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Abstract
Lamination of cortical regions of the vertebrate brain depends on glial-guided neuronal migration.
The conserved polarity protein Par6α localizes to the centrosome and coordinates forward movement
of the centrosome and soma in migrating neurons. The cytoskeletal components that produce this
unique form of cell polarity and their relationship to polarity signaling cascades are unknown. We
show that F-actin and Myosin II motors are enriched in the neuronal leading process and Myosin II
activity is necessary for leading process actin dynamics. Inhibition of Myosin II decreased the speed
of centrosome and somal movement, while Myosin II activation increased coordinated movement.
Ectopic expression or silencing of Par6α inhibited Myosin II motors by decreasing Myosin Light
Chain phosphorylation. These findings suggest leading process Myosin II may function to “pull” the
centrosome and soma forward during glial-guided migration by a mechanism involving the conserved
polarity protein Par6α.
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Introduction
In recent years, remarkable progress has been made in understanding the general features of
cell migration (Ridley et al., 2003). Fibroblasts or epithelial cells crawling on 2 dimensional
substrates, the most common models for cell motility, possess lamellipodial actin-rich
protrusions that advance a “leading edge” in the direction of movement. A variety of actin
regulatory molecules; such as Arp2/3, ADF/cofilin or Ezrin-Radixin-Moesin (ERM) proteins
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organize lamellipodial actin cytoskeletal dynamics (Le Clainche and Carlier, 2008). Just behind
the “leading edge”, Myosin II motors act in concert with integrin dependent adhesions to
provide traction forces needed for protrusion and forward movement (Giannone et al., 2004;
Gupton and Waterman-Storer, 2006; Hu et al., 2007; Vicente-Manzanares et al., 2009).
Although many of these features are conserved, the morphology or mode of cell migrations
can vary depending upon cell type or migratory pathway.

Directed migrations of neurons along glial fibers are essential for development of the laminar
architecture of cortical regions of the mammalian brain and ultimately pattern synaptic
connectivity (Hatten, 2002; Rakic, 1971). The cerebellar granule neuron (CGN) has long
provided a model for understanding the molecular mechanism of glial-guided migration,
including the first real time imaging of the mode of neuronal movement along the glial fiber
(Edmondson and Hatten, 1987) and the identification of astrotactin (ASTN) as a neuron-glial
ligand in the adhesion beneath the cell soma (Fishell and Hatten, 1991). A key difference
between neuronal locomotion along glial fibers and the general crawling movement of
metazoan cells is the absence of a “leading edge” in migrating neurons (Edmondson and Hatten,
1987; Gregory et al., 1988; Komuro and Rakic, 1998; O’Rourke et al., 1992; Solecki et al.,
2004; Tanaka et al., 2004; Tsai et al., 2007; Umeshima et al., 2007). Migrating neurons extend
an extremely thin (1–2 μm in diameter) leading process that wraps around the glial fiber in the
direction of migration (Rivas and Hatten, 1995). Although the leading process is highly
dynamic, extension of the tip of this process does not correlate with somal translocation
(Edmondson and Hatten, 1987). Forward movement of the soma and nucleus occurs with the
release of the neuron-glial adhesion beneath the migrating neuron, after which the cell glides
along the glial fiber until a new adhesion forms (Gregory et al., 1988). In contrast to the crawling
movements described above, integrin-based adhesions are not involved in neuronal migration
along glial fibers (Belvindrah et al., 2007; Edmondson et al., 1988; Fishell and Hatten, 1991).

Over the last decade functional studies on signaling pathway components and cytoskeletal
proteins has begun to define the molecular basis of glial-guided neuronal migration (Bellion
et al., 2005; Komuro and Rakic, 1998; Schaar and McConnell, 2005; Solecki et al., 2004;
Tanaka et al., 2004; Tsai et al., 2007; Umeshima et al., 2007). Live imaging and functional
studies examining the activity of the Par6α signaling complex in neuronal migration reveal
that the neuronal centrosome enters the leading process prior to forward movement of the
neuronal soma and that the PAR complex coordinates centrosomal motility with forward
locomotion (Solecki et al., 2004). Thus, the directed movement of the centrosome indicates
the direction of migration, as does the direction of leading process extension and somal
translocation (Schaar and McConnell, 2005; Solecki et al., 2004; Tanaka et al., 2004; Tsai et
al., 2007; Umeshima et al., 2007). Studies by Vallee (Faulkner et al., 2000; Tsai et al., 2007;
Tsai et al., 2005), Wynshaw-Boris (Hirotsune et al., 1998) and others (Feng et al., 2000;
Gleeson et al., 1999; Niethammer et al., 2000; Smith et al., 2000; Tanaka et al., 2004)
demonstrate that cytoplasmic dynein and its cofactors LIS1 and Doublecorti, organize the
microtubule cytoskeleton of migrating neurons while actin based motors, e.g. Myosin II
(Bellion et al., 2005; Ma et al., 2004; Schaar and McConnell, 2005), small GTPases (Guan et
al., 2007; Kholmanskikh et al., 2006) and f-actin regulatory molecules (Bellenchi et al.,
2007) control the microfilament system. In spite of these advances, an integrated view of the
function of polarity signaling pathways and diverse cytoskeletal components function in living,
migrating CNS neurons is lacking. In particular, although the dynamics and organization of f-
actin have been examined in great detail in the leading edge of fibroblasts and neuronal growth
cones (Hu et al., 2007; Ponti et al., 2004; Schaefer et al., 2002; Schaefer et al., 2008), little is
known about f-actin organization and dynamics in the soma and leading process of migrating
neurons.
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In this report, we use time-lapse imaging to investigate the role of the actin cytoskeleton and
Myosin II motor in organizing the coordinated movement of the centrosome and soma during
CGN migration along glial fibers. We show that dynamic rearrangement of the actin
cytoskeleton in the proximal region of the leading process, where the cell body tapers into the
leading process, functions in centrosomal and somal motility. In addition, Myosin II motors
are primarily localized to the neuronal leading process, suggesting that acto-myosin
contractility in this region coordinates actin dynamics linked to migration. Our findings suggest
a model where acto-myosin contractility in the leading process, rather than in a classical
“leading edge” at the tip of the leading process, provides the traction force needed for forward
movement. These studies further suggest that the conserved polarity protein Par6α regulates
acto-myosin contractility during neuronal migration by modifying Myosin Light Chain
phosphorylation.

