments, respectively. 

Filopodia are defined as linear protrusions from the axon shaft characterized by a uniform 

bundle of actin filaments (Figure 1A; indicated by F). An early step in branch formation 

involves the targeting of a microtubule into a filopodium (Figure 1A; indicated by F+). As in 

our previous work, branches were defined as axonal protrusions containing one or more 

microtubules and a heterogeneous actin cytoskeleton (Figure 1A; indicated by PB, NB, MB 

at differing stages of formation), reflecting the maturation of filopodium into a branch 

(Figure 1A; Spillane et al., 2012; Spillane et al., 2013; Ketschek et al., 2015)). Analysis of 
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the number of axon branches along the distal 100 μm of axons revealed that on CSPGs 

axons exhibited fewer branches per unit length of axon than controls (Figure 1B,C). 

Analysis of the number of axonal filopodia along the axons also revealed a 47% decrease in 

the number of filopodia on CSPGs (Figure 1D). The length of axonal filopodia on CSPGs 

was also decreased by 22% relative to the control substratum (Figure 1E). In contrast, the 

length of axon branches that formed on CSPGs was not different from that of branches that 

formed on the control substratum (p=0.52, Mann-Whitney test, n=24 and 26, respectively). 

These data are consistent with previous in vivo data demonstrating that CSPGs suppress the 

initiation of collateral axon branching, prompting us to investigate the mechanisms behind 

this suppression of filopodia and branching (Tom et al., 2009; Lee et al., 2010; Starkey et al., 

2012; Lee et al., 2014; Lemarchant et al., 2014; Lang et al., 2015).

CSPGs partially depolarize the membrane potential of axonal mitochondria

Mitochondria and their respiration have recently been determined to be important aspects of 

the mechanism of both spontaneous and NGF-induced axon branching (Courchet et al., 

2013; Spillane et al., 2013; Tao et al., 2014). The mitochondrial membrane potential, which 

is established by the electron transport chain, is a major positive determinant of oxidative 

phosphorylation derived ATP production. In order to determine if mitochondrial membrane 

potential might be affected by CSPGs mitochondria were labeled with two dyes which are 

sensitive to mitochondrial membrane potential. Mitotracker Red incorporates into 

mitochondria as a function of mitochondrial membrane potential (Poot et al., 1996; Gilmore 

and Wilson, 1999; Krohn et al., 1999; Buckman et al., 2001; Pendergrass et al., 2004). 

Depolarized membrane potential result in decreased accumulation of the dye. Comparison of 

the intensity of mitotracker red in mitochondria using epifluorescence along the axons of 

control and CSPG coated cultures revealed a 43% decrease in mitotracker red staining 

intensity along axons on CSPGs (Figure 2A). Addition of antimycin A, 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, reproduced the 

effects of CSPGs by reducing mitotracker red staining intensity. Cultures labeled with 

mitotracker red were treated with varying concentrations of antimycin A and a 2.5 μM 

treatment resulted in a 53% decrease in labeling (Figure 2A; Figure S1).

As an alternative approach to measure the relative membrane potential of mitochondria we 

labeled neurons with JC-1, a mitochondrially targeted dye that exhibits aggregation and 

change in emission wavelength as a function of membrane potential (Overly et al., 1996; 

Dedov and Roufogalis, 1999; Miller and Sheetz, 2004; Lee and Peng, 2006; Lee and Peng, 

2008; Steketee et al., 2012). JC-1 emits at ~525 nm in monomer form and switches to 

emitting at ~590 when aggregated. Thus, a decrease in ratio of emission at 590/525 is 

indicative of membrane depolarization. The axonal mitochondria of neurons cultured on 

CSPGs exhibited lower values of the 590/525 emission ratio relative to neurons on the 

control substratum, demonstrating a reduction in mitochondria membrane potential by a 

second independent means (Figure 2B).

In contrast to reducing the mitochondria membrane potential CSPGs did not affect the 

number of mitochondria per unit length of the distal 20–70 μm of the axon (excluding the 
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distal 20 micron reflective of the growth cones) (Figure 2C), the proportion of mitochondria 

exhibiting anterograde/retrograde movements or remaining stalled (Figure 2D) or the length 

of mitochondria (Figure 2E). However, axonal mitochondria morphology was affected on 

CSPGs. While under control conditions mitochondria exhibited the expected tubular 

morphology (Figure 2F), on CSPGs approximately 33% of mitochondria (n=258) exhibited 

a variety of aberrant morphologies (Figure 2F), in contrast to 6% on the control substratum 

(n=194)(p<0.001). On CSPGs mitochondria were observed to exhibit heterogeneous widths 

and/or apparent constrictions along their lengths (Figure 2F). Mitochondria exhibiting 

heterogeneous widths or apparent constrictions accounted for 71% and 26%, respectively, 

and 3% exhibited both malformations. The data indicate that CSPGs impact aspects of 

mitochondria function and morphology, but do not overtly affect their transport and density 

in axons.

