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ABSTRACT 

 

Alteration of axonal transport has emerged as a common precipitating factor in 

several neurodegenerative disorders including Human Spastic Paraplegia 

(HSP). Mutations of the SPAST (SPG4) gene coding for the spastin protein 

account for 40% of all autosomal dominant uncomplicated HSP. By cleaving 

microtubules, spastin regulates several cellular processes depending on 

microtubule dynamics including intracellular membrane trafficking. Axonal 

transport is fundamental for the viability of motor neurons which often have 

very long axons and thus require efficient communication between the cell 

body and its periphery. Here we found that the anterograde velocity of VAMP7 

vesicles, but not that of VAMP2, two vesicular-SNARE proteins implicated in 

neuronal development, is enhanced in SPG4-KO neurons. We showed that 

this effect is associated with a slight increase of the level of acetylated tubulin 

in SPG4-KO neurons and correlates with an enhanced activity of kinesin-1 

motors. Interestingly, we demonstrated that an artificial increase of acetylated 

tubulin by drugs reproduces the effect of Spastin KO on VAMP7 axonal 

dynamics but also increased its retrograde velocity. Finally, we investigated 

the effect of microtubule targeting agents which rescue axonal swellings, on 

VAMP7 and microtubule dynamics. Our results suggest that microtubule 

stabilizing agents, such as taxol, may prevent the morphological defects 
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observed in SPG4-KO neurons no simply rescuing the altered anterograde 

transport to basal levels but rather by increasing the retrograde velocity of 

axonal cargoes.  
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1. INTRODUCTION 

 

Hereditary spastic paraplegias (HSPs) constitute a group of 

heterogeneous inherited diseases characterized by a progressive 

degeneration of the corticospinal tract axons and fasciculus gracilis fibers [1]. 

HSPs have a prevalence of 1-5:100 000 in most populations [2], and to date 

more than 70 loci and 59 genes (spastic paraplegia genes, SPG) have been 

identified in HSP patients. Progressive lower limb spasticity and weakness are 

the predominant but not the only characteristics of this group of neurological 

syndrome [3]. Only symptomatic treatments partially improving spasticity are 

available for HSP patients, and no preventive or curative measures are yet 

available [4]. 

 

Mutations in the SPAST (SPG4 in mice) gene, encoding spastin, 

account for approximately 40% of the familial and 20% of the sporadic cases 

within autosomal dominant HSP [5, 6]. Spastin is a member of the ATPases 

Associated with diverse cellular Activities (AAA) protein family [7, 8] involved in 

microtubule severing through an ATP-dependent mechanism [9, 10]. By 

breaking long microtubules into shorter fragments, spastin regulates 

microtubule dynamics [11-14] and its activity has been implicated in the control 

of different microtubule-dependent cellular processes including axonal 

transport, endosomal recycling, cytokinesis and ER shaping (Reviewed in [8, 
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15]). In neurons, spastin is involved in axonal branching [16] and regeneration 

[17], synaptic bouton formation [18], neurotransmission [19] and axonal growth 

receptor-mediated BMP signaling [20]. Studies in SPAST/SPG4 defective 

neuronal model demonstrated that a reduced expression of spastin may be 

associated with a lower number of dynamic microtubules [12-14] and an 

increases of the level of acetylated -tubulin [21, 22], a posttranslational 

modification (PTM) of tubulin generally associated with stable microtubules 

[23, 24]. Axonal membrane traffic is also affected with a decreased and 

imbalanced motility of axonal cargoes, mainly mitochondria, but not of their 

velocities [22, 25, 26]. Axonal swelling, the prominent axonal abnormality 

observed in different SPAST/SPG4 neuronal models and in SPAST human 

patients [22, 25-27], has been linked to microtubule dynamics and axonal 

transport defects. This was based on the fact that different organelles are 

found enriched in these structures [12, 25, 27] in particular disorganized 

microtubule network [12, 26] and on the observation that microtubule-targeting 

agents (MTA), such as taxol, vinblastine and nocodazole, at low concentration 

prevent/rescue such axonal swellings [12, 21, 22].  

 

Data published up to now suggested that spastin regulates the axonal 

transport of mitochondria but little is known about the role of this protein in 

other axonal compartment implicated in the delivery and recycling of 
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membrane, lipids and other cytoplasmic material critical for neuronal 

development and integrity. The vesicular (v-) Soluble N-ethylmaleimide 

sensitive factor Attachment Receptors (SNARE) through the interaction with 

their target (t-) SNAREs, form the so-called trans-SNARE complex which 

mediates the final step of fusion between two membranes, a process needed 

for all of biology, from cell division to synaptic transmission [28, 29]. Between 

them, VAMP7 (also called TI-VAMP), is a ubiquitous v-SNARE involved in 

numerous cellular functions including mitosis, autophagy and membrane 

homeostasis (for reviews see [30, 31]). In neurons, VAMP7 was shown to 

localize in axons and dendrites and concentrate in the growth cone and has an 

important role in axonogenesis [32], neurite growth [33-35], pathfinding [36] 

and it may later be involved in neurotransmitter release [37, 38] and higher 

brain function [39]. Interestingly, the traffic of VAMP7 vesicles has been 

related to the molecular motor kinesin1 Kif5A [40] and to the cell-cell adhesion 

molecule L1-CAM [35] two genes linked to HSP, SPG10 [41] and SPG1 [42] 

respectively. Particularly, the interaction with Kif5A allows VAMP7 positive 

secretory vesicles formed in the somatic Golgi-apparatus to move along 

microtubule tracks out of the cell body towards the terminal [40].  

 

Here we demonstrated that the anterograde velocity of VAMP7 containing 

vesicles is enhanced in cortical neurons derived from SPG4-KO mice. This 



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT
 
 
 
 

7 
 
 
 
 

correlates with a significant increase of the level of acetylated tubulin but no 

other PTMs of tubulin and is also observed when neuronal cells were treated 

with drugs that induce an increase of acetylated tubulin. These results suggest 

that the lack or impairment of spastin expression induces a moderate 

increased level of acetylated tubulin which enhances the activity of molecular 

motors of kinesin-1 family and the consequent anterograde velocity of axonal 

cargoes such as VAMP7 vesicles. Finally, we analyzed the effects of MTA, 

such as taxol and nocodazole which prevent axonal swellings in SPG4-KO 

neurons, on microtubule dynamics and membrane traffic. The results support 

the fact that the rescue of a normal phenotype is not simply due to the 

restoration of the anterograde transport to basal levels. 