Results
Organization of the actin cytoskeleton in migrating neurons

The actin cytoskeleton plays key roles in cell structure and motility in a variety of cell types
and processes (Le Clainche and Carlier, 2008). We used actin-binding proteins as convenient
reporters of actin localization in live CGNs migrating along Bergmann glial fibers. We first
examined the spatial distribution of actin using CFP-tagged moesin C-terminus, a well
characterized actin-binding reporter (Litman et al., 2000). During neuronal migration, high
levels of moesin C-terminus-CFP were observed in the proximal region of the leading process
(Figure 1B, Movie 1), which widens prior to somal translocation. This widening of the leading
process during the initial phase of forward locomotion has been characterized as a cytoplasmic
dilation by Schaar et al. (Schaar and McConnell, 2005). Interestingly, we noted that actin
reporter fluorescence increases as the neuron takes a “step” along the glial fiber (Figure 1A,
compare frame 75:28 to 81:28). To confirm and refine these observations, we utilized a reporter
based on the actin-binding domain of the Utrophin protein (UTRCH-ABD). The UTRCH-ABD
probe has been shown to faithfully report the presence of f-actin without altering f-actin
concentrations in cells expressing the probe (Burkel et al., 2007). Examination of the
localization of EGFP-UTRCH-ABD in live CGNs confirmed that f-actin is present in the
leading process of migrating neurons (Figure 1C, Movie 2). These experiments establish the
neuronal leading process as a major site for f-actin enrichment in neurons migrating along glial
fibers.

High levels of actin turnover are thought to remodel the actin cytoskeleton and facilitate cell
motility and migration. To examine changes in f-actin dynamics during neuronal movement,
we probed f-actin turnover in the cell soma, the proximal region of the leading process or in
the trailing (axonal) process when present, by Fluorescent Recovery after Photo-bleaching
(FRAP) using the EGFP-UTRCH-ABD probe (Figure 2A for a diagram). FRAP analysis
demonstrates that the rate of f-actin turnover in the proximal leading process is two-fold faster
than in other domains within migrating neurons (Figure 2B, C).

To uncover the particular changes in f-actin dynamics linked to migration, we utilized time-
lapse microscopy to examine the fluorescence intensity of EGFP-UTRCH-ABD along the
entire length of migrating neurons, i.e. leading process, trailing process and soma, which could
be observed for at least one full motility cycle. We quantitated f-actin concentration in the
different domains described above using a newly developed 4D volumetric analysis protocol
that involved measuring the 3D intensity and volume of actin, normalized to cytoplasmic
volume. These studies revealed a complex interplay between the f-actin in the soma and the
proximal portion of the leading process, which we define as stages of the migratory cycle
(Figure 3). Before movement, the cell soma possesses the highest actin concentration. Actin
then accumulates in the proximal leading process with a concurrent decrease in somal actin.
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Finally, as the soma moves forward, sometimes entering the space previously occupied by the
proximal leading process, actin concentration in the leading process and soma return to pre-
movement levels. On average, there was a two-fold enrichment of f-actin in the proximal
leading process before somal translocation. Additionally, line intensity scanning, normalized
to a cytoplasmic marker, resolves the proximal leading process and somal f-actin as individual
peaks that merge when the neuronal somal translocates during migration. Regional
concentrations of f-actin within the entire trailing process and distal leading process remained
stable for the entire length of the migratory cycle (data not shown). These studies show that
changes in f-actin concentration during movement predominantly occur in the proximal leading
process and soma of migrating neurons, and that f-actin becomes concentrated in the proximal
portion of the leading process just prior to movement.

As FRAP analysis and 4D volumetric measurements implicate the proximal leading process
as a major site for actin cytoskeletal remodeling preceding somal translocation, we also
examined the fate of proximal leading process f-actin by photo-activation of Photo Activatible-
EGFP (PA-EGFP) labeled UTRCH-ABD. Photoactivation allows one to perform “pulse-
chase” time-lapse imaging analysis to examine the local dynamics of a sub-set of f-actin
molecules (Burkel et al., 2007). Pulse-chase analysis of leading process f-actin shows for the
first time that actin translocates forward from proximal to distal portions of the leading process
and is a new indicator of the vector of polarization in migrating neurons. (Figure 5B). The
average speed of forward actin translocation was 0.028±0.001 μm/sec (n=18). The
concentration of f-actin in the leading process agrees with the localization of microfilaments
observed in correlated electron micrographic studies of neuronal migration on glial fibers
(Gregory et al., 1988) and the localization of actin-polymerizing agent Arp3 (Figure S2A).
Taken together, FRAP, 4D volumetric measurements and pulse-chase imaging, show that
fluctuations in f-actin concentration linked to somal movement predominantly occur in the
proximal leading process and neuronal soma. Importantly, these previously unappreciated
changes in actin concentration occur prior to the forward gliding movement of the soma.