Promotion of mitochondrial respiration increases axon branching on CSPGs

Given the relationship between mitochondrial localization and respiration in the initiation of 

axon collateral branches (Courchet et al., 2013; Spillane et al., 2013; Tao et al., 2014) and 

the observed deficits in mitochondrial function on CSPGs, we sought to experimentally 

manipulate mitochondrial respiration to elucidate this relationship. Acetyl-L-carnitine 

(ALC) is a natural metabolite which promotes mitochondrial oxidative phosphorylation 

(reviewed in Rosca et al., 2009; Onofrj et al., 2013). ALC promotes the sprouting of 

serotonergic fibers following central nervous system spinal cord injury (Karalija et al., 

2014), regeneration of sensory axons following peripheral nerve injury (Fernandez et al., 

1990; McKay Hart et al., 2002; Kokkalis et al., 2009; Wilson et al., 2010; Farahpour and 

Ghayour, 2014) and has tissue sparing effects in the spinal cord and other central nervous 

system injury models (Patel et al., 2010; Karalija et al., 2012; Patel et al., 2012; Karalija et 

al., 2014).

The effects of ALC on sensory axon morphogenesis have not previously been examined in 
vitro, thus we sought to determine whether ALC treatment would impact the growth and 

branching of sensory axons under control conditions in the presence and absence of NGF. 

Dissociated embryonic day 7 chicken sensory neurons were cultured in the absence of 

neurotrophins on laminin coated substrates. Under these conditions the NGF responsive 

population preferentially extends axons due to differential expression of integrin receptors 

between the sensory neuron populations in the ganglion (Guan et al., 2003; Roche et al., 

2009; Ketschek and Gallo, 2010; Marsick et al., 2012; Spillane et al., 2012; Ketschek et al., 

2015). Neurons were cultured overnight in medium with or without ALC and the lengths of 

the axons were measured from fixed samples stained with anti-α-tubulin antibodies. ALC 

dose dependently increased axon length over a range of 5–500 μM (Figure 3A,B). The effect 

of ALC becomes evident at 50 μM. At 50 and 500 μM ALC median axon lengths were 

increased by 26% and 30%, respectively. The effective concentrations of ALC observed in 

this study are in the same range as determined by other in vitro studies using primary 

neurons and neuron-like cell lines and for the remainder of the study 500 μM ALC was used 

(Forloni et al., 1994; Pisano et al., 2003; Picconi et al., 2006; Bagetta et al., 2008; Epis et al., 

2008; Selvatici et al., 2009; Zhang et al., 2012).
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To address whether ALC would also increase the length of axons when NGF was present, 

neurons were cultured for 6 hrs ± ALC in medium containing NGF. For this determination 

we used a 6 hr culturing period to avoid axons forming overlapping and fasciculated 

meshworks due to NGF-mediated promotion of axon growth. In the presence of NGF 

treatment with ALC increased median axon length by 14% (p=0.03, Mann-Whitney test, 

n=137 and 141 for NGF and NGF+ALC groups, respectively). These data indicate that ALC 

treatment increases the length of axons and that the effect is approximately double when 

NGF is not present. In contrast, on CSPGs + NGF treatment with ALC had no effect on 

axon lengths (p=0.32, n=576, 568).

Although ALC treatment increased axon lengths under control conditions with and without 

NGF, treatment with ALC did not alter the number of branches formed along axons 

regardless of the presence of NGF (Figure 3C–D). However, ALC treatment increased the 

proportion of axons that formed branches when cultured on CSPGs (Figure 3E). 

Collectively, these data indicate that promotion of mitochondrial function can partially 

reverse the effects of CSPGs on the suppression of axon branching but not the inhibition of 

axon extension, underscoring that while the two processes of axon extension and axon 

branching share much in common the mechanisms which control them are different (Gallo, 

2011).

Conversely, we sought to determine if decreasing mitochondrial membrane potential to a 

similar extent as observed on CSPGs, using antimycin A (Figure 2B), can impair the 

branching of axons in response to acute treatment with NGF on control substrata. As in our 

previous work addressing the acute induction of axon branching by NGF (Ketschek and 

Gallo, 2010; Ketschek et al., 2015) E7 DRG explants were cultured on laminin coated 

substrata in the absence of NGF for 24 hours. Cultures were then treated with DMSO, NGF

+DMSO or NGF+2.5 μM antimycin A for 40 min prior to fixation and staining. As 

expected, NGF induced branching relative to no NGF controls (Figure 3F; p<0.0001, 

Fisher’s test). Cotreatment with 2.5 μM antimycin A did not block NGF-induced branching 

(Figure 3F). Although there was a trend toward less branching it was not statistically 

significant (p=0.12, Fisher’s test). These data indicate that the suppression of mitochondrial 

membrane potential to a similar extent as that observed on CSPGs is not sufficient to block 

branching in the context of branching induced by acute treatment with NGF.

CSPGs impair cytoskeletal actin dynamics underlying the formation of axonal filopodia

Axonal filopodia arise from precursor structures consisting of meshworks of actin filaments 

termed axonal actin patches (Figure 4A–C; Ketschek and Gallo, 2010; Gallo, 2011; Spillane 

et al., 2011; Gallo, 2013). As revealed by timelapse imaging of eYFP- β-actin patches are 

dynamic structures arising de novo along the axon, elaborating to their maximal size and 

subsequently diminishing in size until fully dissipated (Figure 4A–C). Axonal filopodia arise 

from actin patches (Figure 4C), but only a subset of the actin patches formed along the axon 

give rise to filopodia (Ketschek and Gallo, 2010; Gallo, 2011; Gallo, 2013). Actin patches 

are initiated in part through the Arp2/3 actin nucleation complex and its regulatory proteins 

(e.g., cortactin and WAVE1; Spillane et al., 2011; Spillane et al., 2012; Arnold and Gallo, 
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2013) and in the presence of NGF axonal actin patches and filopodia preferentially form at 

axonal sites populated by mitochondria (Ketschek and Gallo, 2010; Spillane et al., 2013).

