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ABSTRACT Kinesin-5 (also called Eg5 or kif11) is a homotetrameric motor protein that func-
tions by modulating microtubule (MT)–MT interactions. In the case of mitosis, kinesin-5 slows 
the rate of separation of the half-spindles. In the case of the axon, kinesin-5 limits the fre-
quency of transport of short MTs, and also limits the rate of axonal growth. Here we show 
that experimental inhibition of kinesin-5 in cultured migratory neurons results in a faster but 
more randomly moving neuron with a shorter leading process. As is the case with axons of 
stationary neurons, short MT transport frequency is notably enhanced in the leading process 
of the migratory neuron when kinesin-5 is inhibited. Conversely, overexpression of kinesin-5, 
both in culture and in developing cerebral cortex, causes migration to slow and even cease. 
Regions of anti-parallel MT organization behind the centrosome were shown to be especially 
rich in kinesin-5, implicating these regions as potential sites where kinesin-5 forces may be 
especially relevant. We posit that kinesin-5 acts as a “brake” on MT–MT interactions that 
modulates the advance of the entire MT apparatus. In so doing, kinesin-5 regulates the rate 
and directionality of neuronal migration and possibly the cessation of migration when the 
neuron reaches its destination.

INTRODUCTION
Development of the vertebrate brain depends on the orderly migra-
tion of neurons from their sites of birth to their final destinations 
(Sidman and Rakic, 1973). By the time their journey is underway, 
migrating neurons have already ceased undergoing mitosis and 
have taken on a highly polarized morphology. The leading process 
extends in the direction of movement, after which the soma lunges 
forward, taking with it the nucleus. In some cases, a trailing process 
lags behind and is absorbed into the soma as movement ensues. 
The shape and polarity of the migrating neuron as well as its move-
ment are all dependent on a functionally interconnected microtu-
bule (MT) array that traverses the various compartments of the cell. 
A wealth of literature over the past several years suggests that MTs 

in a migratory neuron are attached at their minus ends to the cen-
trosome, with plus ends of MTs emanating forward into the leading 
process and backward to engulf the nucleus (Gregory et al., 1988; 
Schaar and McConnell, 2005). Although the specifics can vary 
among different types of migratory neurons (Umeshima et al., 2007; 
Distel et al., 2010), migration is generally thought to occur by a two-
step process, via forces generated by cytoplasmic dynein and acto-
myosin (Solecki et al., 2009; Martini and Valdeolmillos, 2010). First, 
these forces pull on the MTs in the leading process, thus yanking the 
centrosome forward. Then, cytoplasmic dynein moves the nucleus 
along the MTs engulfing it, toward the centrosome (Solecki et al., 
2004), while actomyosin pushes the nucleus from behind (Tanaka 
et al., 2004; Bellion et al., 2005; Schaar and McConnell, 2005; Tsai 
et al., 2007).

The forces generated by cytoplasmic dynein can be likened to 
an accelerator that drives neuronal migration. Tightly controlled 
movements often involve a brake so that the movement can be ap-
propriately responsive to external guidance cues and can ultimately 
cease. As a rule, molecular motor proteins are modulated by com-
plementary and antagonistic relationships with other motors, as is 
most clearly illustrated in the mitotic spindle (Sharp et al., 2000). For 
example, kinesin-5 (also called Eg5 or kif11) is a slow motor com-
pared with cytoplasmic dynein, and therefore can act as a brake to 
modulate the separation of the half-spindles by limiting the rate at 
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to enhancing our understanding of the nor-
mal developmental process, these studies 
may also be relevant to congenital diseases 
that arise from flaws in neuronal migration 
that are often caused by mutations in genes 
relating to the MT cytoskeleton (Keays et al., 
2007; Jaglin and Chelly, 2009; Jaglin et al., 
2009).

RESULTS
Kinesin-5 levels are highest when 
migrating neurons have reached 
their destination
Our initial discovery of kinesin-5 in termi-
nally postmitotic neurons consisted of in situ 
hybridization analyses indicating strong ex-
pression of kinesin-5 mRNA in various popu-
lations of neurons in the developing brain, 
including migratory neurons in the cerebral 
cortex and cerebellum (Ferhat et al., 1998). 
These studies showed that the highest 
mRNA levels for kinesin-5 are present in mi-
gratory neurons early in their journey (Ferhat 
et al., 1998). Protein levels do not always co-
incide precisely with mRNA levels, however, 
and it is possible that an increase in the for-
mer might lag behind an increase in the lat-
ter. For this reason, we wanted to begin our 
present studies on neuronal migration by 
conducting immunohistochemistry for kine-
sin-5 on developing brain. For these analy-
ses (and also for Western blotting; see 
below), we used the same anti–kinesin-5 
antibody that was used in our recent studies 
on growth cones (Nadar et al., 2008). The 
results were confirmed with one other kine-
sin-5 antibody (unpublished data).

The immunohistochemistry revealed 
that, in the p6 rat cerebellum, the protein 
levels for kinesin-5 are particularly high in 
the outer regions of the inner granule layer 
(Figure 1, B and D). Higher magnification 
images revealed that the cells in the outer 
granule layer also express kinesin-5 
(Figure 1D , arrowhead), but the cells in the 
inner granule layers are stained more in-
tensely (Figure 1D , arrow). Because birth-

dating studies have established that the granule neurons migrate 
from the outer granule layer, past the Purkinje layer, to settle into the 
most superficial region of the inner granule layer (Altman, 1969), we 
would conclude from these results that kinesin-5 is present through-
out the journey but is present at particularly high levels when the 
journey is complete. Developing cerebral cortex exhibited a consis-
tent expression pattern. In cortex, kinesin-5 immunostaining was 
most intense in outer regions of the cortical plate (Figure 1, E and G). 
Cells in the ventricular zone (VZ) and subventricular zone (SVZ) were 
weakly stained for kinesin-5 (Figure 1G , arrowhead), whereas cells in 
the outer cortical plate region displayed strong staining (Figure 1G , 
arrow). During corticogenesis, after proliferation at the region along 
the ventricles (VZ), the neurons become postmitotic and migrate 
out. Neurons are born in an orderly progression, with later born neu-
rons migrating past the earlier born neurons and settling in more 

which cytoplasmic dynein can move the MTs apart (Saunders et al., 
2007).

