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ABSTRACT

Neurons are highly complex cells that heavily rely on intracellular

transport to distribute a range of functionally essential cargoes within

the cell. Post-translational modifications of tubulin are emerging

as mechanisms for regulating microtubule functions, but their impact

on neuronal transport is only marginally understood. Here, we have

systematically studied the impact of post-translational polyglutamylation

on axonal transport. In cultured hippocampal neurons, deletion of a

single deglutamylase, CCP1 (also known as AGTPBP1), is sufficient

to induce abnormal accumulation of polyglutamylation, i.e.

hyperglutamylation. We next investigated how hyperglutamylation

affects axonal transport of a range of functionally different neuronal

cargoes: mitochondria, lysosomes, LAMP1 endosomes and BDNF

vesicles. Strikingly, we found a reduced motility for all these cargoes,

suggesting that polyglutamylation could act as a regulator of cargo

transport in neurons. This, together with the recent discovery that

hyperglutamylation induces neurodegeneration, makes it likely that

perturbed neuronal trafficking could be one of the central molecular

causes underlying this novel type of degeneration.

This article has an associated First Person interview with the first

author of the paper.
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INTRODUCTION

Neurons are the basic structural and functional units of the brain.

Insights on how they function as individual cells in a complex

neuronal network are instrumental for the bottom-up understanding

of brain functions. Our brain contains a vast variety of different

types of neurons (Zeng and Sanes, 2017). Some of them are very

complex, with long axons (Cavanagh, 1984) and dendritic trees that

can be highly ramified (DeFelipe, 2013). Establishment and

maintenance of these complex cell morphologies, which is

fundamental for the normal function of the brain (Bentley and

Banker, 2016), relies to a large extent on the microtubule

cytoskeleton (Conde and Cáceres, 2009). In differentiated

neurons, one of the key functions of microtubules is intracellular

transport (Nirschl et al., 2017), which ensures the delivery of a large

variety of functionally different cargoes, such as organelles

(mitochondria, lysosomes and endosomes), proteins or mRNAs to

specific target sites inside axons or dendrites (Maday et al., 2014).

A key question is thus how transport of those different cargoes is

temporally and spatially controlled in order to meet the ever-

changing requirements of different neuronal compartments, e.g.

synapses, which need to be replenished in receptors for their activity

(Choquet and Triller, 2013).

There are several examples demonstrating that different cargoes

can be independently regulated in neurons. During neuronal

differentiation, mitochondria motility has been shown to

progressively decrease, while the transport of late (Rab7-positive)

endosomes remained unchanged (Zhou et al., 2016). Even more

strikingly, axonal transport of brain-derived neurotrophic factor

(BDNF) vesicles was increased while mitochondria motility

decreased in differentiating neurons (Moutaux et al., 2018). The

independent regulation of mitochondria and BDNF vesicle transport

has been further confirmed in cultured neurons from a Huntington’s

disease mouse model, where BDNF-vesicle transport was reduced,

while at the same time mitochondria showed enhanced motility and

fragmentation (Virlogeux et al., 2018). These examples illustrate that

transport of different axonal cargoes can be independently regulated;

however, underlying regulatorymechanisms are not fully understood.

An emerging hypothesis proposes that post-translational

modifications (PTMs; Janke, 2014) of microtubule tracks act as

‘traffic signs’, which are recognized by cargo transporters to control

their movements, thus guiding them to their final destinations.

A first indication that this could indeed be the case was recently

described in dendrites, where anterograde and retrograde transport

events take place on microtubules of different polarity, labelled by

two distinct PTMs: acetylation and tyrosination (Tas et al., 2017).

At this point it remains unclear whether the PTMs are mere markers

of those two microtubule populations or whether they participate in

guiding the cargo transporters.

A PTM that has attracted attention as a potential active regulator

of neuronal trafficking is polyglutamylation. This PTM generates

branch chains of glutamate residues on both α- and β-tubulin

(Alexander et al., 1991; Eddé et al., 1990; Rüdiger et al., 1992), thus

generating a variety of distinct polyglutamylation patterns. These

patterns could destine microtubules to unique functions, e.g. to

transport specific cargoes. Initial observations had already shown

that altered polyglutamylation could control the delivery of synaptic

cargoes (Maas et al., 2009), and we and others have recently

demonstrated that abnormally increased polyglutamylation leads to

defects in axonal transport of mitochondria (Gilmore-Hall et al.,

2019; Magiera et al., 2018).Received 15 November 2019; Accepted 23 December 2019
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Until now, however, it has remained unclear whether

polyglutamylation is a general trafficking regulator in neurons, or

whether this PTM instead controls only selected cargoes. Moreover,

polyglutamylation levels and patterns are controlled by a variety of

enzymes. Polyglutamylases, which are members of the tubulin

tyrosine ligase-like (TTLL) family (Janke et al., 2005; van Dijk

et al., 2007), and deglutamylases, which belong to the cytosolic

carboxypeptidase (CCP) family (Rogowski et al., 2010; Tort et al.,

2014), show different enzymatic characteristics and are

differentially expressed in different cell types (Ikegami et al.,

2006; Kalinina et al., 2007). Their selective expression and/or

activation in cells could thus contribute to the generation of

characteristic polyglutamylation patterns on microtubule tracks,

which in turn could provide specific signatures that are recognized

by only a restricted set of readers. Here, we test the impact of two

different deglutamylases, CCP1 and CCP6 (also known as

AGTPBP1 and AGBL4, respectively), on polyglutamylation

levels in cultured hippocampal neurons, and how excessive

polyglutamylation, or hyperglutamylation, affects axonal

trafficking of functionally diverse cargoes.