In order to determine if CSPGs control axonal actin dynamics and alter the role of 

mitochondria in this process we imaged actin dynamics through the expression of eYFP-β-

actin in neurons cotransfected with mitochondrially targeted DsRed (mtDsRed) as in prior 

work (Spillane et al., 2013). On CSPGs the population of all actin patches regardless of their 

association with mitochondria formed patches at nearly the same frequency per unit length/

unit time as axons on the control substratum (Figure 4A,B,D). On CSPGs there was a ~20% 

decrease in the number of patches formed per unit length of axon. However, the mean 

duration of all actin patches regardless of colocalization with mitochondria (i.e., time from 

first detection to full dissipation) was decreased by 33% on CSPGs relative to controls 

(Figure 4E). The slight decrease in the number of detectable patches formed along axons 

(Figure 4D) may thus reflect the decrease in the duration of patches, placing some patches 

below our ability to detect them. Analysis of actin patch duration as a function of their 

colocalization with mitochondria revealed that actin patches associated with mitochondria 

were more greatly affected by CSPGs (47% decrease in duration) than those not associated 

with mitochondria (Figure 4E), which was not significantly different between control and 

CSPGs conditions. Similar trends with respect to mitochondrial colocalization were also 

detected by measuring the area of individual patches when they reached maximal 

elaboration demonstrating that mitochondrially associated actin patches were more greatly 

affected by CSPGs (Figure S2). Additionally, the duration of patches under control 

conditions as a function of mitochondrial colocalization also revealed that actin patches 

associated with mitochondria exhibit longer durations than those not associated with 

mitochondria (Figure 4E). This observation is consistent with the mitochondrion being a 

positive regulator of actin patch dynamics. Finally, consistent with the observed decrease in 

axonal filopodia (Figure 1D) CSPGs decreased the percentage of actin patches which give 

rise to filopodia (Figure 4F).

Since the effects of CSPGs were most pronounced at mitochondria we next considered 

whether treatment with ALC altered the effects of CSPGs on actin patches. Compared to 

CSPGs alone and considering the entire population of actin patches treatment with ALC 

increased the duration of actin patches (Figure 4G). However, the effect of ALC on patch 

duration was proportionally much greater for actin patches associated with mitochondria 

(Figure 4G). ALC increased the mean duration of actin patches by 84% for patches 

associated with mitochondria and by 37% for those not associated with mitochondria. ALC 

treatment did not affect the rate of actin patch formation relative to CSPGs alone (Figure 

4D), but partially restored the percentage of actin patches that gave rise to a filopodium on 

CSPGs coated substrata (Figure 4F). The increase in the percentage of patches giving rise to 

filopodia in the ALC treated group restored 47% of the decrease observed on CSPGs relative 

to the control, and statistically the ALC treated group was not different from either the 

control of the CSPG groups. These data demonstrate that CSPGs inhibit filopodia formation 

by regulating the actin dynamics of precursor actin patches, and this inhibition can in part be 

overcome locally at the mitochondrion by increasing mitochondrial metabolism through 

ALC, which is associated with an increase in ATP (Nishida et al., 1989; Aureli et al., 1994).
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CSPGs decrease the duration of axonal filopodia associated with mitochondria

Filopodia elongate through the polymerization of the barbed ends of the actin filaments 

localized to the tip of the filopodium (reviewed in Gallo, 2013). To analyze filopodial 

dynamics in relation to axonal mitochondria, we labeled neurons with mitotracker red and 

imaged filopodia using phase contrast imaging. The duration of newly formed filopodia was 

analyzed on control substrata and CSPGs as a function of localization with mitochondria. 

Examples of filopodia emerging associated with or without mitochondria and their duration 

are shown in in Figure 5A. On control substrata, filopodia which formed in association with 

mitochondria exhibited approximately 100% greater median durations (denoted by 

arrowheads) compared to those formed in the absence of mitochondria (Figure 5A,B). In 

contrast, on CSPGs filopodia duration was independent of the association with mitochondria 

(Figure 5A,B) and overall all filopodia exhibited durations similar to those of filopodia not 

associated with mitochondria on the control substratum (Figure 5B). However, on CSPGs 

filopodia that formed in association with mitochondria exhibited a strong trend toward 

decreased durations relative to those on the control substratum (Figure 5B; although 

p=0.07). Furthermore, on CSPGs there was a 32% decrease in the percentage of 

mitochondria associated filopodia with durations greater than 100 seconds (Figure 5B; 

p=0.04, Fischer’s exact test).

In a separate experiment, we considered whether treatment with ALC would affect the 

duration of filopodia on CSPGs substrata (Figure 5C). Consistent with the prior results, we 

found no relationship between mitochondria colocalization and filopodia duration on 

CSPGs. Treatment with ALC increased filopodia duration for filopodia which formed 

associated with mitochondria, but did not affect the durations of filopodia formed 

independent of mitochondria (Figure 5C). ALC treatment also more than doubled the 

percentage of filopodia with durations greater than 100 sec (Figure 5C). Examples of 

filopodia emerging in association with mitochondria on CSPG ± ALC treatment are shown 

in Figure 5A. These data indicate that as with other aspects of actin filament dynamics on 

CSPGs ALC treatment results in effects which are specific to actin based structures (e.g., 

filopodia) associated with mitochondria.