 

2. MATERIALS AND METHODS 

 

2.1 Antibodies  

 

Mouse monoclonal Ab (mAb) anti-acetylated tubulin (clone6-11B-1) and anti-

GAPDH were from Sigma-Aldrich. Mouse mAb anti-KIF5B (KN-01), rabbit 

polyclonal antibody (pAb) anti-detyrosinated tubulin and rat mAb anti-

tyrosinated tubulin (YL 1/2) were from Millipore. Rabbit pAb anti-Polyglutamate 
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chain (polyE) was from Adipogen. Mouse mAb anti-EB1 was from BD 

Bioscience. Mouse mAb anti -III tubulin (TUJ1) was from Covance. Mouse 

mAb anti-spastin (Sp 3G11/1), mouse mAb anti-katanin p60 and goat pAb 

anti-TAU (C-17) were from Santa Cruz. Rabbit polyclonal anti-stathmin was a 

kind gift from André Sobel (INSERM, Paris, France). Mouse mAb anti--tubulin 

was produced from the ATCC E7 hybridoma clone. Secondary antibodies for 

immunofluorescence Alexa Fluor 488- or 594-conjugated goat anti-rabbit, anti-

mouse, anti-rat or donkey anti-goat were from Molecular Probes (Carlsbad, 

CA). Secondary antibodies for immunoblot IRDye 800CW or IRDye 680CW 

conjugated goat anti-rabbit, anti-mouse or anti-rat were from LI-COR 

Bioscience (Lincoln, Nebraska, USA). 

 

2.2 cDNA, reagents and drug treatments 

 

mRFP-VAMP7 and GFP-VAMP2 was previously described [43, 44]. EB3-GFP 

was previously described [12]. Mitotracker orange CM-H2 TMROS was from 

Molecular Probes (Invitrogen). Paclitaxel (Taxol; Sigma-Aldrich), Nocodazole 

(Sigma-Aldrich) or Trichostatin A (TSA; Tocris) were added to culture medium 

at the different final concentrations. Taxol and nocodazole were incubated for 

14-16 h whereas TSA for 4 h at 37°C in 5% CO2 and maintained during the 
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time-lapse imaging experiment. Drugs were kept as stock solution in DMSO 

and working dilution were prepared freshly at each day of the experiment. 

When transfected, neurons were treated with drugs after sufficient rest once 

the Lipofectamine-containing medium was replaced.  

 

2.3 Primary culture of cortical neurons and genotyping 

 

Primary culture of cortical neurons was prepared from embryonic mice (E17) 

as described previously [45]. Briefly brains were dissected in HBSS with 

Hepes (Invitrogen) and incubated with 0.25% trypsin (Invitrogen) for 15 min at 

37°C. Cells were than dissociated through a fire-constricted Pasteur pipette in 

presence of DNase (0.1 mg/mL; Sigma-Adrich). Neurons were plated on poly-

DL-ornithine-coated (Sigma-Aldrich) glass coverslips or petri dishes at the 

density of 25 000-50 000, 500000 or 4 000 000 cells respectively for 12-mm, 

30-mm and 100-mm coverslip/dish in minimal essential medium (Gibco, 

Invitrogen) supplemented with 10% horse serum, 0.6% glucose, 2 mM 

glutamine, and 10 IU/mL penicillin–streptomycin. Embryo genotypes (Fig. S1) 

were identified during the preparation of culture using the KAPA Mouse 

Genotyping Kit (Kapabiosystems, Boston, USA). Sp+ and Sp
alleles were 

detected by PCR using the primers spin7F or spin 4F and spin7R as described 

previously [27]. Neurons were grown and maintained in Neurobasal medium 
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without phenol red (Invitrogen), supplemented with 2% B27 and 2 mM L-

glutamax (Invitrogen) for 4 to 7 days and then processed for analysis.  

 

2.4 Immunofluorescence and integrated fluorescence analysis. 

 

For PTMs of tubulin analyses, cortical neurons were fixed with 4% PFA-

sucrose for 20 min at RT while for EB1 staining, neurons were fixed with 

methanol for 5 min at -20°C followed by 4% PFA-sucrose and then processed 

for immunofluorescence. For PTMs tubulin ratio analyses, the integrated 

fluorescence intensity was measured after background subtraction for each 

PTM from the cell body to the growth-cone of the axons by using the 

Metamorph software (Roper Scientific, Evry, France). The number of axons 

analyzed for the ratio of acetylated versus tyrosinated tubulin range from 40 to 

140 depending on the experimental condition. Data were normalized to the 

acetylated/tyrosinated ratio of Sp/ untreated cortical neurons cultured the 

same experimental day. For the ratio of detyrosinated versus tyrosinated 

tubulin a minimum of 20 axons were considered. Each experiment was 

repeated at least 3 times. Statistical significance was determined by using the 

GraphPad PRISM software.  
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2.5 Immunoblot assays and densitometry analysis 

 

Neurons were lysed at 7-DIV in TSE (50 mM TrisHCl pH 8.0, 150 mM NaCl, 1 

mM EDTA) added of 1% Triton x100 and protease inhibitors cocktail 

(Complete ULTRA Tablets, EDTA-Free, Roche) on ice. Between 4 and 10 g 

of lysates for PTMs of tubulin analysis and 25 g for other proteins were 

separated by SDS-PAGE by using 10 % acrylamide gels and then the proteins 

were transferred onto nitrocellulose membrane (Amersham Protran, GE 

Healthcare Life Sciences). After incubation in 5% nonfat dry milk in Tris-

buffered saline containing Tween (TBS-T; 200 mM Tris, 0.15 M NaCl (TBS), 

0.1% Tween 20, pH 7.3) membranes were incubated with specific primary 

antibodies overnight. After washing in TBS-T, the membranes were blotted 

with secondary antibodies (IR dye 680- or IR dye 800- conjugated). Detection 

was carried out by the Odyssey infrared imaging system (LI-COR Biosciences, 

Lincoln, NE, USA). For PTMs of tubulin studies, the integrated area of each 

band was quantified by densitometry analysis using the ImageJ software 

(Rasband, W.S., ImageJ, U. S. National Institutes of Health, Bethesda, MD, 

USA, http://imagej.nih.gov/ij/). The ratio of acetylated, tyrosinated or 

detyrosinated versus -tubulin or tyrosinated tubulin as indicated in the figures 

was then calculated for each sample. Data were normalized to the 
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acetylated/tyrosinated or -tubulin ratio value obtained from Sp/ or 

Sp/untreated cortical neurons examined on the same experimental day.  

 

2.6 Time-lapse imaging and tracking analysis 

 

Neurons were transfected between 4-DIV and 6-DIV by using 1.5 g of 

selected cDNA and 3 L of Lipofectamine2000 (Life technologies) according to 

manufacturer’s instructions. Medium was replaced after 3h by astrocyte-

conditioned Neurobasal completed medium to reduce the toxicity of 

Lipofectamine2000. After sufficient resting, neurons were treated or not with 

drugs as described above. Time-lapse experiments were performed between 

16-24 h after transfection using an inverted microscope Nikon Eclipse Ti 

equipped with Intensilight C-HGFI fiber source, a 60x/1.4 NA Plan-Apochromat 

oil-immersion Nikon objective, a 1.6x tube lens and a Neo-sCMOS digital 

camera (ANDOR, Belfast, Northern Ireland). Neurons were imaged every 1 

sec over a time period of 3 min for FP tagged-v-SNARE vesicles or EGFP-EB3 

and every 5 sec over a time period of minimum 5 min for Mitotracker Orange. 