Myosin II motors are enriched along the length of the leading process in migrating neurons
During general cell motility, the actin-based motor Myosin II contracts actin filaments to
generate the force needed to power cell motility and turn over actin-based adhesions (Gupton
et al., 2002; Gupton and Waterman-Storer, 2006; Vicente-Manzanares et al., 2009; Webb et
al., 2004). We chose to study the role of Myosin IIB in neuronal polarization and motility,
since Myosin IIB is the predominant Myosin II motor expressed in the nervous system
(Kawamoto and Adelstein, 1991; Rochlin et al., 1995), and Myosin IIB activity is required for
normal CGN migration along Bergmann glial fibers in the developing CNS (Ma et al., 2004).
By immunocytochemistry, Myosin IIB localizes to the leading process of migrating CGNs in
vitro and in vivo (Figure 4B and C, see Figure S3 for a comparison of Myosin IIB and Myosin
Va localization). We also used fluorescent myosin light chain (MLC) as a reporter for the
localization of Myosin II motors (Barros et al., 2003; Mittal et al., 1987). MLC-Venus
accumulates in the leading process in migrating neurons in vitro and in situ. The zone of intense
MLC-Venus fluorescence expands and grows smaller in a cyclical manner during migration
(Figure 4D, E and F, Movies 3 and 4). As the soma moves forward, the area of MLC reporter
fluorescence decreases, consistent with a contraction within the MLC-labeled domain (Figure
4G for area measurement of Figure 4F). These data indicate that the spatial distribution of
Myosin IIB protein is similar to that of f-actin described above. Myosin II motors are polarized
and enriched in the leading process during glial-guided neuronal migration. Moreover, the
oscillations in MLC reporter fluorescence suggest cyclical contraction in the leading process
as the neuron migrates.
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To determine whether active Myosin II motors are present in the leading process of neurons
migrating along glial fibers, we examined the localization of phosphorylated MLC and the
spatiotemporal dynamics of MLC kinase (MLCK). The phosphorylation of MLC on Ser19,
which controls Myosin II activation and the assembly of contractile filaments (Moussavi et al.,
1993), is positively regulated by MLCK or Rho-kinase (Rock) and negatively regulated by
MLC phosphatase (MLCP) (Lo et al., 2004; Vicente-Manzanares et al., 2007). Staining with
anti-phospho Ser19 specific antibody, used to detect phosphorylated MLC (pMLC), revealed
labeling in the leading process (Figure 4G). In addition, the presence of Venus-MLCK in the
leading process at all stages of the migration cycle suggests that activation of Myosin II occurs
in this region during migration (Figure 4H, Movie 5). In neurons co-expressing Venus-MLCK
and the moesin C-terminus-CFP actin reporter, Venus-MLCK transiently co-localized with
actin in the proximal leading process just prior to somal translocation (Figure 4H, Movie 6).
Taken together, the profile of active Myosin II suggests that the leading process may be a
significant site of acto-myosin contractility within migrating neurons.

Rapid f-actin turnover and Myosin II motor activity are critical for leading process actin flow
The leading process is the major site for actin turnover and f-actin flow within migrating
neurons (Figure 1, 2, 3 and 5B). In order to address whether actin turnover is required for actin
flow in this region of the neuron, we performed FRAP and pulse-chase analysis on neurons
treated with 1 μM Jasplakinolide. Jasplakinolide is a drug that hyper-stabilizes actin filaments
and thus prevents dynamic turnover (Cramer, 1999). In the FRAP experiments using EGFP-
UTRCH-ABD the proximal leading process displayed the highest actin turnover in control
migrating neurons (Figure 5A). Jasplakinolide treatment led to a near three-fold increase in the
recovery time of EGFP-UTRCH-ABD (n=15). In pulse-chase experiments using PA-EGFP-
UTRCH-ABD, the PA-EGFP-UTRCH-ABD signal moves from the proximal leading process
toward the distal portion of the leading process in control cells (Figure 5B). In contrast, there
is little f-actin translocation away from the photo-activated region in neurons treated with 1
μM Jasplakinolide (Figure 5C). The average speed of forward actin translocation in
Jasplakinolide treated cells was 0.012±0.002 μm/sec (n=7). Taken together, these findings
confirm the presence of high actin dynamics in the leading process and show that actin turnover
is required for actin flow away from the proximal region of the leading process in the direction
of migration. These data further support the idea that the proximal leading process is a region
of rapid actin remodeling.

Myosin IIB is present and active in the leading process of migrating neurons (Figure 4). We
next examined how Myosin II motor function affects actin turnover and flow in the proximal
leading process. Myosin II motor function was inhibited using the small molecule inhibitor
Blebbistatin (Straight et al., 2003). The proximal leading process was the focus of these studies
since this region displayed the highest actin turnover in control migrating neurons. In a set of
FRAP experiments, EGFP-UTRCH-ABD was photobleached in regions of interest in the
proximal leading process of neurons treated with Blebbistatin at a concentration that halts
migration and centrosomal motility (50 μM). Blebbistatin treatment led to a near three-fold
increase in the recovery time of EGFP-UTRCH-ABD (Figure 5A, n=15). In pulse-chase
experiments using PA-EGFP-UTRCH-ABD, photo-activated EGFP-UTRCH-ABD signal
translocates from the proximal region toward the distal portion of the leading process in control
cells (Figure 5B). In contrast, pulse-chase time-lapse imaging of neurons treated with 50 μM
Blebbistatin revealed little f-actin translocation away from the photo-activated region (Figure
5D). The average speed of forward actin translocation in Blebbistatin treated cells was 0.011
±0.001 μm/sec (n=4). Taken together, these results show that Myosin II motor activity is
required for high actin turnover and anterograde actin flow in the proximal portion of the
leading process during migration.
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Centrosome motility and actin cytoskeletal dynamics are correlated during the initial phase
of the migration cycle