The intra-axonal translation of cortactin is impaired on CSPGs

Cortactin is a regulator of the Arp2/3 actin nucleation complex that positively regulates the 

emergence of filopodia from actin patches and the duration of actin patches (Spillane et al., 

2012), which are both decreased by CSPGs. In our culturing system the formation of axon 

branches in the presence of NGF requires NGF-induced intra-axonal translation of actin 

regulatory proteins including cortactin (Spillane et al., 2012; Spillane et al., 2013). The 

intra-axonal translation of cortactin is dependent on mitochondrial respiration (Spillane et 

al., 2013). mRNAs are targeted into axons through their association with ribonucleoprotein 

particles that undergo transport, and the association of mRNAs with the ribonucleoprotein 

particles is mediated by the 3′UTRs of mRNA in most but not all cases (reviewed in Gomes 

et al., 2014). The mRNAs for β-actin and cortactin are both localized to sensory axons 

through their 3′UTRs (Zhang et al., 2001; Willis et al., 2007; Spillane et al., 2012; Spillane 

et al., 2013). We have previously characterized reporter constructs consisting of the 

myristoylated-GFP (myrGFP) open reading frame with the 3′UTR of β-actin or cortactin to 
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live image axonal translation (termed myrGFP-cortactin/β-actin-3′UTR as in prior work; 

Spillane et al., 2012, 2013). The cotranslational myristoylation of GFP confers membrane 

targeting and greatly decreases the diffusion of GFP providing increased spatial resolution 

over time when addressing the localization of the translation of the myrGFP reporter 

(Aakalu et al., 2001; Yudin et al., 2008). Expression of these constructs results in axonal 

myrGFP signal. The recovery of the myrGFP signal following photobleaching is reflective 

of local intra-axonal translation. Fluorescence recovery after photobleaching (FRAP) 

analysis of the myrGFP-cortactin-3′UTR and myrGFP-β-actin-3′UTR signals in distal 

axons revealed a suppression of cortactin translation on CSPGs (Figure 6A,B), but no effect 

on the translation of β-actin (Figure 6C). Treatment with ALC restored the FRAP of 

myrGFP-cortactin-3′UTR to levels similar to those observed in control conditions (Figure 

6A,B).

Axonal mitochondria determine sites of preferential translation along sensory axons, which 

when using the myrGFP translational reporters are reflected by focal accumulations of 

myrGFP termed myrGFP hotspots (Spillane et al., 2013). On the control substratum, axons 

exhibited the expected hotspots (denoted by arrows in Figure 6A, D). In contrast, few 

hotspots were visible along axons cultured on CSPGs (Figure 6A, D), and when elevations 

in the myrGFP signal were present on CSPGs they were not as focal (Figure 6D, CSPGs 

panel arrow). However, axons on CSPGs that were treated with ALC exhibited hotspots 

(Figure 6A, D). Quantification of the number of hotspots per unit length of axon showed that 

CSPGs decreased the number of hotspots while ALC treatment restored the number of 

hotspots to near control levels (Figure 6D).

Analysis of effects of CSPGs on axonal microtubules

To investigate the effects of CSPGs and ALC treatment on axonal microtubules we used an 

established combined fixation and extraction protocol in cytoskeleton preserving buffer to 

retain the polymeric cytoskeleton (e.g., microtubules) while removing the soluble forms of 

the cytoskeletal proteins (e.g., tubulin) (Gallo and Letourneau, 1998; Gallo and Letourneau, 

1999). The total integrated intensity of α-tubulin staining reflective of microtubules was then 

measured in fixed lengths of distal axons, as in prior work (e.g., Spillane et al., 2012). The 

total content of microtubules in distal axons was not affected by CSPGs, and ALC treatment 

did not increase microtubule content on CSPGs (Figure 7A,B). However, in the absence of 

NGF on control substrata treatment with ALC increased the microtubule content of axons by 

63% (n=55 and 56 axons, p=0.004) but not in the presence of NGF (n=43 and 47 axons, 

p=0.23), as was also the case for neurons cultured on CSPGs substrata which are in the 

presence of NGF. Since microtubules are a major component of the mechanism of axon 

elongation, these observations are generally consistent with the more pronounced effect of 

ALC on increasing axon length in the absence of NGF (Figure 3).

The localization of axonal microtubules into filopodia is a required step in order to form an 

axonal branch (Figure 1A). In both the absence and presence of NGF on control substrata 

treatment with ALC did not increase the percentage of axonal filopodia containing 

microtubules (Figure 7C). Consistent with prior observations (Spillane et al., 2012) the 

presence of NGF approximately doubled the percentage of filopodia containing 
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microtubules relative to the absence of NGF (Figure 7C). The percentage of filopodia 

containing microtubules was not affected by CSPGs (Figure 7D). Unexpectedly, although 

ALC did not alter the microtubule content of axons cultured on CSPGs (Figure 7B) ALC 

approximately doubled the percentage of filopodia containing microtubules on CSPGs 

(Figure 7D).