Imaging was conducted in modified Krebs-Ringer-HEPES buffer (135 mM 

NaCl, 2.5 mM KCl, 1.2 mM MgCl, 2 mM CaCl2, 20 mM HEPES, 11.1 mM 

glucose and pH 7.4). Temperature was controlled by warmed air (37°C). The 

power source and exposure time were the lowest possible to avoid 



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT
 
 
 
 

13 
 
 
 
 

phototoxicity. FP tagged-v-SNARE vesicles, microtubule plus-ends or 

mitotracker were tracked within the proximal region of the longest neurite (i.e. 

the axon) for an average length of 100 m by kymograph plugins of the 

Metamorph software (Roper Scientific). Speed and direction of v-SNARE 

vesicles, mitochondria and microtubule plus-ends were quantified by 

measuring the slope of the projection of the maximum intensity of fluorescence 

over the time obtained by kymograph while their number was measured 

manually. Run length of the individual moving object was calculated by 

measuring its displacement (over 5 m) between two pauses.  Selected videos 

were also analyzed with the Manual Tracking plugin, available on the ImageJ 

website (http://rsb.info.nih.gov/ij/plugins/track/track.html). Data were collected 

from 3 to 8 different neuronal cultures obtained from different Sp/or Sp/ 

embryos. Number of neurons analyzed (N) and number of object tracked (n) 

are indicated in the figures. Statistical significance was determined by using 

GraphPad PRISM software.  

 

3. RESULTS 

 

To study the role of spastin in microtubule dynamics and axonal membrane 

traffic, we used cortical neurons from homozygous SPG4 mice (Sp/; fig.S1 

for characterization) which show strong pathological phenotype compared to 
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heterozygous mice [12, 27]. Neurons were cultured between 5 and 7 days in 

vitro (DIV), thus after the onset of axonal swelling [27].  

 

3.1 Tubulin acetylation is increased in SPG4-KO neurons  

 

We first analyzed whether or not the levels of PTMs of tubulin, particularly 

acetylation, were modified in the present SPG4 mutant neuronal model. As 

shown in figure 1A, western blot analysis showed that the levels of acetylated 

tubulin were slightly increased in 7-DIV Sp/ neurons compared to control 

neurons (Sp/) whereas the levels of total -tubulin or that of tyrosinated 

tubulin, a marker of dynamic microtubules, were not significant affected (see 

also Figs. S2A-B). To evaluate and quantify the degree of tubulin acetylation 

observed in Sp/neurons, we treated Sp/ neurons with the deacetylase 

inhibitor trichostatin A (TSA) which increases the level of acetylated tubulin in 

neurons (Fig. 1B) [46-48] and measured the ratio of both acetylated versus -

tubulin and tyrosinated tubulin by western blotting. The acetylated/-tubulin 

ratio was increased by 22.4±2.3% in Sp/ compared to Sp/ neurons and by 

39.4±6.9% and 38±1.4% in Sp/ neurons treated with 100 nM or 500 nM TSA 

respectively (Fig. 1C). Similarly, the acetylated/tyrosinated ratio was increased 

by 20.1±3.2% in Sp/ compared to Sp/ neurons and by 42.3±7.2% and 
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50.7±13.7% in Sp/ neurons treated with 100 nM or 500 nM TSA (Fig. 1D). To 

confirm the results obtained by WB, we quantified the integrated intensity of 

acetylated versus tyrosinated tubulin staining within the axons (Fig. 1E-F). 

Strikingly, we observed a similar and significant increase of this index by 

27.0±5 % in Sp/ neurons compared to control. On the other hand, TSA 

induced an increase of 44.0±12 % and 60±9 % respectively at 100 nM and 

500 nM. We next investigated the effects of Sp/ on others PTMs of tubulin 

known to be associated with stable microtubules such as detyrosination and 

polyglutamylation. We did not observe any significant changes in the levels of 

these PTMs in Sp/ neurons (Fig. S2) confirming previous results [26, 27]. 

Particularly, the detyrosinated to tyrosinated tubulin ratio appeared similar in 

Sp/ and control neurons. Finally, we found no effect of the lack of spastin on 

the expression level of proteins implicated in the dynamic of the microtubule 

network such as p60 katanin and stathmin, which were found altered in other 

spastin mutated cell models [26, 49] or of other proteins such as the molecular 

motor Kif5B and β-tubulin isotype III both implicated in the regulation of 

microtubule dynamics [50, 51] (Fig. S3). 

 

Taken together these results demonstrate a specific imbalanced regulation of 

the extent of tubulin acetylation likely associated with an increase of 

microtubule stability within the axon in Sp/ neurons.  



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT
 
 
 
 

16 
 
 
 
 

3.2 The anterograde velocity of VAMP7, but not that of VAMP2, -containing 

vesicles is increased in SPG4-KO neurons  

 

Increased acetylation levels of -tubulin have been reported to enhance 

the recruitment and motility of the molecular motors of both the kinesin-1 

subfamily and dynein which drive cargoes along the microtubule networks 

respectively in anterograde and retrograde direction [46, 52-54]. In order to 

explore the role of spastin on axonal transport we analyzed the motility of two 

similar but distinct membrane compartments identified by the v-SNAREs, 

VAMP7 and VAMP2 [55]. Unlike VAMP7, VAMP2 (also named Syb2), the 

main v-SNARE of mature synaptic vesicles, does not seem to be directly 

involved in axonal extension [56, 57]  and it is also transported into the growth 

cones in neurons [58]. Interesting, VAMP7 and VAMP2 vesicles seem to be 

driven by two different families of kinesin motors, respectively the kinesin-1 

Kif5A [40] and the kinesin-3 Kif1A [59]. We also analyzed the axonal transport 

of mitochondria which velocities are not altered in other SPG4-HSP neuronal 

models. 

 

 The dynamics of VAMP7 or VAMP2 vesicles were followed live in 

cortical neurons after transfection of respectively RFP-tagged VAMP7 (Fig. 2A 
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and movie S1) and GFP-tagged VAMP2 (Fig. 3A and movie S2), as previously 

described [40, 43, 44]. The mean (kymograph analysis) or the maximum 

(manual tracking, not shown) anterograde and retrograde velocities were then 

measured within the axon.  