The centrosome polarizes and localizes to the proximal portion of the leading process just
forward of the nucleus during glial-guided neuronal migration (Solecki et al., 2004). Given the
concentration of f-actin, high actin turnover, and anterograde actin flow in this region of
migrating neurons, we examined the relationship between centrosome motility and actin
dynamics in the neuronal leading process. At all stages of the migration cycle, the centrosome,
visualized using Centrin2-Venus, was embedded within the actin, visualized by moesin C-
terminus-CFP, in the proximal leading process (Figure 6A, Movie 7). Forward movement of
the centrosome occurs when the leading process widens (Figure 6A, compare 2:09 to 6:09).
Interestingly, a constriction appears in the proximal leading process (brackets in 6:09 and
10:10) prior to somal translocation. Closer examination of f-actin and centrosome localization
using Centrin2-Venus and the f-actin reporter RFP-UTRCH-ABD showed that f-actin
accumulates in the vicinity of the centrosome when this organelle translocates forward during
migration (Figure 6C). Indeed, line-scanning quantitation shows a transient peak of f-actin
signal near the centrosomal peak when the centrosome moves forward (Figure S4). These
results confirm that the centrosome is located in the vicinity of f-actin in the proximal leading
process, and that forward movement of the centrosome during the motility cycle appears to be
correlated with an accumulation of f-actin and contraction of the actin cytoskeleton.

Interactions between the actin and microtubule cytoskeletons control mechanical processes in
cells, ranging from dynamic changes in cell shape to retrograde microtubule flow during cell
and growth cone motility (Cai et al., 2006; Gomes et al., 2005; Gupton et al., 2002; Gupton
and Waterman-Storer, 2006; Rosenblatt et al., 2004; Schaefer et al., 2002). Since centrosomes
enter the leading process prior to somal translocation, and they are microtubule organizing
centers, we examined the localization and dynamics of the microtubule and actin networks by
co-expressing YFP-tagged Map2C, a microtubule and f-actin cross linker (Roger et al.,
2004), and the actin reporter moesin C-terminus-CFP. Map2C labeled microtubules are most
abundant in the leading process (Figure 6B, Movie 10). As was seen for centrosomes, bulk
forward movement of Map2C labeled microtubules occurs when the proximal leading process
widens (Figure 6B, time point 9:07). These results demonstrate for the first time that
microtubules translocate in a directed manner during the first stages of the migration cycle and
are consistent with our observations that the centrosome enters the leading process prior to
somal translocation. Thus the microtubule network undergoes forward movement during the
period of neuronal migration that occurs before somal translocation.

Dynamic f-actin turnover and Myosin II motor activity are required for centrosome motility
and coordinated translocation of the centrosome and soma in migrating neurons

The spatiotemporal correlation between f-actin accumulation and centrosome motility during
an apparent contraction of the proximal leading process, led us to examine the relationship
between centrosomes and Myosin II. Migrating neurons were immunostained with antibodies
against Myosin IIB, pMLC as an indicator of Myosin II activity, and the centrosomal marker
γ-tubulin. The centrosome is present in the region that contains both Myosin IIB and pMLC
(Figure 4G). We also examined the localization of Venus-MLCK, an activator of Myosin II,
in relation to that of Centrin2-Venus. In some cases, Venus-MLCK accumulates near the
centrosome as this organelle translocates toward the leading process (Figure 6D and E, Movies
8 and 9). These experiments suggest that the centrosome is located in close proximity acto-
myosin when it moves during migration.

In stationary neurons, centrosomes undergo random positioning events that can be used to
assay the forces necessary for basal centrosome motility. To determine whether actin dynamics
and Myosin II activity are required for centrosome motility, we followed centrosome
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movement in stationary neurons before and after the addition of Jasplakinolide, which hyper-
stabilizes actin filaments, or Blebbistatin, which inhibits Myosin II motor activity. A custom
algorithm written by the Image Science & Machine Vision Group in the Measurement Science
& Systems Engineering Division at Oak Ridge National Laboratory (ORNL) was used to
automatically plot and track the 3D position of all centrosomes imaged over time, essentially
producing the first large scale 4D analysis of centrosome motility. Consistent with our model,
both Jasplakinolide and Blebbistatin potently reduced centrosomal motility (Figure 7, see
Movie 11 for one Blebbistatin Example). The average velocity of control or pretreatment
centrosomes was 0.022 μm/second. Jasplakinolide quickly inhibited centrosomal motility,
reducing velocity to 0.011 μm/second within 20 minutes. Blebbistatin was even more potent,
reducing centrosome velocity to 0.006 μm/second by 50 minutes. Taken together, these results
show that centrosome motility is dependent upon actin dynamics and Myosin II motor activity.