DISCUSSION

This study demonstrates that CSPGs suppress the actin dynamics underlying early steps in 

the process of branching. The effects of CSPGs on the actin cytoskeleton are likely due to, at 

least in part, the downregulation of signaling pathways by CSPGs. CSPGs partially suppress 

PI3K-Akt signaling (Fisher et al., 2011; Silver et al., 2014) and restoration of PI3K signaling 

counters the effects of CSPGs on the inhibition of axon extension (Silver et al., 2014). PI3K 

is a major regulator of sensory neuron axon branching and drives both actin cytoskeletal 

dynamics (Gallo, 2011) and the intra-axonal protein synthesis required for sensory axons to 

mount a branching response to NGF (Spillane et al., 2012). This study also details effects of 

CSPGs on axonal mitochondria reflected in a depolarization of the mitochondrial membrane 

potential. The effects on membrane potential may also be due to impaired PI3K signaling on 

CSPGs (Fisher et al., 2011; Silver et al., 2014). PI3K-Akt signaling positively promotes 

mitochondrial respiration through regulation of the mitochondrial membrane potential 

(Huang et al., 2005; Miyamoto et al., 2008; Bassino et al., 2015) and other aspects of 

mitochondria biology (Parcellier et al., 2008). PI3K signaling is also required for NGF to 

hyperpolarize the mitochondrial membrane potential (Verburg and Hollenbeck, 2008). While 

the specific mechanism of the regulation of mitochondria membrane potential by CSPGs 

remains to be directly addressed, the above considerations suggest that CSPGs could 

depolarize mitochondria through the partial decrease in PI3K-Akt activity mediated by the 

activation of the LAR receptor by CSPGs (Fisher et al., 2011). A full understanding of the 

CSPG receptors that may be transducing signals to impact mitochondria will be a fruitful 

venue of future investigation.

The role of the mitochondrion in determining branching sites along the axon has been 

established by multiple recent studies (Courchet et al., 2013; Spillane et al., 2013; Tao et al., 

2014). Actin is an ATPase and in neurons the turnover of actin filaments is a strenuous 

metabolic demand that consumes approximately 50% of cellular ATP (Bernstein and 

Bamburg, 2003). We find that axonal actin patches and filopodia associated with 

mitochondria are more greatly affected by CSPGs than those not associated with 

mitochondria. This observation likely reflects the decreased respiration by axonal 

mitochondria on CSPGs as reflected in the partial depolarization of the mitochondrial 

membrane potential. Consistently, treatment with ALC, with the aim of promoting 

mitochondrial respiration, on CSPGs restored aspects of the dynamics of axonal actin 

patches and the duration of filopodia associated with mitochondria. Furthermore, in control 

conditions both actin patches and filopodia formed in association with mitochondria 

exhibited longer durations than those not associated with mitochondria. Collectively, these 

observations provide additional evidence for the local regulation of axonal actin dynamics 

by mitochondria (Figure 8A; Ketschek and Gallo, 2010).

Sainath et al. Page 11

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

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Treatment with ALC on CSPGs promotes axon branching. However, ALC did not affect 

branching on the control substratum regardless of the presence of NGF. The absence of an 

effect of ALC on branching in the presence of NGF may reflect that the branching system is 

already at maximal capacity in the presence of NGF (Figure 8B). Conversely, in the absence 

of the activation of relevant signaling pathways by NGF the promotion of mitochondrial 

function is not sufficient to promote branching (Figure 8C), although it increases axon 

length. When axons are on CSPGs and in the presence of NGF, CSPGs suppress but do not 

abolish the activation of signaling pathways which drive axon branching (e.g., PI3K 

signaling; Fisher et al., 2011; Silver et al., 2014). Thus, in the context of CSPGs the partial 

activation of relevant signaling pathways may allow for production of branches when ALC 

promotes mitochondrial function and downstream associated actin filament dynamics 

(Figure 8D).

The mitochondrial respiration dependent intra-axonal translation of cortactin (Spillane et al., 

2013) is negatively regulated by CSPGs, and this effect of CSPGs is reversed by treatment 

with ALC. The positive regulation of actin patch duration and filopodia emergence from 

patches are previously established functions of cortactin (Spillane et al., 2012), suggesting 

that the decrease in the axonal translation of cortactin on CSPGs is likely responsible, at 

least in part, for the decrease in the rate of emergence of filopodia from actin patches and 

decreased duration of actin patches. Translational hotspots reflect sites of mitochondria-

supported translation (Spillane et al., 2013). The decrease in hotspots observed on CSPGs is 

reversed by treatment with ALC. This reversal is consistent with a role for altered 

mitochondrial function as contributing to the suppression of the translation of cortactin.

We did not find an effect of CSPGs on the axonal translation of β-actin. In the same 

experimental system used in the current study, NGF did not promote the axonal translation 

of β-actin (Roche et al., 2009). However, β-actin mRNA is present and translated in these 

axons (Spillane et al., 2013; Figure 5C). In contrast to the suppression of the axonal 

translation of cortactin, CSPGs promote the axonal translation of RhoA (Walker et al., 

2012), a negative regulator of axon extension, branching and axonal filopodia formation 

(Loudon et al., 2006; Spillane and Gallo, 2014). CSPGs also control the axonal proteome 

through micro-RNAs that can target RhoA mRNA (Zhang et al., 2015). Collectively, these 

studies indicate that CSPGs do not have a unidirectional effect on axonal translation. The 

suppression of the axonal translation of cortactin by CSPGs may be reflective of the 

suppression of the translation of a set of functionally linked mRNA species (e.g., mRNAs 

coding for proteins involved in axon branching and positively regulated by NGF; Spillane et 

al., 2012, 2013). This notion is consistent with previous studies that found that extracellular 

signals differentially regulate the transport and translation of specific mRNAs in axons 

(Willis et al., 2005; Willis et al., 2007). It will be of interest to determine if CSPGs similarly 

inhibit the translation of other mRNA species positively regulated by NGF during NGF-

induced axon branching (e.g., Arp2 and WAVE1; Spillane et al., 2012).

