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ABSTRACT  Kinesin-5 is a slow homotetrameric motor protein best known for its essential 
role in the mitotic spindle, where it limits the rate at which faster motors can move microtu-
bules. In neurons, experimental suppression of kinesin-5 causes the axon to grow faster by 
increasing the mobility of microtubules in the axonal shaft and the invasion of microtubules 
into the growth cone. Does kinesin-5 act differently in dendrites, given that they have a 
population of minus end–distal microtubules not present in axons? Using rodent primary 
neurons in culture, we found that inhibition of kinesin-5 during various windows of time pro-
duces changes in dendritic morphology and microtubule organization. Specifically, dendrites 
became shorter and thinner and contained a greater proportion of minus end–distal microtu-
bules, suggesting that kinesin-5 acting normally restrains the number of minus end–distal 
microtubules that are transported into dendrites. Additional data indicate that, in neurons, 
CDK5 is the kinase responsible for phosphorylating kinesin-5 at Thr-926, which is important 
for kinesin-5 to associate with microtubules. We also found that kinesin-5 associates prefer-
entially with microtubules rich in tyrosinated tubulin. This is consistent with an observed ac-
cumulation of kinesin-5 on dendritic microtubules, as they are known to be less detyrosinated 
than axonal microtubules.

INTRODUCTION
During neuronal development, microtubules are regionally organized 
into distinct patterns. In mitotic cells, microtubules are organized by 
a combination of factors, and the same is true of neurons (Conde and 
Caceres, 2009). During cell division, various kinesin motors work in 
concert with cytoplasmic dynein and other factors to configure the 
microtubules into the biphasic spindle and then to separate the half 
spindles (Sharp et al., 2000). The mitotic kinesins 5, 6, and 12 all con-
tinue to be expressed in developing neurons, where they play key 
roles in establishing the microtubule arrays of these terminally post-

mitotic cells (Sharp et  al., 1997; Ferhat et  al., 1998; Buster et  al., 
2003; Liu et al., 2010). In vertebrate neurons, axonal microtubules are 
nearly uniform in orientation, while dendritic microtubules have a 
mixed orientation (Baas and Lin, 2011). Cytoplasmic dynein appears 
to be the principal motor for driving plus end–distal microtubules 
into both types of processes (Ahmad et al., 1998; Zheng et al., 2008), 
while kinesins 6 and 12 drive the entry of minus end–distal microtu-
bules into dendrites and at the same time restrain the transit of plus 
end–distal microtubules into the axon (Lin et al., 2012).

Kinesin-5 (also called Eg5 or kif11) is a homotetrameric motor 
with four motor domains projected outward and hence is ideally 
suited to slide microtubules relative to one another (Kashina et al., 
1996). However, kinesin-5 is also a very slow motor, roughly 100 
times slower than cytoplasmic dynein. This means that kinesin-5 im-
poses a limit on how fast any other motor can slide microtubules 
(Saunders et al., 2007). This enables kinesin-5 to act as a brake that 
can effectively halt movement of microtubules by other motors. Our 
studies on neurons have shown that inhibition of kinesin-5 causes 
the axon to grow faster, to retract less, and to ignore navigational 
cues (Myers and Baas, 2007; Nadar et al., 2008, 2012). These effects 
are due to greater mobility of microtubules, as inhibition of kinesin-5 
results in higher numbers of short microtubules moving within the 
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In addition to the issue with the siRNA-based depletion poten-
tially not persisting past DIV 5, another issue with the siRNA 
approach is that depletion begins when axons are differentiating, 
raising some concern that the effects on dendrites might be 

axonal shaft and longer microtubules extending deeper into the 
growth cone. Given that dendritic microtubules have mixed orienta-
tion, the question arises as to whether kinesin-5 also acts as a brake 
in dendrites or if its forces act in a different way. We have addressed 
this question in the present study and in so doing have also been 
able to delve deeper into the mechanisms that regulate the activity 
and distribution of kinesin-5 in the neuron.

These studies are clinically relevant, because anti–kinesin-5 drugs 
have been touted for use in cancer therapy on the assumption that 
there is no kinesin-5 expressed in adult neurons. In fact, while its 
levels in adult neurons are certainly lower than during development, 
kinesin-5 continues to be expressed, particularly in adult neurons of 
the CNS (Lin et al., 2011). We have suggested that the effects of 
anti–kinesin-5 drugs on axons might be exploited to augment nerve 
regeneration after injury of the spinal cord (Haque et al., 2004; Lin 
et al., 2011). More recently, it has been shown that kinesin-5 is inhib-
ited by β-amyloid, which may be a contributing factor to cognitive 
deficits in Alzheimer’s disease (Ari et al., 2014). Given the impor-
tance of dendritic architecture for cognitive functions such as learn-
ing and memory, the impact of kinesin-5 inhibition on dendrites is 
an important consideration if patients are to be treated with anti–
kinesin-5 drugs.

RESULTS
Kinesin-5 inhibition affects dendritic morphology
We recently established that depleting superior cervical ganglia 
(SCG) neurons of either of two mitotic microtubule motors, kinesin-6 
(also called CHO1/MKLP1 or kif23) or kinesin-12 (also called kif15), 
results in dendrites becoming longer, thinner, and more axonal in 
character, with an accompanying shift toward a greater proportion 
of plus end–distal microtubules (Lin et al., 2012). We concluded that 
these two motors function to transport minus end–distal microtu-
bules from the neuronal cell body into developing dendrites. We 
then speculated that perhaps all of the mitotic motors share this 
same duty, including kinesin-5 (Baas and Gonzalez-Billault, 2012). 
However, kinesin-6 does not enter the axon (Lin et al., 2012), while 
kinesin-12 behaves somewhat similarly but not identically to kine-
sin-5 in the axon (Liu et al., 2010), calling into question whether all 
three motors could act identically in any context. Moreover, whether 
the braking effect of kinesin-5 on axonal microtubules is likely to 
extend to dendrites is not obvious, because dendritic microtubules 
are mixed in orientation, whereas axonal microtubules are nearly 
uniformly oriented.

To investigate the effects of kinesin-5 depletion on dendrites, we 
used small interfering RNA (siRNA) to deplete kinesin-5 from SCG 
neurons, introducing the siRNA before plating by nucleofection 
(Amaxa). Neurons were plated on Matrigel-coated dishes to hasten 
development of dendrites and fixed at days in vitro (DIV) 5. We chose 
DIV 5 because it was the earliest time when bona fide dendrites were 
present in the cultures, as there was some concern about the siRNA-
based depletion persisting beyond DIV 5. After fixation, the cultures 
were stained for MAP2 to demarcate dendrites (Figure 1A), and mor-
phological measurements were made of dendrite width, length, and 
number, and the number of branches per dendrite was determined 
(Figure 1B). We found that the width of dendrites of neurons de-
pleted of kinesin-5 (1.63 ± 0.07 μm) was significantly thinner than that 
of dendrites of control siRNA-treated neurons (2.42 ± 0.14 μm, p < 
0.001). Dendrites of kinesin-5-depleted neurons were also signifi-
cantly shorter (29.28 ± 2.01 μm) than dendrites of control siRNA-
treated neurons (38.87 ± 2.96 μm, p < 0.05). There was no significant 
difference between control and kinesin-5–depleted neurons with re-
spect to dendrite branching or dendrite number per cell body.