Having established that acto-myosin contractility is needed for basal centrosomal motility, we
examined whether actin dynamics and Myosin II activity are required for coordinated forward
movement of the centrosome and soma. Centrosomal movement was visualized using
Centrin2-Venus and somal translocation was visualized using Histone-2B mCherry to
highlight the nucleus. CGNs migrating along glial fibers were imaged before and after the
addition of 5 μM Jasplakinolide or 100 μM Blebbistatin. Addition of either Jasplakinolide or
Blebbistatin rapidly halts both centrosomal motility and somal translocation (Figure 8, See
Movie 12 for one example). The average pre-treatment velocities of both centrosome and soma
were 0.01 μm/second. Jasplakinolide reduces average centrosome velocity to 0.0045 μm/
second and average somal velocity to 0.003 μm/second. Blebbistatin reduces average
centrosome velocity to 0.002 μm/second and average somal velocity to 0.0019 μm/second.
Kinetic analysis of these data reveal that centrosomes and neuronal cell bodies halt movement
nearly simultaneously when Jasplakinolide or Blebbistatin are added to the bath. It should be
noted that centrosomes that had entered the proximal portion of the leading process also stopped
moving, showing that motile centrosomes were not just “passengers” in neuronal cell bodies
(Figure 9A for one example). Conversely, treatment with Calyculin A, a bulk activator of acto-
myosin contractility, stimulated centrosomal and somal translocation of stationary neurons
(Figure S5, Movie 13). Taken together, these results show that actin dynamics and Myosin II
activity are required for centrosome and somal translocation during glial-guided neuronal
migration.

Par6α regulates Myosin II motor activity
Previous work from our laboratory identified Par6α as a key regulator of centrosome motility
and somal translocation during glial-guided neuronal migration (Solecki et al., 2004). Given
that the PAR polarity complex also controls actin cytoskeletal dynamics in a number of systems
(Mertens et al., 2006), we wondered whether Par6α regulates actin dynamics required for
neuronal migration. Importantly, Par6α is present in the leading process of migrating CGNs
(Solecki et al., 2004), and inhibition of Myosin II motor activity phenocopies perturbation of
the PAR complex with regard to centrosome and somal motility. We therefore examined
whether Par6α regulates Myosin II motor activity. Ectopic expression of Par6α decreases
pMLC levels in HEK293 cells and CGNs (Figure 9A, B, C). These results show that Par6α
regulates MLC phosphorylation, which is required for Myosin II activity and acto-myosin
contractility.

A global reduction in MLC phosphorylation could be due to either a decrease in MLC-directed
kinase activity or an increase in Myosin Light Chain Phosphatase (MLCP) activity. MLCK
and Rock1 are both kinases capable of directly phosphorylating MLC (Kamm and Stull,
2001; Kimura et al., 1996), while MLCP dephosphorylates MLC on Ser19 (Matsumura,
2005). Rock1 also phosphorylates Thr696 of the Mypt1 myosin binding subunit of MLCP,
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inhibiting MLCP dephosphorylation of MLC Ser19 (Kimura et al., 1996). We found that
ectopic expression of Par6α inhibits both basal and Rock1 mediated phosphorylation of MLCP
Thr696 (Figure 9C, D), indicating that Par6α decreases myosin activity, at least in part, through
increased MLCP activity. These results suggest that Par6α signaling regulates Myosin II motor
activity in the proximal leading process through a pathway that involves the RhoA GTPase
effector Rock1.

As expected, silencing of Par6α, and its binding partner Par3, led to a slight increase in MLCP
Thr696 phosphorylation. However, silencing of Par6α reduces basal MLC phosphorylation
(Figure 9E), suggesting that Par6α may regulate MLC phosphorylation by additional
mechanisms. The Par6α amino acid sequence contains a previously unidentified IQ motif
between the PB1 and CRIB domains of Par6α (Figure S6). Calmodulin or EF hand domain
proteins, such as MLC, bind to IQ motifs and are important regulators of acto-myosin
contractility (Bahler and Rhoads, 2002). Immunoprecipitation studies reveal that full-length
Par6α binds to MLC and MLCK by coimmunoprecipitation, and that overexpression of the
Par6α IQ motif interferes with the Par6α and MLC interaction (Figure 9F). Interestingly,
ectopic expression of the IQ domain decreases MLC Ser19 phosphorylation without affecting
MLCP Thr696, an activity similar to Par6α silencing (Figure 9C and D). Moreover, ectopic
expression of the Par6α IQ domain in CGNs decreases leading process actin dynamics to a
similar magnitude as Blebbistatin, as measured by FRAP of EGFP-UTRCH-ABD (Figure 9G;
average t1/2 in IQ expressing CGNs is 21.2±1.3 seconds n=14). These experiments show that
Par6α binds to myosin-regulatory molecules, and that Par6α binding to MLC appears to be
important for leading process actin dynamics in CGNs. Over-expression of Par6α may titrate
away or delocalize myosin regulatory molecules, thus interfering with Myosin II activation
and acto-myosin contractility. Consistent with this hypothesis, ectopic expression of full-length
Par6α inhibits MLC binding to Myosin Heavy Chains (Figure 9H). These studies suggest a
model where Par6α binds MLC through the IQ domain and recruits myosin regulatory
molecules to sites of acto-myosin contractility (Figure S6).