Recent studies suggest that kinesin-5 also acts as a brake on MT–
MT interactions in developing neurons. Depletion or inhibition of 
kinesin-5 from cultured sympathetic neurons results in an axon that 
grows faster (Haque et al., 2004; Yoon et al., 2005; Myers and Baas, 
2007) but does not turn properly (Nadar et al., 2008). Frequency of 
MT transport in the axon is enhanced when kinesin-5 is inhibited 
and MTs extend deeper into growth cones with a less polarized dis-
tribution. These effects are explicable, at least in part, by kinesin-5’s 
capacity to oppose cytoplasmic dynein. In the present study, we 
sought to investigate whether kinesin-5 could modulate MT–MT in-
teractions in the migratory neuron and whether such effects could 
influence the movement of the neuron and perhaps the cessation of 
movement when the neuron reaches its final destination. In addition 

FIGURE 1: Expression of kinesin-5 protein in neonatal rat brain. (A) A sagittal section of p8 rat 
cerebellum stained with Nissl stain. (B) The serial section double-stained with a polyclonal total 
kinesin-5 antibody and (C) a monoclonal -tubulin antibody. (D) Merge of red and green 
channels. Scale bar, 100 µm. Boxed areas in (A–D) are viewed at 4  the magnification in (A –D ). 
Cell-dense external and internal granule layers (egl and igl, respectively) and the cell-sparse 
molecular layer (ml) are visible in high magnification of the Nissl-stained section (A ). 
Corresponding regions are indicated in the high magnification of the serial section double-
stained with kinesin-5 (B ) and -tubulin (C ) antibodies. Merge of the red and the green channel 
in (D ). Kinesin-5–positive cells in the egl (D  arrowhead) and in the igl (D  arrow). Scale bar, 
50 µm. A coronal section of E16 rat cortex double-stained with the polyclonal total kinesin-5 
antibody (E) and a monoclonal -tubulin antibody (F). (G) Merge of red and green channels. 
Scale bar, 50 µm. Boxed areas in (E–G) are viewed at 4  the magnification in (E –G ). The VZ/SVZ 
region and outer CP region (cp) are marked (E ). A kinesin-5–positive cell in the VZ/SVZ region 
(G , arrowhead) and outer CP region (G , arrow). Scale bar, 50 µm.
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types that influence and direct migration. 
For our studies, it was necessary to use flat-
tened cells on glass for high-resolution mi-
croscopy, and it was necessary to use a sys-
tem in which numbers of cells were 
sufficiently high so that transfections could 
be performed under a number of different 
conditions before plating. Therefore we 
chose to use an in vitro culture system of rat 
cerebellar granule neurons that has been 
used in the past to study the cytoskeletal 
mechanisms underlying neuronal migration 
(Bix and Clark, 1998; Hirotsune et al., 1998; 
He et al., 2010; Peng et al., 2010; Tahirovic 
et al., 2010). In this system, cerebella are 
dissociated, and then the cells are allowed 
to form aggregates by being incubating in a 
polypropylene tube before plating on lami-
nin-coated glass. Neurons then migrate out 
of the aggregate in a radial manner that can 
be quantified. This preparation is a mixed-
cell one in which some nonneuronal cells 
are present and presumably contribute 
growth factors, but wherein the migratory 
neurons move mainly against one another 
as well as the substrate (see Materials and 
Methods). More than 90% of the cells in 
these cultures were determined to be neu-
rons, on the basis of staining for neurofila-
ment proteins (unpublished data). Although 
this system is sufficient for our purposes 
here, it is worth noting that it does not as 
faithfully reflect the conditions of migration 
in the brain as do certain other in vitro mi-
gration systems, such as those designed to 
enable cerebellar granule neurons to 
migrate along glial processes (Hatten and 
Mason, 1990).

To suppress kinesin-5 function, we used 
siRNA to gradually deplete the kinesin-5 
protein as well as monastrol, a drug that 
acutely inhibits the ability of kinesin-5 to hy-
drolyze ATP (Cochran and Gilbert, 2005). 
The effects of the siRNA used for these stud-
ies were previously shown to be reversible 
by restoring kinesin-5 levels in other types 
of neurons (Myers and Baas, 2007). Seventy-
two hours is sufficient time for the siRNA 
to deplete >85% of the kinesin-5 protein 
as determined by Western blotting (see Fig-
ure 2A). In our experience, transfection of 

siRNA with the Nucleofector device (Amaxa Biosystems, Lonza, 
Cologne, Germany) results in transfection of virtually all of the neu-
rons as assessed by immunostaining (He et al., 2005). (The nonneu-
ronal cells would presumably also cease expression of kinesin-5, 
which might reduce their number over time as mitosis is suppressed, 
possibly altering the complement of growth factors in the culture. 
This is one reason why we also conducted studies with monastrol, 
which elicits its effects in a more acute manner.) As the neurons be-
gin to migrate out of the aggregate, the tightly clumped aggregate 
is converted into a loose mass of cells, thus initially causing an in-
crease in the size of the aggregate (e.g., compare Figure 2, C and E). 

superficial layers. In this way, cortical laminae are built by an “inside-
first and outside-last” neurogenic gradient (Sheppard and Pearlman, 
1997). Thus our results in two different migratory neuronal popula-
tions confirm that kinesin-5 is present in migratory neurons and that 
its levels are highest at the cessation of the migratory journey.

Inhibition of kinesin-5 accelerates neuronal migration
Several different in vitro culture systems have been used over the 
years for functional studies on neuronal migration. None ideally re-
capitulates the mechanisms of migration in the three-dimensional 
environment of the brain, with its complexity of factors and cell 

FIGURE 2: Inhibition of kinesin-5 accelerates neuronal migration. (A) Western blot in top panel 
showing kinesin-5 protein levels in cultured neurons treated with control siRNA and kinesin-5 
siRNA, respectively. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) loading control for 
both protein samples is shown in the bottom panel. (B) Mean increase in the surface area of 
aggregates treated with control siRNA and kinesin-5 siRNA within 3 h and mean increase in the 
surface area of aggregates treated with 0.1% DMSO and 100 µM monastrol within 3 h. (C and E) 
Phase-contrast images of a cerebellar reaggregate treated with control siRNA at 3-h and 6-h 
points after plating, respectively. (D and F) Similar images of a reaggregate treated with 
kinesin-5 siRNA show notable increase in the rate of disaggregation as a result of kinesin-5 
depletion. Scale bar, 25 µm.
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We chose similarly sized aggregates for 
comparison and monitored their surface 
area (in µm2) at two time points: 3 h after 
plating and 6 h after plating. We calculated 
the difference between the surface areas at 
these time-points and compared the means 
of these differences between control siRNA 
and kinesin-5 siRNA groups.

Nine kinesin-5-siRNA–transfected aggre-
gates exhibited an average 32,135.4 µm2 
increase in surface area (SEM = 5899.5), 
whereas 11 control siRNA-transfected 
aggregates exhibited only an average 
10,821.3 µm2 increase (SEM = 2138.28) 
within 3 h, which was statistically significant 
(p = 0.0018, Figure 2B) (see representative 
examples in Figure 2, C–F). Similarly, 
18 dimethyl sulfoxide (DMSO)-treated ag-
gregates were compared with 14 monas-
trol-treated aggregates. Whereas the mo-
nastrol-treated aggregates exhibited an 
average 15,594.5 µm2 increase in surface 
area (SEM = 2305.26), the DMSO-treated 
aggregates exhibited only an average 
9489.2 µm2 increase (SEM = 1288.63). This 
difference was found to be statically signifi-
cant (p = 0.02, Figure 2B).