RESULTS

Loss of Ccp1 alone is sufficient to induce tubulin

hyperglutamylation in cultured hippocampal neurons

We have previously shown that lack of the deglutamylase Ccp1

leads to massive and lasting accumulation of hyperglutamylated

Fig. 1. Using Ccp1−/− neurons to determine the impact of tubulin hyperglutamylation in neurons. (A) Immunoblot of cell extracts of DIV4

Ccp1flox/floxCcp6flox/flox hippocampal neurons either untransduced, or transduced with lentiviruses encoding GFP or GFP-2A-cre, and hippocampal neurons from

wild-type, Ccp1−/+ and Ccp1−/− embryos probed with an anti-polyglutamylation antibody (polyE). α-Tubulin levels, detected with the 12G10 antibody, were used

as a control for tubulin load. Polyglutamylation levels are increased similarly in neurons transduced with GFP-2A-cre lentivirus and in neurons lacking Ccp1

(Ccp1−/−), indicating that removal of Ccp1 alone is sufficient to induce hyperglutamylation. (B) Hippocampal neurons from wild-type, Ccp1−/+ and Ccp1−/−

embryos probed with anti-polyglutamylation (polyE), anti-detyrosination (detyr-tubulin), anti-acetylation (6-11-B1) and α-tubulin (12G10) antibodies. Neither

detyrosination nor acetylation change inCcp1−/− neurons. (C) Experimental flow scheme for the transport experiments shown in Figs 2-5.Ccp1−/+micewere bred

and hippocampi from E17.5 embryos were collected separately for neuronal cultures. In parallel, tissue samples of each embryo were collected and the Ccp1

genotype determined. Based on the genotyping result, hippocampal neurons from wild-type and Ccp1−/− embryos were cultured separately. For analysing

LAMP1 and BDNF particle transport, lentiviral particles were added to the neurons on DIV0. For analysing mitochondria and lysosomes transport, neurons were

treated with MitoTracker and LysoTracker prior to imaging. On DIV4, when the neurons are polarized with a distinct axon, the movements of fluorescently labelled

cargoes in at least fivewild-type andCcp1−/− neuronswere recorded for 1 min. Groups of wild-type andCcp1−/− neurons that were prepared on the same daywere

analysed together as one experiment (single experiments are represented in Figs S2, S3, S4 and S5). Differentiated neurons were imaged and the particle

movement was analysed by hand-tracing the longest neurite of each recorded neuron, i.e. the axon. A kymograph was generated, and each particle path was

fragmented into single runs of constant speed. How single runs were determined is described in detail in the Materials and Methods. We then extracted several

parameters such as run length (L) and run time (T), and calculated run speed (L/T), the fraction of time spent in motility and particle density for each cargo type.

The results of one complete representative experiment, as well as all kymographs, are shown in the main figures (Figs 2A-F, 3A-F, 4A-F and 5A-F). We next

plotted the average of all median values of the independent experiments (Figs S2, S3, S4 and S5) for run speed and run length (Figs 2G,H, 3G,H, 4G,H and

5G,H), as well as the average values of time spent in movement (Figs 2I, 3I, 4I and 5I) and particle densities (Figs 2J, 3J, 4J and 5J).
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tubulin in the cerebellum and the olfactory bulb. In contrast, other

brain regions, such as the cerebral cortex and hippocampus, showed

nearly normal levels of polyglutamylation in adult Ccp1−/− mice

(Magiera et al., 2018; Rogowski et al., 2010). Removal of a second

deglutamylase, CCP6, resulted in a strong hyperglutamylation of

all brain regions, including cerebral cortex and hippocampus,

indicating that these two enzymes play complementary roles in

controlling polyglutamylation patterns in those brain regions.

Ccp1−/−Ccp6−/− mice showed neurodegeneration of pyramidal

neurons in the cerebral cortex, which was observed in neither

Fig. 2. See next page for legend.
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Ccp1−/− nor Ccp6−/− mice, and thus is likely to be a direct result of

hyperglutamylation (Magiera et al., 2018).

To investigate the cellular mechanisms affected by the absence of

these two deglutamylases, we used cultured primary hippocampal

neurons (Kaech and Banker, 2006) in which the knockout of both

Ccp1 and Ccp6 was induced by cre-mediated recombination,

leading to a massive increase in polyglutamylation in these neurons

(Bodakuntla et al., 2020a). At the same time, however, we had

observed that polyglutamylation is also increased in hippocampi of

young Ccp1−/− mice, but, in contrast to Ccp1−/−Ccp6−/− mice, did

not persist into adulthood (Magiera et al., 2018). As this suggested

that loss of Ccp1 alone might be sufficient to induce tubulin

hyperglutamylation in young hippocampal neurons, we directly

compared induced Ccp1−/−Ccp6−/− with Ccp1−/− neurons. As

previously shown (Bodakuntla et al., 2020a; Magiera et al., 2018),

expression of cre-recombinase in Ccp1flox/floxCcp6flox/flox neurons

resulted in hyperglutamylation of tubulin. Strikingly, a direct

comparison on the same immunoblot showed that Ccp1−/− neurons

have a similar, or even slightly higher level of hyperglutamylation

when compared with induced Ccp1−/−Ccp6−/− neurons at DIV4

(4 days in vitro; Fig. 1A). Two tubulin PTMs that had previously

been linked to axonal transport, acetylation (Dompierre et al., 2007;

Kim et al., 2016) and detyrosination (Konishi and Setou, 2009) were

not altered in Ccp1−/− neurons (Fig. 1B). These results indicate that

loss of Ccp1 alone is sufficient to induce hyperglutamylation in

young hippocampal neurons, which could be explained by the

relatively low expression of Ccp6 in cultured hippocampal neurons

when compared with adult hippocampus (Fig. S1). We thus aimed

at testing whether this Ccp1−/−-induced hyperglutamylation is

functionally equivalent to the hyperglutamylation generated by the

loss of Ccp1 and Ccp6 in its ability to affect axonal transport.

Loss of CCP1 is sufficient to reduce mitochondria transport

To determine whether the previously observed reduction of

mitochondria motility in Ccp1−/−Ccp6−/− neurons (Magiera et al.,

2018) could be fully reproduced by removing Ccp1 alone, we

crossed Ccp1−/+ mice, from which we prepared single-embryo

primary neuron cultures. This allowed us to obtain both, Ccp1−/−

(hyperglutamylated) and wild-type (control) neurons side by-side,

and measure axonal transport in parallel.

We analysed the movements of mitochondria labelled with the

fluorescent dye MitoTracker (Fig. 2; Fig. S2) as performed

previously for Ccp1−/−Ccp6−/− neurons (Magiera et al., 2018).

First, we verified that mitochondria densities did not differ between

wild-type and Ccp1−/− neurons (Fig. S2D). Next, we assigned runs,

defined as trajectories during which particles move without

interruption at constant speed (Fig. 1C; Bodakuntla et al., 2020b).

Run length and run speed were quantified and plotted separately for

each experiment to determine medians (Fig. S2A,B). The overall

time the entire particle pool spent in movement (overall motility)

was determined as the sum of all run durations relative to the overall

number of particles in the field (Fig. S2C).