 

Quantification of VAMP7-vesicles velocities showed that in Sp/ 

neurons, the anterograde speed was significantly higher than in Sp/neurons 

(Fig. 2B and table 1) whereas the retrograde velocity of such vesicles was not 

affected (Fig. 2C). In order to investigate whether higher level of acetylated 

tubulin may by itself enhance the anterograde motility of VAMP7-positive 

vesicles, we treated Sp/
andSp/

neurons with 500 nM TSA as described 

above. Interestingly, we found an increased VAMP7 anterograde velocity in 

TSA-treated Sp/
neurons (Fig. 2B) similar to what we observed in the 

absence of spastin (0.99±0.04 m/s and 0.95±0.05 m/s respectively for 

untreated Sp/
 and TSA treated Sp/neurons, see also table 1). Even 

though TSA induces an increase of the acetylated to tyrosinated tubulin ratio 

higher than what is observed in Sp/ neurons (2 fold, Fig. 1), this did not result 

in an additive effect on VAMP7 anterograde speed in Sp/ neurons (0.91±0.07 

m/s for Sp/neurons treated with 500 nM TSA). On the other hand, TSA 

enhanced retrograde velocity of VAMP7-vesicles (Fig. 2C) compared to Sp/ 
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andSp/ untreated neurons (0.63±0.02 m/s, 0.65±0.02 m/s for Sp/ and 

Sp/ untreated neurons and 0.75±0.02 m/s, 0.71±0.03 m/s for Sp/ and  

Sp/ neurons treated with 500 nM TSA, see also table 1). The mean run 

length (up to 5 m, measured between two pauses) of anterograde, but not 

retrograde, VAMP7 vesicles was also increased in Sp/ neurons and TSA 

affected this parameter in a similar way as what it does for velocities (Fig. 2D). 

Finally, we did not find any significant difference in directionality (anterograde 

versus retrograde) of VAMP7 vesicles between control and Sp/ neurons both 

untreated or treated with TSA (Fig. 2E). 

 

On the contrary both the anterograde and retrograde velocity of VAMP2 

containing vesicles (Fig. 3 and movie S2) were not altered in Sp/ neurons 

compare to control neurons (anterograde, 0.42±0.03 m/s vs 0.4±0.04 m/s 

and retrograde, 0.39±0.02 m/s vs 0.43±0.03 m/s, respectively in control and 

Sp/
neurons). TSA treatment did not upregulate their anterograde velocity 

(Fig. 3B; 0.42±0.03 m/s and 0.38±0.03 m/s, respectively in control and 

Sp/
TSA-treated neurons) but again induces a significant increase of their 

retrograde velocity (Fig. 3C; 0.5±0.04 m/s and 0.51±0.03 m/s, respectively 

in control and Sp/
 TSA-treated neurons) similar to what observed for VAMP7 

vesicles. Both the lack of spastin activity and TSA treatment did not influence 
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significantly the proportion of VAMP2 vesicles moving in anterograde or 

retrograde direction (Fig. 3D).   

 

Finally we analyzed mitochondrial traffic by tracking mitochondria 

labelled with Mitotracker in Sp/ andSp/ neurons (Fig. S4A and movie S3). 

Mitochondria mean velocities (excluding pauses) were not significantly 

different in Sp/ and Sp/ neurons treated or not with TSA (Fig. S4B-C). We 

did not observe differences in the total amount of actively transported 

mitochondria between Sp/ and control neurons but we measured an 

imbalance, even though not significant, between anterograde and retrograde 

transport events in neurons (Fig. S4D).  

 

These data show that VAMP7 anterograde transport, but not that of 

VAMP2 vesicles, is enhanced in a similar manner by SPG4-KO and TSA. In 

addition, TSA treatment induces an increase of retrograde velocity of both 

VAMP7 and VAMP2 vesicles. Mitochondria velocities seemed not to be 

affected by both spastin depletion and low doses of TSA in agreement with 

previous reports [22, 25, 26, 60]. 
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3.3 Effects of MTA on microtubule dynamics and VAMP7 membrane traffic in 

Sp/ cortical neurons.  

 

Axonal swelling is the main histological hallmark of SPAST-HSP [21, 22, 27]. 

This morphological feature is likely caused by a deregulation of fast axonal 

transport [61-63]. Interestingly, MTA such as taxol and nocodazole at 

nanomolar concentration prevent/rescue axonal swelling in neurons from Sp/ 

mice [12]. In order to investigate whether the MTA-dependent recovery of the 

normal phenotype of Sp/ neurons may be related to a modification of VAMP7 

vesicles’ traffic, we treated neurons with taxol or nocodazole at doses 

previously shown to rescue the pathological phenotype in Sp/ neurons [12]. 

 

3.3.1 MTAs affect similarly the morphology and the PTMs of tubulin in Sp/ 

and control neurons.  

 

Although, when used at substoichiometric concentrations these drugs alter the 

dynamic instability of microtubules without a significant impact on microtubule 

mass [64-66], different studies in isolated neurons demonstrated that they 

induce significant changes at the morphological level [47, 48] and on PTMs of 
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tubulin, including acetylation [47, 48, 67]. Thus, we first analyzed whether 

these drugs affect in different manner these features in Sp/ and control 

neurons.  As shown in figure 4A we confirmed that 10 nM taxol and 100 nM 

nocodazole drastically reduced the number of active microtubule plus-ends 

both in Sp/ and control neurons (not shown) in agreement with a reduction of 

microtubule dynamics. Nocodazole completely abolished the active 

microtubule plus-end [68, 69] while after taxol treatment they appeared less 

abundant, shorter and tend to accumulate in the distal part of neurites [48, 70]. 

Live imaging analysis of EB3-GFP, a plus-end marker of microtubule [68], in 

Sp/andSp/ neurons treated or not with the drugs confirmed that taxol did 

not completely abolish active microtubule plus-ends (Fig. S5 and movie S4). 

Quantification of the speed of EB3-GFP comets along the axon did not reveal 

differences in the polymerization rate in Sp/ and Sp/ neurons treated or not 

with taxol [12, 70] (Fig. S5B). Confirming immunofluorescence experiments, 

EB3 lifetime was reduced by taxol treatment (Fig. S5C). Then we showed (Fig. 

4B-C) that most taxol-treated (10 nM) neurons have straighter long neurites 

characterized by fewer branches [48] whereas nocodazole-treated neurons 

(100 nM) developed just one or two long processes with a strong reduction of 

minor neurites [48] associated with an important disorganization of the 

microtubule network particularly revealed by tyrosinated tubulin staining. The 

effects of taxol and nocodazole are dose-dependent (Figs. S6 and S7). Finally 
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we analyzed the effects of these drugs on the level of PTMs of tubulin. As 

expected, taxol-treated neurons showed high ratio of acetylated versus 

tyrosinated microtubules within the axon both in Sp/ and Sp/ neurons (Fig. 