We next used live-cell imaging to track 
migration of individual neurons, again using 
both siRNA and monastrol. Images were 
gathered of migrating neurons with a classic 
bipolar morphology at either 2- or 3-min in-
tervals for a total of 4 h. Frames in which the 
given neuron was changing its direction of 
migration or was stalled due to obstacles 
(such as processes of the surrounding cells) 
were not considered for quantification. In 
our culture system, a subpopulation of neu-
rons was always stationary, exhibiting speeds 
<10 µm/h. This population was also not 
considered for quantification. Typically, neu-
rons depleted of kinesin-5 using siRNA or in 
which kinesin-5 activity was inhibited using 
monastrol moved faster than the control 
groups (see Figure 3, A and B; also see Sup-
plemental Video 1, showing migration of 
these two cells, cell movement plot for these 
two cells in Figure 3C). Average speed was 
calculated by dividing the total distance 
traveled by a neuron by the time taken for 
the movement to occur. Whereas kinesin-
5–depleted neurons migrated with an aver-
age speed of 66.1 µm/h (SEM = 3.24, N = 
9), the control neurons migrated with an av-
erage speed of 34.3 µm/h (SEM = 1.53, N = 
9, p < 0.0001). Whereas the average speed 
of the monastrol group was 60.5 µm/h 
(SEM = 2.62, N = 13), that of the DMSO 
group was 29.6 µm/h (SEM = 2.03, N = 10, 
p < 0.0001) (see Figure 3D). Thus inhibition 
of kinesin-5 produced an almost twofold in-
crease in the average speed of migrating 

FIGURE 3: Inhibition of kinesin-5 doubles the average speed of neuronal migration and 
decreases the average duration of migration. (A and B) Time-lapse, phase-contrast images of 
migrating granule neurons transfected with control siRNA (top panel) and kinesin-5 siRNA 
(bottom panel). Movement of the soma and leading process tip are indicated by asterisks and 
arrowheads, respectively. Scale bar, 10 µm. (C) Movement plots for the soma (blue) and the 
leading process (magenta) of these two cells are shown. Each point represents the distance 
between the distal end of the soma or the tip of the leading process at a given time-point, 
and the position of the distal end of the soma at time-point zero. The x-axis represents the 
time elapsed since the beginning of the movie. (D) Quantification of average speed of 
migration for control siRNA– or kinesin-5 siRNA–transfected neurons (n = 9 in each group), 
and identical quantification for DMSO-treated or monastrol-treated neurons (n = 13 and 10, 
respectively). (E) Quantification of average duration for which neurons exhibited persistent 
forward movement when treated with control siRNA or kinesin-5 siRNA (n = 9 in each group), 
and identical quantifications for DMSO-treated or monastrol-treated neurons (n = 13 and 10, 
respectively).
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rection in the DMSO-treated group during 
the course of our recording.

Forward movement of the cell bodies of 
granule neurons in our culture system is 
sometimes known to consist of small yo-yo-
type bidirectional steps (Liesi, 1992). In mo-
nastrol-treated cultures, this type of behav-
ior of cell bodies was reduced (unpublished 
data).

Effects of kinesin-5 inhibition on 
development of the leading process
To meaningfully examine the effects of kine-
sin-5 on the length of the leading process 
(which is normally quite variable), we con-
ducted live-cell imaging on migrating neu-
rons for a period of at least 30 min. For a 
given neuron, we measured the leading 
process length every 5 min and averaged 
these values to give a single value repre-
senting the length of the leading process for 
that neuron. We found that the leading pro-
cesses of monastrol-treated neurons exhib-
ited an average length of 26.1 µm, whereas 
those of the DMSO group were 37.1 µm 
(n = 15 in each group, SEM = 0.73 and 1.46 
respectively, p < 0.0001). Thus the leading 
processes of monastrol-treated neurons 
were significantly shorter than those of 
DMSO-treated neurons (e.g., Figure 4, A 
and B; quantification, Figure 4C)

This effect, to shorten the leading pro-
cess, is precisely the opposite of what was 
observed in earlier studies on axons, which 
become longer when kinesin-5 wa inhibited 
(Haque et al., 2004; Myers and Baas, 2007). 
We considered the possibility that the lead-
ing process may actually grow faster when 
kinesin-5 is inhibited, but that somal move-

ment may also advance more quickly, thus resulting in a shorter 
rather than a longer leading process. To address this issue, we 
plated migrating neurons on a surface of poly-L-lysine (PLL) instead 
of laminin. To stimulate process outgrowth, laminin (2.5 µg/ml) was 
added after the neurons had adhered. Under these conditions, neu-
rons were not able to migrate (unpublished data). We compared 
leading process lengths of 18 monastrol-treated neurons plated on 
PLL to those of 23 DMSO-treated neurons plated on the same sub-
strate. We found that leading processes of monastrol-treated neu-
rons were now significantly longer than those of DMSO-treated neu-
rons. Whereas the processes from the monastrol-treated neurons 
displayed an average length of 28.9 µm, those from DMSO-treated 
neurons had an average length of 19.68 µm (SEM = 0.58 and 0.7, 
respectively, p < 0.0001; quantification, Figure 4D).

Overexpression of kinesin-5 slows neuronal migration 
and affects leading process development
As indicated by the immunocytochemistry of developing brain, the 
levels of kinesin-5 climb during the migratory journey to reach their 
maximum levels as the neurons reach their final destination. The 
depletion and inhibition studies presented thus far support a poten-
tial cause-and-effect relationship between kinesin-5 levels and the 
slowing/cessation of neuronal migration, but a more direct test 

neurons. The average speed of the control siRNA-transfected or 
DMSO-treated neurons was similar to previous reports of migration 
speeds of these neurons (He et al., 2010).

In our culture system, neurons undergo a phase of active forward 
movement followed by a relatively stationary period of little or no 
movement. The duration of each phase is variable with respect to 
individual neurons. We observed that whereas control neurons ex-
hibited prolonged periods of active forward movement, these peri-
ods for kinesin-5–depleted neurons were shorter. Average duration 
of migration for control siRNA-treated neurons was 87.8 min (SEM + 
11.3, N = 9), whereas that for kinesin-5 siRNA-treated neurons was 
43.9 min (SEM + 15.9, N = 9, p = 0.039). Average duration of migra-
tion for DMSO-treated neurons was 70.7 min (SEM + 9.3, N = 10) 
whereas that for monastrol-treated neurons was 37.2 min (SEM + 
7.6, N = 13, p = 0.01) (see Figure 3E).