Almost identical to previous measurements in Ccp1−/−Ccp6−/−

neurons (Magiera et al., 2018), tubulin hyperglutamylation

generated by loss of Ccp1 alone (Ccp1−/−) reduced the fraction of

time mitochondria spent in movement by about 50% (Fig. 2I) in

both anterograde and retrograde directions, without affecting run

length or run speed (Fig. 2G,H). These results confirm that

hyperglutamylation induced by loss of Ccp1 alone has the same

impact on axonal transport of mitochondria as the double-knockout

of Ccp1 and Ccp6 (Magiera et al., 2018), and validates Ccp1−/−

neurons as model system for testing the effect of

hyperglutamylation on the transport of other axonal cargoes.

Hyperglutamylation downregulates motility of lysosomal/

endosomal particles

We next aimed at determining the impact of Ccp1−/−-induced

hyperglutamylation on the motility of lysosomes, endosomes and

autophagosomes. For this, we used two complementary labelling

approaches: the fluorescent dye LysoTracker (Fig. 3; Fig. S3) to

label lysosomes but also autophagosomes (Maday et al., 2012), and

expression of the lysosome-associated membrane protein 1

(LAMP1)-GFP (Fig. 4; Fig. S4) to label non-degradative

lysosomal, as well as endocytic vesicles. Both markers label

partially overlapping, but not identical vesicle fractions (Cheng

et al., 2018). LysoTracker was added to the neurons prior to the

transport analyses at DIV4, while LAMP1-GFP was transduced into

the cultured neurons at DIV0 using lentiviral vectors (Fig. 1C),

resulting in a strong vesicle labelling at DIV4.

We analysed these two markers using the paradigm established

for mitochondria (Figs 1C and 2). Run length and run speed in both

anterograde and retrograde directions were unchanged by

hyperglutamylation (Ccp1−/−; Figs 3G,H and 4G,H). The time

spent in movement decreased for both LysoTracker-positive

(Fig. 3I) and LAMP1-GFP vesicles (Fig. 4I), however to different

extents. LAMP1-GFP vesicles showed about 30% less motility in

both anterograde and retrograde directions (Fig. 4I), whereas

anterograde movements of LysoTracker-labelled vesicles were

reduced by only about 15% (Fig. 3I).

These observations consistently demonstrate that

hyperglutamylation impedes the motility of both vesicle populations.

The lower impact on the anterograde motility of LysoTracker-positive

particles might be explained by the low number of anterograde runs

observed for this marker (Lee et al., 2011). In contrast, LAMP1, which

in the past has been routinely used as a lysosomalmarker (Ashrafi et al.,

2014; Lee et al., 2011), was recently shown to label both non-

degradative lysosomal and endocytic vesicles (Cheng et al., 2018),

which explains the higher number of anterograde transport events

(Klinman and Holzbaur, 2016).

Fig. 2. Increased tubulin polyglutamylation in Ccp1−/− neurons reduces

the overall motility of mitochondria. Analysis of mitochondria movements in

wild-type versus Ccp1−/− neurons. At DIV4, mitochondria stained with

MitoTracker were imaged in the longest extension (axon) of the neuron.

Mitochondria movements were recorded for 1 min using a spinning-disk

microscope. (A) Representative images (inverted grey scale) of one neuron per

genotype stained with MitoTracker (Movie 1, upper panels). Scale bars: 20 μm.

(B) Kymographs of mitochondria movements for all neurons analysed within

one single experiment (exp. 1; corresponding kymostacks are shown in

Movie 1, lower panels). Each run is defined as a continuous movement of the

mitochondria without a change in direction or speed. Anterograde and

retrograde runs are colour-coded in green and red, respectively, while immotile

events are shown in blue. Scale bars: 60 s; 20 µm. (C-F) Analyses of one

single experiment (exp. 1; B) for (C) run length and (D) run speed of

mitochondria shown as scatter plots where each point represents the value of a

single run. The horizontal black line indicates themedian of the distribution with

whiskers at the interquartile range. Numerical values of the medians are

indicated below each respective distribution. Light-green circles are for wild

type and dark-green circles on a grey background are forCcp1−/−. Filled circles

are for anterograde and open circles are for retrograde direction. (E) Fraction of

time spent in motility (overall motility) and (F) mitochondrial density from this

experiment are represented as bar graphs. (G-J) Statistical analyses of four

independent experiments (each of them shown separately in Fig. S2): average

(G) run length, (H) run speed, (I) overall motility and (J) mitochondrial density

are shown as mean±s.e.m. Filled bars show anterograde movements; open

bars retrograde movements. Light-green bars are for wild-type and dark-green

bars on a grey background are for Ccp1−/− neurons.
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Regulation of axonal transport by polyglutamylation is not

restricted to kinesin 1-driven cargoes

The anterograde transport of mitochondria, lysosomes and LAMP1-

positive endosomes is predominantly driven by motors of the

kinesin 1 (KIF5) family. To test whether polyglutamylation also

impacts transport of cargoes that use different motor proteins, we

analysed BDNF vesicles that are transported by a kinesin 3 motor

protein, KIF1A (Lo et al., 2011).

Fig. 3. See next page for legend.
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BDNF vesicles were visualized by virus-mediated expression of

BDNF-mCherry (Fig. 5; Fig. S5). As for all other cargoes measured

so far, we found that BDNF-mCherry-positive vesicles do not

alter run length and run speed in either anterograde or retrograde

directions under hyperglutamylation (Ccp1−/−) conditions

(Fig. 5G,H). However, the time spent in movement was reduced

by about 50% in anterograde, and about 40% in retrograde

direction (Fig. 5I). This strongly suggests that the reduction of the

anterograde trafficking we had measured for mitochondria (Fig. 2I)

and LAMP1-postitive endosomes (Fig. 4I) is not a specific feature

of kinesin 1 motors, but appears to be a more general mechanism

that is effective for a range of transport cargoes driven by different

motor proteins.

Polyglutamylation specifically affects long runs of

BDNF vesicles

As mentioned before, all transport cargoes analysed showed similar

median run lengths between wild-type and Ccp1−/− neurons

(Figs S2A; S3A; S4A and S5A). However, we noticed that

specifically for BDNF vesicles, the highest values, which constitute

only a small share of the entire pool of runs, appeared reduced in

Ccp1−/− neurons. To test this possibility, we performed a bin

analysis for the run length measurements for each cargo. As wewere

interested in determining the probability of long runs, the bin width

was chosen about twice the median values (3 µm for anterograde

runs of mitochondria and lysosomes; 6 µm for anterograde runs of

LAMP1-GFP and BDNF-mCherry vesicles; 5 µm for all retrograde

runs; Fig. 6).