4D).  Interestingly, this index was also significantly increased in nocodazole-

treated neurons. WB analysis (Fig. 4E-G) revealed that taxol significantly 

increased acetylated tubulin (by 32.3±8.3% and 15.5±4.4% in taxol-treated 

Sp/
andSp/ neurons respectively;  Fig. 4G) and strongly reduced the 

amount of tyrosinated tubulin [71] which resulted in a high acetylated to 

tyrosinated tubulin ratio. Nocodazole-treated neurons showed also an increase 

of this index likely due to the depolymerization of the dynamic-tyrosinated 

microtubules. In agreement with previous observations the microtubule mass 

was not altered by these drugs (Fig. 4E, -tubulin).  

 

These results demonstrate that the effects of taxol or nocodazole on 

microtubule dynamics, neuronal morphology and the level of PTMs of tubulin 

are not significant different between control and Sp/ neurons. 
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3.3.2 MTA did not restore altered VAMP7 anterograde speed to basal level. 

 

We then examined whether these drugs alter the transport of VAMP7 vesicles 

in Sp/ and control neurons. Taxol significantly increased the anterograde 

mean speed of VAMP7 vesicles in Sp/neurons up to a level close to what is 

measured in untreated Sp/ neurons but it did not modify this velocity when 

added in Sp/ neurons (Fig. 5A and table 1). On the other hand, taxol 

increased the VAMP7 retrograde mean speed both in Sp/and Sp/ neurons 

(0.83±0.04 m/s versus 0.79±0.03 m/s for Sp/ and Sp/ neurons 

respectively; Fig. 5B and table 1). On the contrary, nocodazole did not affect 

VAMP7 anterograde or retrograde velocities. Run length showed a similar 

profile than velocities with the exception of taxol treatment which did not 

increase this parameter in Sp/ neurons and reduced it in Sp/ neurons (Figs. 

5C-D).  Again, these drugs did not modify the proportion of VAMP7 vesicles 

moving in anterograde or retrograde direction (Fig. 5E and see also Fig. 2E).  

 

Taken together these data suggest that nocodazole and taxol did not restore 

the altered anterograde axonal transport of VAMP7 vesicles observed in 

Sp/
cortical neurons. However taxol increases VAMP7 retrograde velocity 

similar to TSA treatment.  
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4. DISCUSSION 

 

Despite a documented implication of spastin in the regulation of 

microtubule dynamics, its role on microtubule-based membrane axonal 

transport is not well established so far. Moreover, previous studies in spastin 

deficient neuronal models failed to find any correlation between an increased 

level of acetylated tubulin, generally associated with a reduced activity of 

spastin, and the dynamics of axonal membrane cargoes. 

 

4.1 The level of acetylated tubulin, but no that of other PTMs of tubulin, is 

increased in SPG4-KO neurons. 

 

In the Sp/neuronal model used here, we showed that the acetylation 

level of tubulin was slightly but significant increased compared to control 

neurons in agreement with previous observation in others SPG4-HSP 

neuronal model [19, 21, 22]. This effect seems to be restricted to acetylation 

since we neither observe the alteration of others PTMs of tubulin such as 

tyrosination, de-tyrosination and polyglutamylation (Fig. S2) nor changing in 

the expression of others proteins implicated in microtubule dynamics (Fig. S3). 

Tarrade and coworkers suggested that de-tyrosinated tubulin is enriched in 
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axonal swelling but they did not observe a general increase of this PTM as in 

this work [27]. Thus, an increased level of acetylated tubulin may represent a 

specific response to a reduced or a lacked activity of spastin in neurons. 

Indeed, theoretically, a lower concentration of spastin results in longer 

microtubules which should be a better substrate for the slow catalytic activity 

of the -tubulin acetyl transferase (TAT)[72, 73]. Given the importance of 

spastin in several neuronal processes such as branch formation [16], 

alternative molecular mechanisms can compensate for the lack of expression 

of this protein. Interesting, the activity of katanin, the other microtubules 

severing protein highly expressed in the CNS [74], is regulated by the 

acetylation state of microtubules [75]. Therefore the increased level of 

acetylation observed in Sp/
cortical neurons may enhance the severing 

activity of katanin without necessarily requiring an increase in its expression 

(Fig. S3).  

 

4.2 Selective regulation of the VAMP7 anterograde velocity in Sp/ neurons.  

 

It is worth noting that microtubule-dependent motor proteins show a 

higher affinity towards stable microtubules [47, 52, 76]. Particularly, an 

increased acetylation levels of -tubulin enhances the motility and the 
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recruitment of both kinesin-1 and dynein to microtubules [46, 52-54] which is in 

line with an augmented vesicle transport on stable microtubules. Previous 

studies on the axonal transport of mitochondria demonstrated that only their 

motility was altered while the velocities were unchanged suggesting that the 

activity of the molecular motors was unaffected by a reduction of spastin 

activity  [22, 25, 26]. Indeed, in the present Sp/ neuronal model, we confirm 

that mitochondria velocities are unaffected (Fig. S4) but we found that the 

anterograde velocity of VAMP7 vesicles was significantly increased in 

agreement with an enhanced activity of kinesin motors. Due to the 

abovementioned effects of acetylation on motors, we think that this later effect 

likely depends on the increased level of acetylated tubulin observed in Sp/ 

neurons. Low doses of drugs such as TSA and taxol which by different 

mechanisms increase the proportion of acetylated stable versus dynamic 

microtubules [46-48] enhance the anterograde velocity of VAMP7 vesicles to 

an extent similar to what was observed in Sp/neurons. This again fits well 

with an augmented activity of kinesin motors in both Sp/
and drugs-treated 

neurons. On the contrary the anterograde velocity of vesicles containing the v-

SNARE VAMP2 is unchanged in Sp/
and TSA treated neurons, suggesting 

that only the transport of specific axonal cargoes is altered by a reduction of 

spastin activity. An easy explanation of these results is that VAMP7 and 

VAMP2 vesicles are likely travelled along microtubules by two different classes 
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of kinesin motors, respectively the kinesin-1 Kif5A [40] and the kinesin-3 Kif1A 

[59]. Indeed, only the members of kinesin-1 family associate preferentially with 

PTM-marked microtubules in cells, particularly acetylation, whereas kinesin-3 

motors show no selectivity for PTM-marked tracks [53]. However, this 

conclusion is likely too simplistic since the transport of other axonal cargoes 

driven at least by a kinesin-1 motor such as mitochondria [77, 78] and APP 

vesicles [79, 80]  are not affected in the same manner in spastin defective 

neurons [22, 25, 26].  Other parameters such as the size of the cargo, the 

number of motor engaged and probably the presence of specific adaptor 

proteins [81-83] may have an important role in the outcome of axonal cargo 

transport due to the SPG4 reduced activity.  

 

4.3 Higher increase of tubulin acetylation enhances the activity of dynein 

motor. 

