
JCB: Article

JCB 329

The Rockefeller University Press  $30.00
J. Cell Biol. Vol. 213 No. 3 329–341
www.jcb.org/cgi/doi/10.1083/jcb.201506140

Introduction

Mammalian brain development involves directed migration of 
newly born neurons from ventricular zones to faraway desti-
nations where they complete their differentiation (Sidman and 
Rakic, 1973; Barkovich, 2013). During its journey, which be-
gins after its terminal mitotic division, the migratory neuron 
consists of a soma, a leading process that remains relatively 
short, and sometimes also a short trailing process. Microtu-
bules (MTs) that are attached to the centrosome emanate into 
the leading process and also backward, to engulf the nucleus. 
Motor-driven forces on the MTs in the leading process yank 
on the centrosome, pulling it toward and sometimes into the 
leading process, after which motor-driven forces transport the 
nucleus along the MTs that engulf it toward the centrosome 
(Rakic, 1971; Gregory et al., 1988; Solecki et al., 2004; Tanaka 
et al., 2004). This two-step process occurs repeatedly, resulting 
in fluid movement of the neuron. Implicit in this model is the 
idea that all functionally relevant MTs in migrating neurons are 
centrosome-attached. Another possibility, as yet unexplored, 
is that some of the MTs are centrosome-unattached and that 
these MTs are able to slide relative to the centrosome-attached 
MTs. Such MT movements are known to occur in axons and 
dendrites (Yu et al., 1996; Slaughter et al., 1997; Wang and 
Brown, 2002; He et al., 2005; del Castillo et al., 2015a), as well 

as the mitotic spindle (Sharp et al., 2000), and could theoreti-
cally contribute in unstudied ways to the migration of neurons 
during brain development.

In neurons that have mostly completed their migratory 
journey, MTs nucleated from the centrosome become detached 
from the centrosome and are then transported into developing 
axons and dendrites (Ahmad et al., 1994; Ahmad and Baas, 
1995). When few or no MTs remain attached to the centro-
some, there is no towing of the centrosome or nucleus, and 
the soma takes up its permanent residence. Available evidence 
suggests that this developmental transition occurs in tandem 
with changes in the distribution of a protein called ninein. In 
many cell types, including cortical progenitor cells (Shinohara 
et al., 2013), ninein resides within the pericentriolar material 
and recaptures MTs after they are released from the centro-
some (Bouckson-Castaing et al., 1996; Mogensen et al., 2000; 
Abal et al., 2002). Ninein is concentrated in the pericentriolar 
material when neurons are migrating, but then redistributes 
away from the centrosome as the neuron begins to form axons 
and dendrites (Srivatsa et al., 2015). These observations sup-
port a model in which transitions in neuronal phenotype are 
established in part through regulation of motor-driven sliding 
of MTs permitted by their detachment from the centrosome 
(Baas and Falnikar, 2012).

Contemporary models for neuronal migration are grounded in the view that virtually all functionally relevant microtu-
bules (MTs) in migrating neurons are attached to the centrosome, which occupies a position between the nucleus and a 
short leading process. It is assumed that MTs do not undergo independent movements but rather transduce forces that 
enable movements of the centrosome and nucleus. The present results demonstrate that although this is mostly true, a 
small fraction of the MTs are centrosome-unattached, and this permits limited sliding of MTs. When this sliding is phar-
macologically inhibited, the leading process becomes shorter, migration of the neuron deviates from its normal path, and 
the MTs within the leading process become buckled. Partial depletion of ninein, a protein that attaches MTs to the cen-
trosome, leads to greater numbers of centrosome-unattached MTs as well as greater sliding of MTs. Concomitantly, the 
soma becomes less mobile and the leading process acquires an elongated morphology akin to an axon.
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In the present study, we first wished to address the 
long-standing question of whether migratory neurons have func-
tionally relevant centrosome-unattached MTs and, if so, how 
their potential sliding contributes to neuronal migration. We 
then tested the hypothesis that greater MT detachment from the 
centrosome leads to greater MT sliding, which in turn shifts the 
neuron toward a phenotype more akin to one that has nearly com-
pleted its migratory journey. These issues were addressed using 
electron tomography (ET) and live-cell imaging of migratory 
neurons, together with a novel drug treatment for inhibiting MT 
sliding in neurons. Partial depletion of ninein by RNAi was used 
to shift the balance of centrosome-attached and -unattached MTs.

Results

Analysis of MT minus-end distribution in 
migratory neurons
To investigate the distribution of MT minus ends in cultured 
migratory neurons with sufficient resolution to visualize ends of 
MTs, ET was used. ET is an advanced version of transmission 
electron microscopy that allows true ends of MTs to be dis-
tinguished from artifactual ends on individual sections through 
automated serial reconstruction (Höög et al., 2007). Cerebel-
lar granule neurons from p5 rat pups were isolated, plated on  
laminin-coated coverslips, and allowed to attach to the substra-
tum and undergo migration for 24 h. These neurons, in culture, 
display the classic morphology and motility of a migrating neu-
ron (Edmondson and Hatten, 1987; Rivas and Hatten, 1995; 
Falnikar et al., 2013). Some are bipolar, with an elongated lead-
ing process and also a retracting trailing process, whereas oth-
ers are unipolar with only a leading process. In the latter case, 
the trailing process had presumably fully retracted at the time 
the cell was observed. The ET technique is limited by practi-
cality to reconstructing regions that are around 8 µm in length 
and 750 nm in depth. Even so, the volumes that could be recon-
structed are sufficient to evaluate whether or not all of the MTs 
have their minus ends in the region of the centrosome, given 
the capacity of ET to identify MT ends with certainty. ET was 
performed on a total of three migrating neurons.

In the first neuron (Fig. 1 A), the centrosome (Fig. 1 A, 
"C"), a portion of the nucleus (Fig. 1 A, "N"), and MTs (Fig. 1 A, 
arrowheads) are visible in the selected tomographic section. 75 
MTs were found in the analyzed region of this neuron (Fig. 1 B, 
green lines). Of the 75, minus ends of 35 MTs were present 
within the analyzed volume (Fig. 1 C, magenta spheres). Of the 
35 ends, 27 were within 1 µm from the centrosome (Fig. 1, B 
and C, blue cylinders represent centrosome) and were consid-
ered attached to the centrosome, whereas the remaining eight 
ends, which were farther away, were considered to be unat-
tached (Fig.  1  E, quantification). Some of the MTs extended 
behind the centrosome, instead of converging, and are stretched 
around the nucleus (Fig. 1 B). In this particular reconstruction, 
four MT plus ends were identified (Fig. 1 C, turquoise spheres).

In the second of these neurons (Fig. S1, A and B), the re-
constructed region included a portion of the nucleus as well as 
the centrosome (Fig. S1, C, D [boxes], and E). MTs are visible in 
selected tomographic sections (Fig. S1 E, arrowheads). A total 
of 28 MTs were found in this region (Fig. S1 F, green lines). Of 
these 28 MTs, 17 MTs had minus ends present within the ana-
lyzed volume (Fig. S1 G, turquoise spheres). Some of the MTs 
(Fig. S1 F) clearly extended beyond the centrosome (Fig. S1, F 

and G, magenta cylinders). Of the 17 minus ends, 12 ends were 
within 1 µm of the centrosome and were considered attached to 
the centrosome, whereas the remaining five were further away 
and considered unattached (Fig. 1 D, quantification). No plus 
ends of MTs were identified in the analyzed region.