FIGURE 1:  Depletion of kinesin-5 affects dendrite morphology. 
(A) SCG neurons were transfected with either kinesin-5 siRNA or 
control siRNA and then plated on Matrigel-coated coverslips. At 
5 DIV, neurons were fixed and immunostained for MAP2 to visualize 
dendrites. Shown are examples of neurons under each experimental 
condition. Images are displayed using the “invert” function (see 
Materials and Methods). Scale bar: 10 μm. (B) Dendrite width, length, 
number, and branching were quantified. All quantifications are 
displayed as mean ± SEM. Width: dendrites of kinesin-5 siRNA-
treated neurons were significantly thinner than control (Mann-Whitney 
U-test: 2.42 ± 0.14 vs. 1.63 ± 0.07 μm, n = 64, U = 964, p < 0.001). 
Length: dendrites of kinesin-5 siRNA-treated neurons were 
significantly shorter than control (Mann-Whitney U-test: 38.87 ± 2.96 
vs. 29.28 ± 2.01 μm, n = 64, U = 1551.5, p < 0.05). Branching: there 
was no significant difference in branching between treatment groups 
(Mann-Whitney U-test: 0.13 ± 0.05 vs. 0.14 ± 0.05 branches per 
dendrite, n = 64, U = 2044.5, p = 0.975). Number: dendrite number 
was not significantly different between groups (Mann-Whitney U-test: 
3.20 ± 0.30 vs. 2.75 ± 0.22 dendrites per cell body, n = 20, U = 163.5, 
p = 0.327). All green bars on the bar graphs correspond to control 
siRNA-treated neurons, while purple bars correspond to kinesin-5 
siRNA-treated neurons.
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secondary to the effects on axons. To circumvent both of these is-
sues, we next bath-applied monastrol, an allosteric inhibitor of kine-
sin-5 (Kapoor et al., 2000), over various windows of time in culture 
and compared the morphology of monastrol-treated neurons with 
that of control counterparts exposed to DMSO vehicle alone (Figure 
2). Monastrol was the first kinesin-5 inhibitor identified and was 
named for the mono-astral spindle phenotype it induced in human 
osteosarcoma U2OS cells (Mayer et al., 1999; Kapoor et al., 2000; 
Waitzman and Rice, 2014). In previous studies, we found monastrol’s 
effects on neurons to be entirely consistent with the effects of kine-
sin-5 depletion by siRNA (Myers and Baas, 2007; Nadar et al., 2008; 
Falnikar et al., 2011). We focused on dendrite formation and matu-
ration stages rather than equal intervals between treatment groups. 
Cultures were treated for multiple days, starting on DIV 3, DIV 6, or 
DIV 14. The first treatment window (DIV 3–9) inhibited kinesin-5 be-
fore and during dendrite formation but after the axons had formed. 
This was done in order to allow the axons to form normally while 
kinesin-5 was still present, so we could focus strictly on dendrite-
related morphological changes. The second treatment window (DIV 
6–12) inhibited kinesin-5 after dendrites had formed, during their 
early maturation. The third treatment window (DIV 14–16) inhibited 
kinesin-5 in fully formed dendrites as they further matured (Figure 
2A). On the last day of monastrol treatment of each of the treatment 
regimes, the neurons were fixed and stained for MAP2 as an unbi-
ased indicator of dendritic identity (Figure 2B). Measurements of 
dendrite length, width, and number, and the number of branches 
per dendrite were quantified and compared with control (DMSO-
treated) neurons (Figure 2C). These measurements were consistent 
with ones taken from kinesin-5–depleted neurons (Figure 1).

Kinesin-5 inhibition resulted in thinner dendrites than controls 
(DMSO treatment DIV 3–9: 3.33 ± 0.15 vs. monastrol treatment 
DIV 3–9: 2.5 ± 0.11 μm, p < 0.001; and DMSO treatment DIV 6–12: 
4.70 ± 0.21 vs. monastrol treatment DIV 6–12: 3.38 ± 0.16 μm, 
p < 0.001; with the last treatment group trending thinner dendrites, 
possibly not reaching significance due to shorter monastrol treat-
ment than other groups). This result was similar to our previously 
observed results on depletion from these neurons of kinesins 6 or 12 
(Lin et al., 2012). However, in contrast to the effects of depleting 
these other motors, inhibition of kinesin-5 caused dendrites to be-
come shorter than controls (DIV 14–16 DMSO treatment: 93.37 ± 7.04 
μm vs. monastrol treatment: 70.09 ± 4.49 μm, p < 0.05; with the 
same trend at 6–12 DIV, but not reaching statistical significance). 

FIGURE 2:  Inhibition of kinesin-5 significantly impacts dendrite 
morphology. (A) SCG neurons were plated on Matrigel-coated 
coverslips and treated with either monastrol or DMSO (as control) 
during dendrite development DIV 3–9, during dendrite maturation 
DIV 6–12, or after dendrite maturation DIV 14–16. Yellow arrows 
indicate monastrol (or DMSO control) application/replenishment. 
(B) On the last day of treatment, neurons were fixed and 
immunostained for MAP2 to visualize dendrites. Examples of neurons 
under each experimental condition are shown. Images are displayed 
using the “invert” function (see Materials and Methods). Scale bar: 
10 μm. (C) Dendrite width, length, number, and branching were 
quantified. All quantifications are displayed as mean ± SEM. Width: 
dendrites of monastrol-treated neurons were significantly thinner in 
the DIV 3–9 treatment group (Mann-Whitney U-test: 3.33 ± 0.15 vs. 
2.5 ± 0.11 μm, n = 140, U = 6546.5, p < 0.001) and in the DIV 6–12 
treatment group (Mann-Whitney U-test: 4.70 ± 0.21 vs. 3.38 ± 
0.16 μm, n = 115, U = 4333, p < 0.001), but only trending 
thinner dendrites were seen in the DIV 14–16 treatment group 