 

In TSA-treated neurons we observed also an increase of the retrograde 

velocity of both VAMP7 and VAMP2 vesicles which suggest an increased 

activity of dynein motors. This effect correlates with the higher increase of 

tubulin acetylation induced by this drug compare to that observed in Sp/ 

neurons (Fig. 1). TSA-induced tubulin acetylation has been already shown to 
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enhance the velocities both in anterograde and retrograde direction of the 

BDNF-containing vesicles in neurons [46]. In cells the mechanism by which 

the molecular motors are recruited and activated by tubulin acetylation is not 

fully understood. In vitro experiments [84, 85] suggest that additional in vivo 

mechanisms depending on tubulin acetylation, such as the binding to 

microtubules of specific MAPs [86] or structural changes that occur in the 

microtubule lattice, enhance the affinity of molecular motors for microtubules 

tracks and their motility. The most likely scenario is that the magnitude of 

tubulin acetylation may affect differently these or other unknown parameters 

and only higher level of tubulin acetylation significantly enhances the 

interaction and the activity of dynein motor and/or its adaptor proteins to 

microtubules. 

 

4.4 Altered anterograde transport is not restored to basal level by MTA  

 

Axonal swelling is a feature of a variety of motor neuron diseases in 

humans and other vertebrates [87, 88] including SPAST-HSP [21, 22, 27]. 

These pathological structures are likely caused by a deregulation of fast 

axonal transport and are often filled with several axonal cargos including 

vesicles, synaptic membrane proteins and mitochondria [61-63]. MTA hold 
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promise as potential therapeutic treatments for several neurodegenerative 

diseases [89, 90] and, interestingly, drugs such as taxol and nocodazole used 

at nanomolar concentration prevent/rescue axonal swelling in cortical neurons 

from Sp/ mice [12]. However to date, the molecular and cellular mechanisms 

by which these drugs rescue the normal phenotype of Sp/ neurons are not 

fully understood. In this work we show that taxol and nocodazole did not 

rescue the altered anterograde velocity of VAMP7-vesicles observed in Sp/ 

neurons (Fig. 5). However, VAMP7 vesicles retrograde velocity was increased 

by taxol, but not nocodazole, in control and Sp/ neurons, similarly to what 

observed with TSA (see table 1) and in correlation with the increased level of 

acetylated tubulin of taxol-treated neurons (Fig. 4D-G). Although a direct link 

between axonal swelling formation and perturbation of axonal traffic has not 

been clearly established so far, the present results suggest that MTA may 

rescue axonal swelling in SPG4-KO model not simply by returning the 

membrane traffic properties to basal level but rather that taxol, and likely other 

drugs that increase acetylated tubulin, may counterbalance the altered 

anterograde traffic by increasing the retrograde velocity of axonal cargoes, 

such it is the case for VAMP7 vesicles. 
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4.3 Conclusion  

 

In conclusion, these and previous results are consistent with a model (Fig. 6) 

in which the absence or the reduced expression of spastin likely results in 

longer and locally disorganized microtubule arrays within the axons [12, 26]. 

This pathological condition leads to an increased level of acetylated tubulin 

which enhances, directly or indirectly, the anterograde speed of small axonal 

cargos driven by kinesin-1 motors such as VAMP7 vesicles. The consequent 

deregulation of axonal transport might induce axonal defect such as axonal 

swelling. Our results could not definitively state whether VAMP7 is directly 

involved in the SPG4-linked disease and this assumption likely requires further 

investigation. However, the fact that the dynamics of VAMP2 vesicles and 

mitochondria are not affected in SPG4-KO neurons strongly suggests that an 

altered transport of VAMP7-positive compartment may trigger the onset and/or 

progression of the SPG4-linked neurodegeneration. Indeed, a fine regulation 

of VAMP7 transport, whose role is pivotal to support plasma membrane 

expansion and remodeling during neuronal development [32, 33, 40], is surely 

needed to maintain the stability and viability of the longest neurons of the 

CNS. 
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Figure Legends 

 

Figure 1. Acetylated tubulin is increased in Sp/ neurons. A, 

Representative immunoblot analysis for acetylated, tyrosinated and -tubulin 

performed on proteins extracted from five different Sp/ and Sp/ neuronal 

cultures at DIV7. Note that for acetylated and tyrosinated tubulin the signals 

come from the same area of the same membrane (overlay). B, Representative 

immunoblot of proteins from Sp/ cultured neurons treated with 100 nM or 500 

nM TSA for 4 h. Quantification of the acetylated / -tubulin (C) and acetylated / 

tyrosinated tubulin ratio (D) based on the integrated fluorescence intensity of 

the respective WB bands and normalized for the value measured in control 

Sp/cells. Each point represents different embryos. E, Sp/ and Sp/cortical 

neurons at 4-DIV were fixed and co-labelled for acetylated and tyrosinated 

tubulin. Sp/cortical neurons were also treated with 100 nM (not shown) or 

500 nM TSA for 4 h to reproduce the treatment applied for immunoblot 

analyses.F, Quantification of the acetylated / tyrosinated tubulin ratio within the 

axon. The integrated fluorescence intensity of the two PTMs of tubulin was 

measured within the longest neurite (i.e. axon) from cell body to the growth 

cone and the acetylated / tyrosinated tubulin ratio was calculated and 

normalized to the value obtained in Sp/untreated neurons. Data are shown 
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as mean ± SEM. Significance was determined by one-way ANOVA, Dunnett’s 

posttest. *p<0.05, **p<0.01, ***p<0.005, ****p<0.001. ns, not significant. Scale 

bars, 20 m. 

 

Figure 2. The anterograde velocity of VAMP7-vesicles is increased in 

Sp/ neurons. A, Cortical neurons derived from control (Sp/) and spastin 

knock-out (Sp/) mice were transfected at DIV4 with RFP-VAMP7. Neurons 

were also treated or not with 500 nM TSA for 4h. The dynamics of VAMP7-

vesicles within the axon was analyzed 16 h after transfection and their speed 

and directionality were quantified by kymograph (A). Arrow dot lines indicate 

the regions analyzed to build the kymograph showed below the 

microphotograph and the orientation of the axon from the cell body to the 

periphery. B-C, Quantification of the anterograde and retrograde velocity of 

VAMP7-vesicles. D, Quantification VAMP7 vesicles anterograde and 

retrograde run length (distance between two pauses over 5 m) in Sp/ and 

Sp/ untreated and TSA treated neurons. E, Proportion between VAMP7 

transport events in the anterograde and retrograde direction. N and n, number 

of axons and VAMP7-vesicles respectively analyzed in the panels B-E. Data 

are shown as mean ± SEM. Significance is determined by one-way ANOVA, 

Dunnett’s posttest. *p<0.05; **p<0.01; ***p<0.005; ns, not significant. Scale 

bars, 20 m.  
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Figure 3. Spastin did not regulate the anterograde velocity of VAMP2 

vesicles. A, Cortical neurons derived from control (Sp/) and spastin knock-

out (Sp/) mice were transfected at DIV4 with GFP-VAMP2. Neurons were 

also treated or not with 500 nM TSA for 4h. The dynamics of VAMP2-vesicles 

within the axon was analyzed 16 h after transfection and their speed and 

directionality were quantified by kymograph (A). Arrow dot lines indicate the 

regions analyzed to build the kymograph showed below the microphotograph 

and the orientation of the axon from the cell body to the periphery. B-C, 

Quantification of the anterograde and retrograde velocity of VAMP2-vesicles. 