In the analyzed volume of the third neuron, a total of 55 
MTs were identified. 27 of these 55 MTs had their minus ends 
within the analyzed volume, and several MTs were found to 
extend beyond the centrosome. 24 of the 27 minus ends were 
within 1 µm of the centrosome and were considered attached to 
the centrosome. The remaining three MT ends were considered 
unattached (Fig. 1 F, quantification).

ET is the gold standard for this kind of analysis and yet is 
so labor intensive as to preclude large sample numbers. In ad-
dition, proximity to the centrosome does not necessarily mean 
attachment to it. For these reasons, we sought another method 
to visualize free minus ends of MTs. Calmodulin-regulated 
spectrin-associated proteins (CAM SAPs) are proteins recently 
shown to associate with free minus ends of MTs but not with 
minus ends of MTs that are centrosome-attached (Baines et al., 
2009; Goodwin and Vale, 2010; Tanaka et al., 2012; Jiang et al., 
2014; Yau et al., 2014). An EGFP fusion for CAM SAP3 was 
transfected into the cultured neurons, with the expressed protein 
appearing as speckles. The distribution of CAM SAP speckles 
was consistent with the distribution of minus ends of MTs con-
sidered to be centrosome-unattached from the ET (Fig. S2 A). 
There was no detectable concentration of EGFP-CAM SAP3 
at the centrosome, indicating that the MTs visualized by the 
ET that were in the proximity of the centrosome were indeed 
attached to it (Fig.  2  A and Fig. S2 B). EGFP-CAM PSAP3 
speckles were observed in the leading process as well, but at 
extremely low numbers (<10 per leading process; Fig. 2 A). A 
small number of minus ends of MTs are also consistent with 
live-cell imaging experiments indicating rapid transport of short 
MTs down the leading process, with a frequency less than one-
tenth of that observed in axons (Falnikar et al., 2011). Thus, 
CAM SAP localization can be used as an effective means to lo-
calize free minus ends of MTs in migratory neurons.

Ninein depletion affects neuronal morphology 
and the number of free MT minus ends
Our next goal was to ascertain the effects on neuronal mor-
phology of shifting the balance of centrosome-attached and 
centrosome-unattached MTs in these migratory neurons. 
We found that we could accomplish this via partial knock-
down of ninein, which we previously documented is present 
within the pericentriolar material of these neurons (Baird 
et al., 2004), and which has previously been shown to be 
essential for anchoring MTs to the centrosome in neuronal 
progenitor cells (Shinohara et al., 2013). Like most centro-
somal proteins, ninein has a long half-life and hence can 
only be partially knocked down by siRNA (Leo et al., 2016).  
3 d after introduction of control or ninein siRNA, cerebellar 
granule neurons were replated on laminin-coated dishes and 
coimmunostained for ninein and γ-tubulin. Immunostaining 
revealed a cloud of ninein staining in a region containing 
the centrosome, demarcated by γ-tubulin, with no obvious 
noncentrosomal ninein in the leading process (unpublished 
data). In the case of neurons transfected with ninein siRNA, 
fluorescence intensity of ninein immunostaining was re-
duced by 53 ± 11% compared with mean intensity of neurons 
transfected with control siRNA (Fig. 2 B).

 on M
ay 9, 2016

jcb.rupress.org
D

ow
nloaded from

 
Published May 2, 2016

http://www.jcb.org/cgi/content/full/jcb.201506140/DC1
http://www.jcb.org/cgi/content/full/jcb.201506140/DC1
http://jcb.rupress.org/


microtubule sliding and neuronal phenotype • rao et al. 331

To directly ascertain whether ninein depletion led to a 
greater number of MTs with free minus ends, neurons were 
immunostained for CAM SAP proteins and ninein. For this, an 
antibody was used for CAM SAP3, which was found to pro-
duce a pattern similar to that of ectopically expressed CAM 
SAP3, and also an antibody for CAM SAP2 that was previously 
used in work on neurons (Jiang et al., 2014). In this recently 
published study, CAM SAP2 was shown to be the predominant 
CAM SAP in vertebrate neurons, with the staining for the an-
tibody confirmed in its specificity by the lack of staining in 
cells treated with RNAi to reduce the protein. CAM SAP2 stain-
ing was used for quantification, but CAM SAP3 staining gave 
qualitatively the same results. 3D z-stack projections (Fig. 2 C 
and Video 1) and cross-sectional space plots (Fig. S3, A and 
B) revealed an increased number of CAM SAP2 speckles both 
in the soma and in the leading process of cerebellar migratory 
neurons. This was confirmed by correlation analysis, which 
showed a significant negative correlation between the intensity 
of ninein staining and the total number of CAM SAP2 speckles 
present in the soma and the leading process (Fig.  2  D). Fur-
thermore, a significant negative correlation was found when the 

speckle number was corrected for the area of the soma and the 
length of the leading process of the neurons measured (Fig. S3, 
C and D, respectively).

After partial ninein depletion, the leading processes of 
migratory neurons were notably longer, taking on an axon-like 
appearance. The mean leading process length for control neu-
rons was 46.35 ± 4.96 µm, whereas that for ninein-depleted 
neurons was 83.62 ± 11.85 µm (P < 0.05). Ectopic expression of 
GFP–human ninein rescued this phenotype, reducing the mean 
leading process length of neurons treated with ninein siRNA to 
control values (32.39 ± 4.19 µm), thus indicating that the mor-
phologic phenotype resulted specifically from ninein depletion 
rather than any off-target effects that the siRNA may have had 
(Fig. 2, E and F [quantification]).

Greater MT detachment from the centrosome 
leads to greater mobility within the MT array 
and reduced migration of the neuron
We would anticipate that greater numbers of centrosome- 
unattached MTs would lead to greater mobility (i.e., more 
sliding) of MTs in the leading process of these neurons. The 

Figure 1. ET analysis of MT organization in 
the centrosomal region of a migrating cere-
bellar granule neuron. (A) A selected tomo-
graphic slice showing MTs (arrowheads), the 
centrioles (C), and a portion of the nucleus (N). 
The black arrow indicates the direction of mi-
gration. (B) Corresponding 3D model showing 
the centrioles (blue cylinders), the MTs (green 
lines), and the nucleus (gray). (C) Model indi-
cating distribution of MT minus ends (magenta 
spheres) and MT plus ends (turquoise spheres). 
Bar, 1 µm. (D–F) Quantification of the distribu-
tion of MT minus ends with respect to the cen-
trosome as identified by ET of three different 
migratory neurons. See also Fig. S1.

 on M
ay 9, 2016

jcb.rupress.org
D

ow
nloaded from

 
Published May 2, 2016

http://www.jcb.org/cgi/content/full/jcb.201506140/DC1
http://www.jcb.org/cgi/content/full/jcb.201506140/DC1
http://www.jcb.org/cgi/content/full/jcb.201506140/DC1
http://www.jcb.org/cgi/content/full/jcb.201506140/DC1
http://jcb.rupress.org/