Owing to strong variations in the proportion of long runs between

individual experiments, statistical analyses did not show significant

differences, which is why we compared corresponding values for

wild-type and Ccp1−/− neurons for each experimental set (Fig. 6).

Strikingly, while mitochondria, lysosomes and LAMP1-positive

endosomes showed random patterns in these analyses (Fig. 6A-C),

we observed a persistent trend for a decrease in the percentage

of long runs for BDNF vesicles in neurons with tubulin

hyperglutamylation (Ccp1−/−) in both anterograde and retrograde

directions (Fig. 6D). This unique trend could be related to the

transport of BDNF vesicles by KIF1A (Lo et al., 2011), in contrast

to KIF5 for the other cargoes.

Indeed, a recent in vitro study comparing KIF1A motility on

microtubules assembled from HeLa cell and brain tubulin found a

reduced overall run length (defined as the sum of continuous run

lengths during a single motility event on the microtubule) of KIF1A

on brain microtubules (Lessard et al., 2019), which, in contrast to

HeLa cell microtubules, are polyglutamylated. However, as HeLa

cell tubulin differs from brain tubulin in several PTMs (Barisic et al.,

2015) and tubulin isotypes (Newton et al., 2002); conclusive

evidence that our observation is directly related to an altered

behaviour of KIF1A on hyperglutamylated microtubules is still

elusive. Similarly, the increased percentage of long runs in the

retrograde direction cannot be explained by the motor protein

dynein, which drives retrograde transport of all vesicles we

analysed. However, dynein can associate with a variety of adaptor

proteins (Reck-Peterson et al., 2018), which might affect the overall

transport behaviour of different cargoes in a polyglutamylation-

dependent manner.

DISCUSSION

Regulation of axonal transport in neurons is an essential process for

neuronal function and homeostasis (Guedes-Dias and Holzbaur,

2019), in which many different cargoes need to be delivered to

specific locations in a timely manner. Here, we have analysed the

impact of tubulin polyglutamylation on axonal transport of cargoes

that are functionally and structurally distinct, and that had been

previously shown to be differentially regulated under specific

physiological conditions (Moutaux et al., 2018; Virlogeux et al.,

2018; Zhou et al., 2016). Mitochondria, the main source of cellular

ATP, are constantly shuttled in neurons to be docked locally in

regions demanding an energy supply, such as the growth cones

(Morris and Hollenbeck, 1993) and presynaptic boutons (Lee and

Peng, 2008; Rowland et al., 2000). Lysosomes and late endosomes

are degradation hubs for misfolded proteins and misfunctioning

organelles, which are predominantly transported to the cell body for

complete degradation, a process essential for neuronal survival

(Pu et al., 2016). BDNF vesicles deliver this neuropeptide to its

target sites – synapses – where it controls synaptic plasticity and

maturation (Lu et al., 2013). Aberrations of axonal transport can

thus lead to severe perturbations in neuronal function and

homeostasis, and consequently play key roles in

neurodegeneration (Brady and Morfini, 2017; Millecamps and

Julien, 2013; Sleigh et al., 2019). Here, we show that post-

translational polyglutamylation of neuronal microtubules can

regulate the transport of functionally diverse cargoes in

hippocampal neurons (Fig. 7A).

How does microtubule polyglutamylation regulate axonal

transport?

Axonal transport is regulated at different levels. It is determined (1)

by the type of motor proteins that move the cargo, or by additional

proteins that are integral parts of transport vesicles/organelles

(Hirokawa et al., 2010). Moreover, (2) cellular MAPs, by binding to

the microtubule tracks, can act as ‘road blocks’ for the transport

complexes (Vershinin et al., 2007; discussed by Bodakuntla et al.,

2019; Tortosa et al., 2016); or (3) changes in the overall architecture

and integrity of the microtubule cytoskeleton could impact the

delivery of cargoes inside neurons (Yogev et al., 2016). PTMs of the

microtubule tracks could provide guidance and specificity to

different types of transport cargoes, and, strikingly, could directly

perturb all of the above-listed transport-regulating mechanisms in

case of hyperglutamylation (Fig. 7B).

Emerging data from in vitro studies demonstrate that tubulin

polyglutamylation can directly interfere with the attachment and

processivity of (1) the motor proteins (Sirajuddin et al., 2014), and

Fig. 3. Increased tubulin polyglutamylation reduces the overall motility of

lysosomes. Analysis of lysosome movements in wild-type versus Ccp1−/−

neurons. At DIV4, lysosome movements labelled with LysoTracker were

imaged in the axon for 1 min using a spinning-disk microscope.

(A) Representative images (inverted grey scale) of one neuron per genotype

stained with LysoTracker (Movie 2, upper panels). Scale bars: 20 μm.

(B) Kymographs of lysosome movements for all neurons analysed within one

single experiment (exp. 1; all corresponding kymostacks are shown in Movie 2,

lower panels). Scale bars: 60 s; 20 µm. (C-F) Analyses of one single

experiment (exp. 1; B) for (C) run length and (D) run speed of lysosomes

shown as scatter plots as shown in Fig. 2, where each point represents the

value of a single run. Light-orange circles are for wild type and dark-orange

circles on a grey background are for Ccp1−/−. Filled circles are for anterograde

direction; open circles are for retrograde direction. (E) Fraction of time spent in

motility (overall motility) and (F) lysosome density from this experiment are

represented as bar graphs. (G-J) Statistical analyses of four independent

experiments (each of them shown separately in Fig. S3): average (G) run

length, (H) run speed, (I) overall motility and (J) lysosome density are shown as

mean±s.e.m. Filled bars show anterograde movements; open bars show

retrograde movements. Light-orange bars are for wild-type and dark-orange

bars on a grey background are for Ccp1−/− neurons.
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that different motor proteins show different sensitivity to tubulin

glutamylation. Kinesin 3, for example, which carries BDNF

vesicles, was suggested to be sensitive to polyglutamylation

(Lessard et al., 2019), which could at least partially explain the

stronger impact of hyperglutamylation on BDNF vesicles when

compared with LAMP1 vesicles or lysosomes, which are both

carried by kinesin 1 (Hirokawa et al., 2010). Previous data have also

suggested that (2) MAPs could be sensitive to tubulin

polyglutamylation, in particular the neuronal MAPs tau, MAP2

and MAP1 (Bonnet et al., 2001; Boucher et al., 1994). The

Fig. 4. See next page for legend.
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differential binding and distribution of MAPs could also affect the

(3) overall architecture of the microtubule cytoskeleton (Harada

et al., 1994). For example, microtubules decorated with neuronal tau

or MAP2 show different spacing in neuronal projections (Chen

et al., 1992): MAP2, which contains longer projection domains,

pushes microtubules further apart and might thus create additional

space for the passage of transport cargoes. Microtubule spacing had

been indeed shown to control axonal trafficking, with consequences

on synaptic functions in Drosophila neurons (Stephan et al., 2015).

