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Summary

Axonal microtubules are predominantly organized into a plus-end-out pattern.Here, we examined 

the polarity-sorting mechanism underlying this organization both experimentally and using 

modeling. The posited mechanism centers on cytoplasmic dynein transporting plus-end-out and 

minus-end-out microtubules into and out of the axon, respectively. When cytoplasmic dynein was 

acutely inhibited, the bi-directional transport of microtubules in the axon was disrupted in both 

directions, after which minus-end-out microtubules accumulated in the axon over time. 

Computational modeling revealed that dynein-mediated transport of microtubules can establish 

and preserve a predominantly plus-end-out microtubule pattern as per the details of the 

experimental findings, but only if a kinesin motor and a static cross-linker protein are also at play. 

Consistent with the predictions of the model, partial depletion of TRIM46, a protein that cross-

links axonal microtubules in a manner that influences their polarity orientation, leads to an 

increase in microtubule transport.
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eTOC Blurb

Rao et al show that the plus-end-out microtubule polarity pattern of the axon can be explained by a 

polarity-sorting mechanism driven by cytoplasmic dynein together with the participation of other 

players that include an opposing motor and a cross-linker protein.
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Introduction

Axonal microtubules (MTs) are nearly uniformly oriented with plus-end-out (Heidemann et 

al., 1981), but a small number are minus-end-out, especially during development (Hasaka et 

al., 2004, Yau et al., 2014). This MT polarity pattern is preserved by limiting MT assembly 

either to existing MTs (Baas and Ahmad, 1992) or to nucleation of MTs of the same 

orientation from the sides of existing MTs (Sanchez-Huertas et al., 2016). Minus-end-out 

MTs can arise during bouts of MT severing that occur during plastic events such as branch 

formation, because the very shortest MTs can flip orientation (Qiang et al., 2010). A 

potential mechanism for organizing axonal MTs called “polarity sorting” is based on in vitro 
observations that a lawn of motor proteins adhered to a glass coverslip transports (or 

“slides”) apart MTs of opposite orientation. The motor protein adheres to the glass via its 

cargo domain, leaving the motor domain available to swivel so that it transports MTs in a 

polarity-sorting manner (Tanenbaum et al., 2013). Such a mechanism in the axon would not 

only transport MTs into the axon with plus-end-leading, but would also correct for MT 

polarity flaws by transporting minus-end-out MTs back to the cell body.

Cytoplasmic dynein is a good candidate for the relevant motor protein because it transports 

MTs with plus-end-leading (Dillman et al., 1996, Ahmad et al., 1998). However, in apparent 
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contradiction with this possibility, gradual depletion of dynein heavy chain (DHC) from 

cultured rat neurons from the superior cervical ganglion (SCG) resulted in diminution of the 

anterograde but not retrograde transport of axonal MTs (He et al., 2005). This may be 

because gradual depletion of DHC provides the opportunity for other motors to aberrantly 

transport MTs (Baas and Mozgova, 2012, Arthur et al., 2015, Zheng et al., 2008). Here we 

used various methods including an acute approach to test dynein’s potential role in polarity 

sorting axonal MTs, and then used computational modeling to ascertain whether the data can 

be explained by dynein-based polarity sorting of MTs.

Results

Ciliobrevin D acutely and reversibly inhibits dynein function in rat neurons

Ciliobrevin D (CB), a drug that acts in a nucleotide-competitive manner to acutely and 

specifically inhibit the ATPase activity of cytoplasmic dynein (Firestone et al., 2012), has 

been used in recent studies on cultured neurons (Roossien et al., 2014, Sainath and Gallo, 

2015). An advantage of CB not shared by previous methods of dynein inhibition is that CB 

is reversible upon washout, providing a method to re-introduce dynein function after acute 

or prolonged inhibition. Treatment of SCG cultures with CB led to Golgi dispersion at 

concentrations of 50 μM and 100 μM, with a 56% ± 4% and 77% ± 7% increase in cells 

displaying dispersed Golgi, respectively. CB washout rescued neurons from the dispersed 

Golgi phenotype, reducing the number of cells with dispersed Golgi to near control levels 

(Fig. 1A, B). Neurons treated with CB showed significantly fewer (p<0.01) filopodia 

occupied by MTs when compared to untreated and vehicle-control neurons (DMSO), with 

the number of filopodia not occupied by a MT jumping from roughly 20% to over 60%, and 

significantly fewer growth cones containing one or more MTs (Fig. 1C, D). CB-treated 

neurons displayed reduced total axon length and process number per cell (Fig. 1E, F), with 

an increased percent of cells showing neurofilament accumulation in axon tips (Fig. 1G). 