JCB • Volume 213 • NumBer 3 • 2016332

increase in CAM SAP particles in the leading process after par-
tial ninein depletion was our first indication of enhanced MT 
sliding because more free minus ends of MTs in the leading 
process would be consistent with greater movement of MTs 
from the soma into the leading process. To more directly assay 
for MT sliding, tandem-dimer Eos (tdEos)–tagged tubulin was 
expressed overnight in neurons into which either control or 
ninein siRNA had been introduced 2 d before. tdEos is a tag 
that fluoresces green until it is photoconverted by exposure to 
405 nm light, after which it fluoresces red. Two distinct regions 

of the cell were converted, one in the soma and proximal re-
gion of the leading process and another located in the middle 
one third of the leading process (Fig.  3  A). Once converted, 
dual-channel live-cell imaging of the neurons was performed. 
For this set of experiments, the distance was measured between 
the two converted zones (dz), as well as the total distance (dt) 
of migration, and the two were compared to determine whether 
coordination existed between these two parameters as well 
as to confirm that expression of tdEos-tubulin does not affect 
migration. After ninein depletion, when red and green images 

Figure 2. Ninein depletion increases the number of MT minus ends present in the soma and leading process of migratory neurons. (A) A cultured cere-
bellar migratory neuron, transfected to express GFP-CAM SAP3 for 2 h. Neurons were cotransfected with RFP-pericentrin to label the centrosome (inset, 
blue asterisk). (B) Bar graph of ninein intensity under control siRNA and ninein siRNA conditions. n = 30 per group; ***, P < 0.001. Black lines represent 
median values. (C) 3D z-stack projection of neurons transfected with control siRNA (top) or ninein siRNA (bottom) and coimmunostained for CAM SAP2 
(red) and ninein (green). More CAM SAP2 speckles appear in the soma and leading process of ninein-depleted neurons compared with controls. Speckles 
vary in apparent size because of CAM SAP dynamicity (Jiang et al., 2014). (D) Scatterplot of CAM SAP2 speckles versus ninein intensity. Speckle num-
ber in the soma (orange squares), leading process (gray triangles), and the total number of speckles (blue diamonds) were all found to have significant 
negative correlations with ninein intensity (P < 0.01, 0.028, and 0.01, respectively; n = 20). (E) Merged phase and green channel images of migratory 
neurons under control siRNA + GFP, ninein siRNA + GFP, and ninein siRNA + GFP-hNinein conditions. Arrows identify the leading process of each neuron.  
(F) Graph of leading process length quantification under control, ninein siRNA, and ninein siRNA + GFP conditions. Process length is significantly increased 
after ninein depletion. This change is rescued after ectopic expression of hNinein (n = 10 per group; *, P < 0.05). Black lines represent median values. 
See also Figs. S2 and S3 and Video 1. Data are represented as mean ± SEM. N.S., not significant.
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were merged, a greater amount of MT movement was observed 
in the leading process, as indicated by bright yellow (yellow 
represents the comingling of red and green signal) regions 
flanking the proximal and distal borders of the red converted 
zones in the ninein-depleted neuron. This was not observed 
in the control neuron (Fig. 3 B and Video 2). Several neurons 
treated with ninein siRNA showed an elongated leading process 
that was also notably tortuous along its length, a phenomenon 
that was never observed in neurons treated with control siRNA 
(Video 2). We speculate that this tortuosity of the leading pro-
cess is caused by buckling of centrosome-unattached MTs, 
with an individual MT buckling because of an abrupt interrup-
tion in a bout of sliding.

As for alterations in migration, ninein siRNA treatment 
caused a large proportion of neurons to become stationary, and 
those neurons that did migrate after ninein depletion did so at 
slower rates than neurons treated with control siRNA (Fig. 3 C). 
Under control conditions, neurons migrated a mean distance of 
9.23 ± 1.08 µm over 15 min (Fig.  3  D), and the net change 
in distance between the two converted zones was nearly equal 
to the total migration distance, as indicated by a dt/Δdz ratio 
value of 1.185 ± 0.05. After ninein depletion, mean migration 
distance was notably hindered (2.84 ± 0.91 µm over 15 min) 
and what migration did occur generally lacked synchrony, pro-
ducing a ratio value of 0.024 ± 0.01 (Fig. 3 E). tdEos-tubulin 
expression did not affect migration rates because the mean rates 
of migration were not significantly different from neurons that 
did not express tdEos-tubulin (mean rate of movement for con-
trol neurons = 27.1 ± 2.97 µm/h; mean rate of movement for 
ninein-depleted neurons = 12.378 ± 1.29 µm/h).

Although MT sliding could be observed in some control 
migratory neurons, this was rare, with most control neurons 
not having sufficient sliding of MTs to be directly visualized. 
Furthermore, MTs in the leading process could occasionally be 
seen buckling (Fig. 4 A), presumably resulting from sliding that 
had been interrupted. These observations led us to hypothesize 
that limited MT sliding occurs in control neurons, but is usually 

too subtle to directly observe as MT movements with our im-
aging paradigm. Therefore, to quantitatively compare MT slid-
ing in control and ninein-depleted neurons, tdEos-tubulin was 
photoconverted in a portion of the leading process of migratory 
neurons, and the rate of signal decay of the converted tubu-
lin was measured in the red channel, the idea being that more 
sliding of MTs would result in a greater decay of fluorescence 
signal. Under control conditions, the tdEos-tubulin signal de-
creased by 16 ± 3% over 14 min. Loss of tubulin signal jumped 
to 28 ± 3% after ninein-depletion (Fig.  4  B, top and middle 
panels, respectively). To ensure that the observed signal decay 
resulted from MT sliding and not changes in MT stability, we 
used FCPT, an ATP-competitive inhibitor of kinesin-5 that locks 
the motor onto the MTs in a rigor-like state that cross-links and 
immobilizes the two MTs engaged by the motor (Groen et al., 
2008). (Kinesin-5 normally acts as a brake on MT movements 
in neurons [Falnikar et al., 2011; Kahn et al., 2015a], but acts in 
a regulated fashion that still permits a great deal of MT move-
ment to occur at any given time. By making a rigor complex of 
most MT-associated kinesin-5 molecules, FCPT is an effective 
inhibitor of MT sliding.) Fluorescence-decay in ninein-depleted 
neurons treated with FCPT was reduced from 28 ± 3% to 19 
± 2% (Fig. 4, B [bottom] and C; and Video 3). Similar results 
were obtained using GSK246053, an ATP-competitive inhibitor 
of kinesin-5 that is structurally dissimilar to FCPT and yet pro-
duces the same effects (Parrish et al., 2007; Groen et al., 2008). 
These results indicate that the observed increase in fluorescence 
decay after ninein depletion predominantly results from an in-
crease in MT sliding (Fig. 4 C, quantification).