Discussion
Our prior studies showed that the Par6α polarity complex localizes to the centrosome of
migrating CNS neurons and orchestrates the saltatory movement of neurons along glial fibers.
Using time-lapse imaging of live CGNs migrating along glial fibers, we examined the precise
spatiotemporal coordination of actin dynamics during this specialized mode of migration. The
proximal portion of the leading process is a region of high actin turnover, and during forward
movement there is a cycle of f-actin accumulation in this region. F-actin also flows from the
proximal to the distal regions of the leading process in the direction of migration. Myosin II
motors are present along the length of the leading process and oscillations in Myosin II
fluorescence signal during the motility cycle suggest the occurrence of acto-myosin contractile
events in this region. Pharmacological stabilization of f-actin or inhibition of Myosin II motors
blocks f-actin dynamics and disrupts forward migration, suggesting that rapid f-actin turnover,
which is powered by Myosin II motor activity, functions in the forward movement of the
centrosome and provides the force to translocate the cell soma during glial guided migration.
Importantly, the Par6α polarity protein, which regulates centrosome and somal motility during
migration, also regulates Myosin II motor activity. Together, these results provide insights into
cytoskeletal regulation and organization that affect the saltatory movement cycle of migrating
neurons. We propose that acto-myosin contractility in the leading process acts to pull
cytoskeletal components and the soma forward during migration.
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Actin Dynamics Near the Cell Body of Migrating Cells
One of the principal differences between the generalized mode for motility of fibroblasts and
epithelial cells and the locomotion of neurons along thin glial fibers is the absence of a “leading
edge” domain in which integrin-based adhesion provides the tractile force for forward
movement (Ridley et al., 2003). While “leading edge” actin dynamics associated with
protrusive events have been studied extensively (Ponti et al., 2004; Schaefer et al., 2002;
Schaefer et al., 2008), relatively little is known about the dynamic organization of the actin
cytoskeleton in the leading process and soma in migrating neurons. This is hardly surprising
given the leading process is only 1–2 μm across, about half the width of the thin veil of
protrusive actin in fibroblast lamellipodia (Ponti et al., 2004). Our studies show the proximal
leading process is a significant site for actin cytoskeletal remodeling during neuronal migration
along glial fibers. 4D volumetric analysis and pulse-chase photoactivation experiments show
an apparent transfer of actin between the soma and proximal leading process before somal
translocation, as well as an anterograde flow of f-actin toward distal regions of the leading
process.

Recently, fluorescent speckle microscopy (FSM) has been used to define f-actin flow in
migrating epithelial cells (Ponti et al., 2004; Salmon et al., 2002). These studies divide cellular
actin into different zones based upon the vector of f-actin flow. Similar to what we observe in
migrating neurons, f-actin flows in the direction of migration in the region of epithelial cells
just forward of the nucleus. Interestingly, these studies also noted anterograde co-movement
of f-actin and microtubules suggesting that forward actin flow may regulate the positioning of
the microtubule cytoskeleton (Gupton et al., 2002; Salmon et al., 2002). Our experiments
confirm anterograde actin flow near the cell body in migrating cells and suggest that actin
dynamics in this region coordinates centrosomal and somal motility.

Location of Myosin II motors in neurons migrating along glial fibers
Myosin II motors are required for the migration of neurons both in vitro and in vivo (Ma et al.,
2004; Schaar and McConnell, 2005). The current time-lapse imaging studies, using multiple
vital probes for both f-actin and Myosin II motor components, suggest that an acto-myosin
contractile region is present in the leading process of neurons migrating along glial fibers.
Immunolabeling with antibodies recognizing Myosin IIB heavy chain and Ser19
phosphorylated MLC reveal the presence of Myosin II motors in the leading process of cultured
granule neurons or cells migrating across the molecular layer in sections of early postnatal
cerebellum. These staining profiles are nearly identical to the localizations of our f-actin, MLC
and MLCK live imaging probes. Interestingly, time-lapse imaging revealed oscillations in the
area of leading process MLC-Venus fluorescent signal both in culture and cerebellar slices,
suggesting a cycle of contraction/decontraction occurs within this region of the migrating
neuron. Pharmacological studies using Blebbistatin, a cell permeable inhibitor specific for
Myosin II, show that Myosin II motor activity is essential for proximal leading process actin
dynamics, suggesting that not only are Myosin II motors present near a region of actin
cytoskeletal dynamics but also that motor activity drives actin dynamics in the proximal leading
process.

While Myosin II motors have long been implicated in contractile events in the posterior region
of crawling cells, like fibroblasts and epithelial cells, there is growing evidence for Myosin II
motor function anterior to the nucleus, similar to that we observed for neurons migrating on
radial glia. For example, Meshel et al. report that Myosin II is localized to the rear of fibroblasts
migrating on 2 dimensional substrates, while it is localized to the front of the same cells
migrating on collagen fibers, a geometry highly similar to neurons migrating along glial fibers
(Meshel et al., 2005). Recently, Doyle et al. extended these results by showing that fibroblasts
migrating along a thin “1 dimensional” micro-patterned surface migrate with a mode, cadence,
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lack of a broad “leading edge” lamellipodia and acto-myosin organization similar to that of
neurons migrating along glial fibers (Doyle et al., 2009). In conclusion, our model strongly
suggests that the majority of acto-myosin is located forward of the nucleus and may pull the
centrosome and soma forward during migration. We should note that bath application of
Blebbistatin inhibits Myosin II motor activity in all regions of the cell, thus, we cannot
completely discount that a minor fraction Myosin II motor activity residing within the trailing
process contributes toward locomotion along the glial fiber.

The acto-myosin cytoskeleton and centrosome motility
As the centrosome is an organizer of the microtubule cytoskeleton, microtubule based
mechanisms are usually invoked to control its position. While cytoplasmic dynein and
microtubule plus end anchoring at the cell cortex are evolutionarily conserved mechanisms
regulating the position of microtubule arrays (Dujardin et al., 2003; Dujardin and Vallee,
2002), there accumulating evidence that the actin cytoskeleton is an active participant in
centrosome motility. Our live imaging analysis of migrating CGNs details that centrosomes
move forward with timing similar to the actin rearrangements occuring in the proximal leading
process. Functional studies using Blebbistatin, Jasplakinolide and Calyculin A further suggest
that the acto-myosin cytoskeleton contributes towards centrosome positioning. This has not
been reported previously for migrating interphase cells. Our conclusion is supported by studies
on the movement of daughter centrioles towards the mid-body during mitosis (Piel et al.,
2001) and the observation that cortical Myosin II motors are essential for mitotic spindle
rotation (Rosenblatt et al., 2004).