D, Proportion between VAMP2 transport events in the anterograde and 

retrograde direction. N and n, number of axons and VAMP2-vesicles 

respectively analyzed in the panels B-D. Data are shown as mean ± SEM. 

Significance is determined by one-way ANOVA, Dunnett’s posttest. *p<0.05; 

ns, not significant. Scale bars, 20 m.  

 

Figure 4. Effect of MTA on microtubule dynamics, neuronal morphology 

and the levels of PTMs of tubulin in cortical neurons. A, Sp/ cortical 

neurons were treated or not with 10 nM taxol or 100 nM Nocodazole for 14-

16h, fixed and labelled for the microtubule plus-ends marker 

EB1(arrowheads). Nocodazole completely abolished the active microtubule 

plus-end while taxol did not. Control (B) and Sp/ (C) cortical neurons were 
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treated or not with 10 nM taxol or 100 nM Nocodazole for 14-16h, fixed and 

stained for acetylated and tyrosinated tubulin. D, Quantification of the 

acetylated / tyrosinated tubulin ratio within the axon. The integrated 

fluorescence intensity of the two PTMs of tubulin was measured within the 

longest neurite (i.e. axon) from cell body to the growth cone and the acetylated 

/ tyrosinated tubulin ratio was calculated and normalized to the value obtained 

in Sp+/+ or Sp/untreated neurons. Data are shown as mean ± SEM. 

Significance was determined by one-way ANOVA, Dunnett’s posttest. *p<0.05, 

**p<0.01, ****p<0.001. E, Representative Immunoblot of proteins from 7-DIV 

cultured neurons treated with the drugs.  Quantification of the acetylated 

versus tyrosinated (F) or -tubulin (G) ratio based on the integrated 

fluorescence intensity of the respective WB bands and normalized for the 

value measured in Sp+/+ or Sp/untreated cells. Data are shown as mean ± 

SD. Scale bars, 20 m. 

 

Figure 5. Taxol increases retrograde velocity of VAMP7 vesicles in Sp/ 

neurons.  

Sp+/+ and Sp/ cortical neurons were transfected with RFP-VAMP7 and then 

treated or not with 10 nM taxol or 100 nM Nocodazole for 14-16h. Dynamics of 

moving VAMP7-vesicles within the axon was analyzed 16 h after transfection 
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and their speed and directionality were quantified by kymograph as shown in 

figure 2. A-B, Quantification of anterograde (A) or retrograde (B) velocity of 

VAMP7 moving vesicles within the axon treated or not with the drugs. C, 

Quantification of run length (distance between two pauses over 5 m) of 

anterograde and retrograde moving VAMP7 vesicles in Sp/ and Sp/ 

untreated and drugs-treated neurons. D, Proportion of VAMP7 transport 

events in anterograde or retrograde direction in drugs treated neurons. N and 

n, number of axons and VAMP7-vesicles respectively analyzed in the panels 

A-E. Data are shown as mean ± SEM. Significance is determined by one-way 

ANOVA, Dunnett’s posttest.  **p<0.01; ***p<0.005;****p<0.001. ns, not 

significant. 

 

Figure 6. A proposed model to account for spastin defects and tubulin 

acetylation in VAMP7 axonal transport. 

By cleaving microtubules, spastin controls the mean length of microtubules. In 

pathological conditions, the lower level of functional spastin leads to a lower 

number of severing events and longer microtubules. This condition is 

associated with a weak increase of the level of acetylated tubulin which 

enhances the binding and the activity of the molecular motors of kinesin-1 

family resulting in a selective increase of VAMP7 vesicles anterograde 

velocity. Higher level of tubulin acetylation, induced for example by MTA or 



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT
 
 
 
 

36 
 
 
 
 

inhibitors of HDAC6, increases also retrograde velocity of VAMPs vesicles 

suggesting an augmented activity of dynein motors. 

 

SUPPLEMENTARY INFORMATION 

 

Supplementary Figure 1. Identification and characterization of SPG4 

mutated embryos. 

A, PCR amplification of the Sp+ and Sp
alleles from DNA of Sp/(wild-type), 

Sp/ (homozygous) and Sp/(heterozygous) embryos using spin 4F or spin7F 

and spin7R primers [27]. Genotype reveals a band of 190 bp and 850 bp 

respectively for Sp+ and Sp
alleles. M, ladder. B, Immunoblot analysis using 

the Sp 3G11/1 monoclonal antibody and protein extracts from cortical neurons 

in culture at 7-DIV obtained from different Sp/and Sp/ embryos. WB shows 

a band of approximatively 60 kDa corresponding to the full-length spastin only 

in Sp/
embryos.  
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Supplementary figure 2. The levels of detyrosinated and 

polyglutamylated tubulin are unchanged in Sp/ neurons.  

A, Representative immunoblot analysis for tyrosinated and total -tubulin of 

lysate from different Sp/ and Sp/ neuronal cultures at 7-DIV. B, 

Quantification of the ratio between the integrated fluorescent intensity of the 

band for tyrosinated versus -tubulin. C, Representative immunoblot analysis 

for detyrosinated and tyrosinated tubulin of proteins extracted from six different 

Sp/ and Sp/ neuronal cultures at 7-DIV. D, Measurement of the ratio 

between the integrated fluorescent intensity of the band for detyrosinated 

versus tyrosinated tubulin did not show difference in the level of these two 

PTMs of tubulin. E, Sp/ and Sp/ cortical neurons at 4-DIV were fixed and 

co-stained for detyrosinated and tyrosinated tubulin. F, The integrated 

fluorescence intensity was measured within the longest neurite (i.e. axon) from 

the cell body to growth cone. The ratio between the integrated intensity of 

detyrosinated and tyrosinated tubulin is not altered by the lack of spastin. G, 

Representative Immunoblot of polyglutamylated and tyrosinated tubulin in 

Sp/ and Sp/ neurons. Polyglutamylation is not modified in Sp/ neurons. 

Data are shown as average ± SEM. Significance is determined by unpaired t-

test student. ns, not significant. Scale bars, 20 m. 
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Supplementary figure 3. Representative proteins implicated in 

microtubule dynamics are not dysregulated in Sp/ neurons. 