Finally, CB treatment suppressed retrograde transport of fluorescently-conjugated dextrans 

(vesicle transport) 15 min after CB wash-in (Fig. S1A). All of these observations are 

consistent with expectations of dynein inhibition, with an even greater preference for 

inhibition of vesicle transport in the retrograde direction than observed with gradual 

depletion of DHC by siRNA (Myers et al., 2006, Ahmad et al., 2006, He et al., 2005).

Dynein inhibition alters MT polarity orientation in the axon and reintroduction of dynein 
rescues the altered MT phenotype

MT polarity orientation was assessed with GFP-EB3 at 3, 24 and 48 h after plating with no 

treatment or in the presence of 50 or 100 μM CB or vehicle. After 3 h, untreated and DMSO 

treated neurons displayed proportions of 10% ± 0.6% and 13% ± 0.5% of the comets in the 

backward direction, while neurons treated with 50 μM or 100 μM CB displayed 15% ± 1% 

and 21% ± 1% of comets in the backward direction, respectively. After 24 h, in the case of 

both untreated and DMSO treated neurons, fewer than 5% of the comets were backward. CB 

treatment resulted in neurons treated with 50 or 100 μM CB exhibiting 13% ± 1% or 21% 

± 1% backward comets respectively. While the number of backward comets in the axon 

remained low for control treatments after 48 h, backward comets increased even further in 

CB-treated cells, yielding 22% ± 1% and 26% ± 1% after 48 h of treatment with 50 or 100 
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μM CB, respectively (Fig. 2A bar graph, B kymographs; Movie S1). To test dynein’s ability 

to repair MT polarity flaws, neurons were treated with CB at the time of plating for 48 h to 

establish an axon abnormally rich in minus-end-out MTs. Comet rate, frequency, and run 

length were not significantly changed by vehicle or CB treatment (Fig. 2 C, D, and E and 

S1B, respectively). 24 h after CB washout, the percent of backward comets was restored to 

control levels (7% ± 1%), consistent with dynein’s proposed role of clearing minus-end-out 

MTs from the axon (Fig. 2F). DHC depletion via siRNA also yielded a significant increase 

in minus-end-out MTs in axons (23% ± 4%) (Fig. 2G), as did an overnight expression of 

CC1, a dynactin component that disrupts dynein function when expressed (Fig. 2H). CC1 

expression did not affect comet run length or rate (Fig. S2A and C, respectively) and caused 

the appearance of axonal varicosities where MT polarity flaws were observed (Fig. S2B).

MT transport in the axon is disrupted bi-directionally with acute dynein inhibition

To directly test our dynein-driven polarity-sorting hypothesis (Schematic; Fig. 3A), live-cell 

imaging of MT transport was conducted over the first 5 min after washing in CB as well as 6 

h later on neurons expressing tubulin tagged with tdEos, a photoconvertible fluorescent label 

that fluoresces green until bleached, after which it fluoresces red. Compared to the GFP-

tubulin used in previous studies, tdEos-tubulin allows imaging of MTs moving through the 

bleached zone in the green channel as well as out of the bleached zone in the red channel. 

Data were gathered only from the green channel for the present study. A bleached zone 

approximately 30 μm was created in the middle 1/3 of the axon (Fig. 3B) and movies of 

transported MTs were captured first under untreated conditions, then after wash-in of either 

DMSO or 50 μM CB.

The numbers of mobile MTs observed were higher than in earlier studies with GFP tubulin 

(He et al., 2005), which is consistent with tdEOS-tubulin more thoroughly incorporating into 

MTs (Solowska et al., 2014). The identity of the mobile structures as MTs (rather than 

membranous vesicles that incorporated the tdEOS-tubulin) was confirmed by treatment with 

FCPT, a compound that halts MT transport by inducing kinesin-5 (a motor that does not 

transport vesicles) to become a rigor complex (Rao et al., 2016). After FCPT wash-in, the 

transport of fluorescent moving structures was reduced by over 80% (Fig. S3A). In further 

support of the moving structures not being vesicles (and therefore being MTs), no 

diminution in the observed transport was observed in the presence of brefeldin A (Fig. S3B), 

a drug that prevents vesicle formation (Tang et al., 2013).