(Mann-Whitney U-test: 3.15 ± 0.20 vs. 2.69 ± 0.17 μm, n = 78, U = 
2578.5, p = 0.1). Length: dendrites of monastrol-treated neurons were 
only trending shorter dendrites in the DIV 3–9 treatment group 
(48.71 ± 2.43 vs. 46.21 ± 1.56 μm, n = 140) and in the DIV 6–12 
treatment group (Mann-Whitney U-test: 68.66 ± 3.82 vs. 57.02 ± 
2.23 μm, n = 115, U = 5655.5, p = 0.058) and were significantly shorter 
in the DIV 14–16 treatment group (Mann-Whitney U-test: 93.37 ± 7.04 
vs. 70.09 ± 4.49 μm, n = 78, U = 2481, p < 0.05). Branching: dendrites 
branched significantly less only in the monastrol-treated group DIV 
14–16 (Mann-Whitney U-test: 0.35 ± 0.07 vs. 0.14 ± 0.05 branches per 
dendrite, n = 78, U = 2542.5, p < 0.05), with no significant difference 
in branching in the DIV 3–9 group (0.14 ± 0.03 vs. 0.09 ± 0.03 
branches per dendrite, n = 140) or DIV 6–12 group (0.24 ± 0.05 vs. 
0.28 ± 0.05 branches per dendrite, n = 115). Number: dendrite 
number was not significantly different in any of the groups: DIV 3–9 
(3.26 ± 0.16 vs. 2.82 ± 0.18 dendrites per cell body, n = 44), DIV 6–12 
(2.89 ± 0.18 vs. 3.13 ± 0.17 dendrites per cell body, n = 37), and DIV 
14–16 (3.13 ± 0.19 vs. 3.39 ± 0.24 dendrites per cell body, n = 23). All 
blue bars on the bar graphs correspond to DMSO-treated neurons, 
while orange bars correspond to monastrol-treated neurons.
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trols for each group. One day before the end 
of treatment, enhanced green fluorescent 
protein (EGFP)-EB3 (end-binding protein 3) 
was expressed in the cultures using the Cel-
laxess electroporation device (Lin et  al., 
2012). When expressed as a fluorescent fu-
sion protein, EB3 appears as fluorescent 
comets at the plus ends of assembling mi-
crotubules (Stepanova et  al., 2003; Nadar 
et al., 2008) (Figure 3A). Using this method, 
we quantified the numbers of microtubules 
with plus ends assembling away from the cell 
body (anterograde comets) versus those as-
sembling with minus ends away from the cell 
body (retrograde comets) (Baas and Lin, 
2011; Figure 3B). Unlike the older hooking 
method for determination of microtubule 
polarity orientation, this method only assays 
microtubules that are undergoing rapid 
bouts of assembly during the bout of imag-
ing. In our previous work on dendrites, we 
noted that this method biases toward scor-
ing more plus end–distal microtubules within 
the population as compared with the hook-
ing method, but nonetheless it is reliable in 
terms of revealing differences between con-
trol and experimental neurons (Lin et  al., 
2012). For the present studies, we scored the 
number of retrograde comets as a percent of 
total comets traveling through a line drawn 
perpendicularly to the proximal dendrite 
within 10 μm of the cell body (Figure 3C) 
over 60 consecutive frames made every 1 s. 
Measurements were made through three dif-
ferent portions of the proximal dendrite 
within 5 μm of each other.

Inhibition of kinesin-5 resulted in signifi-
cantly more minus end–distal microtubules 
as a percent of total microtubules traveling 
across the line in 60 frames in all three mo-
nastrol treatment regimes compared with 
their control counterparts. These results 
contrast with our previously reported phe-
notype upon depletion of kinesin-6 or kine-
sin-12, which resulted in fewer minus end–
distal microtubules in dendrites (Lin et  al., 
2012), further accentuating the uniqueness 
of kinesin-5 compared with these other two 
motor proteins.

Phosphorylated kinesin-5 concentrates in dendrites 
during their development
We previously established that kinesin-5 is expressed in developing 
neurons before and after their terminal mitotic division, throughout 
their migratory journeys, and during the formation of axons and 
dendrites (Ferhat et al., 1998). Early studies from the mitosis com-
munity on kinesin-5 identified Thr-926 (or Thr-927, depending on 
the species) as a site that is phosphorylated during mitosis when ki-
nesin-5 engages microtubules but not phosphorylated in interphase 
when kinesin-5 is diffuse and not microtubule associated (Blangy 
et al., 1995; Sawin and Mitchison, 1995). Later studies confirmed 
that phosphorylation at this site is indeed critical for kinesin-5’s 

There was also an effect of less dendritic branching only at DIV 14–
16 and no significant effect on dendrite number in any of the treat-
ment groups. Collectively these observations indicate that kinesin-5 
influences certain features of dendritic morphology, and this is true 
even after the neuron has achieved a mature morphology.

Kinesin-5 inhibition alters dendritic microtubule 
polarity orientation
The effect of kinesin-5 inhibition on the morphology of dendrites led 
us to investigate dendritic microtubule polarity orientation using the 
same monastrol treatment groups as in the morphological analyses, 
namely DIV 3–9, DIV 6–12, and DIV 14–16, along with DMSO con-

FIGURE 3:  Inhibition of kinesin-5 significantly impacts microtubule organization in dendrites. 
(A) SCG neurons were plated on Matrigel-coated coverslips and treated with either monastrol or 
DMSO (as control) during dendrite development DIV 3–9, during dendrite maturation DIV 6–12, 
and after dendrite maturation DIV 14–16. The day before the last day of treatment, neurons 
were transfected with EGFP-EB3 using the Cellaxess device and live imaged 24 h later. Scale 
bar:10 μm. EB3 comets traveling anterogradely (plus end–distal microtubule) and retrogradely 
(minus end–distal microtubule) were quantified in the proximal dendrite. (B) Percent of 
retrograde comets was quantified for the three treatment groups. In all three treatment groups, 
percent of retrograde EB3 comets was significantly larger in monastrol-treated dendrites: DIV 
3–9 (19.93 ± 2.30 vs. 29.82 ± 1.60%, n = 30, Mann-Whitney U = 250, p < 0.01), DIV 6–12 (17.68 ± 
1.64 vs. 24.87 ± 2.41%, n = 30, Mann-Whitney U = 265.5, p < 0.01), and DIV 14–16 (24.66 ± 1.88 
vs. 33.99 ± 2.21%, n = 30, Student’s t test t(58) = −3.21, p < 0.01). Blue bars are DMSO-treated 
neurons and orange bars are monastrol-treated neurons (as in Figure 2). (C) Comets that crossed 
a line within 60 frames were included in the quantification. The measurements were made three 
times in the proximal dendrite over a span of 15 μm (inverted image in bottom panel A).
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association with microtubules (Cahu et  al., 
2008). In accordance with these findings, we 
previously found that phosphorylation at 
Thr-926 is crucial for kinesin-5 to interact 
with microtubules in the neuron (Nadar 
et  al., 2008, 2012). These earlier studies 
were conducted on neurons well before 
dendritic development, wherein we found 
kinesin-5-pThr-926 to be enriched in the 
transition zone of the axonal growth cone. 
To ascertain the distribution of kinesin-5-
pThr-926 during and after dendritic differen-
tiation, we grew SCG neuronal cultures as 
we did for the monastrol studies and fixed 
them at DIV 3, 6, 9, and 14 (Figure 4A). Av-
erage fluorescence intensity of kinesin-5-
pThr-926 was recorded within a boxed re-
gion in the proximal brightest part of the 
dendrite and divided by the average fluo-
rescence intensity within a boxed region of 
a nearby axon in the same image. We have 
noticed no significant variation of kinesin-
5-pThr-926 distribution in axons during 