The importance of Myosin II in centrosome positioning suggested in this study does not
diminish of the critical role of cytoplasmic dynein in positioning microtubule arrays or
centrosomes in migrating neurons (Dujardin et al., 2003; Dujardin and Vallee, 2002; Tsai et
al., 2007). In fact, Myosin II and dynein may cooperate to position the centrosome during
migration. This view is supported by studies that document the interaction of cytoplasmic
dynein with the actin-rich cell cortex. The actin related protein 1 (Arp1), an essential component
of dynactin (a cargo adaptor for dynein), can directly bind to spectrins and other known cortical
actin interacting factors (Garces et al., 1999; Holleran et al., 2001; Holleran et al., 1996). During
slow anterograde axonal transport, cytoplasmic dynein requires an intact actin cytoskeleton to
transport microtubule fragments towards the periphery of neuronal cells, suggesting that in
some cases dynein and acto-myosin may cooperate to organize the neuronal cytoskeleton
(Myers et al., 2006). As dynein accumulation has been reported in the leading process of
migrating neurons (Tsai et al., 2007), it may well provide a link between an anterograde f-actin
flow and the apparent forward flux of microtubules that we observe just prior to forward
movement of the somal and nucleus in migrating neurons. It will be important to determine if
the proximal portion of the leading process is a site of high turnover or movement of dynein
or its cargo adaptor dynactin and whether rapid actin remodeling or Myosin II motor activity
contributes to dynein/dynactin dynamics in the proximal leading process.

Polarity signaling and acto-myosin contractility
Our previous studies identified the conserved PAR polarity-signaling complex as a key
regulator of centrosome motility and somal translocation in migrating neurons. Our new
findings suggest that in addition to regulating centrosome positioning and function (Solecki et
al., 2004), the Par6 polarity complex also regulates acto-myosin contractility in migrating
neurons. How does the PAR complex coordinately regulate the actin and microtubule
cytoskeletons to control the polarization of migrating neurons? As key regulators of the actin
and microtubule cytoskeletons, the Rho GTPases provide an ideal link between the PAR
complex and the cytoskeleton. While the PAR complex acting in cooperation with CDC42 and
Rac1 is likely to regulate actin polymerization and protrusion in the leading process (Nishimura
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et al., 2005; Tsai et al., 2005; Zhang and Macara, 2006), interplay between the PAR complex
and RhoA/Rock signaling must be crucial to fine tune acto-myosin contractility needed to
power centrosome and somal positioning, the most labor intensive portions of the motility
cycle. We show that ectopic expression of Par6α inhibits Rock1 phosphorylation of Thr696 of
Mypt1, which leads to enhanced MLCP dephosphorylation of MLC and ultimately a reduction
in the acto-myosin contractility that drives neuronal migration. Our finding that Par6α
negatively regulates the RhoA signaling pathway is consistent with a recent study by Zhang
and Macara that identified an interaction between Par6/aPKC and p190RhoGAP that inhibits
RhoA signaling to promote dendritic spine biogenesis (Zhang and Macara, 2008).

We also provide mechanistic insight into the cellular and molecular targets of the PAR complex
in the control of neuronal polarity and morphogenesis. We show that Par6α interacts with the
Myosin II regulators MLC and MLCK. Disruption of Par6-MLC binding via over-expression
of the IQ-like domain of Par6α inhibits MLC phosphorylation and increases the turnover time
of leading process f-actin in granule neurons. Taken together our findings suggest that Par6α
regulates Myosin II activity by modulating MLC phosphorylation through two distinct
pathways: Rock1 inhibition of MLCP and through a direct interaction with MLC itself. Perhaps
Par6α binding to MLC and MLCK actively regulates their recruitment to sites of acto-myosin
contractility.

Elucidating the signaling pathways that regulate cytoskeletal dynamics and the adhesion of
neurons to glia is crucial to understanding the cellular mechanisms of directed neuronal
migration during corticogenesis. In the future, it will be of great interest to determine if RhoA
regulates centrosome positioning during neuronal migration, as active RhoA has been reported
in the leading process of migrating CGNs (Guan et al., 2007), and whether Par6α regulates
Rock1 directly in migrating neurons or interferes with the RhoA pathway through an upstream
interaction with p190RhoGAP (Zhang and Macara, 2008). Moreover, it is critical to identify
the extrinsic signals that regulate local assembly of acto-myosin within the leading process as
these factors may act to guide granule neurons to their final destination within the developing
cerebellar cortex.

Methods
Preparation of CGNs, nucleofection and imaging

CGNs were prepared as described (Hatten, 1985). Briefly, cerebella were dissected from the
brains of P6 mice. After the pial layer was peeled away, the tissue was treated with trypsin and
triturated into a single cell suspension, using fine bore Pasteur pipettes. The suspension was
layered onto a discontinuous Percoll gradient and separated by centrifugation. The small cell
fraction was then isolated. The resulting cultures routinely contain 95% CGNs and 5% glia.
For imaging experiments, expression vectors encoding fluorescently labeled cytoskeletal
proteins were introduced into granule neurons via Amaxa nucleofection, using the Amaxa
Mouse Neuron Nucleofector kit per manufacturer’s instructions and program A30. A range of
1–5 μg of pCIG2 expression vector was used to express the fusion protein of interest. After
cells recovered for 10 minutes from the nucleofection, they were plated in movie dishes
(Mattek) coated with low concentrations of poly-D-lysine or poly-L-ornithine to facilitate the
attachment of neurons to glial processes (according to methods established by (Edmondson
and Hatten, 1987)). For Myosin II activation or inhibition experiments, cells were imaged for
10 minutes prior to the addition of drug, and then the indicated amount of Calyculin A or
Blebbistatin was added to the bath, and the cultures were imaged for an additional 20 minutes.