Kymographs of MTs moving through the bleached zone were created, and the rate, 

frequency, and processivity of these events were analyzed under control and dynein-

inhibited conditions. Acute and prolonged DMSO-treated cultures showed a similar 

distribution of transport velocities, with the most anterograde transport events clustered 

between 1.5 to 3 μm/s, and retrograde transport predominantly within 1 to 2.5 μm/s (Fig. 

3C). Average length of a moving MT was 3.65 μm (Fig. S3C). Occasional pauses in 

movement were observed, as well as rare reversals in direction. Shortly after the addition of 

CB, a significant increase in the number of MTs that stalled or changed direction was 

observed, with movements in both directions diminished (Fig. 3D, E kymographs; stacked 

bar graph Fig. 3F). After prolonged CB treatment, a significant bi-directional decrease in 
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MT transport was observed when compared to vehicle controls (Fig. 3G). This was 

accompanied by an increase in MT stalling, but there was no difference in the number of 

MTs that change direction in prolonged CB-treated cultures vs. control groups (Fig. 3E; 

Movie S2).

Computational simulations predict that a dynein-based polarity-sorting mechanism for 
axonal MTs requires other components

A dynein-based polarity-sorting model alone does not explain why only short MTs are 

mobile or the pausing and rare reversals in direction of movement. To mathematically test 

potential contributions of other variables, a tunable computational model of MT transport in 

the axon was created, using published data to inform the parameters. Stochastic simulations 

were used to predict the time-dependent movement of a short axonal MT oriented with plus-

end-out. Two populations of motors, cytoplasmic dynein and a plus-end-directed kinesin, 

were assumed to be immobilized along the axon via cargo domain attachment to structures 

including long stationary MTs and actin bundles (Hasaka et al., 2004), creating a lawn of 

motor proteins that stochastically attach to and detach from the short MT. When both types 

of motor are attached to the MT, the motors exert forces in opposite directions, creating a 

“tug-of-war” in which motors of the same polarity share the load force equally. Based on 

previous modeling and single-molecule in vitro experiments (Kunwar et al., 2011), linear 

force-velocity dependence and force-dependent detachment kinetics for individual motors 

were assumed. The possibility was explored of a small population of static cross-linkers that 

stochastically attach/detach to the MT, giving rise to viscous protein friction that opposes 

MT movement. The movement of the MT is determined by a force-balance condition, and 

the position is continually updated based on the instantaneous attachment numbers of 

dynein, kinesin, and cross-linkers, as described in Supplemental Table 1. For minus-end-out 

MTs, retrograde motion with the same characteristics as plus-end-out MTs is predicted. 

Most mechanical parameters of the model, such as the stall force and detachment force for 

kinesin (specifically, we used data on kinesin-1, i.e. conventional kinesin) and cytoplasmic 

dynein, can be constrained by experimental measurements (see Supplemental Table 1). We 

choose to vary the stochastic attachment rates of dynein, kinesin, and cross-linkers (denoted 

by don, kon, and xon, respectively), while setting all other parameters to the values listed in 

Supplemental Table 1, in order to probe model predictions for the role played by each of 

these proteins in axonal MT transport. The attachment rate of each protein is intended to 

encompass the binding affinity of each protein to MTs as well as the unknown density of 

each protein in the axon.