This study did not find overt effects of CSPGs on the total microtubule content of axons or 

the targeting of microtubules into axonal filopodia. However, a prior study found that NGF 

promoted and CSPGs decreased microtubule plus tip polymerization in the growth cones of 

PC12 cells (Kelly et al., 2010). It will be of interest to determine if CSPGs may differentially 
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regulate microtubule plus tip polymerization in the growth cone relative to the axon shaft or 

between PC12 cells and primary neurons. Microtubules along the axon shaft are more stable 

than the highly dynamic microtubules in the growth cone. It is possible that growth cone 

microtubules may be more readily affected by CSPGs than those along the axon shaft. While 

we cannot exclude fine regulation of axonal microtubules by CSPGs the current data do not 

support a major role of CSPGs in the regulation of microtubules in the axon shaft. 

Furthermore, the failure to detect effects on microtubules in distal axons may be due to the 

relative concentrations of CSPGs and laminin used in coating substrata in the current study. 

This culturing environment generates partial suppression of axon extension, which is 

required in order to investigate branching from axons. However, microtubules may be 

affected when growth cones encounter either sharp borders between a permissive and CSPG 

coated environment or an escalating gradient of CSPGs that prevent further axon extension. 

Interestingly, axons have been noted to extend through in vivo environments enriched in 

CSPGs in both the central and peripheral nervous system (Bicknese et al., 1994; Gause et 

al., 2014). However, in these environments the growing axons do not exhibit branching. The 

suppression of branching by CSPGs in environments also containing additional growth 

promoting or permissive extracellular cues (e.g., laminin in peripheral nerves) may represent 

a greater sensitivity of the mechanism of branching to CSPGs than that of the extension of 

the growth cone.

ALC treatment did not affect the total microtubule content of axons on CSPGs. However, it 

unexpectedly increased the targeting of microtubules into axonal filopodia. The promotion 

of microtubule targeting into filopodia likely contributed to the ALC-induced increase in 

axon branching on CSPGs. The increase in microtubule targeting may be due to the effects 

of ALC on actin dynamics and filopodia duration. Alternatively, ALC may modulate the 

retention of microtubules in filopodia following entry. The mechanism through which ALC 

promotes microtubule targeting into filopodia will require subsequent analysis. It may also 

reflect a modulation of septin-7 and drebrin based mechanisms that target microtubules into 

filopodia (Hu et al., 2012; Ketschek et al., 2016).

A role for CSPGs in suppressing the branching of axons in the context of injury scenarios is 

well appreciated (see Introduction). CSPG expression increases during the developmental 

period of the refinement of axonal projections and the closing of critical periods for 

endogenous activity-mediated plasticity (Pizzorusso et al., 2002), which are in part reflective 

of changes in axon branching patterns. During the early stages of limb bud development the 

axons of sensory and motoneurons invade the limb bud mesenchyme and grow as 

fasciculated axons with minimal branching. The expression of CSPGs, including core and 

link proteins, in the limb bud is relatively diffuse during these early stages but then becomes 

restricted to the developing vasculature and cartilage at later stages of development when the 

axons segregate into different branches of nerves and innervate their target tissues (Kimata et 

al., 1986; Shinomura et al., 1990; Tsonis and Walker, 1991; Rayan et al., 2000). CSPGs also 

surround the path of developing axons from the spinal cord region into the limb bud (Oakley 

and Tosney, 1991). This distribution of CSPGs likely keeps the axons on the correct path and 

also suppresses branching along the way. In contrast, minimal CSPGs are detected within 

the chicken spinal cord during embryogenesis when sensory axons undergo extensive 

collateral branching (Hennig et al., 1992). However, CSPGs are detected in the chicken brain 
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with levels peaking at later stages of maturation (Henning et al., 1992) suggesting a role in 

the consolidation of established patterns of connectivity and suppressing further plasticity 

(Pizzorusso et al., 2002). Future in vivo studies will be required to address the role of 

CSPGs in preventing the inappropriate branching of axons during development throughout 

the nervous system.

In conclusion, this study reports that the membrane potential of axonal mitochondria of 

embryonic sensory neurons is negatively impacted by CSPGs. The effects of CSPGs on 

mitochondria contribute to the impairment of axonal actin cytoskeletal dynamics, a key step 

underlying the formation of axonal filopodia and branches. The effects on mitochondria, at 

least in part, also contribute to the suppression of the axonal translation of cortactin. It 

remains to be determined whether these observations also apply to adult neurons. Finally, in 

both the normal and injured nervous system CSPGs decrease endogenous circuitry plasticity 

characterized by axonal branching (Pizzorusso et al., 2002; Massey et al., 2006; Harris et al., 

2010; Alilain et al., 2011; Harris et al., 2013) and CSPGs may exert these effects through the 

combined regulation of the actin cytoskeleton and mitochondrial function.