FIGURE 4:  Kinesin-5 phosphorylation during neuronal development. (A) SCG neurons were 
plated on Matrigel-coated coverslips and then fixed at different time points in development: DIV 
3, 6, 9, or 14. Neurons were immunostained for kinesin-5-pThr-926. Images are displayed using 
the “invert” function (see Materials and Methods). Scale bar: 10 μm. At day 3, “proto-dendrites” 
were considered dendrites for these analyses. Fluorescence intensity was quantified within a 
boxed region at the brightest region in the dendrite and compared with the same-sized box over 
the axonal region within the same image. All quantifications displayed are mean ± SEM, and 
measurements were normalized for volume differences between dendrites and axons and 
background fluorescence. There was a statistically significant difference between groups as 
determined by one-way analysis of variance (F(3,56) = 6.95, p < 0.001). A Tukey post hoc test 
revealed that the ratio of kinesin-5-pThr-926 in dendrites significantly increased (p < 0.01) from 
DIV 3 (1.68 ± 0.18) to DIV 6 (2.87 ± 0.22). There were no statistically significant differences 
between DIV 6 and DIV 9 (p = 0.99). However, the ratio significantly decreased (p < 0.05) from 
DIV 9 (2.97 ± 0.36) to DIV 14 (1.84 ± 0.22). (B) SCG neurons were plated on PDL-coated glass 
coverslips and fixed at 24 h. A subgroup of dishes was treated with laminin for the entire 24-h 

period. Neurons were stained for kinesin-5-
pThr-926 and β3-tubulin. Fluorescence 
intensity was measured within a boxed region 
around the middle of the axon, background 
subtracted, and normalized against the 
tubulin immunofluorescence. A Mann-
Whitney U-test revealed that laminin 
treatment resulted in a significantly lower 
amount of kinesin-5-pThr-926 (0.38 ± 0.02, 
n = 60) compared with no treatment (0.51 ± 
0.03, n = 60) (U = 1154, p < 0.01). (C) Cortical 
neurons were plated on PLL-coated plastic 
dishes for 48–96 h. Left two bands, neurons 
were collected using NP40 lysis buffer and 
treated with Lambda PP as per manufacturer’s 
instructions or with control buffer. Middle 
bands, cortical neurons were treated for 24 h 
with either DMSO control (0.1%), roscovitine 
(50 μM), p38 MAPK inhibitor SB203580 
(10 μM), or GSK3β inhibitor SB216763 (10 
μM). Right three bands, cortical neurons were 
electroporated with either control, GSK3β, or 
CDK5 siRNA at the time of plating and 
collected at 48 h. Protein samples were run 
on a Western blot and probed for kinesin-5-
pThr-926 and GAPDH as internal control. 
Measurements of band intensity were made 
using ImageJ, normalized against GAPDH, 
and ratioed against the control band. Control 
is designated as 1.0, roscovitine treatment 
resulted in 0.68 ± 0.06 fraction of control, 
SB203580 (1.09 ± 0.15), and SB216763 (1.03 ± 
0.16) (n = 3 for all samples). One sample t test 
revealed significant difference between 
control and roscovitine treatment (t = −4.8, 
p < 0.05). Control siRNA was also designated 
as 1.0; CDK5 siRNA resulted in 0.28 ± 0.11 
fraction of control (n = 3) and GSK3β siRNA 
(1.09 ± 0.41, n = 4). One sample t test 
revealed significant difference between 
control and CDK5 siRNA (t = −6.1, p < 0.05).



Volume 26  January 1, 2015	 Effect of kinesin-5 inhibition on neurons  |  71 

New England BioLabs) per the manufacturer’s instructions. Lambda 
PP can be used to release phosphate groups from phosphorylated 
serine, threonine, and tyrosine residues in proteins and was used 
to show that the antibody recognizes the control buffer–treated 
lysate, but not the phosphatase-treated lysate (left two bands in 
Figure 4C).

Cortical neurons were then treated with either DMSO control, 
roscovitine (50 μM), p38 mitogen-activated protein kinase (p38 
MAPK) inhibitor SB203580 (10 μM), or glycogen synthase kinase 3β 
(GSK3β) inhibitor SB216763 (10 μM) to evaluate which of these po-
tential kinases phosphorylates kinesin-5 at Thr-926. Roscovitine is a 
selective inhibitor of CDKs, including 1, 2, and 5. We found that a 
24-h treatment of cortical neurons with roscovitine resulted in a sig-
nificant decrease of phosphorylated kinesin-5 compared with con-
trol, which was not observed with a p38 MAPK inhibitor or with a 
GSK3β inhibitor (middle four bands in Figure 4C). We then intro-
duced siRNA for CDK5 or GSK3β (or control siRNA) into cortical 
neurons at the time of plating, which effectively depleted the rele-
vant proteins over the next 48 h, as we have previously seen. CDK5 
depletion significantly reduced the amount of kinesin-5-pThr-926 in 
the neurons compared with control, while GSK3β siRNA did not 
(right three bands in Figure 4C). Collectively these results indicate 
that CDK5 is the kinase that phosphorylates kinesin-5 at Thr-926 in 
neurons.

Kinesin-5 preferentially interacts with microtubules not 
enriched in detyrosinated tubulin
What is the mechanism by which phosphorylated kinesin-5 concen-
trates in dendrites? There is precedent for proteins to be compart-
mentalized in neurons by greater phosphorylation of the protein in 
dendrites relative to axons. For example, tau is phosphorylated at 
sites that cause it to detach from microtubules, and a principal rea-
son why tau does not accumulate in dendrites is that it tends to be 
phosphorylated in dendrites at these sites (Binder et al., 1985; Kosik 
and Finch, 1987; Papasozomenos and Binder, 1987). While it seems 
reasonable that kinesin-5 accumulates in dendrites at least in part 
because of greater phosphorylation, we wondered whether there 
might be additional factors. Recent studies have established that 
many microtubule-related proteins interact differently with microtu-
bules depending on their levels of posttranslationally modified tu-
bulin subunits. Posttranslational modifications of tubulin impose a 
kind of code onto microtubules, and proteins that associate with the 
microtubule lattice can then read this code. Not all but many micro-
tubule-related proteins have a preferred affinity for microtubules 
that are richer or poorer in tubulin subunits that bear a particular 
posttranslational modification (Palazzo et al., 2003; Hammond et al., 
2010; Badding and Dean, 2013; Sirajuddin et al., 2014). One of the 
first discovered and best studied of these modifications is the enzy-
matic removal of the C-terminal tyrosine residue from the α-tubulin 
subunit (Gundersen et al., 1987). This modification, called detyrosi-
nation, occurs only after tubulin has incorporated into a microtu-
bule. When tubulin subunits are released into the soluble pool due 
to microtubule depolymerization, the α-tubulin component of the 
subunit is rapidly retyrosinated by an enzyme called tubulin tyrosine 
ligase (TTL). Another modification, called acetylation, has a cycle 
similarly linked to polymerization and depolymerization of the mi-
crotubule; this cycle involves the enzymatic addition of an acetyl 
moiety to Lys-40 of α-tubulin after incorporation of the tubulin sub-
unit into the microtubule, with enzymatic deacetylation occurring 
rapidly after the tubulin is released by microtubule depolymeriza-
tion (Maruta et  al., 1986). Detyrosinated and acetylated subunits 
gradually accumulate in microtubules over time and hence are 

neuronal maturation, which leaves the ratio between dendritic and 
axonal differences to be explained by variations in the amount of 
protein in the dendrites. Background was subtracted from all mea-
surements, and the box remained the same size throughout all 
images. We found that even after the processes were normalized for 
differences in volume, kinesin-5-pThr-926 was enriched in dendrites 
relative to axons during dendrite formation and maturation from 
DIV 3 to DIV 14, with the lowest ratio of kinesin-5Thr-926 being at 
DIV 3 (1.68 ± 0.18 times in dendrites compared with axons) and 
increasing up to 2.97 ± 0.36 times more in dendrites compared with 
axons at DIV 9.