When don >> kon, making dynein the primary driver of motion, the model predicts sorting 

of MTs based on their polarity orientation (Fig. 4A). When the MT is transported by dynein 

alone (don = 0.1s−1, kon = xon = 0), fast and processive anterograde MT transport is predicted 

(Fig. 4A, blue line). Adding the activity of a kinesin motor, (don = 0.1s−1, kon/don = 0.1, xon 

= 0) (Fig. 4A, red line) or kinesin and static cross-linkers along with dynein (don = 0.1s−1, 

kon/don = 0.1, xon = 0.003s−1) (Fig. 4A, green line) produces saltatory transport reminiscent 

of the experimental observations.
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The time-averaged velocity (including pauses) of a plus-end-out MT was simulated as a 

function of MT length, for several values of kinesin attachment rate and static cross-linker 

binding rate (Fig. 4B). In the absence of static cross-linkers, the average velocity of MT 

transport increases with MT length, contrasting with the experimental observation that only 

short MTs are motile in the axon. With the addition of static cross-linkers, which create an 

effective viscous drag force opposing the motion of the MT, the average velocity decreases 

with MT length, in agreement with experimental observations. This is because static cross-

linkers increase the likelihood of a stalled tug-of-war between dynein and kinesin by 

reducing the force on each kinesin motor, thus decreasing detachment rate and increasing the 

average kinesin attachment number (Fig. 4C).

The model predicts that if dynein activity level is reduced (for example, by CB), the small 

level of pre-existing kinesin activity begins to play a larger role in MT transport, reversing 

the direction of motion for very low levels of dynein activity (Fig. 4D, E). For intermediate 

levels of dynein activity, competition between dynein and kinesin leads to frequent reversals 

of motion (Fig. 4D inset). The model predicts that a small reduction in dynein activity will 

initially increase the fraction of time spent paused in a stalled tug-of-war, but that the 

fraction of time spent paused is insensitive to further reduction in dynein activity (Fig. 4E). 

MT transport becomes independent of MT polarity for intermediate levels of dynein activity 

(kon/don ~ 0.2 – 0.5), thus disrupting the polarity-sorting mechanism that exists when dynein 

is the primary driver of motion (kon/don < 0.1) (Fig. 4E). By tuning activity levels of dynein 

and kinesin, the model can account for disorganized MT transport and corruption of MT 

polarity patterns that occurs when dynein activity in the axon is inhibited.

Partial depletion of TRIM46, an axonal MT cross-linker, leads to an increase in MT 
transport and an accumulation of MTs in the distal axon

TRIM46, a protein that is normally enriched proximally in the axon, is an attractive 

candidate for the cross-linker predicted by our modeling because its depletion leads to MT 

polarity flaws in the axon (van Beuningen et al., 2015). TRIM46 siRNA (or control siRNA) 

was introduced into neurons at the time of plating, and cells were fixed after 26–30 h. Most 

TRIM46 was observed in the soma and proximal axon, but along the length of the axon as 

well. Neurons treated with TRIM46 siRNA exhibited a 38% ± 4% reduction in TRIM46 

immunofluorescence signal when compared to control siRNA (Fig. S4 A and B; C, bar 

graph), and reduction in TRIM46 was significantly correlated with severity of the swollen 

distal tip phenotype (Fig. S4C, scatter plot). Relative to control axons, the proximal 

enrichment of TRIM46 was diminished or entirely lost after partial depletion of the protein, 

with the distal-to-proximal proportion of TRIM46 notably higher (Fig. 5A, B; Fig. S4A, B 

[inset]). We speculate that the distribution of TRIM46 along the axon is a reflection of the 

degree to which it is able to restrain MT transport, with its redistribution after partial 

depletion indicating its diminished capacity to impede the transport of MTs to which it is 

bound. Consistent with this speculation, distal axons displayed an abnormal accumulation of 

MTs, and the tips of these axons were wider and blunter than those of control axons, 

presumably as a result of the MT accumulation.
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If TRIM46 is the hypothetical cross-linker predicated by our model, the distal accumulation 

of MTs after TRIM46 depletion would presumably result from greater sliding of MTs, both 

long and short ones. Because movement of long MTs is not easily visualized in the axon, we 

used a modification of our live-cell regimen recently used to appreciate the sliding of longer 

MTs in the leading process of migratory neurons (Rao et al., 2016). For this, we expressed 

tdEOS-tubulin and converted the soma and the proximal region of the axon from green to 

red. We then measured the appearance of red signal at three time points (10, 150 and 300 

sec) in the non-converted region of the axon, as an indication of the sliding of MTs into that 

region from the converted region. Imaging was performed just 2 h after the addition of 

laminin, prior to the distal accumulation of MTs, so that we could determine whether an 

increase in MT transport could account for the subsequent MT accumulation. Cells treated 

with control siRNA showed modest red fluorescence signal appearing over time in the 

unconverted region of the axon (Fig. 5C, D [shown in FIJI ‘Green Fire’ LUT]; Fig. S4D), 

which may be due to some MT sliding but also some incorporation of converted tubulin 

subunits into non-moving long MTs. The levels of red fluorescence appearing in the non-

converted region was notably greater in cells partially depleted of TRIM46 (Fig. 5C; Fig. 