Moreover, a link between microtubule spacing, mitochondria

transport and tau protein phosphorylation has been established in

murine cortical neurons (Shahpasand et al., 2012). At the same time,

changes in polyglutamylation could also alter the architecture of the

microtubule cytoskeleton by controlling the activity of microtubule-

severing enzymes, such as spastin (Lacroix et al., 2010; Valenstein

and Roll-Mecak, 2016), which in turn could affect transport.

However, our observation that knocking out spastin in Ccp1−/−

mice did not rescue hyperglutamylation-induced degeneration of

Purkinje cells (Magiera et al., 2018) suggested that microtubule

severing might not be the key molecular defect induced by

upregulation of polyglutamylation.

Specificity of transport regulation by polyglutamylation

In hippocampal pyramidal cells used in our study, upregulation of

polyglutamylation affected a range of functionally different axonal

cargoes, suggesting that polyglutamylation could act as a general

traffic-control mechanism. However, axonal transport of the same

cargoes can be differentially regulated in different types of neurons

(Her and Goldstein, 2008). Indeed, a recent study using cerebellar

granule cells lacking CCP1 found no significant reduction for

endosomal transport in the granule cells with hyperglutamylation

(Gilmore-Hall et al., 2019), while at the same time mitochondria

transport was perturbed to a similar degree as in hippocampal

neurons. Although a definite explanation for these differences

cannot be given, one possibility is that various polyglutamylases are

differentially expressed or active in different neuronal types, and

consequently generate distinct patterns of hyperglutamylation upon

the deletion of deglutamylases. These distinct patterns would in turn

affect different transport cargoes, thus leading to neuron-type

specific effects of hyperglutamylation.

The conclusion that transport specificity is controlled by the

glutamylating rather than by the deglutamylating enzymes is

also supported by our observation that mitochondria transport is

similarly reduced in hippocampal neurons lacking CCP1 alone and

both CCP1 and CCP6, because in both cases the accumulating

polyglutamylation is generated by the same set of polyglutamylases

in these neurons. It will thus be important to investigate the impact

of single polyglutamylases on the transport of different cargoes.

Physiological implications

Notwithstanding the underlying mechanisms, our findings

demonstrate that polyglutamylation is a post-translational

mechanism that regulates the transport of a range of neuronal

cargoes, and could thus play an important role in controlling vital

neuronal functions. Polyglutamylation-related changes in neuronal

transport had been previously linked to the delivery of synaptic

vesicles (Ikegami et al., 2007), and shown to be activity-dependent

(Maas et al., 2009), but direct transport measurements had not been

performed. Our analyses thus directly validate these initial findings,

and underpin the conceptual idea that, by controlling axonal

transport (Guedes-Dias and Holzbaur, 2019), polyglutamylation

could directly control neuronal activity and eventually memory by

controlling synaptic function.

Most importantly, our finding that transport of functionally

different cargoes is perturbed in neurons with hyperglutamylation

strengthens the hypothesis that degeneration of neurons with

mutated Ccp1 (Gilmore-Hall et al., 2019; Magiera et al., 2018;

Shashi et al., 2018) could be linked to a dysfunction of intra-

neuronal transport in different types of neurons. Understanding the

mechanisms of polyglutamylation in the regulation of neuronal

homeostasis becomes increasingly relevant as more and more

reports link mutations in deglutamylases to human

neurodegenerative disorders (Karakaya et al., 2019; Shashi et al.,

2018; Sheffer et al., 2019; Vélez et al., 2016).

Conclusions

Together, the results of our analyses highlight the emerging role of

tubulin polyglutamylation as a key regulator of neuronal transport,

and its perturbation as a causative factor for neurodegenerative

disorders. An intriguing issue to be addressed in the future is how

polyglutamylation relates to other tubulin PTMs that are also present

in neurons, such as detyrosination and acetylation, both of which are

known to also affect transport (Dompierre et al., 2007; Kim et al.,

2016; Konishi and Setou, 2009). Our gene expression analyses

(Fig. S1) show that enzymes involved in tubulin detyrosination and

acetylation are at their highest expression levels in the young,

undifferentiated neurons. In contrast, enzymes involved in

polyglutamylation show an increasing expression throughout

development, and persistent expression into adulthood. This

strongly suggests that polyglutamylation, by remaining

particularly dynamic in adult neurons, plays a central role in

adapting cargo transport to physiological requirements and activity

of neurons throughout life, thus assuring neuronal homeostasis.

MATERIALS AND METHODS

Mouse lines

All the animals in this study were used in accordance with the

recommendations of the European Community (2010/63/UE). Experimental

procedures were specifically approved by the ethics committee of the Institut

Curie CEEA-IC #118 (authorization number 04395.03 given by the National

Authority) in compliance with the international guidelines.

Generation of Ccp1−/− and Ccp1flox/floxCcp6flox/flox mice has been

described in detail before (Magiera et al., 2018; Muñoz-Castañeda

et al., 2018). All embryos and mice, both male and female, were used in

this study.

Fig. 4. Increased tubulin polyglutamylation reduces the overall motility of

LAMP1 endosomes. Analysis of LAMP1-positive endosome movements in

wild-type versus Ccp1−/− neurons. Neurons were transduced with LAMP1-

GFP lentivirus at DIV0, and movements of LAMP1-positive particles were

imaged at DIV4 for 1 min using a spinning-diskmicroscope. (A) Representative

images (inverted grey scale) of one neuron per genotype expressing LAMP1-

GFP (Movie 3, upper panels). Scale bars: 20 μm. (B) Kymographs of LAMP1-

endosome movements for all neurons analysed within one single experiment

(exp. 1; all corresponding kymostacks are shown in Movie 3, lower panels).