Phosphorylation of kinesin-5 is responsive 
to signaling molecules
Kinesin-5 would only be useful as a brake if it were regulated by 
signaling cascades relevant to axonal and dendritic development 
and key milestones in the life of the neuron, such as cessation of 
migration (Falnikar et al., 2011). We previously reported that when 
axonal growth cones encounter signals to turn, kinesin-5 becomes 
preferentially phosphorylated on the side of the growth cone op-
posite the direction of the turn (Nadar et al., 2012). To fortify the 
case for kinesin-5 being regulated by signaling molecules, we com-
pared the levels of kinesin-5-pThr-926 in axons of neurons treated 
with laminin with the levels in axons of control neurons (i.e., not 
treated with laminin). The axons of sympathetic neurons are known 
to grow dramatically faster when exposed to laminin, a major extra-
cellular matrix component of the basal lamina (He et  al., 2005). 
Axons of neurons depleted of kinesin-5 or treated with monastrol 
grow faster than they otherwise would (Haque et al., 2004; Myers 
and Baas, 2007), and hence it is appealing to speculate that laminin 
might function through a signaling pathway to dephosphorylate ki-
nesin-5 at Thr-926. To investigate this, we plated neurons on poly-d-
lysine (PDL), with a subgroup treated with 10 μM laminin for 24 h. 
Indeed, we found that the laminin-treated neurons had less kinesin-
5-pThr-926 per unit area of axon normalized to tubulin levels than 
the control neurons, as assessed by quantitative immunofluores-
cence (Figure 4B; PDL kinesin-5-pThr-926 levels: 0.51 ± 0.03 vs. 
laminin kinesin-5-pThr-926 levels: 0.38 ± 0.02, p < 001).

Cyclin-dependent kinase 5 (CDK5) is the kinase 
that phosphorylates kinesin-5 in neurons
Kinesin-5’s function in mitosis is regulated by phosphorylation at 
Thr927 in human cells and Thr-926 in rat cells through the action of 
cyclin-dependent kinase 1 (CDK1). Such phosphorylation controls 
association of the motor with the spindle and hence its localization 
(Blangy et al., 1995; Cahu et al., 2008; Ferenz et al., 2010; Nadar 
et al., 2012). In previously published studies from our laboratory, we 
reported that, in axonal development, phosphorylation at this site is 
crucial for kinesin-5 to concentrate on growth cone microtubules 
and for it to elicit its function in regulating axonal growth rate and 
navigation (Nadar et al., 2012). In these earlier studies, a phospho-
mutant that cannot be phosphorylated at this site acted as a domi-
nant negative, duplicating the axonal phenotype of either monastrol 
or siRNA. Before the present study, we had not yet ascertained the 
kinase that phosphorylates kinesin-5 at Thr-926 in neurons, as termi-
nally postmitotic cells do not express CDK1 in the same manner as 
dividing cells. We have speculated that CDK5 is the relevant kinase, 
and we have endeavored to investigate this matter here.

We first validated that our antibody developed to be phospho-
specific actually does recognize only the phosphorylated form of 
kinesin-5. For this, cortical neurons were collected into NP40 lysis 
buffer and treated with Lambda protein phosphatase (Lambda PP; 
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markers for stable microtubules or stable regions of otherwise labile 
microtubules (Baas and Black, 1990; Baas et al., 1991; Brown et al., 
1993). It is well established that dendritic microtubules are less rich 
in detyrosinated and acetylated tubulin than axonal microtubules 
(Baas et al., 1991; Kollins et al., 2009), so if kinesin-5-pThr-926 is 
distributed in neurons according to the tubulin code, a preference 
for microtubules rich in tyrosinated or unacetylated subunits would 
be predicted.

To ascertain whether kinesin-5 has a preference for microtubules 
of a particular composition, we began with CHO cells, which have 
flattened regions well suited for resolving individual microtubules by 
fluorescence microscopy. In most interphase cells, ectopically ex-
pressed kinesin-5 remains diffuse rather than binding microtubules 
(because it tends only be phosphorylated at Thr-926 during mitosis), 
but we found that CHO cells are unusual and advantageous in this 
regard, because most of the ectopically expressed kinesin-5 be-
comes microtubule-associated, presumably because it becomes 
phosphorylated. Two days (48 h) after transfecting EGFP-kinesin-5 
into the cells, we fixed and immunostained for either tyrosinated, 
detyrosinated, or acetylated tubulin. (No antibody exists that is spe-
cific to unacetylated tubulin.) ImageJ was used to quantify colocal-
ization of the EGFP-kinesin-5 with staining for these antibodies with 
Pearson correlation coefficient (r), in which perfect positive correla-
tion has a value of 1.0. The quantification shows that EGFP-kinesin-5 
strongly colocalizes with microtubules rich in tyrosinated tubulin (r = 
0.75 ± 0.02) compared with acetylated (r = 0.59 ± 0.03) and detyro-
sinated tubulin (r = 0.46 ± 0.04) (Figure 5). While some richly acety-
lated microtubules were bound by EGFP-kinesin-5, this was the case 
for virtually none of the richly detyrosinated microtubules, thus forti-
fying the conclusion that it is lack of detyrosination not the lack of 
acetylation to which the kinesin-5 is attracted. Such a preference has 
previously been reported for kinesin-13 (microtubule-depolymeriz-
ing kinesin) and KIF3C (a kinesin-2 family member) (Peris et al., 2009; 
Gumy et al., 2013). Kinesin-1 (conventional kinesin, also known as 
kif5), on the other hand, associates preferentially with microtubules 
rich in detyrosinated tubulin (Kreitzer et al., 1999; Dunn et al., 2008; 
Konishi and Setou, 2009).

To confirm this finding in studies on endogenous kinesin-5 in 
neurons, we used siRNA to deplete TTL from the SCG cultures, in-
troducing the siRNA by nucleofection (Amaxa) before plating. By 
depleting the enzyme that restores the tyrosine on soluble tubulin, 
we were able to markedly diminish the levels of tyrosinated tubulin 
throughout all compartments of the neuron (Figure 6A, top panels). 
Neurons were plated on Matrigel-coated dishes to hasten develop-
ment of dendrites and fixed at DIV 5. Images of neurons were ac-
quired with a Zeiss Pascal system (see Materials and Methods), and 
the ratio function of the software was used to obtain ratio images of 
tyrosinated tubulin to β3-tubulin from double-stained cultures 
(Figure 6A). As previously reported, TTL depletion caused morpho-
logical changes in the neuron (Erck et al., 2005), which were intrigu-
ingly similar to those that we have documented here with kinesin-5 
inhibition. Furthermore, we quantified fluorescence intensity of 
the kinesin-5 signal in the brightest portion of the dendrite and 