S4E–F, Movie S3), to which we attribute greater MT sliding as TRIM46 does not affect MT 

dynamics (van Beuningen et al., 2015). These results, more details of which are described in 

the figure legends, indicate increased sliding of MTs when TRIM46 is depleted.

Discussion

In support of a dynein-based polarity-sorting mechanism for organizing MTs in the axon, 

our studies show a strong positive correlation between the experimental inhibition of dynein-

driven transport of MTs and the accumulation in the axon of minus-end-out MTs. Our data 

indicating that dynein transports MTs in both directions in the axon contrasts with the results 

of recent studies on cultured Drosophila neurons in which dynein was implicated only in the 

retrograde transport of minus-end-out MTs (del Castillo et al., 2015, Zheng et al., 2008). 

Instead, evidence was presented in that work that kinesin-1 slides antiparallel MTs in the cell 

body and at the axon tip to drive axon outgrowth. Perhaps relevant to this apparent conflict is 

a recent paper on vertebrate muscle cells in which MT sliding was shown to occur via 

dynein, but could occur via kinesin-1 if dynein were depleted (Mogessie et al., 2015). 

Consistent with that finding, our computational modeling suggests that dynein will dominate 

kinesin-1 when the two directly compete to slide MTs, at least at predicted physiological 

levels of the two motors. Individual MTs moving within vertebrate axons occasionally pause 

and even (albeit rarely) reverse direction, suggesting an opposing force on the MTs. 

Kinesin-1 seems like a good candidate for an opposing motor, and also makes sense as the 

motor that aberrantly transports MTs in the axon when dynein is depleted. As suggested by 

the insect work (Lu et al., 2015), and recent work in zebrafish (Lee et al., 2017), we suspect 

that there are particular events in the life of the axon, such as growth-related challenges at 

the axon tip and the formation of axonal branches that could benefit from the forces of anti-

parallel MT sliding by kinesin-1.

Our computational modeling also predicts the participation of a cross-linker protein that 

would limit concerted transport of MTs to those that are very short, and also tamp down 

uncontrolled MT movements. Precedent for such a cross-linker comes from the work on 
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muscle cells mentioned above in which an isoform of MAP4 strongly influences the 

capacity of motors to slide MTs (Mogessie et al., 2015). To test the principle in axons, we 

chose TRIM46 as an appealing candidate because it has already been shown to be relevant to 

the polarity orientation of axonal MTs (van Beuningen et al., 2015). We speculate that MT 

polarity flaws arise in the axon when TRIM46 is depleted because MT movements become 

insufficiently controlled (Fig. 5E). In support of such a scenario, partial depletion of 

TRIM46 in our experiments resulted in dramatically greater sliding of MTs, no longer 

limited to just the shortest MTs in the axon, and we suspect no longer limited to just dynein.

An obvious question is how vertebrate dendrites overcome dynein-based polarity sorting 

forces to generate and maintain MT arrays of mixed orientation (Baas et al., 1988, Yau et al., 

2016). One possibility is that local MT nucleation events occur in dendrites, via gamma-

tubulin and Golgi outposts that introduce minus-end-out MTs (Nguyen et al., 2014, 

Delandre et al., 2016). This is probably not the primary mechanism, however, because the 

presence of Golgi elements in dendrites requires that at least some minus-end-out MTs are 

already present (Baas et al., 1988). In keeping with a motor-based mechanism for organizing 

neuronal MTs, we have proposed that certain kinesins best known for their roles in mitosis 

transport minus-end-out MTs into developing dendrites (Baas, 1999), and then hold them 

there in opposition to dynein’s polarity-sorting properties. If these kinesins are depleted, the 

minus-end-out MTs are chased back into the cell body, and the dendrite reverts to an axonal 

identity (Yu et al., 2000). These kinesins diminish in expression in adult neurons (Lin et al., 

2012), and hence the mixed orientation of dendritic MTs presumably requires other factors, 

such as cross-linker proteins, to oppose the polarity-sorting properties of dynein over the life 

of the neuron.