Experimental alterations in MT sliding 
lead to abnormal MT buckling, process 
tortuosity, and neuronal migration path
The results presented thus far suggest a scenario wherein only 
very limited MT sliding normally occurs in the leading pro-
cess of a migratory neuron, but a great deal more sliding would 
occur if more of the MTs were centrosome-unattached. In this  

Figure 3. Ninein depletion compromises 
neuronal migration. (A) Schematic depicting 
the experimental paradigm. Under control 
conditions, the two red converted zones con-
verge by a distance nearly equal to that of the 
total migration distance. (B, top) Cerebellar 
migratory neuron cotransfected with tdEos-tu-
bulin and control siRNA. Minimal MT sliding 
occurs and soma moves forward. (bottom) 
Cerebellar migratory neuron cotransfected 
with tdEos-tubulin and ninein siRNA. Abnor-
mal tortuosity of the leading process and in-
creased MT sliding are observed (regions of 
yellow indicated by arrowheads [proximal] 
and arrows [distal]). Cells were imaged for  
15 min. (C) Stacked bar graph showing migra-
tion rate distribution under control siRNA and 
ninein siRNA conditions. n = 20 per group. 
Numeral in parentheses represents the mean 
migration rate per category. (D) Bar graph 
depicting the total migration distance after 
treatment with control siRNA or ninein siRNA. 
***, P < 0.0001 (n = 20 per group). (E) Bar 
graph of migration synchrony under control 
and ninein-depleted conditions. Total migra-
tion distance was divided by the change in 
zone distance. ***, P < 0.0001 (n = 20 per 
group). See also Video 2. Bars, 15 µm. Data 
are represented as mean ± SEM.
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scenario, greater sliding of MTs leads to a longer leading pro-
cess, but also less movement of the soma because of reduced 
numbers of centrosome-attached MTs pulling on the centro-
some. Interruptions in MT sliding result in buckling of MTs, 
which in turn causes tortuosity of the leading process. We next 
sought to put this scenario to greater experimental scrutiny. 
To investigate MT buckling, migratory neurons were treated 
with control siRNA, ninein siRNA, kinesin-5 siRNA, and/or 
FCPT and were then fixed and stained for tubulin. Control siR-
NA-treated neurons showed a mean of 0.42 ± 0.22 MT buckling 
events per leading process. This increased to 1.6 ± 0.31 events 
per process after ninein depletion, demonstrating an increase in 
MT buckling when the capacity exists for greater MT sliding 
(which makes sense if MT buckling is caused by interruptions 
in MT sliding). Applying FCPT to inhibit MT sliding signifi-
cantly increased the occurrence of MT buckling after control 
siRNA (2.1 ± 0.41) and ninein siRNA treatment (3.78 ± 0.78; 
Fig. 5, A [white arrows indicate buckling] and B [quantifica-
tion]). This result suggests that MT sliding leads to MT buckling 
when that sliding is abruptly halted. Confirming the specificity 
of the drug, pretreatment with kinesin-5 siRNA abolished the 
FCPT-associated increase in MT buckling (Fig. 5 B).

To quantify leading process tortuosity, migratory neurons 
were treated as previously described, fixed, and stained for  

tubulin. The arc-chord (AC) ratio of the leading process, which 
is the distance between the proximal and distal ends of the lead-
ing process divided by the total length of the leading process, 
was calculated, and the resulting value was subtracted from 1 
to yield the degree of tortuosity. In this method, the value for a 
straight line is equal to 0, the value for a circle is infinite (be-
cause it has no end), and anything in between would have a value 
>0. Control siRNA treatment produced migratory neurons with 
an AC ratio of 0.059 ± 0.011, indicating nearly straight leading 
processes (Fig. 5 C). After ninein depletion, the leading process 
exhibited significantly greater tortuosity, yielding an AC value 
of 0.144 ± 0.022 (Fig. 5 C, P < 0.01). FCPT treatment did not 
produce a significant effect on leading process tortuosity under 
control conditions. After ninein depletion, however, tortuosity 
increased and treatment with FCPT heightened leading process 
tortuosity and significantly reduced the length of the leading 
process (Fig. 5 C, P < 0.01; and Fig. S4 A). When kinesin-5 
protein levels were reduced, the FCPT effect was lost and lead-
ing processes were significantly less tortuous when compared 
with any other group. These results confirm that tortuosity of 
the leading process is directly correlated with the cessation of 
MT sliding because processes with greater MT sliding show 
greater tortuosity when treated with FCPT. These results are 
summarized in Fig. 5 D.

Figure 4. Ninein siRNA treatment leads to 
increased MT sliding in the leading process of 
migratory neurons. (A) A cerebellar migratory 
neuron transfected with tdEos-tubulin. (top) A 
distinguished converted region in the lead-
ing process of a neuron treated with control 
siRNA. Leading process is magnified on the 
right. (bottom) After 5 min, individual MTs 
(indicated by the arrow) are observed sliding 
out of the converted region. (B, top) Migratory 
neuron treated with control siRNA. Modest sig-
nal decay is observed after 15 min. (middle) 
After treatment with ninein siRNA, significant 
signal decay can be seen. (bottom) Treating 
ninein-depleted migratory neurons with FCPT 
reduces the rate of signal decay to control lev-
els. (C) Quantification of percent decay of fluo-
rescent tubulin signal. Data table shows values 
under control siRNA (n = 15), ninein siRNA  
(n = 15), and ninein siRNA + FCPT conditions 
(n = 15 per group; *, P < 0.05). Bars, 10 µm. 
Data are represented as mean ± SEM.
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To test our proposed scenario regarding the movement of 
the soma, we applied FCPT (in live-cell imaging experiments) 
to either control neurons or neurons that had been partially 
depleted of ninein. Because we previously found that neurons 
with longer leading processes after ninein depletion contained 
more centrosome-unattached MTs, we compared the effect of 
FCPT treatment on neurons with longer leading processes rel-
ative to control or ninein-depleted neurons with shorter leading 
processes. We predicted that inhibition of MT sliding would re-
sult in MT buckling in the leading process as well as tortuosity 
of the leading process. We also predicted that the soma should 
resume movement because the centrosome-unattached MTs 
become cross-linked with the centrosome-attached MTs in the 
presence of FCPT, thus approximating the situation where all or 
most of the MTs are directly attached to the centrosome. After 
addition of FCPT, stationary ninein-depleted neurons (Fig. 6 A, 
orange box) displayed rapid movement of the soma as well as 
buckling of MTs in the leading process (Fig. 6, B, C, and C′; and 
Video 4). In the same dish, a neuron with a short leading process 
(Fig. 6 A, blue box), presumably caused by less thorough MT 
detachment from the centrosome, displayed movement of the 
soma before addition of FCPT (Fig. 6 D), but within minutes of 
FCPT addition showed an increase in leading process tortuosity 

as well as compromised path of migration (Fig.  6  E). Under 
control conditions, the mean total distance of migration was 
22.97 ± 2.97 µm over 20 min, with 70% of the neurons exhib-
iting a smooth path of migration (Fig. 6, F and G). Addition of 
FCPT did not significantly change the mean migration distance 
of control neurons (25.632 ± 3.4 µm), but did change migratory 
behavior, causing an increase in neurons that showed a crooked 
migratory path or reversed direction of migration (Fig.  6  G). 
As before, ninein depletion significantly reduced total migra-
tion distance (15.11 ± 1.29 µm; Fig. 6 F), with 70% of the cells 
showing no movement. After the addition of FCPT, 90% of 
the neurons exhibited movement (mostly crooked paths), and 
the mean total migration distance increased to 36.7 ± 5.75 µm 
(Fig. 6, G and F). These results confirmed our prediction that 
an increase in centrosome-unattached MTs would negatively 
impact soma movement and prompted us to more thoroughly 
investigate how MT sliding affects migratory paths.