FIGURE 5:  EGFP-kinesin-5 ectopically expressed in CHO cells 
preferentially interacts with microtubules rich in tyrosinated tubulin. 
CHO cells were transfected with EGFP-kinesin-5 and plated on glass 
coverslips. After 48 h, the cells were fixed and immunostained for 
either acetylated, detyrosinated, or tyrosinated tubulin. Scale bar: 
10 μm. For ascertaining the degree of colocalization, Pearson r 
correlations were quantified between EGFP-kinesin-5 and the 
different types of tubulin, using WCIF-ImageJ. There was a statistically 
significant difference between groups as determined by a Kruskal-
Wallis test (H(2) = 45.81, p < 0.001). A Mann-Whitney U-test 

determined that EGFP-kinesin-5 colocalized with microtubules rich in 
tyrosinated tubulin (n = 65, 0.75 ± 0.02) significantly more than 
microtubules rich in acetylated tubulin (n = 65, 0.59 ± 0.03) (U = 1065, 
p < 0.001) or with microtubules rich in detyrosinated tubulin (n = 65, 
0.46 ± 0.04) (U = 780, p < 0.001). EGFP-kinesin-5 also colocalized 
significantly more with microtubules rich in acetylated tubulin than 
with detyrosinated tubulin (U = 1552.5, p < 0.01).
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puzzled over the years about the mechanism of kinesin-5’s effects on 
neurons. The simplest view is that, because it is a homotetramer, 
kinesin-5 would drive antiparallel microtubules apart and presum-
ably transit to the plus ends of parallel microtubules without affect-
ing their movement. However, growing evidence indicates that ki-
nesin-5’s mode of action is more complex and can affect parallel 
microtubules in the spindle as well as antiparallel microtubules 
(Kapitein et al., 2005; van den Wildenberg et al., 2008).

As with our previous observations, our present observations are 
consistent with kinesin-5 acting as a brake on microtubules. Releas-
ing the brake results in greater mobility of microtubules and less 
restraint of the invasion of microtubules from one region of the neu-
ron to another. For example, the growth cone fails to turn when ki-
nesin-5 is inhibited, because the microtubules no longer show a 
preference for invading one side of the cone versus the other but 
rather invade all regions with the same vigor (Nadar et al., 2008). In 
the leading process of the migratory neuron, as in the axon of a 
postmigratory neuron, inhibiting kinesin-5 results in a notable in-
crease in the number of short microtubules in transit (Myers and 
Baas, 2007; Falnikar et al., 2011). Available evidence suggests that, 
in these situations, cytoplasmic dynein is the principal motor whose 
forces are attenuated by the kinesin-5 brake. In the case of den-
drites, however, to explain our results, kinesin-5 would have to im-
pose a brake relevant to the motor proteins that transport minus 

compared it with the signal in axons as in the developmental studies 
shown in Figure 4. In the case of total kinesin-5, the dendrite-to-
axon ratio remained roughly 1:1 in cultures treated with either con-
trol siRNA or TTL siRNA. However, in the case of kinesin-5-pThr-926, 
the dendrite-to-axon ratio decreased from 2.43 ± 0.16 in control 
siRNA to 1.11 ± 0.08 in TTL siRNA (Figure 6B). Thus, without an 
axon–dendrite difference in microtubule tyrosinated tubulin levels, 
the phosphorylated form of kinesin-5 could not properly compart-
mentalize (Figure 6C).

DISCUSSION
It was a decade ago when we first reported that monastrol treat-
ment causes axons to grow faster (Haque et al., 2004). Since then, 
we have found that depleting kinesin-5 with siRNA similarly causes 
axons to grow faster (Myers and Baas, 2007) and that inhibiting or 
depleting kinesin-5 causes growth cones to fail to turn in response 
to guidance cues (Nadar et al., 2008, 2012). We then reported that 
inhibition or depletion of kinesin-5 causes migratory neurons to 
move faster (Falnikar et al., 2011). In this paper, we report that den-
dritic morphology is also notably affected by kinesin-5 inhibition, 
with dendrites mainly getting thinner in response to kinesin-5 inhibi-
tion but also getting shorter at one phase of development. In verte-
brate dendrites, the microtubules have a nonuniform (antiparallel) 
orientation, especially in their more proximal regions. We have 

FIGURE 6:  Endogenous kinesin-5 in neurons preferentially interacts with microtubules rich in tyrosinated tubulin. 
(A) SCG neurons were transfected via nucleofection at the time of plating with control or TTL siRNA. Cultures were 
fixed and immunostained for either tyrosinated tubulin and β3-tubulin or only total kinesin-5 or only kinesin-5-pThr-926. 
Top panels are ratio images showing decrease in tyrosinated tubulin (ratioed against β3-tubulin) in neurons depleted of 
TTL with siRNA. Middle and bottom panels are fire-scale images (generated using ImageJ) depicting levels of total 
kinesin-5 or kinesin-5-pThr-926 in dendrites of neurons treated with TTL siRNA. Scale bar:10 μm. (B) Fluorescence 
intensity was quantified within a boxed region at the brightest region in the dendrite and compared with the same-sized 
box over an axonal region within the same image. All quantifications displayed are mean ± SEM, and measurements 
were normalized for volume differences between dendrites and axons and background fluorescence. Phosphorylated 
kinesin-5 ratio in dendrite compared with axon significantly decreased from neurons treated with control siRNA (n = 43, 
2.43 ± 0.16) to TTL-depleted neurons (n = 43, 1.11 ± 0.08) (Mann-Whitney U = 193, p < 0.001). Dendrite-to-axon ratios 
of total kinesin-5 are not significantly different between control siRNA (n = 43, 0.91 ± 0.04) and TTL-depleted neurons 
(n = 43, 0.91 ± 0.05) (U = 867, p = 0.62). (C) Schematic showing redistribution of phosphorylated kinesin-5 from its 
normal concentration in dendrites relative to axons to spreading more evenly throughout the neuron upon diminution 
of tyrosinated tubulin in all compartments of the neuron driven by TTL depletion.
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and memory (Wu et al., 1999; McAllister, 2000; Tronel et al., 2010, 
2012). Thus a potential role for kinesin-5 in modulating dendritic 
architecture throughout the life of the neuron is a provocative idea. 
We envision a scenario wherein small bursts of kinesin-5 expression 
or phosphorylation may be crucial for the fine-tuning of dendritic 
shape underlying cognitive challenges. This idea is reinforced by 
recent studies showing that β-amyloid inhibits kinesin-5 and that this 
may be a contributing factor in neurodegeneration during Alzheim-
er’s disease. Kinesin-5 activity is absent from amyloid precursor pro-
tein/presenilin-1 (APP/PS) transgenic mice brain and in neurons 
directly treated with β-amyloid. Furthermore, anti–kinesin-5 drugs 
have been shown to inhibit long-term potentiation in a manner en-
tirely similar to β-amyloid in a cellular model of N-methyl-d-aspartate 
(NMDA)-dependent learning and memory (Ari et al., 2014). Our re-
sults highlight the need for clinicians to be watchful for potential 
structural and cognitive deficits that may arise in the brains of 
patients treated with contemporary anti–kinesin-5 drugs.