Scale bars: 60 s; 20 µm. (C-F) Analyses of one single experiment (exp. 1; B)

for (C) run length and (D) run speed of LAMP1 endosomes shown as scatter

plots as shown in Fig. 2, where each point represents the value of a single run.

Light-blue circles are for wild type and dark-blue circles on a grey background

are for Ccp1−/−. Filled circles are for anterograde direction; open circles are for

retrograde direction. (E) Fraction of time spent in motility (overall motility) and

(F) LAMP1 endosome density from this experiment are shown. (G-J) Statistical

analyses of three independent experiments (each of them shown separately in

Fig. S4): average (G) run length, (H) run speed, (I) overall motility and (J)

LAMP1 endosome density are shown as mean±s.e.m. Filled bars show

anterograde movements; open bars show retrograde movements. Light-blue

bars are for wild-type and dark-blue bars on a grey background are for

Ccp1−/− neurons.
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Genotyping

For adult mice, DNAwas extracted from ear fragments (collected during the

identification of mice) or tail fragments by proteinase K digestion. Lysis

buffer [0.1 M Tris-HCl (pH 8) (Sigma, T1503), 0.2 M NaCl (Sigma,

S3014), 5 mM EDTA (Euromedex, EU0007-C) and 0.4% SDS

(Euromedex, EU0660)] containing 0.1 mg/ml proteinase K (193504, MP

Biomedicals) was added to the sample, incubated at 56°C for 4 h and for

10 min at 95°C. For hippocampal neuron cultures, a piece of the brain tissue

from the E17.5 embryos was lysed using REDExtract-N-Amp Tissue PCR

Kit (Sigma, XNAT) using the manufacturer’s instructions. PCR-based

Fig. 5. See next page for legend.
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genotyping was carried out using the primers and protocols described in our

earlier studies (Bodakuntla et al., 2020a; Magiera et al., 2018).

RNA isolation and RT-qPCR

Total RNA frommouse hippocampal neurons cultured for 1, 4, 7 or 10 days,

as well as entire hippocampi from mice of different ages was isolated

using the Trizol reagent (Life Technologies) following the manufacturer’s

instructions. Concentrations and quality of the extracted RNA was

determined with a Nanodrop Spectrophotometer (Thermo Fisher

Scientific). cDNA for these RNAs was synthesized using the SYBRGreen

Master Mix kit. PCR amplification was performed on an ABI Prism 7900

Sequence Detection System (Perkin-Elmer Applied Biosystems) as

described in detail elsewhere (Biec̀he et al., 1999). Reverse transcription

real-time quantitative PCR (RT-qPCR) was performed for all the known

tubulin-modifying enzymes, β3-tubulin (TUBB3) and for the TATA-

binding protein (Tbp) gene (NM_013684), which was used as a control.

PCR conditions are available upon request. The relative mRNA expression

levels were represented as the N-fold difference in target gene

expression relative to the Tbp gene (termed ‘Ntarget’) and calculated as

Ntarget=2
ΔCtsample. The value of the cycle threshold (ΔCt) of a given sample

was determined by subtracting the average Ct value of the target gene from

the average Ct value for the Tbp gene. Primers used in this study are shown

in Table S1.

Sample preparation and immunoblotting

Hippocampal neurons transduced on DIV4 (4 days in vitro). Wild type,

Ccp1−/+, Ccp1−/− or Ccp1flox/floxCcp6flox/flox transduced with lentivirus

encoding GFP or GFP-2A-cre were collected in 2× Laemmli buffer

[180 mMDTT (Sigma, D9779), 4% SDS (VWR #442444H), 160 mMTris-

HCl (pH 6.8), 20% glycerol (VWR #24388.295) and bromophenol blue].

The samples were then boiled at 95°C for 5 min, spun down at 20,000 g for

5 min using a table top centrifuge and stored at−20°C. Samples were loaded

on SDS-PAGE gels, separated and transferred onto a nitrocellulose

membrane using Bio-Rad Trans-Blot Turbo system, according to the

manufacturer’s instructions. The membranes were incubated with an anti-α-

tubulin antibody [12G10, 1:1000 (vol/vol); developed by J. Frankel and

M. Nelson, obtained from the Developmental Studies Hybridoma Bank,

developed under the auspices of the NICHD, and maintained by the

University of Iowa], an anti-acetylated K40 tubulin [6-11B-1, 1:2000 (vol/

vol); Sigma T6793], an anti-detyrosinated tubulin [1:1000 (vol/vol);

Millipore AB3201] and an anti-polyglutamylated tubulin antibody

Fig. 5. Increased tubulin polyglutamylation reduces the overall motility of

BDNF vesicles. Analysis of BDNF vesicle movements in wild-type versus

Ccp1−/− neurons. Neurons were transduced with BDNF-mCherry lentivirus at

DIV0, and movements of BDNF-positive particles were imaged at DIV4 for

1 min using a spinning-disk microscope. (A) Representative images (inverted

grey scale) of one neuron per genotype expressing BDNF-mCherry (Movie 4,

upper panels). Scale bars: 20 μm. (B) Kymographs of BDNF-vesicle

movements for all neurons analysed within one single experiment (exp. 1; all

corresponding kymostacks are shown in Movie 4, lower panels). Scale bars:

60 s; 20 µm. (C-F) Analyses of one single experiment (exp. 1; B) for (C) run

length and (D) run speed of BDNF vesicles shown as scatter plots as in Fig. 2,

where each point represents the value of a single run. Light-purple circles are

for wild type and dark-purple circles on a grey background are for Ccp1−/−.

Filled circles are for anterograde direction; open circles are for retrograde

direction. (E) Fraction of time spent in motility (overall motility) and (F) BDNF-

vesicle density from this experiment are shown. (G-J) Statistical analyses of

three independent experiments (each of them shown separately in Fig. S5):

average (G) run length, (H) run speed, (I) overall motility and (J) BDNF-vesicle

density are shown as mean±s.e.m. Filled bars show anterograde movements;

open bars show retrograde movements. Light-purple bars are for wild-type and

dark-purple bars on a grey background are for Ccp1−/− neurons.