When neurons migrate through the brain, they must main-
tain an appropriate trajectory so that they do not veer off course. 
For this reason, we chose to examine MTs at the distal tip of 
the leading process, which we positioned on a 2D 360° plane 
over 20 min of imaging. 0–180° (Fig. 7 B, top half of the circle) 
represents the area directly lateral and in front of the migrating 

Figure 5. Uncontrolled MT sliding alters migratory neuron phenotype and increases MT buckling in the leading process. (A) Cultured rat cerebellar granule 
neurons subjected to one of the following four conditions: (1) Control siRNA (top); (2) Control siRNA + 50 µM FCPT (top middle); (3) ninein siRNA (bottom 
middle); and (4) ninein siRNA + 50 µM FCPT (bottom). Neurons were immunostained for tubulin and subsequently analyzed for MT buckling (indicated 
by white arrows) in the leading process. (B) A bar graph displaying the mean number of MT buckling events present in the leading process of migratory 
neurons under differing conditions. Treatment with FCPT increases MT buckling per leading process. Kinesin-5 depletion abolishes this effect. (C) A bar 
graph displaying the mean degree of tortuosity of the leading process of migratory neurons. Neurons treated with control siRNA or control siRNA and 
FCPT showed equivalent leading process tortuosity. Depleting ninein significantly increases the tortuosity of the leading process, and application of FCPT 
further exacerbates leading process tortuosity after partial ninein depletion. (D) Table summarizing the observed changes to leading process tortuosity 
and MT buckling under the tested conditions. (n = 15 per group; brackets indicate statistical analyses between groups). N.S., not significant; *, P < 0.05;  
**, P < 0.01. Bar, 10 µm. Data are represented as mean ± SEM.
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neuron, with 90° serving as the midline. 180–360° represents 
the area behind the distal tip of the leading process (Fig. 7 B, 
bottom half of the circle). Under both control and ninein-de-
pleted conditions, MTs were splayed with <10% of the MTs 
exhibiting positions that were located in the 181–360° region 
(Fig. 7, A [top and bottom left] and B; and Fig. S4 B, quanti-
fication). After FCPT treatment, MTs in the distal tip buckled 
at extreme angles, with 53% and 63% of MTs positioned over 
90° from midline of the distal tip of control and ninein-depleted 
neurons, respectively (Fig. 7, A [white arrows in top right and 
bottom right] and B; and Fig. S4 A, quantification). Thus, with-
out their capacity to slide in the distal region of the leading 
process, even in control neurons, MT buckling results in ab-
normal MT behaviors that could likely affect the normal path 
of neuronal migration.

To investigate how the observed increase in leading pro-
cess tortuosity and abnormal MT buckling at the distal tip influ-
ences the path of neuronal migration, we used live-cell imaging 
to capture phase images of migratory neurons over time. Mi-
gration was tracked using the manual tracking plugin available 
in the Fiji program. Neurons were tracked over 20 min, and 
the number of turns in the migration path and the angles of the 

turns were measured under control, ninein-depleted, and/or 
FCPT-treated conditions (Fig. 7 C). Under control conditions, 
neurons exhibited a mean turn angle of 121.53 ± 3.69° and a 
mean of 6.83 ± 1.06 turns over 20 min (Fig. 7, D and E, re-
spectively). After treatment of control cells with FCPT or ninein 
depletion, neurons showed a significant increase in the num-
ber of turns, but the mean angle of turns did not significantly 
change. When ninein-depleted neurons were treated with FCPT, 
both the angle of turns and the number of turns were altered 
(Fig. 7, D and E, respectively). These results suggest that MT 
sliding is important to ensure that neurons remain on their ap-
propriate path of migration.

Discussion

Neurons express a variety of molecular motor proteins that im-
pose forces on MTs that can cause them to slide (i.e., undergo 
transport). Cytoplasmic dynein has been shown to be an import-
ant motor for transporting MTs away from the centrosome and 
into developing axons and dendrites (Ahmad et al., 1998, 2006; 
He et al., 2005). Other relevant motor proteins are repurposed 

Figure 6. FCPT restores soma migration of 
ninein-depleted neurons, but with abnormal 
characteristics. (A) Differential interference 
contrast image of cultured cerebellar migra-
tory neurons. Different neuronal morphologies 
are observed. A neuron with a long leading 
process is seen at the bottom of A (orange 
box), whereas a neuron with a shorter leading 
process is observed at the top right (blue box).  
(B) A representative migratory neuron with a 
long leading process was imaged for 20 min 
under normal conditions. (C) FCPT was added 
to the same dish and imaged for 20 min. Signif-
icant movement of the soma is observed after 
ninein-depleted neurons are treated with FCPT 
(C, green and orange lines), and MT buckling 
can be observed along the leading process (in-
dicated by black arrows in C′). (D) A neuron 
with a short leading process was treated as 
previously described. Movement is observed 
before addition of FCPT. (E) Upon addition of 
FCPT, MTs buckle in the leading process, and 
neuronal migration is compromised. (F) Bar 
graph depicting the total migration distance 
after treatment with control siRNA or ninein 
siRNA, with or without FCPT. (G) Stacked bar 
graph showing the distribution of migration 
subtypes (no movement, smooth path, crooked 
path, or direction reversal) after treatment with 
control siRNA or ninein siRNA, with or with-
out FCPT. Brackets indicate statistical analyses 
between groups: N.S., not significant; *, P< 
0.05; **, P < 0.01; n = 10 per group. Bars, 
10 µm. Data are represented as mean ± SEM.
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from mitosis, where they function to organize MTs into a bi-
polar spindle and then to separate the half-spindles as cell di-
vision progresses (Baas, 1999). In neurons, these motors can 
generate forces between two MTs, with some motors also able 
to generate forces between MTs and actin filaments (Hasaka et 
al., 2004; Myers et al., 2006; Myers and Baas, 2007; Liu et al., 
2010). Short MTs can be propelled rapidly over long distances, 
whereas longer MTs are relatively immobile (Wang and Brown, 
2002; Baas et al., 2006). In some cases, particularly during  

axogenesis and growth cone guidance, the longer MTs can also 
slide relative to one another or actin-based structures (Slaughter 
et al., 1997; Schaefer et al., 2008; Liu et al., 2010; del Castillo 
et al., 2015a,b). The particular role that any motor protein plays 
is dependent on the length of the MTs with which it interacts, 
the polarity orientation of the MTs, and whether or not one or 
both of the MTs are unattached to the centrosome. MT arrays 
in which all of the MTs are attached to the centrosome would 
be unable to undergo MT sliding, at least not in the sense that 