Experimental Procedures

Cell culture

Superior cervical ganglia (SCG) were cultured as previously described (He et al., 2005).

Live-cell imaging

MT orientation experiments – Neurons expressing GFP-EB3, a +-tip that affiliates with the 

plus end of MTs during bouts of assembly, were treated with 50 μM CB, 100 μM CB, or 

vehicle (DMSO). The excursion of GFP-EB3 at the plus end of the MT appears as a ‘comet,’ 

with forward and backward excursions indicating plus-end-out and minus-end out MTs, 

respectively (Hasaka et al., 2004). SCGs were harvested as described above, dissociated, and 

transfected with GFP-EB3 by nucleofection prior to plating on poly-d-lysine without 

laminin. 12 h after plating, the medium was replaced with medium containing laminin (10 

μg/ml) and treatment compounds (no compound, DMSO, 50 or 100 μM CB). Dishes were 

then placed in the live-cell imaging work-station (5% CO2, 37°C), and neurons from 5 

randomly selected regions of the dish were chosen for imaging at 3 h, 24 h, and 48 h time 

points. Images were captured at 2 fps using a Zeiss 200M Axiovert microscope equipped 

with a Zeiss 100X Neofluar objective (NA 1.3). MT Transport experiments – Cells were 

transfected with tdEOS-tubulin prior to plating. 12 h after plating on poly-d-lysine/laminin, 

dishes were placed in live-cell imaging work-station and neurons from 5 randomly selected 
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regions were imaged. A bleached zone approximately 30 μm was made in the middle 1/3 of 

the imaged axon using the Andor Mosaic system, and images were captured every 500 ms 

using a Zeiss AxioObserver Z1 equipped with a 100x Plan Apochromat objective (oil; NA 

1.46). TRIM46 transport - 20 h after TRIM46 siRNA treatment, somal tdEos-tubulin was 

converted and the axon was imaged every 5 s for 2.5 mins. Vesicle transport assay – Neurons 

were incubated overnight in medium containing rhodamine-labeled dextran conjugates (1 

mg/mL). The following day, dextran medium was removed, washed twice with dextran-free 

medium, and imaged, first under control conditions then after wash-in of treatments 

(DMSO, 50, or 100 μM CB).

Fluorescence microscopy on fixed cultures

Axon length analysis: Neurons treated with DMSO, 50 μM or 100 μM CB were fixed 3 h 

after plating on 0.1 mg/mL PDL with laminin and immunostained for β3-tubulin. Images 

were taken using a Zeiss Axiovert 200M inverted microscope equipped with a Zeiss 40X oil 

objective (N.A. 1.2), and image acquisition was controlled using the Zeiss Zen Blue 

software. Images used for quantification did not contain pixel saturation and showed 

minimal bleaching during imaging acquisition. Growth Cone Analysis: For experiments 

quantifying the number of filopodia containing MTs, neurons were treated and fixed as 

before and immunostained for β3-tubulin and actin. Images were taken using a Zeiss 

Axiovert 200M inverted microscope equipped with a Zeiss 100X oil objective (N.A. 1.3). 

Golgi analysis: Neurons were plated on glass-bottomed dishes coated with PDL and laminin, 

and fixed with methanol after 3 h. Cultures were stained for tubulin and for Golgi using an 

anti-Golgi 58k antibody and imaged by epifluorescence. Neurofilament analysis: 

Distribution of neurofilaments was ascertained according to our previous method (He et al., 

2005). DHC and CC1 expression: EB3 comet movies were obtained from DHC siRNA 

studies conducted as previously described (Myers et al., 2006), with the siRNA pool 

consisting of 4 non-overlapping sequences that individually produced the same result as 

each of the four on its own, providing confidence in the specificity of the phenotype 

(Supplementary Methods; He et al., 2005). As another method for inhibiting dynein 

function, a fluorescently tagged CC1 construct was expressed in cells for 24h 

(Supplementary Methods); expression of CC1 disrupts the dynactin complex and thereby 

inhibits dynein functions (Quintyne et al., 1999). TRIM46 depletion: 4 pooled non-

overlapping sequences of TRIM46 siRNA were introduced by nucleofection.