Fig. 6. Tubulin hyperglutamylation affects long runs of BDNF vesicles. (A-D) Bin analyses of anterograde and retrograde run lengths of (A) mitochondria,

(B) lysosomes, (C), LAMP1-GFP endosomes and (D) BDNF-mCherry vesicles were performed to determine the probability of long runs in wild-type versus

Ccp1−/− neurons. The bin values, defined as twice the median value of the run length distributions were: 3 µm for anterograde runs of mitochondria and

lysosomes; 6 µm for anterograde runs of LAMP1-GFP and BDNF-mCherry vesicles; and 5 µm for all retrograde runs. Pairs of connected points represent values

from wild-type and Ccp1−/− conditions from the same experiments.
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[polyE, 1:10,000 (vol/vol); AdipoGen, AG-25B-0030] to determine

differences in tubulin modifications at equal tubulin levels.

Chemiluminescence signal on the membrane was revealed using Clarity

Western ECL Substrate (Bio-Rad, 1705060) solution.

Mouse hippocampal neuron cultures

Hippocampal neuron cultures were performed according to standard

protocols described earlier (Bodakuntla et al., 2020a; Kaech and Banker,

2006). Briefly, pregnant mice at 17.5 days of gestation were sacrificed using

cervical dislocation, the embryos were decapitated and hippocampi of

individual embryos were collected in separate tubes. At the same time, a

piece of brain tissue from the individual embryos was collected, subjected to

lysis using REDExtract-N-Amp Tissue PCR Kit (Sigma, XNAT) and

analysed for the Ccp1 gene. Collected hippocampi were enzymatically and

mechanically dissociated using trypsin and fire-polished Pasteur pipettes,

respectively. Based on the genotyping results, only wild-type and Ccp1−/−

hippocampal neurons were counted and plated on poly-D-lysine (354210,

Corning)-coated plastic dishes for immunoblot analysis or on glass-bottom

dishes (81158, Ibidi) for live-cell imaging (transport analysis). A schematic

representation of the work flow is given in Fig. 1C.

Fig. 7. Tubulin hyperglutamylation

reduces the overall motility of all

cargoes analysed. (A) Bar graphs

representing the relative amount of time

different vesicles spent in anterograde

(filled bars) and retrograde (open bars)

movement in Ccp1−/− neurons.

Mitochondria and BDNF vesicles show the

strongest decrease of motility in Ccp1−/−

neurons. (B) Schematic representation of

possible mechanisms by which tubulin

polyglutamylation could regulate axonal

transport, and the predicted impacts of

hyperglutamylation. Excessive levels of

polyglutamylation (red tails on the

microtubules) could affect the switching of

cargoes betweenmicrotubule tracks, which

is a rate-limiting factor for efficient transport

(Yogev et al., 2016). Hyperglutamylation

could also cause frequent detachment of

cargoes from the microtubule tracks, either

indirectly by disrupting microtubules

(Lacroix et al., 2010; Valenstein and Roll-

Mecak, 2016) and by abnormal

accumulation of MAPs (Vershinin et al.,

2007) that could act as ‘roadblocks’, or

directly by modulating the affinity of motor

proteins to the microtubule tracks

(Sirajuddin et al., 2014).
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Cloning and DNA plasmids

Cre-recombinase and vesicle markers (LAMP1) were cloned in to pTRIP

lentiviral vectors using sequence- and ligation-independent cloning (Jeong

et al., 2012), which was described in detail in our earlier studies (Bodakuntla

et al., 2020a). Briefly, cre-recombinase was amplified using primers with at

least 15 bp of homology sequence to the ends of the target vector and

inserted in the pTRIP vector with CMV-enhanced chicken β-actin (CAG)

promoter at the XhoI site. The cre-recombinase was cloned after a self-

cleavable 2A peptide sequence (Kim et al., 2011), which was in frame with

the GFP. The Lamp1 gene, a marker for late endosomes, was inserted at the

NheI site, creating a C-terminally GFP-tagged protein. Primers used for

amplification of cre-recombinase and Lamp1 were: NLS-cre-FS-2A,

5′-tccactagtgtcgacATGCCCAAGAAGAAGAGGAAGGTG-3′; NLS-cre-

FS-2A, 5′-catgtttttctaggtTAATCGCCATCTTCCAGCAGGC-3′; mLAMP1-

FS1, 5′-agaattattccgctagcATGGCGGCCCCCGGCGCCCGGCG-3′; and

mLAMP1-RS1, 5′-accatGGTGGCgctagcGATGGTCTGATAGCCGGCGT-

GACTCC-3′. Packaging plasmids psPAX2 and pCMV-VSVGwere Addgene

plasmid #12260 (deposited by D. Trono) and Addgene plasmid #8454

(deposited by B. Weinberg), respectively. BDNF-mCherry was a kind gift

from F. Saudou (Grenoble Institute of Neurosciences, France).

Lentivirus production and transduction

Lentiviral particles were produced using protocols described earlier

(Bodakuntla et al., 2020a). Briefly, X-Lenti 293T cells (Takara, 632180)

plated in six-well plates were co-transfected with 1.6 µg plasmid of interest

and packaging plasmids (0.4 µg of pCMV-VSVG and 1.6 µg of psPAX2)

using 8 µl of TransIT-293 (#MIR 2705, Mirus Bio) transfection reagent per

well. On the next day, the culture medium was changed to Neurobasal

medium (Thermo Fisher #21103049) supplemented with 1× penicillin-

streptomycin (Life Technologies, 15140130). Next day, the virus-containing

supernatants were harvested, passed through a 0.45 µm filter and either used

fresh or aliquoted, and stored at −80°C. To determine the optimal amount of

virus for transduction, lentivirus aliquots were thawed, and different

volumes were added to cultured primary neurons. Based on the expression

levels of the GFP protein, the desired amount of virus to achieve maximum

transduction efficiency was determined. On DIV0, Ccp1flox/floxCcp6flox/flox

hippocampal neurons were either left untransduced for controls or

transduced with lentiviruses encoding GFP alone (control) or GFP-2A-

cre-recombinase in order to transform the flox genes into knockouts. For

transport experiments, wild-type andCcp1−/− neurons were transduced with

lentiviruses encoding either LAMP1-GFP or BDNF-mCherry.