MATERIALS AND METHODS
Cell culture
Cultures of neonatal rat sympathetic neurons from the SCG were 
used in the present studies for consistency with a large body of pre-
vious work from our laboratory on the roles of mitotic motor proteins 
in organizing axonal and dendritic microtubules (Myers and Baas, 
2007; Nadar et al., 2008; Liu et al., 2010; Lin et al., 2011). While not 
actually brain neurons, these cultures have been used extensively 
and are recognized as a valid experimental model for the effects of 
drugs, toxins, and growth factors on brain neurons (Lein and Higgins, 
1989; Lein et al., 1995, 1996, 2002; Guo et al., 1999). The cultures 
were prepared as previously described from postnatal day 1–2 pups 
of either sex (He et al., 2005) from timed-pregnant Sprague Dawley 
rats purchased from Taconic. The neurons were cultured in L-15 me-
dium (Life Technologies, Grand Island, NY) supplemented with D(+)
glucose (Sigma-Aldrich, St. Louis, MO), GlutaMax-I (Life Technolo-
gies), penicillin/streptomycin (Sigma-Aldrich), fetal bovine serum 
(FBS; HyClone, Waltham, MA), and nerve growth factor (NGF; 
Millipore, Darmstadt, Germany). The following day, 5 μM arabinose 
C (Calbiochem, Darmstadt, Germany) was added to the medium to 
suppress proliferation of dividing (nonneuronal) cells. At DIV 3, to 
enhance dendritic differentiation, the medium was replaced with 
F12/DMEM (Life Technologies) supplemented with bovine serum 
albumin (BSA; Calbiochem), GlutaMax-I, N2 (Life Technologies), 
FBS, and NGF. Half of the F12/DMEM-supplemented medium was 
replenished every 2 d from then on. Neurons were plated on either 
plastic 35-mm dishes (for protein-level analysis) or dishes with a 
1-cm hole covered by a glass coverslip (for morphological analysis; 
MatTek, Ashland, MA). All dishes were coated with 1 mg/ml PDL 
(Sigma-Aldrich) at +4°C overnight, washed extensively with water, 
and then kept in water overnight at +37°C. For morphological stud-
ies, neurons were plated directly after dissection and dissociation 
onto glass-bottomed dishes that had been further coated with Ma-
trigel (for 3 h; BD Biosciences, San Jose, CA) to hasten dendritic 
development. Under these conditions, first indications of dendritic 
differentiation occurred at DIV 3 with the appearance in the cultures 
of slightly thickened processes that we considered to be proto-den-
drites, with bona fide dendrites developing by DIV 5–6.

Protein quantification studies by Western blotting were done on 
cortical primary neurons obtained from E18 rat pups. Primary motor 
cortex was dissected out into dissection medium (HBSS [Life Technol-
ogies], HEPES buffer [Life Technologies], and penicillin-streptomycin 
[Sigma-Aldrich]) and treated with trypsin (Life Technologies) 
and briefly with DNAse (Sigma-Aldrich). Cells were then washed in 

end–distal microtubules into dendrites, as a greater proportion of 
microtubules of this orientation are transported into dendrites when 
kinesin-5 is inhibited. We posit that kinesin-5 acts as a brake on the 
forces generated by virtually any other microtubule-based motor 
that pushes or pulls on microtubules to orient them, transport them, 
or control their distribution. This is irrespective of the polarity orien-
tation of the microtubules being affected.

Phosphorylation would appear to be the simplest means by 
which kinesin-5 is regulated and distributed, as the Thr-926–phos-
phorylated form is microtubule-associated, whereas the unphos-
phorylated form is freely diffusible and does not associate with mi-
crotubules. In typical dividing cells, kinesin-5 is not phosphorylated 
at this site during interphase and then becomes phosphorylated at 
this site by CDK1, as the cell transitions into prophase (Blangy et al., 
1995; Sawin and Mitchison, 1995). Our present results confirm our 
previous speculation (Haque et al., 2004) that the relevant kinase for 
phosphorylating kinesin-5 at Thr-926 in neurons is CDK5. In devel-
oping axons, the greatest concentration of kinesin-5 lies in the tran-
sition zone of the growth cone, and this is because kinesin-5 is most 
prominently phosphorylated and hence most predominantly micro-
tubule bound in this region (Ferhat et al., 1998; Nadar et al., 2008, 
2012). Asymmetries in the distribution of kinesin-5 in the transition 
zone cause the growth cone to turn in a direction opposite to the 
side where kinesin-5 is enriched, presumably as a result of signaling 
cascades that either phosphorylate or dephosphorylate kinesin-5 at 
Thr-926. In addition, as we have shown here, treatment with laminin 
lowers Thr-926 phosphorylation of kinesin-5 in the axon, which is 
consistent with laminin’s effects on axonal growth rate being at least 
partly related to attenuation of the kinesin-5 brake on microtubules. 
Our results on dendrites show that kinesin-5 is more heavily phos-
phorylated at Thr-926 in dendrites as opposed to axons. Just as the 
relevant kinase and phosphatases in neurons are strong candidates 
for modulating axonal navigation via kinesin-5 phosphorylation, it 
seems reasonable to posit that such regulators of kinesin-5 phos-
phorylation could be powerful contributors to how dendritic shape 
responds to environmental factors.

Differences in phosphorylation between axons and dendrites are 
not sufficient to explain kinesin-5’s enrichment in dendrites, as the 
enrichment of kinesin-5-pThr-926 in dendrites is lost when differ-
ences in the tyrosination status of axonal and dendritic microtubules 
are experimentally reduced. Rather, it appears that kinesin-5-
pThr-926 distributes according to the “tubulin code,” wherein many 
but not all microtubule-related proteins have a preferential affinity 
for microtubules richer or poorer in certain posttranslational modifi-
cations. Our results indicate that kinesin-5-pThr-926 associates pref-
erentially with microtubules rich in tyrosinated tubulin, which is con-
sistent with the enrichment of kinesin-5-pThr-926 in two regions of 
the neuron known to contain microtubules that are especially rich in 
tyrosinated tubulin—the dendrite and the axonal growth cone (Baas 
et al., 1991; Ahmad et al., 1993).

Our studies indicate that neurons have at least two levels of con-
trol over kinesin-5, as to where and when it will impose its braking 
effects on microtubule movements—CDK5-regulated phosphoryla-
tion and preference for tyrosinated microtubules. Such a brake 
would be especially important during development, because the 
brake is apparently responsive to signaling cascades that modulate 
such things as axonal growth rates, navigation of the growth cone, 
speed and cessation of neuronal migration, and the shape of den-
drites. However, especially in the case of dendrites, the functions of 
kinesin-5 may also be important beyond development. Dendritic 
arbors are known to remain dynamic throughout childhood and 
even into adulthood, with such dynamics being crucial for learning 
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Antibodies
Rabbit polyclonal antibody against MAP2 was provided by Itzhak 
Fischer (Drexel University College of Medicine, Philadelphia, PA; 
Nunez and Fischer, 1997). Other antibodies were purchased as 
noted: detyrosinated tubulin rabbit polyclonal antibody (Millipore), 
acetylated tubulin mouse monoclonal antibody (Sigma-Aldrich), 
tyrosinated tubulin YL1/2 rat monoclonal antibody (Accurate Scien-
tific, Westbury, NY), β3-tubulin rabbit polyclonal and mouse mono-
clonal antibody (Covance, Princeton, NJ), β-tubulin fluorescein iso-
thiocyanate–conjugated monoclonal mouse antibody (Sigma-Aldrich), 
kinesin-5 phosphorylated at Thr-926 rabbit polyclonal antibody 
(Phospho Solutions, Aurora, CO), total kinesin-5 rabbit polyclonal 
antibody (Abcam, Cambridge, UK), and mouse monoclonal GAPDH 
antibody (Abcam). Appropriate fluorescent secondary antibodies 
were purchased from Jackson Immunoresearch (West Grove, PA).