During the course of these studies, we noticed that some of the 
monastrol-treated neurons started migrating in the outward direc-
tion, away from the aggregate, then paused, extended a process in 
the opposite direction, and then migrated back again—toward the 
aggregate. For example, in one instance, while five migrating neu-
rons continuously moved away from the aggregate, three neurons 
started moving outward, then reversed and moved back inward (see 
Supplemental Video 2). We did not observe neurons reversing di-

FIGURE 4: Inhibition of kinesin-5 affects the length of leading process. (A and B) Leading 
processes (indicated by arrowheads) of neurons treated with DMSO or monastrol, respectively. 
These neurons were plated on laminin, and migration was recorded for a period of 30 min. 
Images captured at the beginning of this period and the end of this period are shown in the top 
and bottom panels, respectively. Scale bar, 10 µm. (C and D) Quantification of leading process 
lengths, of DMSO-treated and monastrol-treated neurons, plated on laminin and PLL, 
respectively.
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eGFP-transfected cells. A mean of 27.09% 
of all migrating cells was transfected with 
eGFP (SEM = 2.4), compared with a mean 
of 3.09% of all migrating cells that were 
transfected with kinesin-5–eGFP (SEM = 
0.2, p < 0.0001, Figure 5E). Bright-field im-
ages showed normal migration of neurons 
out of the aggregate, but fluorescence im-
aging revealed that eGFP–kinesin-5–trans-
fected neurons were unable to leave the ag-
gregates (Figure 5, A–D; n = 4 aggregates in 
each group). Live-cell imaging revealed that 
neurons overexpressing kinesin-5 paused 
throughout the course of the recording, 
whereas eGFP–transfected (control) neurons 
exhibited normal migration on laminin (n = 4 
for each group, Figure 5I). Thus, whereas ki-
nesin-5 inhibition speeds migration, its 
overexpression suppresses migration.

We next performed studies to assess 
leading process development in migrating 
neurons overexpressing kinesin-5 on lami-
nin. Because kinesin-5 overexpression sup-
presses migration even on laminin, there 
was no reason to switch substrates for these 
studies. In 20 eGFP-transfected neurons, 
the average length of the leading process 
was 44.01 µm, and in 17 eGFP-kinesin-5–
transfected neurons, it was 26.17 µm 
(p < 0.0001) (see Figure 5, F and G; quanti-
fication, Figure 5H). Thus kinesin-5 suppres-
sion produced longer leading processes, 
and kinesin-5 overexpression produced 
shorter leading processes. We should note 
that although the overexpressing neurons 
showed decreased migration and shorter 
leading processes, there were no signs that 
the overexpression produced toxic ill effects 
or alterations in the cells that could not be 
reversed with monastrol treatment. Provid-
ing additional confidence against nonspe-
cific toxicity, dominant-negative constructs 
produce the opposite phenotype as the 
wild-type construct when expressed in neu-
rons at equivalent levels (Myers and Baas, 
2007; Nadar and Baas, unpublished data).

Overexpression of kinesin-5 slows 
neuronal migration in vivo
The cell culture approach was necessary for 
the studies presented thus far because 
of the high degree of resolution they afford 
as well as the ease of conducting drug stud-

ies, depletion studies, and overexpression studies a in parallel 
manner. Neuronal migration, however, is a phenomenon that is not 
recapitulated in all of its complexity in the culture dish, so we 
wished to conduct a set of studies using a widely accepted and 
powerful in vivo approach. For this, we used in utero electropora-
tion to manipulate kinesin-5 expression in populations of migratory 
neurons. The expectation would be that neurons overexpressing 
kinesin-5 would migrate slower and stall along their journey. For 
these experiments, we expressed eGFP–kinesin-5 or eGFP as the 

would be to see whether overexpressing kinesin-5 results in slowing 
of neuronal migration. We began these analyses in culture by using 
the inverse approach on the same experimental paradigm used for 
the depletion/inhibition studies. In this case, the cerebellar granule 
neurons were transfected with kinesin-5—enhanced green fluores-
cent protein (eGFP) or eGFP constructs, plating densely for 24 h, 
and then replated on laminin to stimulate migration. Similarly sized 
aggregates were compared. We noticed that fluorescence intensity 
of kinesin-5—eGFP–transfected cells was much lower than that of 

FIGURE 5: Kinesin-5 overexpression suppresses migration and alters the length of the leading 
process. (A and C) Phase-contrast images of eGFP and eGFP–kinesin-5–transfected aggregates, 
respectively. (B and D) Images of the same two aggregates through fluorescence channel 
showing numerous eGFP-transfected but few eGFP-kinesin-5–transfected cells migrating out of 
aggregate. Scale bar, 40 µm. (E) Quantification of percent transfected cells in each group. (F and 
G) Representative examples of leading processes of eGFP-transfected neurons (arrows, F) and 
eGFP–kinesin-5–transfected neurons (arrows, G), respectively. Scale bar, 5 µm. (H) Quantification 
of leading process length in the two groups. (I) Movement plots of live-cell imaging indicating 
displacement of soma of an eGFP-expressing cell (blue line) and a kinesin-5—eGFP–expressing 
cell (magenta line).
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whereas in the overexpressing group 34.4% 
of cells (SEM = 2.89) were in this bin (p = 
0.0021). In the control group, 12.7% of cells 
(SEM = 1.89) were in the lower CP, whereas 
in the overexpressing group, 35.8% of cells 
(SEM = 4.443) were in this bin (p = 0.0014). 
No significant difference was found in the 
counts of the other two bins in the control 
group (IZ: 9.02% cells, SEM = 2.57; VZ/SVZ: 
11.7% cells, SEM = 3.65) and in the overex-
pressing group (IZ: 14.7% cells, SEM = 
1.61; VZ/SVZ: 15.2% cells, SEM = 5.71) 
(quantification, Figure 6D). Our results with 
the control construct are comparable with 
previously reported results using this tech-
nique (Tsai et al., 2005). The morphology of 
cells overexpressing kinesin-5 was gener-
ally similar to control cells at every stage in 
their journey, suggesting the perturbed 
migration is not caused by abnormal cellu-
lar morphology.

Kinesin-5 inhibition increases the 
frequency of MT transport
Mechanistic models for neuronal migration 
generally assume that most or all of the MTs 
are attached at their minus ends to the cen-
trosome (Tsai and Gleeson, 2005). These 
models are based on the premise that MTs 
form a structural framework against which 
or through which cytological structures 
move. Little consideration has been given 
to the possibility that movements of MTs 
themselves contribute to neuronal migra-
tion, as is the case in the mitotic spindle 
and also the axons of postmigratory neu-
rons. In these cases, cytoplasmic dynein not 
only moves cargo along MTs, it also gener-
ates forces between neighboring MTs and 
between MTs and the actin cytoskeleton 
(Hasaka et al., 2004; He et al., 2005). These 
forces rapidly transport short MTs, while 
also generating tensile and compressive in-
teractions between longer MTs that can af-
fect whether an axon grows or retracts 
(Myers et al., 2006). Thus the impact of a 
molecular motor on short MT transport is a 
quantifiable indicator of its impact on the 
entire MT array. In the axon, inhibition of 
kinesin-5 results in a doubling of the fre-

quency of short MT transport frequency, in both directions (Myers 
and Baas, 2007). This result is consistent, at least in part, with the 
forces of kinesin-5 opposing the forces of cytoplasmic dynein. Here, 
for the first time, we sought to ascertain whether the leading process 
of migratory neurons also contains a population of short mobile MTs, 
not attached to the centrosome, and, if so, whether inhibition of ki-
nesin-5 similarly impacts the frequency of this transport.