Figure 7. Altering MT sliding impacts migration path and MT activity at the distal tip of the leading process. (A) Phase images of the distal tips of lead-
ing processes after treatment with control siRNA or ninein siRNA with and without FCPT. (B) 360° radar graph showing the mean frequency MTs were 
positioned in the following bins over 20 min of imaging: 0–45°, 46–90°, 91–135°, 136–180°, 181–225°, 226–270°, 271–315°, or 316–360°. FCPT 
treatment yielded a significant increase in the number of MTs positioned within the 180–360° region (also shown by white arrows in A). (C) Neuronal mi-
gration was tracked over 20 min using time-lapse phase imaging, and the migratory path was traced (colored lines) using Fiji tracking plugin. (top) Control 
siRNA-treated neuron. (bottom) Control siRNA-treated neuron + FCPT (black arrows indicate direction of migration). (D) Graph showing the mean angle of 
observed turns during a 20 min bout of migration. Mean turn angle was significantly sharper when ninein-depleted neurons were treated with FCPT. (E) Bar 
graph displaying the mean number of turns made by migratory neurons during a 20 min bout of migration. Neurons treated with control siRNA showed 
the fewest number of turns. Treating control neurons with FCPT, depleting ninein, and treating ninein-depleted neurons with FCPT all significantly increased 
the mean number of turns observed during the 20 min bout of migration. n = 15 per group; *, P < 0.05; **, P < 0.01; ***, P < 0.001. Bars: (A) 5 µm; 
(C) 10 µm. Data are represented as mean ± SEM.
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would result in net movements of the MT relative to other struc-
tures in the cell. We became interested in migratory neurons 
because it is generally believed that all MTs in these neurons, at 
least all functionally relevant MTs, are attached to the centro-
some (Rivas and Hatten, 1995; Xie et al., 2003; Solecki et al., 
2004; Tanaka et al., 2004; Tsai and Gleeson, 2005). Our first 
goal was to ascertain whether this is actually true, by document-
ing for the first time the proportions of centrosome-attached and 
centrosome-unattached MTs, and then by investigating whether 
sliding of the centrosome-unattached MTs has any important 
role to play in neuronal migration.

Our ET and CAM SAP studies confirm that most MTs in 
the migratory neuron are attached to the centrosome. However, 
these studies also establish that migratory neurons contain a 
small population of centrosome-unattached MTs that can un-
dergo movements within the neuron as it migrates. Before our 
present studies, there were some hints of this already emerging 
in the literature. Our own live-cell imaging experiments have 
revealed a very small number of short rapidly moving MTs in 
the leading process of the migratory neuron, about a tenth the 
number observed in axons (Falnikar et al., 2011). Immunofluo-
rescence analyses suggested that a small number of the long MTs 
in the leading process did not have their minus ends directly at 
the site of the centrosome, but rather seemed to reach behind the 
centrosome in the soma of the neuron (Umeshima et al., 2007; 
Falnikar et al., 2011). These latter observations are consistent 
with local regions of antiparallel MTs behind the centrosome that 
could permit varying degrees of antiparallel sliding. Parallel slid-
ing of the centrosome-attached MTs relative to centrosome-un-
attached MTs is also possible within the leading process itself.

We previously found that allosteric inhibition of kinesin-5 
caused the leading process to grow slightly longer and caused 
the neuron to migrate faster, presumably as a result of increased 
MT sliding (Falnikar et al., 2011). Here, we used a different kind 
of drug that creates a rigor complex of kinesin-5 (Groen et al., 
2008) to inhibit the sliding of MTs in migratory neurons. As a 
result of the MTs being immobilized in this fashion, the leading 
process became shorter, migration of the neuron deviated from 
its typical path, and the MTs within the leading process became 
more buckled. Our studies suggest that buckling of MTs occurs 
when a MT sliding event is abruptly halted. This can explain why 
it is that when MT sliding events were experimentally increased 
(as with partial ninein depletion), a concomitant increase in MT 
buckling was also observed, and this increase in buckling was 
further increased in the presence of FCPT, the drug that inhibits 
MT sliding. Based on the abnormal trajectories of migration 
that result from inhibition of MT sliding, we posit that the very 
small degree of MT sliding that normally occurs during neuro-
nal migration is important for providing maneuverability that 
enables the neuron to stay appropriately on course. Our studies 
suggest that the MTs in the distal region of the leading process 
may be most relevant to this, but MT sliding throughout the 
leading process could also be important for adjusting the path 
of neuronal migration. The centrosome-attached MTs may also 
play an important role in preserving the appropriate path of the 
neuron, by tugging the centrosome and soma along in a mo-
tor-regulated manner. Such effects on MTs could be responsive 
to signaling cascades that enable migration to respond appro-
priately to environmental cues because motor proteins such as 
kinesin-5 are activated and deactivated by mechanisms such as 
phosphorylation that are commonly used in signaling cascades 
(Nadar et al., 2008; Kahn et al., 2015b).

The other question we wished to address is whether MT 
sliding enabled by centrosome detachment is a transformational 
factor in defining neuronal phenotype. In other words, if we start 
with a migratory neuron and experimentally alter just one thing, 
namely the proportion of MTs that are unattached to the centro-
some, would this be sufficient for the same available forces on the 
MTs to shift the phenotype of the migratory neuron toward the 
phenotype of a stationary axon-bearing neuron? We found that 
we could accomplish this via partial depletion of ninein, a cen-
trosomal protein that recaptures MTs after their release from the 
centrosome. The level of depletion that we were able to achieve 
(no more than ∼50% because centrosomal proteins are notori-
ously long-lived) resulted in a notable increase in centrosome-un-
attached MTs and a correlated increase in leading process length, 
tortuosity, migration synchrony, turning, and MT buckling. These 
results suggest that when the ratio of centrosome-attached to cen-
trosome-unattached MTs is altered, the motor forces transduced 
onto the MT array in the leading process are still present but are 
unable to tow the soma, thereby resulting in the observed aber-
rant phenomena. The leading process of ninein-depleted neurons 
often became notably longer than the control leading process but 
did not grow indefinitely as bona fide axons do, suggesting either 
that more thorough detachment of MTs from the centrosome is 
necessary for a continuously growing process, or that additional 
factors are needed for a neuron to transition into a phase of devel-
opment wherein bona fide axonal development is possible. One 
such factor might be the up-regulation of MT severing activity 
by proteins such as katanin and spastin, given that short MTs are 
generally the ones that move most effectively (Baas et al., 2006).