All images were acquired at identical exposure settings. Images used for quantification did 

not contain pixel saturation and showed minimal bleaching during imaging acquisition.

Data analyses and statistics

Data represent, if not otherwise specified, mean ± SEM. In each experiment, 3 independent 

repeats were performed. The MT transport, EB3 comet, and vesicle transport assays were 

performed using the Zeiss Zen Blue software package. Axon length measurements, growth 

cone analyses, vesicle transport, EB3 comet analyses, and MT transport analyses were 

performed using publicly available, open-source plugins in FIJI. Analyses were performed 

by a blinded rater. All statistical analyses were performed using SPSS 23 (IBM) and graphs 

were constructed using Microsoft Excel. Multiple group comparison was performed by one-
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way ANOVA followed by Bonferroni post-hoc analyses. Student’s t-test was used for pair 

analyses.

Computational modeling

The time-dependent trajectory of an individual MT transported along the axon was 

simulated by a sliding filament mechanism. The instantaneous velocity of the MT was 

determined by a force-balance condition, in which the force acting on the MT is determined 

by the instantaneous attachment numbers of dynein, Nd, kinesin-1, Nk, and static cross-

linkers, Nx.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Cytoplasmic dynein transports microtubules bi-directionally in the axon

• Dynein-based transport sorts microtubules according to their polarity 

orientation

• Computational modeling predicts other molecular players as well as dynein

• TRIM46 acts as a cross-linker that influences microtubule transport
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Figure 1. CB inhibits dynein specifically and reversibly in rat SCG neurons
A. Golgi immunostaining with CB or vehicle (scale bar, 5 μm). B. Bar graph showing the 

percent of cells with dispersed Golgi, with vehicle, CB and CB washout at two different 

concentrations. C. Frequency histogram of the number per growth cone of filopodia 

containing MTs after treatment with CB vs control. D. Actin and tubulin immunostaining of 

neuronal growth cones after treatment with CB or vehicle (scale bar, 2 μm). E. Bar graph 

depicting total axon length under varying conditions. F. Bar graph showing total processes 

per cell under varying conditions. G. Bar graph of the percent of axons per cell showing 

neurofilament accumulation with CB or vehicle. n=50 neurons per condition from 3 

independent dissections. * - p<0.05; ** - p <0.01; *** p <0.001
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Figure 2. CB leads to reversible increase in minus-end-out MTs in the axon
A. Bar graph showing the percent of MTs oriented with minus end out in axons after 3, 24, 

or 48 h of CB (at two different concentrations) or vehicle, as indicated by backward comets. 

B. (top) Micrograph of GFP-EB3 forward comets, indicating plus-end-out MTs (FIJI “Green 

Fire” LUT; Scale bar, 5 μm). Kymographs showing EB3 comets after DMSO (middle) or CB 

(bottom) treatment. C. and D. Quantification of comet rate and frequency, respectively, 

under control or CB conditions. No significant difference was observed. E. Comet track 

lengths quantified using FIJI tracking plugin. Each track represents a comet run, colors made 
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different to increase contrast from run to run. No significant different in run length was 

observed between control and CB treatment. (Washout data in Fig. S2B). F. Bar graph 

showing the percent of MTs oriented with minus end out (indicated by backward comets) in 

axons 24 h after CB washout. G. Bar graph showing the percent of MTs oriented with minus 

end out (indicated by backward comets) in axons after treatment with DHC siRNA. H. Bar 

graph showing the percent of MTs oriented with minus end out (indicated by backward 

comets) in axons after CC1 expression. n=25 neurons per condition from 3 independent 

dissections. * - p<0.05; ** - p <0.01; *** p <0.001
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Figure 3. CB disrupts MT transport
A. Schematic depicting how dynein’s MT polarity-sorting ability on glass coverslips (top) is 

proposed to sort MTs in the axon (bottom). B. A representative image of a MT moving 

through a bleached region of an axon of a neuron expressing tdEos-tubulin under control 

conditions (top; scale bar, 5 μm) with an affiliated kymograph (plots position over time [150 

s]; middle). The green line represents the movement of the pictured MT. The red arrow 

shows a stall event and the blue arrowhead depicts a MT reversal. C. Frequency histogram 