As in our earlier studies on axons, we used the photo-bleach 
method for revealing MT transport (Figure 7, A–C). After bleaching 
a 15-µm stretch of the leading process of a neuron expressing 
eGFP-tubulin, we captured serial images at an interval of 2 s, for a 
total of 3 min. Using phase-contrast optics, we also documented 

control in VZ neural progenitors in E14 mouse cortex. Brains were 
harvested at P1 by which time cells born at E14 usually reach their 
final positions in the superficial layers of the cortical plate. The dis-
tribution of eGFP-positive cells was quantified in coronal sections 
in the kinesin-5 and control groups (see Figure 6, A–C). Specifically, 
we counted cells in four bins—VZ/SVZ, intermediate zone (IZ), 
lower cortical plate (CP), and upper CP (Figure 6, A  and C ).

The results indicate that while the majority of GFP-transfected VZ 
neural progenitors migrated to the outer cortical layers, kinesin-5–
overexpressing progenitors were less organized, with significantly 
more occupying the lower CP bin, suggesting slower migration. In 
the control group, 66.6% of cells (SEM = 4.42) were in the upper CP, 

FIGURE 6: Ectopic expression of kinesin-5 affects neuronal migration in developing cerebral 
cortex. (A–C) Coronal sections at various levels from mouse brains electroporated with eGFP or 
eGFP–kinesin-5 at E14.5 and killed at P1. Electroporated region in B is indicated (arrowheads). 
Scale bar, 25 µm. (A  and C ) Boxed regions in A and C viewed at higher magnification. (C ) 
Indicated part of C  is enlarged, and electroporated neurons are circled. Scale bar in (C ) and (C ), 
50 µm. (D) Quantification of cell distribution in the four bins. Error bars represent SEM. Note the 
difference in the cell distribution in the top two bins (CP(upper) and CP(lower)) between the eGFP 
and kinesin-5–eGFP groups, t test p = 0.0021 and 0.0014, respectively. For the eGFP group, n = 
5 brains, total 1408 cells from 10 sections were counted. For the kinesin-5–eGFP group, n = 3 
brains, total 1016 cells from 18 sections were counted. The phenomenon of slowed migration 
was observed at all levels through the developing brain.
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axon (0.752 events/min). In addition, the MT movement in the lead-
ing process is exclusively in the anterograde direction, whereas MTs 
move bidirectionally in axons (roughly 2/3 and 1/3 anterograde and 
retrograde, respectively) (Wang and Brown, 2002). This observation 
is particularly interesting because the leading process of cerebellar 
granule neurons is known to become the axon of these cells (Altman 
and Bayer, 1996).

We next studied the impact of kinesin-5 inhibition on MT trans-
port in the leading process. In DMSO-treated neurons, the fre-
quency of MT transport was the same as that in untreated cells—0.2 
events/min (6 events in 30 min of image acquisition). In monastrol-
treated neurons, the frequency was found to be 1.5-fold 
higher—0.29 events/min (13 events in 45 min of image acquisition, 
p = 0.02) (see Figure 7V). The directionality of MT transport was 
unchanged, as retrograde transport of MTs was never observed in 
either monastrol-treated or DMSO-treated groups. Also, the aver-
age velocity of transport remained similar—1.15 µm/s and 
1.03 µm/s in monastrol-treated and DMSO-treated groups, re-
spectively (SEM = 0.44 and 0.41 in monastrol and DMSO groups, 
p = 0.844, not significant). As is the case with the axon, these re-
sults indicate that kinesin-5 restricts the number of moving MTs in 
the leading process, but does not impact the velocity or direction-
ality of transport.

migration of the neuron before and after it was exposed to the laser. 
In a migrating neuron, if all the MTs are bound to the centrosome, 
and no free MTs exist, we would not observe movement of short 
MTs through the bleached zone. In contrast, if there are any short 
mobile MTs present, we should detect them as they transit through 
the bleach zone (Figure 7C).

In a neuron that was actively migrating (Figure 7, D–K and N–P, 
arrow), we were able to record instances of short MTs moving 
through the bleached zone (Figure 7, L and M, arrowheads; mag-
nified in Q, arrowheads, middle and bottom panels, respectively). 
A total of 19 anterograde MT transport events were recorded dur-
ing a total 102 min of image acquisition, for an average frequency 
of 0.190 events/min. These MTs sometimes paused and some-
times traveled at rapid speeds, with an average velocity of 
1.03 µm/s (SEM, = 0.124). Individual average MT velocities are 
represented in Figure 5T. Lengths of moving MTs are shown in 
Figure 7U. Movement plots for two different MTs are shown in 
Figure 7, R and S.

Notably, observations of MT transport in the leading process of 
the migratory neurons were not entirely the same as those reported 
in previous studies on the axons of sympathetic and hippocampal 
neurons. Although the velocity of transport is essentially the same 
( 1 µm/s), the frequency of transport is less than one-fourth that in 

FIGURE 7: Real-time imaging reveals transport of short MTs in the leading process. In the photo-bleach assay, cultured 
migrating neurons expressing eGFP–tubulin (A) are exposed to a laser to create a bleached zone in the leading process 
(B). MTs moving from the proximal unbleached region to the distal region are visible against the dark background of the 
bleached zone (C). (D–K) and (N–P) Phase-contrast, time-lapse images track migration of an eGFP–tubulin–transfected 
neuron (black arrows) before and after photo-bleaching. (L and M) Fluorescence, time-lapse images reveal transport of 
short MTs (white arrowheads) through the bleached zone. Scale bar, 10 µm. (Q) Magnified images showing the bleached 
region at zero time-point (top panel), and a short MT moving through the photobleached zone (middle and bottom 
panels, arrowheads). Middle and bottom panels are magnified views of L and M, respectively. Scale bar, 10 µm. (R and S) 
Movement plots for two different anterogradely moving MTs are shown. Each point represents the position of the MT 
from the proximal end of the bleached zone, measured along the leading process. The x-axis represents the time 
elapsed since the beginning of the movie. (T) Frequency histogram of average velocities in µm/s of 19 MTs. (U) 
Frequency histogram of lengths of 19 MTs. (V) MT transport frequency is significantly higher in monastrol-treated 
neurons (13 events in 45 min) compared with DMSO-treated neurons (6 events in 30 min).
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Enrichment of kinesin-5 in locales of 
potential anti-parallel MT organization
Our data on short MT transport complement 
previous observations indicating that not all 
MTs in migratory neurons are anchored to 
the centrosome. In these previous studies, 
conducted on neurons in cerebellar slices, a 
population of MTs was observed that extend 
into the leading process but with free ends 
originating from behind the centrosome, in 
the region of the nucleus (Umeshima et al., 
2007). To pursue this in our system, we im-
munostained cultured cerebellar migrating 
neurons for -tubulin (to reveal MTs) and 
-tubulin (to reveal the centrosome), and 

analyzed the samples with confocal micros-
copy. Our results, similar to those of Um-
eshima and colleagues, indicate that al-
though most of the MTs extending into the 
leading process originate from the cen-
trosome, some do not (Figure 8, A, D, E, and 
H, arrowheads). This MT organization was 
observed whether the centrosome was situ-
ated ahead of the nucleus or on the side 
(N = 18).