In summary, the results of our study indicate that only very 
limited sliding of MTs occurs during neuronal migration and 
that what little sliding occurs is important for fine-tuning the 
morphology and migratory behavior of the neuron. In addition, 
our results indicate that neuronal phenotype is defined in part 
by the degree of MT sliding permitted by the relative propor-
tions of centrosome-attached and centrosome-unattached MTs. 
On the basis of our results, summarized in Fig.  8, we would 
conclude that motor-driven forces exist in the neuron that can 
drive MT sliding, but these forces are limited in their capacity to 
do so by attachment of the MTs to the centrosome as well as by 
regulatable brakes on sliding imposed by proteins such as kine-
sin-5. The degree of MT sliding in turn influences the migratory 
behavior of the neuron as well as process length and morphology. 
We speculate that when all of the MTs are centrosome-detached 
and especially when they are severed into shorter pieces, MTs 
can slide to a far greater degree than in any of our experimental 
scenarios, thus enabling a bona fide axon to grow longer and 
longer, without tugging along the soma. These ideas are buoyed 
by the fact that the same motor protein that predominantly trans-
ports MTs in the axon, namely cytoplasmic dynein (Ahmad et al., 
1998, 2006; He et al., 2005), is also the predominant force-gen-
erating motor on MTs during neuronal migration (Xiang et al., 
1994; Sheeman et al., 2003; Shu et al., 2004; Tanaka et al., 2004; 
Tsai and Gleeson, 2005; Willemsen et al., 2012).

Materials and methods

Cell culture and siRNA treatment
Cerebella were harvested from p2–p5 rat pups that were euthanized 
using hypothermia. The protocol used for neuronal migration was simi-
lar to that previously used by other authors (Clark et al., 1995; Bix and 
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Clark, 1998; Hirotsune et al., 1998), except instead of papain solution, 
the tissue was digested in 0.25% trypsin + 0.05% DNAase made in 
1× HBSS, and the trituration media did not contain insulin, human 
transferrin, or selenium. Cerebellar cells were dissociated, allowed 
to reaggregate, and plated on a laminin-coated surface. Cells in the 
aggregate extend processes and cerebellar granule neurons migrate 
radially away from the aggregates. For siRNA studies, granule neurons 
were transfected with 10 µM control (AM4636; Ambion) or ninein 
siRNA (ninein siRNA three-sequence SMA RTpool; WD02364621, 
WD02364621, and WD02364623; Sigma-Aldrich) using the Amaxa 
Nucleofector II. For the kinesin-5 siRNA groups included in the tortu-
osity and MT buckling experiments, we followed previously published 
procedures (Falnikar et al., 2011). In brief, cerebellar cells were trans-
fected with 10 μM of kinesin-5 siRNA and allowed 24 h to reaggregate 
before being plated on poly-d-lysine/laminin–coated dishes; they were 
then imaged 12 h after plating.

ET
Dissociated p5 cerebella isolated as described above were cultured 
overnight on glass coverslips. The next day, cells were fixed using 
chemical fixation by adding 2% glutaraldehyde in 0.1 M sodium caco-
dylate buffer, pH 7.4, for 30 min at RT. After rinsing in 0.1 M sodium 
cacodylate buffer 3× for 10 min and then with 1× PBS, coverslips 
were stored in 8% sucrose in PBS at 4°C overnight. Cells were then 
embedded in plastic and serially sectioned into 250-nm-thick sections 
using an Ultracut UCT microtome (Leica). Poststaining with 2% ura-
nyl acetate in 70% methanol and application of Cationic gold parti-
cles (15 nm; Brittish Bio Cell) to be used as fiduciary markers was 
performed on these sections. For ET, the sample was rotated through 
120°, a tilt series was acquired, and the MTs were reconstructed 
using IMOD software through serial sections (Mastronarde, 1997; 
Ladinsky et al., 1999).

Live-cell imaging of cerebellar granule neurons
Cerebellar granule neurons were harvested as described above, dis-
sociated, transfected with either control or ninein siRNA, and plated 
densely on plastic dishes coated with 20 µg/ml poly-l-lysine for 36 h.

tdEos-tubulin experiments.  Cells were trypsinized, transfected 
with tdEos-tubulin (and either control or ninein siRNA), and allowed 
to reaggregate for 24 h before plating on glass coverslips coated with 
poly-d-lysine (100 µg/ml) and laminin (25 µg/ml). 12 h after plating, 
dishes were placed in the live-cell imaging workstation (5% CO2, 
37°C), and cerebellar migratory neurons from five randomly selected 
regions of the dish were chosen for imaging. Photoconversion of the 
specific regions of the leading process and soma was accomplished 
using the Mosaic Digital Diaphragm system (Andor). After the 5-s 
photoconversion light exposure, images were captured every minute 
in both the red and green channel at 40× magnification for migration 
synchrony experiments and 63× magnification for fluorescence decay 
experiments. Both control and ninein siRNA were transfected at a con-
centration of 10 µM using the Amaxa Nucleofector II. After live-cell 
imaging was completed, cells were fixed for 10 min in –20°C methanol 
for morphologic analysis and immunostaining.

Migration turning and distal MT tip imaging experiments.  For 
experiments tracking distal MT activity and turning during migration, 
cells were cotransfected with control or ninein siRNA and tdEos-tubu-
lin. Cells were plated 24 h after reaggregation and imaged 12 h after 
plating using a 40× water objective. Phase and green channel images 
were captured every 30 s for 20 min.

Ectopic expression of human ninein.  Neurons were transfected 
with control siRNA and pmaxGFP (Lonza; 2.5 µg in 10 μl SCN trans-
fection buffer; Lonza). Ninein-depleted neurons were cotransfected 
with either pmaxGFP (2.5 µg in 10 µl) or GFP-human ninein (2.5 µg 
in 10  µl; gift from H.  Shinohara, Tokyo Medical University, Tokyo, 
Japan). Cells were plated after 24 h of reaggregation, and leading pro-
cess length was measured 12 h after plating.

Drug treatments
FCPT and GSK246053 (gifts from T.  Mitchison, Harvard Medical 
School, Boston, MA) were dissolved in DMSO (Sigma-Aldrich) at a 
concentration of 50 µM, which has been shown to prevent MT sliding 
(Groen et al., 2008). An equivalent volume of DMSO alone was used in 
control experiments. Drugs were added with medium 30 min after plat-
ing, allowing neurons to settle, and cultures were fixed 6 or 24 h later.

Figure 8. Schematic summary of MT sliding sce-
narios in experiments on migratory neurons and the 
effects on neuronal morphology, migration, and MTs 
in the leading process. Neurons treated with control 
siRNA display a minimal amount of sliding (green MT 
= sliding MT), tortuosity, and MT buckling and migrate 
in a smooth, consistent path (straight green arrow). 
When FCPT is used to prevent MT sliding (represented 
by X), MTs in the leading process of control siR-
NA-treated neurons show an increase in MT buckling 
(but do not become tortuous), and their migration path 
is irregular (curved green arrow). After treatment with 
ninein siRNA, MT buckling is observed, the leading 
process becomes tortuous, and migration is compro-
mised (small green arrow). When FCTP is applied to 
the ninein-depleted neurons, MT buckling and tortuos-
ity are exacerbated, and neuron movement is restored 
(but with abnormalities in migration path).
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Fluorescence microscopy
In one set of experiments, cerebellar granule neurons were harvested 
as described above, dissociated, and cotransfected with GFP-CAM 
SAP3 (gift from M. Takeichi, Institute of Physical and Chemical Re-
search, Kobe, Japan), and RFP-pericentrin (centrosomal marker; gift 
from S. McConell, Stanford University, Stanford, CA). They were then 
plated on glass coverslips coated with poly-d-lysine (100 µg/ml) and 
laminin (25 µg/ml) for live-imaging the next day. For most experiments 
on CAM PSAPs, endogenous CAM PSAP proteins were visualized 
by immunofluorescence. For this, cells were transfected with control 
or ninein siRNA as described earlier. At 72 h after transfection, cells 
were fixed with –20°C methanol and stained with antibodies against 
γ-tubulin (Sigma-Aldrich), CAM SAP2 (17880–1-AP; Proteintech), 
CAM SAP3 (T-14, sc-240596; Santa Cruz Biotechnology, Inc.), and 
ninein (F-5, sc-376420; Santa Cruz Biotechnology, Inc.). All images 
were taken using an Axio Observer.Z1 inverted microscope (ZEI SS), 
and image acquisition was controlled using the Zen Blue software 
(ZEI SS), with identical exposure settings. Images used for quantifica-
tion did not contain pixel saturation, with minimal bleaching during 
imaging acquisition. Z-stacks images of cultured migratory neurons 
were acquired using the same system. Optical sections were taken at 
a 0.19-µm interval size.