Plasmids
EGFP-kinesin-5 plasmid was previously generated and used as in 
earlier studies, with empty EGFP plasmid used as control (Nadar 
et  al., 2008, 2012). EGFP-EB3 was also previously obtained (Lin 
et al., 2011).

Western blotting
Total protein from cultures of rat SCG neurons was extracted using 
Cell Lytic (Sigma-Aldrich) and sample buffer from neurons plated on 
plastic 35-mm dishes coated with 1 mg/ml PDL. The Bio-Rad Mini-
PROTEAN Tetra Cell system (Hercules, CA) was used for electropho-
retic separation of the protein samples according to the manufac-
turer’s instructions. Protein samples were resolved using 7.5% 
SDS–PAGE. The gel was transferred onto nitrocellulose membranes 
(Bio-Rad). The blots were blocked with 5% milk in Tris-buffered 
saline with Tween 20 (TBST; Bio-Rad), and then probed with primary 
antibodies at +4°C overnight. After being washed, the blots were 
incubated with peroxidase-conjugated secondary immunoglobulin 
G (Jackson Immunoresearch). Membrane-bound peroxidase was 
visualized on Pierce CL-XPosure Film after treatment with ECL West-
ern Blotting Substrate (Thermo Scientific, Waltham, MA). Levels of 
protein of interest were normalized with GAPDH for each group and 
expressed as densitometric ratios against the control lane using 
ImageJ (Bethesda, MD).

Quantitative fluorescence microscopy
Neurons were fixed with 4% paraformaldehyde and 0.2% glutaral-
dehyde (Electron Microscopy Sciences, Hatfield, PA) simultaneously 
with extraction (0.2% Triton X-100; Fisher, Waltham, MA) in PHEM 
buffer for 15 min and then washed with phosphate-buffered saline. 
Immunofluorescence staining was conducted as previously de-
scribed (Liu et al., 2010). Primary antibodies were incubated over-
night at +4°C, and the secondary antibodies were applied the next 
day for 1 h at +37°C. All images were taken using an Axiovert 200 
inverted microscope (Carl Zeiss), and image analysis was done using 
the AxioVision 4.6 software. Each cell was imaged with a 40× objec-
tive, and images used for quantification did not contain saturated 
pixels in axons or dendrites. All images within comparable groups 
were taken with appropriate rigor and under identical settings. Only 
neurons with clearly definable axons and dendrites that were not 
obscured by neighboring cells were chosen for analysis. Ratio im-
ages were made using the Pascal software of tyrosinated tubulin 
channel over β3-tubulin channel (Lin et al., 2012). Images were taken 
with a Zeiss Axiovert microscope LSM 5 Pascal system with an HeNe 
laser (but with the pinhole wide open, and hence no optical 
sectioning).

plating medium (Neurobasal [Life Technologies], B27 [Life Technolo-
gies], glucose [Sigma-Aldrich], GlutaMax [Life Technologies], NaCl, 
and FBS) and dissociated using a Pasteur pipette. Each condition 
consisted of 1 × 106 neurons plated on a poly-l-lysine (PLL)-coated 
plastic dish (Sigma-Aldrich).

CHO cells were cultured in F-12 medium (Life Technologies) 
supplemented with FBS, GlutaMax-I, and penicillin-streptomycin 
and subcultured at 85% confluency. For experiments, cells that had 
been growing on plastic culture dishes were subcultured onto non-
coated glass-bottomed MatTek dishes.

Drug treatments
Monastrol (Calbiochem) dissolved in DMSO (Sigma-Aldrich) was 
used in neuronal cultures at 100 μM final concentration and fully 
replenished with fresh medium every 2 d. Previous studies on neu-
rons established that this concentration is effective at inhibiting ki-
nesin-5, while producing no obvious nonspecific or toxic effects 
(Yoon et al., 2005; Myers and Baas, 2007; Nadar et al., 2008). DMSO 
alone was used in control experiments at 0.1% final concentration. 
For morphological studies, monastrol or DMSO control was added 
to the dishes on DIV 3 and replenished until day 9 (DIV 3–9), or was 
added to the dishes either on DIV 6 and replenished until day 12 
(DIV 6–12), or was added to the dishes either on DIV 14 and replen-
ished until DIV 16 (DIV 14–16). The neurons were either fixed and 
processed for immunohistochemistry at the end of last day of treat-
ment or transfected with EGFP-EB3 24 h before they were live im-
aged at the end of the last day of treatment. Laminin (Invitrogen, 
Grand Island, NY) was used in axon study for 24 h before fixation. 
Cortical neurons were treated for 24 h between DIV 2 and DIV 4 
with 0.1% DMSO as control, roscovitine (Calbiochem), SB203580 
(LC Laboratories, Woburn, MA), or SB216763 (Tocris Bioscience, 
Minneapolis, MN).

Transfection
To deplete proteins at the time of plating and onward, we used 
siRNA smartpools against kinesin-5 (Sigma-Aldrich), TTL (Sigma-
Aldrich), CDK5 (Sigma-Aldrich), GSK3β (Sigma-Aldrich), or control 
(Ambion, Grand Island, NY) and introduced them into cells with a 
Nucleofector device (Amaxa, Basel, Switzerland) just before plat-
ing, as described previously (He et al., 2005). The same method 
was used to introduce EGFP-kinesin-5 into CHO cells. For studies 
on developed adhered cells, EGFP-EB3 in electroporation solution 
(Mirus, Madison, WI) was introduced into neurons 24 h before 
imaging using the Cellaxess CX1 device (Cellectricon, Mölndal, 
Sweden), which produces a series of high-voltage pulses that 
enable plasmids and siRNA to enter adherent cells (Lin et  al., 
2012).

Live imaging
Neurons expressing EGFP-EB3 were imaged every 1 s using the 
multidimensional acquisition module of the AxioVision software 
for 180 cycles at 100× objective magnification on an Observer Z1 
inverted microscope (Carl Zeiss, Jena, Germany) equipped with a 
heated chamber and CO2 control. Sixty consecutive in-focus 
frames were analyzed for each dendrite. Retrograde and antero-
grade comets (corresponding to minus end–distal and plus end–
distal microtubules, respectively) were quantified in the proximal 
region of each dendrite within 10 μm of the cell body. Comets 
crossing a line drawn perpendicular to the long axis of the den-
drite were counted over the 60 frames. This was repeated three 
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