Immunoblot analysis for stathmin, p60 katanin, the molecular motors Kif5B and 

the β-tubulin isotype III in different Sp/(wild-type), Sp/ (homozygous) and 

Sp/ (heterozygous) cortical neurons in culture at DIV7. The expression level 

of these proteins did not vary between the different spastin genotype. 

Perturbation of microtubule dynamics by treatment with 10 nM taxol or 100 nM 

Nocodazole for 16h did not alter their expression level.  

 

Supplementary figure 4. Mitochondria velocities are not altered in Sp/ 

neurons. 

A, Cortical neurons derived from Sp+/+ and Sp/ mice were loaded with 

mitotracker orange and imaged live. Neurons were also treated or not with 500 

nM TSA for 4h. Motility and speed of moving mitochondria were tracked by 

using kymograph analysis. B, Quantification of mitochondria velocity moving in 

anterograde direction (Sp+/+ vs Sp/ neurons: untreated, 0.18±0.02 m/s vs 

0.22±0.02 m/s; TSA-treated, 0.20±0.02 m/s vs 0.15±0.04 m/s). C, 

Quantification of mitochondria velocity moving in retrograde direction (Sp+/+ vs 

Sp/ neurons: untreated, 0.28±0.02 m/s vs 0.28±0.01 m/s; TSA-treated, 

0.26±0.02 m/s vs 0.29±0.03 m/s). D, Proportion of mitochondria events in 
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the anterograde or retrograde direction in Sp+/+ and Sp/ neurons. N and n, 

number of axons and mitochondria analyzed respectively showed in the 

panels B-D. Data are shown as mean ± SEM. Significance is determined by 

one-way ANOVA, Dunnett’s posttest. *p<0.05; ns, not significant. Scale bars, 

20 m.  

 

Supplementary figure 5. Dynamics of microtubule plus-end EB3 protein 

in   Sp+/+ and Sp/ cortical neurons 

A, Sp+/+ and Sp/ cortical neurons were transfected with EB3-GFP and treated 

or not with 10 nM taxol for 14-16h. EB3-GFP comets were tracked by time-

lapse imaging within the axons and their speed and lifetime were measured by 

kymograph analysis. Quantification of velocity (B) and lifetime (C) of EB3-GFP 

comets in untreated or taxol treated neurons. Each point represents the 

average between 40 and 100 EB3-particles resulting from neuronal cultures of 

different embryos. Data are shown as mean ± SEM. Scale bars, 20 m. 
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Supplementary figure 6. Neuronal morphological changes induced by 

taxol in Sp/ neurons are concentration dependent.  

Low density Sp/cortical neurons at 4-DIV were treated with 1, 10 or 100 nM 

taxol for 16h, fixed and co-labelled for acetylated and tyrosinated tubulin. The 

effects of taxol were detectable starting from the concentration of 10 nM. Scale 

bars, 20 m. 

 

Supplementary figure 7. Neuronal morphological changes induced by 

nocodazole are concentration dependent.  

Low density Sp/(A)and Sp+/+(B)cortical neurons at 4-DIV were treated with 

10 nM, 100 nM and 1 M nocodazole for 16h, fixed and co-labelled for 

acetylated and tyrosinated tubulin. The effects of nocodazole were observable 

starting from the concentration of 100 nM. Only likely hyperacetylated 

microtubules were detectable in 1 M nocodazole treatment. Morphological 

changes were not significant different between Sp/andSp/neurons in all 

the tested conditions. Scale bars, 20 m.   
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Supplementary movie 1. RFP-VAMP7 containing vesicles dynamics in 

Sp+/+(left)andSp/(right) 5-DIV cortical neurons. Cortical neurons were 

transfected for 3h with RFP-VAMP7 at 4-DIV and imaged live 16h after 

transfection. Time is indicated in min:sec. Acceleration 5×. Scale bar, 20 m. 

 

Supplementary movie 2. GFP-VAMP2 containing vesicles dynamics in 

Sp+/+(left)andSp/(right) 5-DIV cortical neurons. Cortical neurons were 

transfected for 3h with GFP-VAMP2 at 4-DIV and imaged live 16h after 

transfection. Time is indicated in min:sec. Acceleration 5×. Scale bar, 20 m. 

 

Supplementary movie 3. Dynamics of mitochondria in Sp+/+ 

(left)andSp/(right) 5-DIV cortical neurons. Cortical neurons were loaded 

with 100 mM Mitotracker orange (Invitrogen) for 15 min at 37°C, washed 2 

times with recording medium and imaged live. Time is indicated in min:sec. 

Acceleration 24×. Scale bar, 20 m. 

 

Supplementary movie 4. Dynamics of EB3-GFP inuntreated (left) and 10 nM 

taxol-treated (right) Sp/cortical neurons. Cortical neurons were transfected 

for 3h with EB3-GFP at 4-DIV. After sufficient resting time, neurons were 
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treated or not with 10 nM taxol for 16-18h and then imaged live. Time is 

indicated in min:sec. Acceleration 5×.  
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Table 1. VAMP7 mean velocities and run length. 

Data are shown as mean ± SEM. 

 VAMP7 mean velocity (m/s) VAMP7 mean run length (m) 

 anterograde retrograde anterograde retrograde 

 Sp+/+ Sp Sp+/+ Sp Sp+/+ Sp Sp+/+ Sp 

Untreated 
0.77 

±0.04 

0.99 

±0.04 

0.63 

±0.02 

0.65 

±0.02 

14.2 

±0.8 

19.3 

±1.3 

10.0 

±0.3 

10.8 

±0.4 

TSA 

500 nM 

0.95 

±0.05 

0.91 

±0.07 

0.75 

±0.02 

0.71 

±0.03 

17.1 

±1.3 

18.0 

±1.4 

11.8 

±0.4 

11.1 

±0.6 

Taxol 

10 nM 

0.98 

±0.06 

1.00 

±0.05 

0.83 

±0.04 

0.78 

±0.03 

15.2 

±1.4 

13.8 

±1.1 

13.2 

±0.7 

12.3 

±0.6 

Nocodazole 

100 nM 

0.87 

±0.11 

0.96 

±0.07 

0.64 

±0.04 

0.67 

±0.02 

14.7 

±2.7 

19.0 

±1.7 

10.3 

±0.8 

11.0 

±0.4 
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Highlights 

 

 Acetylated tubulin is increased in SPG4-KO neurons. 

 The anterograde speed of VAMP7 vesicles is enhanced in SPG4-KO 

neurons. 

 Velocities of VAMP2 vesicles and mitochondria are not affected. 

 Microtubule targeting agents did not rescue the altered VAMP7 traffic.  

 Taxol increases the retrograde velocity of VAMP7 vesicles. 