Supplementary Material
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Figure 1. 
CSPGs decrease axon branching. (A) Examples of filopodia and branches at different stages 

of branch formation. F refers to filopodia containing only actin filaments and exhibiting the 

characteristic linear morphology and actin filament bundles. F+ refers to a filopodium 

containing a microtubule. NB refers to a nascent branch. Note that the filopodial 

morphology has changed and the actin filaments are no longer organized in a uniform 

bundle (compare to examples of F). PB refers to a branchlet which has acquired a polarized 

distribution of actin filaments, greatest distally. MB refers to mature branches containing a 

microtubule core and a more prominent distal accumulation of actin filaments resembling a 

small growth cone. (B) Examples of the cytoskeletal organization of axons on control and 

CSPG coated substrata. The control example exhibits more axonal filopodia and branches 

than the axon on CSPGs. (C) Graph showing the distribution of axons exhibiting 0 to ≥4 

branches/distal 100 μm on control and CSPG coated substrata. (D) Graph of the number of 

filopodia along distal axons. (E) Graph of the length of filopodia along distal axons. n = 

axons in C and D, and filopodia in E.
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Figure 2. 
CSPGs depolarize mitochondrial membrane potential and affect mitochondrial morphology. 

(A) Examples of mitotracker red labeling intensity of axonal mitochondria on control and 

CSPG coated substrata. The graph shows the quantification of the mean staining intensity of 

mitotracker red in axonal mitochondria as a function of substratum (leftmost two bars). The 

graph also shows the effects of a 40 min treatment with 2.5 μM antimycin-A on mitotracker 

red labeling of axonal mitochondria (see Figure S1 for an example of the decline in 

mitotracker red staining intensity following antimycin-A treatment). Mitochondria were 

labeled and imaged before treatment with antimycin-A or the vehicle DMSO (pretreatment), 

and again 40 min later (post treatment). n = axons, 3 mitochondria sampled/axon. (B) 
Quantitative analysis and examples of the ratio of JC-1 emission at 590/525 on control and 

CSPG substrata. Although on CSPGs mitochondria exhibited mean decreased 590/525 

ratios, and 590 signal, occasionally high potential mitochondria (yellow arrow) were 

observed in both the CSPGs and control groups. n=66 mitochondria/group from 22 axons/

group. (C) Measurement of the density of axonal mitochondria. n = axons. (D) Duty cycles 

of axonal mitochondria as reflected by the percentage of mitochondria undergoing 

anterograde or retrograde transport or remaining stalled during a 5 min imaging sequence (6 

sec interframe intervals). n = mitochondria. (E) Analysis of the lengths, end to end, of 

axonal mitochondria. n = mitochondria. (F) Examples of abnormal mitochondrial 
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morphologies observed on CSPG coated substrata. The yellow arrowheads denote apparent 

constrictions along the mitochondrion. The red arrowheads denote elongated profiles from 

non-uniform mitochondria.
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Figure 3. 
Effects of treatment with ALC on axon development on control and CSPG coated substrata. 

(A) Examples of dissociated neurons cultured overnight on control substrata in the absence 

of NGF either treated with 500 μM ALC or control medium. As reflected in the 

quantification in panel (B), ALC treatment increased axon lengths. (B) Dose dependent 

effects of ALC treatment on axon lengths on control substrata in the absence of NGF. Black 

lines represent medians and the number of neurons measured is shown in the bars. n = 

axons. (C) Graph showing the percentage of axons with 0 or ≥1 branches along their distal 

100 μm cultured on control substrata in the absence of NGF ± treatment with 500 μM ALC. 

n = axons. (D) Graph showing the percentage of axons with 0 to 3 branches along their distal 

100 μm cultured on control substrata in the presence of NGF ± treatment with 500 μM ALC. 

n = axons. (E) Graph showing the percentage of axons with 0 or ≥1 branches along their 

distal 100 μm cultured on CSPG coated substrata in the presence of NGF ± treatment with 

500 μM ALC. n = axons. (F) Graph showing the percentage of axons with 0 to 3 branches 

along their distal 100 μm cultured overnight on control substrata in the absence of NGF, then 

treated with NGF for 40 min ± treatment with 2.5 μM antimycin A. NGF induces branching 
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which is attenuated by antimycin A, as reflected by a leftward shit in the distribution. 

However, the effects of antimycin A was not statistically significant. n = axons.
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Figure 4. 
Effects of CSPGs and ALC treatment on axonal actin dynamics. (A) and (B) Examples of 

actin patches (imaged through expression of eYFP-β-actin; green in bottom images and false 

colored in top images showing only actin) in axons also expressing mitochondrially targeted 

DsRed (red). Panel (A) shows an axon on the control substratum, panel (B) shows an axon 

on a CSPGs coated substratum. The arrows denote actin patches colocalizing with 

mitochondria. Note that on the control substratum the patch has a greater duration and 

attains a greater size. Bar in panel A represents 5 μm and applies to A and B. (C) Example 

of an axonal actin patch giving rise to a filopodium (time in seconds; false coloring). The 

actin patch elaborates between 0–24 seconds, gives rise to a filopodium (54 sec) and by 84 

seconds the filopodium has retracted and the patch fully dissipated. Images were contrast 

enhanced to resolve the fine filopodium which is otherwise dimmer than the actin patch. (D) 
Actin patch formation rates on control and CSPGs substrates (mean control rate of 7.9 

patches/50 μm/6 min). The two data sets were acquired independently, with control and 

CSPG substrata acting as the relevant baselines for each comparison (control vs CSPGs and 

CSPGs vs CSPGs+ALC). n=axons. (E) Effects of CSPG substrata on the duration of actin 

patches and the relationship between patch duration and mitochondrial colocalization. In the 

control group patches associated with mitochondria exhibited longer durations than those 

not associated with mitochondria. On CSPGs patches exhibited shorter durations than in 

controls and the durations of patches did no correlate with mitochondria colocalization. 
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n=patches. (F) The percentage of actin patches that give rise to filopodia is decreased by 

CSPGs relative to controls. Treatment with ALC restores the percentage of patches giving 

rise to filopodia by 47%. n=patches. (G) Treatment of neurons cultured on CSPG substrata 

with ALC increases actin patch duration regardless of mitochondrial colocalization. 