Imaging of axonal transport

Transport assays and analysis paradigms were designed based on

established protocols (Ghiretti et al., 2016; Klinman and Holzbaur, 2016)

and are described in detail earlier (Bodakuntla et al., 2020b). Briefly, for all

transport experiments, neurons were imaged on DIV4. For imaging

mitochondria or lysosome movements in the axon, neurons were

incubated, respectively, with 2 nM MitoTracker Red CMXRos (Thermo

Fisher, M7512) for 1 min or 100 nM LysoTracker Red DND-99 (Thermo

Fisher, L7528) for 30 min in the cell culture incubator. After the staining,

neurons were washed once with conditioned medium. Conditioned medium

is neurobasal medium containing 1× B27 (Thermo Fisher #17504044)

and 1× GlutaMax (Thermo Fisher #35050038) is taken from untreated

DIV4 neurons.

For imaging LAMP1-GFP and BDNF-mCherry vesicles, DIV0 neurons

were transduced with lentivirus encoding LAMP1-GFP and BDNF-

mCherry, differentiated until DIV4 and washed once with conditioned

medium before imaging. Particle movements were immediately imaged

using a Nikon Ti-E spinning disk inverted confocal laser microscope

equipped with a 60× oil-immersion objective (N.A. 1.40). Images were

captured using an ORCA-Flash 4.0 camera (Hamamatsu) set at 2×2 binning,

and operated through Leica MM AF imaging software. All particle

movements were recorded every 300 ms for 1 min in stream mode, with the

imaging chamber set at 37°C and 5% CO2. For each experiment, at least five

neurons per treatment group were imaged, without exceeding 30 min of

imaging time per dish. A schematic representation of the work flow is given

in Fig. 1C.

Quantification of axonal transport

All the image processing and transport analysis procedures have been

described in detail elsewhere (Bodakuntla et al., 2020b). All the data

analyses were performed using ImageJ 1.47v with KymoToolBox plug-in

(Zala et al., 2013) (available upon request from F. Cordelier̀es, Bordeaux

Imaging Center, France). Refer to https://github.com/fabricecordelieres/IJ-

Plugin_KymoToolBox for a detailed explanation of the plug-in. For each

movie, a maximum-intensity projection of the time lapse movie was

generated, and the paths of particle movements along the longest neurite –

the axon – were manually traced. The KymoToolBox plug-in was used to

generate kymostacks (straightened videos of particle movements in the

axons; Movies 1-4, lower panels) and kymographs calibrated in the x-axis

(distance in µm) and y-axis (time in seconds; Figs 2B, 3B, 4B and 5B). The

kymographs were then analysed by manually tracing each distinct run of the

trajectory of a particle using the segmented line tool from ImageJ. In our

analyses, a ‘run’was defined as the continuous movement of a given particle

without changes in speed or direction. Runs with speeds lower than

0.10 µm/s, or shorter than 0.9 µm (corresponds to five pixels in our system

and equivalent to the average size of the particles imaged) were not

considered. To distinguish two consecutive runs in the same direction, we

first traced a linear slope for the entire trajectory. If this linear trace did not

follow the initial trajectory of the particle (minimum offset: three pixels,

corresponding to ∼0.5 µm), we defined a novel run with a different

trajectory. Although we are aware that some trajectories leave the imaging

windows, we still included them in our analyses. Considering that our

readouts are comparisons between wild-type and Ccp1−/− neurons, eventual

biases introduced by this analysis paradigm will equally be present in both

conditions, and thus will not significantly influence the final results. The

plug-in generates a kymograph, highlighting the anterograde runs in green,

retrograde runs in red and immotile trajectories in blue (kymographs of

one experiment are shown in Figs 2B, 3B, 4B and 5B). A schematic

representation of the work flow is given in Fig. 1C.

The run length and run time transport parameters were measured as

shown in Fig. 1C, and run speed and overall motility were calculated

(Figs S2, S3, S4 and S5). For each experiment, run length and run speed

distributions from each condition were plotted and medians of the

distributions were compared. Overall motility, the percentage of time that

particles spend in movement in the given observation time is calculated for

each condition. A motility of 100% means that all detected particles in

the kymograph were in movement for the whole duration of observation

time (60 s).

Overall motility ½%� ¼

Sum of all run times in kymograph :
P

T1 . . . Tn ½s� � 100

Number of particles in kymograph� Imaging time ½s�
:

Particle density is calculated as the number of particles per length of the

axon. The ‘average run length’ (Figs 2G, 3G, 4G and 5G) and ‘average run

speed’ (Fig. 2H, 3H, 4H and 5H) were determined by calculating the mean

of all medians (Figs S2, S3, S4 and S5). The ‘average overall motility’

(Figs 2I, 3I, 4I and 5I) and ‘average vesicle density’ (Figs 2J, 3J, 4J and 5J)

were determined by calculating the mean of the respective values from all

the experiments (Figs S2, S3, S4 and S5). Bin analyses were performed to

determine the probability of long vesicle runs. Bin widths were set at

approximately twice the median values: 3 µm for anterograde runs of

mitochondria and lysosomes; 6 µm for anterograde runs of LAMP1-GFP

and BDNF-mCherry vesicles; 5 µm for all retrograde runs (Fig. 6).

Statistical analyses

qPCR analysis for tubulin-modifying enzymes was performed in samples

collected from three independent experiments. The analyses for all the

samples in an experiment were performed simultaneously in a single qPCR

run. Data obtained from three independent experiments are shown as

mean±s.d. (Fig. S1).

For statistical analyses of transport parameters, values for run length and

speed of a single experiment were represented as scatter plots with a line

indicating a median and whiskers at interquartile ranges (25th and 75th

percentiles; Figs S2A,B, S3A,B, S4A,B and S5A,B). Fraction of time spent
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in movement (overall motility) and particle density in the axon were

calculated and are represented as bar graphs (Figs S2C,D, S3C,D, S4C,D

and S5C,D). All experiments have been performed at least in triplicate.

Medians of the run length and speed distributions from all the experiments

were averaged, and are shown as mean±s.e.m. (Figs 2G,H, 3G,H, 4G,H and

5G,H). Overall motility and particle densities calculated in individual

experiments were averaged and are shown as mean±s.e.m. (Figs 2I,J, 3I,J,

4I,J and 5I,J). The statistical significance of differences in particle densities

was tested using aMann–Whitney test and P-values are given. The statistical

significance of differences in average run length, average speed and average

overall motility was tested using a two-way ANOVA with a post-hoc by

Bonferroni multiple comparison test and P values are given. The statistical

significance of differences in qPCR analyses shown in Fig. S1 was tested

using one-way ANOVAwith a post-hoc by Bonferroni multiple comparison

test and P-values are given. All the numerical values used for quantification

of axonal transport are shown in Table S2.
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