If these MTs, free at both ends, were ori-
ented oppositely to the rest in the leading 
process, then the leading process would 
clearly contain populations of anti-parallel 
MTs. Studies using GFP-EB3, however, have 
not revealed significant numbers of retro-
grade plus-end assembly excursions in lead-
ing processes (Tsai et al., 2007), nor have 
MT polarity analyses revealed regions of 
nonuniformity of MT orientation in leading 
processes (Rakic et al., 1996). Thus such MTs 
would have to have their plus ends directed 
into the leading processes and their minus 
ends directed behind the centrosome, cre-
ating regions of anti-parallel MT organiza-
tion not in the leading process, but rather 
behind the centrosome where these free 
MTs would intermingle with MTs attached to 
the centrosome that extend back toward 
and around the nucleus.

Because kinesin-5 is a homotetramer 
known to function by generating forces be-
tween anti-parallel MTs, we next wanted to 
see whether the region behind the cen-
trosome was particularly rich in kinesin-5. 
Therefore we immunostained cultures for 
kinesin-5, double-labeling either for 
-tubulin (to reveal MTs) or -tubulin (to re-

veal the centrosome). For these studies we 
used an antibody specific for kinesin-5 in its 
phosphorylation state that favors binding to 
MTs (see Nadar et al., 2008). Enrichments of 
kinesin-5 were observed in oval-shaped 
“hotspots” generally a few microns in 
length (Figure 8, I and N, arrowheads), and 
these hotspots were indeed consistently 

FIGURE 8: Immunostaining reveals centrosome-detached MTs and enrichment of kinesin-5 
in the soma. (A–H) Two cultured cerebellar granule neurons triple-labeled for -tubulin 
(green), −tubulin (red), and DAPI (blue) (Cell 1, top row; Cell 2, bottom row). The 
centrosome was situated on a side of the nucleus in Cell 1 (B and D, arrows) and ahead of 
the nucleus in Cell 2 (F and H, arrow). In both the cells, a subset of MTs extending into the 
leading process originated not at the centrosome but rather from a region behind the 
centrosome in the vicinity of the nucleus (A, D, E, and H, arrowheads). LP, leading process. 
Scale bar, 5 µm. (I, J, and K) A cultured cerebellar granule neuron double-stained for 
kinesin-5 (green) and -tubulin (red). (L and M) A cultured cerebellar granule neuron 
treated with kinesin-5 siRNA for 72 h, double-stained for kinesin-5 (green) and -tubulin 
(red). (N and O) A cultured cerebellar granule neuron double-stained for kinesin-5 (green) 
and -tubulin (red). Scale bar, 5 µm. (P) Ratio image shown in glow-scale pseudocolor of 
this neuron. Black indicates the lowest ratio and white indicates the highest ratio of 
kinesin-5 to -tubulin. Red, orange, and yellow indicate intermediate ratios. 
(Q) Quantitative intensity of a line profile through the ratio image shown in (P). Region 
behind the centrosome exhibits a higher ratio of kinesin-5 to MTs than many neighboring 
regions.
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do what they otherwise would. How this might work with regard to 
the axon has been a conundrum, because in the axon (and also the 
leading process of the migratory neuron; Rakic et al., 1996) the MTs 
are uniformly oriented. One possibility is that the braking effect is 
localized more in the soma, where MTs have a variety of orientations 
(Liu et al., 2010). In this view, short MTs may be present in the soma 
but immobilized through interactions with kinesin-5, and then made 
free to move on suppression of kinesin-5. With regard to longer 
MTs, confocal microscopy in our study and a previous study 
(Umeshima et al., 2007) demonstrates that a subset of MTs in migra-
tory neurons extend their plus ends into the leading process but 
have their minus ends situated behind the centrosome. These MTs 
would have the potential to intermingle with MTs of the opposite 
orientation emanating from the centrosome toward and around the 
nucleus. Such regions of oppositely oriented MTs would be ideal 
sites where the slower forces generated by kinesin-5 could act as a 
brake on the forces generated by cytoplasmic dynein (see Figure 9). 
Consistent with this mechanism, kinesin-5 is particularly enriched in 
locales that correspond to where such regions of anti-parallel MT 
organization would be expected to exist. Because neuronal migra-
tion involves forward movement of the MT cytoskeleton (Vallee 
et al., 2009), it is possible that by “braking” the sliding of MTs along 
each other in these locales, kinesin-5 constrains the advance of the 
entire MT apparatus.

Inhibition of kinesin-5 results in a shorter leading process if the 
soma is migrating. If the soma is tightly adhered to the substrate, 
however, the situation becomes more akin to a neuron with an axon, 
with inhibition of kinesin-5 resulting in a longer leading process. 
Thus it may be that kinesin-5 compresses the leading process or 
axon toward the soma, and whether inhibition of kinesin-5 results in 
a longer or shorter leading process depends on whether the soma 
can move in response to the counterbalancing forces. As with the 
axon, the analogy of a brake is useful, with kinesin-5 acting to slow 
the rate of neuronal migration and to constrain the directionality of 
migration. When the levels of kinesin-5 are experimentally elevated, 
the neuron slows or even ceases migration altogether, probably be-
cause the brake reaches maximum strength. Consistent with this 
view, the highest levels of endogenous kinesin-5 are present when 
the neuron has reached its final destination.

The simplest mechanistic explanation for the various observa-
tions on the axon and on migrating neurons is that kinesin-5 gener-
ates forces that antagonize the effects of cytoplasmic dynein. Such 
a mechanism would be consistent with how kinesin-5 functions in 
the mitotic spindle, as well as cell extracts (Gaglio et al., 1996; Rusan 
and Wadsworth, 2005). It also makes sense for how kinesin-5 im-
pacts axonal growth and navigation, given that cytoplasmic dynein 
fuels the transport of short MTs (He et al., 2005), enables the long 
MTs to resist actomyosin-based compressive forces (Ahmad et al., 
2000), and permits the MTs in the growth cone to enter filopodia by 
overcoming the retrograde flow of actin filaments (Myers et al., 
2006). Thus far, our observations in migratory neurons are also con-
sistent with the impact of kinesin-5 inhibition being the opposite of 
the impact of inhibition of cytoplasmic dynein. Thus kinesin-5 may 
belong on a growing list of proteins that impinge on cytoplasmic 
dynein during neuronal migration (Mesngon et al., 2006; Ayala 
et al., 2007). Future efforts will be aimed at testing this idea and 
exploring potential functions in migratory neurons of other kinesins 
usually studied in the context of mitosis, such as kinesin-12 (Buster 
et al., 2003; Liu et al., 2010). We suspect that subtle differences in 
the mechanics of migration among different populations of neurons 
may relate to differences in how these MT-related motors are used 
and regulated.

situated behind the centrosome. These hotspots varied in size and 
were observed in 86% of cells (n = 22), suggesting that kinesin-5 
associates more strongly in certain locales of the neuron at various 
moments during migration to concentrate forces when and where 
needed. Confirming the specificity of the staining, these regions 
were absent from cells treated with kinesin-5 siRNA for 72 h (Figure 
8L). Interestingly, in some cases, it was clear that the MT density 
within the kinesin-5 hotspots was no greater than that in the sur-
rounding regions (Figure 8, O and P, arrowhead), indicating that the 
hotspots are not merely due to a greater density of MTs.