However, the relative effect of ALC on patch duration is most pronounced for patches 

associated with mitochondria. n=patches.
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Figure 5. 
CSPGs decrease the duration of filopodia associated with mitochondria which is restored by 

ALC treatment. (A) Examples of filopodia emerging from axons and their durations. The 

full panel shows examples of filopodia emerging associated with mitochondria (Mito +) and 

not associated with mitochondria (Mito −) for the control substratum, and examples of 

filopodia associated with mitochondria on CSPGs ± ALC treatment. The tip of the 

filopodium is tracked over time by the white arrowheads. The mitotracker red signal was 

digitally manipulated to show the mitochondria overlaid onto the phase dark axons. (B) 
Histogram of the non-normal distributions of the duration of filopodia in 10 seconds bins 

from the respective color coded groups (control of CSPG substrata, association of 

filopodium with mitochondria +/−). The inset text shows the medians (arrowheads) for each 

color coded group and the outcomes of statistical comparisons. n=number of filopodia. (C) 
Same representation of filopodial duration rates as in panel A but all data was obtained from 

neurons cultured on CSPG substrata ± ALC treatment. n=number of filopodia.
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Figure 6. 
CSPGs suppress the axonal translation of cortactin mRNA. (A) Examples of axons 

expressing myrGFP-cortactin-3′UTR in control, CSPGs and CSPGs+ALC groups. The PRE 

images show the distribution of myrGFP before photobleaching (PHB). Examples of 

hotspots of myrGFP are denoted by arrows. The post PHB panels show the bleaching of the 

myrGF signal (0 min) and the recovery at 40 min post PHB. Uneven cropping is due to 

rotation of image to represent axons in horizontal position. (B) Quantification of the 

recovery from PHB. Anova with Bonferroni post-hoc tests was performed using time-

matched comparisons. Post-hoc test p values are presented in the graph as follows: control 

vs CSPGs, 1 = p<0.05, 2 = p<0.01, 3 = p<0.001; CSPGs vs CSPGs+ALC, 4 = p<0.01. n = 

axons. (C) FRAP analysis of myrGFP-β-actin-3′UTR. (D) Additional examples of the 

distribution of myrGFP along axons, as in panel (A) and accompanying line scans of the 

intensity of myrGFP along the axon showing hotspots. (E) Quantification of the number of 
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myrGFP hotspots. Sample sizes are the same as in panel B as this is a different analysis of 

the same population.
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Figure 7. 
CSPGs have minimal effects on the axonal microtubule cytoskeleton. (A) False colored 

examples of the microtubule content of distal axons on control and CSPG substrata. (B) 
Quantification of the total integrated intensity in distal 50 microns of axons on control, 

CSPG substrata and CSPG substrata with ALC treatment all in the presence of NGF. No 

statistical differences amongst the groups were detected through a non-parametric ANOVA 

with Dunn’s post-hoc tests. Similarly, even when only the control and CSPG groups are 

considered alone through Mann-Whitney test no difference was detected (p=0.36). n = 

axons. (C) Graph of the percentage of axonal filopodia containing microtubules on control 

substrata ± NGF ± ALC treatment. As expected from prior investigations NGF increases the 
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targeting of microtubules into axonal filopodia, but ALC treatment has no additional effect. 

n = filopodia. (D) Graph of the percentage of axonal filopodia containing microtubules on 

control substrata, CSPG and CSPG + ALC treatment. NGF is present in all groups. CSPGs 

did not affect the targeting of microtubules in filopodia, but ALC increased the percentage of 

filopodia containing microtubules on CSPG substrata. n = filopodia.
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Figure 8. 
Diagram showing the effects of CSPGs on components of the mechanism of axon branching 

and the effects of promoting mitochondrial function with ALC. (A) Summary schematic of 

the contribution of axonal mitochondria to the regulation of axonal cytoskeletal and 

filopodial dynamics. (B–D) In each panel the relative “strength” of the activation of 

components of the mechanism of axon branching is denoted by arrows which depict relative 

strength by their color and size (shown in the bottom left of the figure). (B) NGF strongly 

drives signaling pathways (e.g., PI3K, Erk), promotes mitochondrial respiration (Verburg 

and Hollenbeck, 2008) and drives intra-axonal protein synthesis. The arrow between 

mitochondria and translation reflect the role of mitochondrial function in the promotion of 

axonal translation (Spillane et al., 2013). Ultimately, signaling, mitochondria function and 

axonal translation converge on the axonal cytoskeleton to promote branch formation. A 

connection between signaling pathways and the regulation of mitochondria function and 

translation is not shown, for clarity, but implied as both of these components of the 

mechanism of branching are also under regulation by signaling pathways (see Discussion). 

(C) In the absence of NGF activation of the components of branching is minimal. In this 

context promotion of mitochondrial function with ALC is unable to further drive branching. 

(D) In the presence of NGF but on CSPG coated substrata the activation of components of 

the branching mechanism is attenuated, but persists at moderate levels (Fisher et al., 2011; 

Silver et al., 2014). In this background, promotion of mitochondrial function with ALC is 

able to promote branching by working cooperatively with the available signaling and 

translational mechanisms while promoting the mitochondria respiration dependent aspects of 

the broader mechanism (blue).
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