Data analyses and statistics
Fluorescence decay measurements were performed using the Zen 
Blue software package. A region of interest was created in the center 
of the converted zone of the leading process, and tdEos-tubulin inten-
sity values were measured for each time point. Leading process length 
measurements, angle measurements, and migration direction analyses 
were performed using publicly available, open-source plugins in Fiji 
(National Institutes of Health). Analyses were performed by a blinded 
rater. All statistical analyses were performed using SPSS 23 (IBM) and 
graphs were constructed using Excel (Microsoft). Data represent, if not 
otherwise specified, mean ± SEM. In each experiment, three indepen-
dent repeats were performed. For statistical analysis, the mean differ-
ence was considered to be significant if P < 0.05. Specific statistical 
analyses are indicated in the figure legends. Correlative analysis was 
performed by the Spearman correlation test. Multiple group compari-
son was performed by one-way analysis of variance followed by Bon-
ferroni post hoc analyses. The t test was used for pair analyses.

Online supplemental material
Figs. S1–S4 show data from the ET, ectopic CAM SAP expression, 
CAM SAP immunostaining, and kinesin-5 and FCPT experiments, 
respectively. Video 1 shows a 3D z-stack after CAM SAP and ninein 
staining. Video  2 shows live-cell imaging of neuronal migration. 
Video  3 shows fluorescent decay under ninein-depleted and ninein-
depleted + FCPT conditions. Online supplemental material is available 
at http ://www .jcb .org /cgi /content /full /jcb .201506140 /DC1.
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Figure S1. ET analysis of MT organization in the centrosomal region of a migrating cerebellar granule neuron. (A and B) A granule neuron with soma and 
leading process at 0 min (A) and after 30 min (B). (C) Box indicates region of interest for ET analysis. Bars, 20 µm. (D) Schematic illustration depicting neu-
ronal morphology and identifying the region of interest. (E) A selected ET section showing MTs (arrowheads), one of the centrioles (C), and a portion of the 
nucleus (N). (F) Corresponding 3D schematic showing the centrioles (magenta cylinders), MTs (green lines), some of which extend beyond the reconstructed 
volume, and the nucleus (in gray). (G) Schematic showing the distribution of MT minus ends (turquoise spheres). White bar, 1 µm.
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Figure S2. Quantification of MT minus ends identified by ectopic expression of CAM SAP. (A) Quantification CAM SAP3 speckle distance from the centro-
some in four migratory neurons. Each bar represents an individual speckle observed in the cell. Different colors were used to enhance bar-to-bar contrast. 
(B) Bar graph showing the quantification of fluorescence overlap of CAM SAP3 speckles and pericentrin. Colocalization with the centrosome was only 
observed in one of the 20 cells.

Figure S3. CAM SAP2 speckle number in the soma and leading process of migratory neurons. (A and B) Cross-sectional space plot of migratory neurons 
treated with either control siRNA (A) or ninein siRNA (B) and stained for CAM SAP2. An increased number of speckles in the soma and leading process 
can be observed after ninein depletion. z-stack images were taken at 0.19-µm intervals. (C and D) Scatterplot showing a significant negative correlation 
between CAM SAP speckles and ninein intensity when controlled for the area of the soma (C) and the length of the leading process (D). n = 20 per group; 
**, P < 0.01. Bars, 10 µm.
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Figure S4. Ninein depletion results in longer leading processes, and abolishing MT sliding reduces leading process length and alters MT position at the 
distal tip of leading processes. (A) Bar graph displaying leading process length under various treatment conditions. Increasing MT sliding by reducing ninein 
protein levels significantly increases leading processes, and treatment with FCPT reduces leading process length. (B) Histogram showing the frequency of 
MT position along a 360° axis. Positions were binned into eight regions and the mean frequency an MT appeared in the region over 20 min was recorded. 
FCPT treatment increased the appearance of MTs in regions 181°–360°. Data are represented as mean ± SEM (n = 15 per group; *, P < 0.05; **, P 
< 0.01; ***, P < 0.001).

Video 1. Ninein depletion increases CAM SAP 2 speckles in the soma and leading process. A rotating 3D z-stack reconstruction 
of cerebellar granule neurons transfected with either control (first cell) or ninein siRNA (second cell). Individual images were 
captured in 0.19-µm intervals using the Zen Blue program and were exported using Fiji. For data analysis and discussion related 
to Video 1, refer to Fig. 2.

Video 2. Ninein depletion results in a longer leading process and abnormal neuronal migration. Time-lapse images of a migrat-
ing granule neuron, treated with control siRNA (first cell) or ninein siRNA (second cell). Ninein-depletion results in a longer lead-
ing process that shows abnormal contortions and increased MT sliding events. Individual frames in each movie were captured 
every minute for 15 min using the Zen Blue program and exported using Fiji. Frames are projected at a rate of four frames per 
second. For data analysis and discussion related to Video 2, refer to Fig. 3.

Video 3. Treatment with Ninein siRNA increases fluorescence decay and treatment of ninein-depleted neurons with FCPT rescues 
the observed increase. Time-lapse images of the leading process of a migratory neurons, treated with Ninein siRNA (first cell) 
or ninein siRNA + FCPT (second cell). Ninein-depletion results in an increase in fluorescence decay. After application of FCPT, 
fluorescence decay was rescued, and MT buckling can be observed. Individual frames in each movie were captured every minute 
for 20 min using the Zen Blue program and exported using Fiji. Frames are projected at a rate of five frames per second. For 
data analysis and discussion related to Video 3, refer to Fig. 4.

Video 4. Migration is compromised after partial ninein depletion, with FCPT restoring cell movement and also leading to an in-
crease in MT buckling in the leading process. Phase images of a migratory neuron treated with ninein siRNA were captured every 
30 s for 20 min. 50 µM FCPT was washed into the culture dish, and the same cell was imaged for an additional 20 min. FCPT 
caused the previously stationary neuron to move, with a concomitant increase in MT buckling in the leading process. Individual 
frames in each movie were captured using the Zen Blue program and exported using Fiji. Frames are first projected at a rate of 
five frames per second then replayed at 2.5 frames per second for each treatment. For data analysis and discussion related to 
Video 4, refer to Fig. 6.