showing anterograde and retrograde transport events under DMSO and CB conditions. D. 
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Bar graph showing the MT transport events per min. after CB. E. Kymographs (left: control; 

right: CB) plotting MT transport events over time (150 s). F. and G. 100% stacked histogram 

of types of transport events after acute and prolonged inhibition. n=25 neurons per condition 

from 3 independent dissections. * - p<0.05; ** - p <0.01; *** p <0.001
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Figure 4. Computational simulations of MT transport predict dynein-driven MT transport 
establishes the axonal MT polarity pattern
A. Position as a function of time for an individual MT of length L = 2 μm with plus end out, 

showing sample trajectories in the presence of dynein only (don = 0.1s−1, kon = xon = 0; blue 

line); dynein and kinesin activity (don = 0.1s−1, kon = 0.01s−1; red line); and dynein, kinesin, 

and static cross-linkers (don = 0.1s−1, kon = 0.01s−1, xon = 0.003s−1; green line). B. Time-

averaged velocity (including pauses) of a MT with plus end out as a function of MT length, 

for several values of kinesin binding rate and static cross-linker binding rate. C. (top): 
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Histogram of dynein and kinesin attachment numbers in the absence of static cross-linkers 

(L = 10 μm, don = 0.1s−1, kon/don = 0.1, and xon = 0). (bottom): Histogram of dynein and 

kinesin attachment numbers, in the presence of static cross-linkers (L = 10μm, don = 0.1s−1, 

kon/don = 0.1, and xon = 0.003s−1). D. Average velocity as a function of kon/don, for L = 2 

μm, kon = 0.01s−1, xon = 0.003s−1. Inset: illustrative MT trajectories corresponding to 

kon/don = 0.1 (blue), kon/don = 0.5 (red), and kon/don = 1 (green). E. Fraction of time spent 

paused, moving anterogradely, and moving retrogradely as a function of kon/don. The dashed 

lines between data points in B, D, and E are included as a guide to the eye.
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Figure 5. TRIM46 depletion results in redistribution of axonal MTs and an increase in MT 
transport
A. SCG neurons immunostained for beta-tubulin and TRIM46, with only the beta-tubulin 

staining shown. Image inverted to increase contrast. Upper: Neurons treated with control 

siRNA. Lower: Neurons treated with TRIM46 siRNA. Arrows indicate abnormally blunted 

tips of TRIM46-depleted axons; inset boxes show distal axons magnified. Numerals in black 

represent TRIM46 immunofluorescence gray value (for immunostain images of TRIM46, 

see Fig. S4A,B). B. Bar graph depicting the Tubulin:TRIM46 ratio in the distal region of the 

axon (26–28 h after TRIM46 depletion), indicating a change from (as a result of partial 
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TRIM46 depletion) the predominantly proximal enrichment of TRIM46 to a relatively 

higher proportion of the remaining TRIM46 (relative to tubulin staining) in the distal region 

of the axon where MTs accumulate during TRIM46 depletion. C. Bar graph depicting the 

tdEos-tubulin signal intensity (red fluorescence after conversion from green to red) as 

percent of control across distances (5 groups of 10 microns; 1–10.99, 11–20.99, 21–30.99, 

31–40.99, and 41–50.99) at 10 s, 150 s, and 300 s post-conversion. Relative to control, a 

greater amount of fluorescence recovery occurs in regions beyond the conversion zone in 

TRIM46-depleted axons, indicating greater levels of MT sliding (see Rao et al., 2016). D. 
Representative live-cell imaging frames of control and TRIM46 siRNA treated neurons 

expressing tdEos-tubulin, shown in FIJI “Green Fire” LUT. E. Schematic displays proposed 

dynein-based polarity-sorting mechanism for generating and preserving plus-end-out 

orientation of MTs in the axon. The proposed mechanism involves cytoplasmic dynein as the 

polarity-sorting motor, but also a plus-end-directed kinesin motor and a cross-linker protein. 

Blue arrows indicate direction of kinesin. Green arrows indicate direction of dynein. Black 

arrows indicate MT movement, with varying size representing directional force. n=15 

neurons per condition from 3 independent dissections. * - p<0.05; ** - p<0.01; *** - 

p<0.001.
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