DISCUSSION
In the axon of a postmigratory neuron, all of the MTs are free at 
both ends and exist in a variety of lengths (Yu et al., 1994). Short 
MTs are in rapid transit in both directions, whereas the longer sta-
tionary MTs are important for resisting compressive forces that 
would otherwise cause the axon to retract (Ahmad et al., 2000; 
Myers et al., 2006). Inhibition of kinesin-5 doubles the frequency of 
transport of the short MTs but also fortifies the resistance to axonal 
retraction provided by the long MTs (Myers and Baas, 2007). In the 
growth cone, kinesin-5 generates forces that oppose the entry of 
the longer MTs into filopodia, which is necessary for the appropri-
ate turning of the growth cone in response to environmental cues 
(Nadar et al., 2008). Collectively, the effects of kinesin-5 inhibition 
result in an axon that grows faster and retracts less, but does not 
turn properly. A useful analogy is to consider kinesin-5 as a “brake,” 
both on the advance of the MT apparatus and on the growth of the 
axon itself. Without a proper brake, the growth of the axon is robust 
but uncontrolled.

The MT apparatus of a migrating neuron is distinctly different 
from that of a postmigratory neuron. The conventional view has 
been that most or all of the MTs throughout the migratory neuron 
remain attached to the centrosome and that centrosomal MTs tra-
verse the entire length of the leading process. Recent studies using 
fluorescence imaging of +tips have shown that the plus ends of MTs 
in migratory neurons can be highly dynamic and that bouts of as-
sembly and disassembly result in the intermittent and transient pres-
ence of plus ends of MTs throughout the leading process (Tsai et al., 
2007). With regard to minus-end attachment to the centrosome, our 
observations of short MTs moving anterogradely in the leading pro-
cess demonstrate that at least some MTs are not attached to the 
centrosome. In migrating nonneuronal cells, long centrosomal MTs 
are important for tugging the centrosome along, but a population 
of short mobile MTs is also critically important. These short MTs are 
dispatched to the cell periphery to play an important functional role, 
presumably interacting with structures in the cell cortex (Abal et al., 
2002). With regard to migrating neurons, it is curious that the short 
mobile MTs are transported only anterogradely, as the transport is 
bidirectional in the axon. Perhaps this observation has something to 
do with the leading process being in motion as the short MTs move 
through it, as opposed to the axon being stationary. Nevertheless, 
similar to the case with the axon, the frequency of short MT trans-
port in the leading process is enhanced by kinesin-5 inhibition. No-
tably, the leading process of the cerebellar granule neuron becomes 
the axon (Altman and Bayer, 1996), so it may be interesting to ana-
lyze the change in MT transport that occurs during this transition.

The most well-known manner by which kinesin-5 elicits its effects 
during mitosis is to generate forces between oppositely orientated 
MTs. Kinesin-5 is an extremely slow motor, as evidenced by the fact 
that it moves MTs in vitro more than 100 times slower than cytoplas-
mic dynein (Paschal et al., 1987; Kapitein et al., 2005). By moving so 
much more slowly, kinesin-5 inhibits the capacity of faster motors to 
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0.02% Triton X-100 (Sigma, St. Louis, MO) 
in 1  PBS for 1 h; incubated at 4°C over-
night with primary antibody made in 5% 
normal goat serum and 0.02% Triton X-100; 
rinsed the next day with 1  PBS; then incu-
bated for 1 h at room temperature with 
fluorescent secondary antibody made in 
5% goat serum in 1  PBS. VECTASHIELD 
(Vector Laboratories, Burlingame, CA) was 
used to protect fluorescence from fading. 
For cultures of migrating neurons, the neu-
rons were rapidly fixed with methanol that 
had been chilled for 24 h at –20°C. Block-
ing and other staining procedures were 
identical to those for brain slices. Sections 
of developing cerebral cortex were also 
prepared and stained as just described. For 
these experiments, brains were harvested 
from embryonic rats on the 16th day of ges-
tation (E16) as described elsewhere (Qiang 
et al., 2010).

A polyclonal antibody for kinesin-5 
(Cocalico Biologicals, Reamstown, PA) that 
had been raised in rabbit using a synthetic 
peptide sequence from the tail domain of rat 
kinesin-5 (amino acid residues 801–991, 
GenBank accession number NP_001162583) 
was used at a 1:500 dilution as a primary an-
tibody for immunostaining sections. For visu-
alizing sites of kinesin-5 interaction with MTs 
in cultured neurons, we used a phosphospe-
cific kinesin-5 antibody raised in rabbit (Phos-
phoSolutions, Aurora, CO) at a 1:500 dilu-
tion. We used another antibody specific for 
total kinesin-5 to confirm results obtained 
using the above-mentioned total-kinesin-5–
specific antibody (Nadar et al., 2008). For 
eGFP staining, a rabbit polyclonal GFP anti-
body (Sigma, St. Louis, MO) was used at a 
1:400 dilution. For MT staining, a mouse 
monoclonal -tubulin antibody (Sigma) at a 
1:400 dilution or a mouse monoclonal 

-tubulin antibody (Sigma) at a 1:400 dilution 
was used. For centrosome staining, a rabbit 
polyclonal- -tubulin antibody (Sigma) at a 
1:800 dilution was used. A Cy3-conjugated 
goat anti-mouse antibody (Jackson Immu-
noResearch, West Grove, PA) and Alexa Fluor 

488–conjugated goat anti-rabbit antibody (Invitrogen, Carlsbad, CA) 
were used at a 1:400 dilution as secondary antibodies.

Images of immunostained tissue sections were acquired using 
the Axiovert 200M microscope controlled by AxioVision 4.6 soft-
ware (Carl Zeiss, Thornwood, NY). Images were captured using 10  
and 40  objectives. Image acquisition for cultured granule neurons 
was performed using a Zeiss confocal microscope, controlled by 
LSM5 Pascal software. The pinhole was set to obtain optical sections 
with a thickness of 2 µm.

In vitro neuronal migration assay
We used an in vitro culture system of rat cerebellar granule neurons, 
which has been used in the past to study the cytoskeletal mecha-
nisms underlying neuronal migration (Bix and Clark, 1998; Hirotsune 

MATERIALS AND METHODS
Immunostaining of brain slices and cell cultures
p6-p8 rat pups were killed on ice by hypothermia. Cerebella were 
harvested and drop-fixed in 4% paraformaldehyde for 2 h. The 
tissue was equilibrated in 30% sucrose solution, embedded in M1 
embedding matrix (Thermo Electron Corporation, Waltham, MA), 
frozen, and sliced into 15-µm-thick coronal sections on a Leica (St. 
Louis, MO) CM3000 cryostat. Sections were collected on glass 
slides coated with a solution of 6 g of gelatin and 0.4 g of chro-
mium potassium sulfate in 308 ml of distilled water, 120 ml of 95% 
ethanol, and 28 ml of glacial acetic acid; allowed to dry for 2 h; 
washed repeatedly with 1  phosphate-buffered saline (PBS) 
(Fisher BioReagents, Fair Lawn, NJ); blocked with 10% normal 
goat serum (Jackson ImmunoResearch Labs, West Grove, PA) and 

FIGURE 9: Schematized illustration depicting how kinesin-5–based forces may act during 
neuronal migration. Schematic illustration of a migrating neuron is shown at the top of the 
figure. A magnified subregion shown at the bottom of the figure includes the centrosome and 
part of the nucleus. MTs attached to the centrosome are shown as green lines. MTs that are not 
attached to the centrosome are shown as magenta lines. Green and magenta MTs intermingle 
behind the centrosome in anti-parallel (nonuniform MT polarity orientation) manner. Kinesin-5 
homotetramers (shown as black crosses) generate forces in these regions of anti-parallel MT 
overlap that are much slower than the forces generated by cytoplasmic dynein. By virtue of its 
slower speed, kinesin-5 attenuates the rate at which cytoplasmic dynein can slide the MTs apart, 
and thereby regulates neuronal migration.
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migrate, and were plated either on laminin-coated glass cover-
slips (25 µg/ml laminin, 200 ml per coverslip for 12 h) for 24 h or 
on PLL-coated coverslips (1 mg/ml PLL, 1 ml/dish for 12 h at 4°C 
and repeatedly rinsed in double-distilled H2O) and treated with 
2.5 µg/ml laminin (total 2 ml) for 20 h. Next, either 100 µM solu-
tion of monastrol in DMSO or DMSO alone was added to the 
medium for 4 h. Neuronal migration was recorded using time-
lapse imaging for at least 30 min. Leading process lengths of mi-
grating neurons were measured using the “measure/curve” ap-
plication of AxioVision LE 4.5 (Carl Zeiss MicroImaging), and mean 
values were quantified. For kinesin-5 overexpression experiments, 
we used eGFP–kinesin-5 as described previously (Myers and Baas, 
2007). For these experiments, 1 million dissociated cerebellar 
cells were transfected with 15 µg of either kinesin-5–eGFP or 
EGFP alone, densely plated on PLL-coated plastic dishes for 24 h, 
trypsinized and replated more sparsely on laminin-coated glass 
coverslips for 24 h, and processed further as described earlier in 
the text.

Live-cell imaging of MT transport
The photo-bleaching–based MT transport assay was performed as 
described previously (He et al., 2005; Myers and Baas, 2007). P5 
cerebellar granule neurons were isolated as mentioned earlier in the 
text. Approximately 1 million cells were transfected with 15 µg of 
eGFP–tubulin (Clontech Laboratories) using the Amaxa Nucleofec-
tor II, densely plated on PLL-coated plastic dishes for 12 h, 
trypsinized and replated on laminin-coated glass coverslips, and al-
lowed to migrate. A coverslip was then placed in a live-cell imaging 
workstation consisting of an inverted “Observer” microscope, an 
Orca II ER CCD (Hamamatsu, Japan), and a FluoArc Mercury lamp 
system, all controlled by AxioVision 4.1 software (Zeiss), with a Zeiss 
incubation chamber, interfaced with the MicroPoint Mosaic Digital 
Diaphragm system from Photonics Instruments (South Windsor, CT), 
coupled to an argon ion laser. The Zeiss incubation chamber pro-
vides optimal conditions of 37°C and 5% CO2. The Mosaic system is 
able, with great precision, to deliver a sharp laser pulse on to a pre-
determined target region of a cell. Prior to photo-bleaching, an 
eGFP—tubulin–expressing neuron was identified, and its migration 
was recorded using a 40  objective with phase-contrast optics and 
by capturing serial images at 3-min intervals, for a total period of 
30 min. After ascertaining the migrating state of a neuron, a 15-µm 
stretch of its leading process was exposed to the laser for 3 ms to 
bleach the eGFP fluorescence in that region. For the next 3 min, 
rapid serial images were captured at 2-s intervals, using 200-ms ex-
posure and a 100  objective with fluorescence optics to track the 
movement of short fluorescent MTs against the dark background of 
the bleached zone. For kinesin-5 inhibition experiments, either 
100 µM solution of monastrol in DMSO or DMSO alone was added 
to the medium, at least 45 min before recording migration. For 
quantification, we manually tracked all of the fluorescent MTs that 
exhibited movement resulting in net displacement through the 
bleached zone. Transport frequency was calculated by dividing the 
total number of movements by the total imaging time. Transport 
velocity was calculated by dividing the total distance traveled by the 
MT by time taken for the movement.

In utero electroporation
The procedure for in utero electroporation was performed as de-
scribed elsewhere (Saito and Nakatsuji, 2001). Briefly, 2.5% avertin 
(2,2,2-tribromoethanol, 97% in tert-amylalcohol [Sigma-Aldrich, 
St. Louis, MO]) dissolved in 0.9% saline was injected intraperito-
neally (15 µl/g of body weight of the mouse) to anesthetize 

et al., 1998; He et al., 2010; Peng et al., 2010; Tahirovic et al., 2010). 
Cerebella were harvested from p6-p8 rats, dissociated by trituration 
to form a single cell suspension, and then allowed to stand over-
night in a polypropylene tube during which time cells reaggregated. 
The next day, the cerebellar reaggregates were plated on laminin-
coated glass coverslips. More than 90% of cells in these cultures 
stain positive with anti-neurofilament antibody and are spindle-
shaped bipolar cells measuring 6 µm in diameter, indicating that 
they are indeed cerebellar granule neurons (Altman, 1972; Selak 
et al., 1985; Gilad et al., 1989). Cellular reaggregates were plated in 
serum-containing medium on laminin-coated coverslips. The pres-
ence of serum suppressed neurite outgrowth (Liesi, 1992). One hour 
after plating, aggregates adhered to the substrate, at which point, 
the plating medium was replaced by serum-free medium. Within an 
hour after this, cellular processes extending out of the periphery of 
the aggregate were visible, and bipolar cells, which extended their 
leading processes along these preextended “pioneer” neurites, be-
gan translocating out of the aggregates (Asou et al., 1992). The 
laminin substrate on which the cells were plated is known to be suf-
ficient by itself as an adhesion molecule on which granule neurons 
are able to migrate in vitro without requiring any other guidance cue 
(Liesi, 1992; Bix and Clark, 1998). Also, in vivo, the cell adhesion 
molecule L1, expressed by granule neurons, and the extracellular 
matrix molecule laminin, produced by Bergman glia, are known to 
be involved in migration of granule neurons (Lindner et al., 1983; 
Liesi, 1985, 1992). Thus there is reasonable confidence that neurons 
undergo a single mode of in vitro migration, which is independent 
of glial cells.

Within the first 4–6 h, while outward bound migrating granule 
neurons are still in contact with the periphery of the aggregate, the 
aggregate appears to grow in size. Later, as more neurons migrate 
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plastic dishes (1 mg/ml PLL, 1 ml/dish for 12 h at 4°C and repeatedly 
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