CGN cultures were imaged with a Carl Zeiss Axiovert 200M equipped with a 63×, 1.4 NA,
PlanApochromat objective. A PerkinElmer Wallac UltraView confocal head with 514-nm
excitation filter and Orca ER cooled CCD camera (Hamamatsu) were used for high resolution
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imaging at near real-times speeds. Z-stacks were collected (2–3 μm z-stacks, 4–5 sections per
stack) every 15 seconds during imaging. Images were processed and analyzed using
MetaMorph (Universal Imaging Corp.) or Slidebook (Intelligent Imaging innovations). Cells
were usually imaged for 45–60 minutes. Cells that failed to migrate during image acquisition
were termed stationary neurons, while cells that moved were termed migrating neurons. Some
cultures were imaged using a 6-line Ultraview confocal microscope or a Marianas Workstation
(Intelligent Imaging Innovations), with image collection parameters identical to the
Metamorph driven system.

For ectopic-expression experiments, purified CGNs were plated into Lab-Tek 16 well slides
coated with poly-D-lysine and Matrigel. Transfection mixtures containing a Venus-MLCK,
alone or in combination with Myc-Par6α, were introduced using Amaxa nucleofection.
Cultures were incubated for 36–48 hrs to allow for neurite extension and neuron migration,
and then fixed and processed for immunocytochemistry. Cultures were imaged with a Radiance
2000 confocal laser-scanning microscope.

FRAP and Photoactivation of migrating CGNs
For FRAP and Photoactivation Studies CGNs were respectively nucleofected with either an
EGFP-UTRCH-ABD or a combination of PA-EGFP-UTRCH-ABD and RFP-UTRCH-ABD.
18 hours post-nucleofection, cultures were imaged with a Marianas spinning disk confocal
microscope (Intelligent Imaging Innovations) equipped with a Micropoint Laser Illumination
& Ablation System (Photonics Instruments) fitted to emit 440 nm light needed to photobleach
EGFP or photoactivate PA-EGFP. For FRAP experiments regions of interest were bleached
by 30 iterations of a 440 nm laser line (35% laser power) and an image acquired at one second
intervals after bleaching. For Photoactivation experiments regions of interest were activated
by 15 iterations of a 440 nm laser line (20% laser power) and an z-stack encompassing the
entire neuron (of both PA-EGFP-UTRCH-ABD and RFP-UTRCH-ABD) image acquired at
20 seconds intervals. All image processing and measurements were carried out using Slidebook
(Intelligent Imaging Innovations).

Line scanning and Volumetric Analysis of Migrating Neurons
For line scanning of migrating neuron time-lapse sequences, projection of each frame (time-
point) was produced using Slidebook (v4). Using the ruler tool, a spline was drawn from the
growth cone of the leading process to the tip of the trailing process. This spline was given a
radius of 10 microns, which encompassed the entire width of the cell. The intensity along the
length of the line was then measured in the red (free-mCherry) and green (EGFP-UTRCH-
ABD) channels.

For Volumetric analysis of migrating neuron time-lapse sequences 3D images at each time-
point were used to investigate the change in distribution of EGFP-UTRCH-ABD and the
cytoplasm during the migration of the cell. The mask function in Slidebook was utilized to
create a mask encompassing the entire cell. This mask was then subdivided 4 different regions
using the Boolean mask function. The cell body and trailing process were isolated first. We
then measured the leading process and divided this into two to get the proximal and distal
region of the leading process. This was repeated for each time point. Once all masks were
produced for each time points, we then extracted the data for several criteria e.g. the volume
of each mask, the average intensity and the sum intensity in each of the four regions of the cell.

Imaging protocol for centrosome tracking
4D time-lapse images of 15 μm stacks were obtained over the course of a time-lapse sequence
using Slidebook v4 (Intelligent Imaging Innovations inc.) Z-stacks were converted to
maximum projections and a Laplasian 2D filter was applied to the image at each time-point to
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emphasize the contrast at the edge of objects such as the centrosome. Then using Slidebooks’s
automated particle tracking protocol all objects that moved contiguously over 15 frames were
tracked and the interval velocities, average velocities and total displacements of each object
were attained. Each object was then manually identified as a centrosome that was present within
the cell soma for at least 1 frame over the duration of observation before being included within
the appropriate dataset. A detailed description of the Oak Ridge National Laboratory
centrosome-tracking algorithm is described in text Supplemental Text.

Additional Methods
A description of the expression vectors and the protocols for Western blotting and
immunocytochemistry can be found in the Supplemental Materials.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Structure of the f-actin cytoskeleton of live cerebellar CGNs migrating on glial fibers
(A) Model of the glial-guided neuronal migration cycle. Migrating CGNs extend a leading
process in the direction of migration. Before somal translocation the centrosome enters the
proximal leading process. Release of the glial-neuron adhesion junction occurs as the soma
translocates along the glial fiber. TC Tubulin Cage, N Nucleus, A M Acto-Myosin, MT
Microtubules, AD Adhesion Junction, C Centrosome and GF Glial Fiber. (B) F-actin (moesin-
CFP) is concentrated in the proximal leading process in a live, migrating CGN.
Bracket=proximal leading process. lp leading process. (C) The six panels depict the
localization and intracellular movement of fluorescently labeled f-actin (EGFP-UTRCH) and
nucleus (Histone 2B-Cherry). F-actin is heavily concentrated in the neuronal leading process.
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Figure 2. F-Actin turnover is more dynamic in the neuronal leading process
(A) Regions probed by Fluorescence Recovery After Photobleaching (FRAP) are
superimposed upon a schematic diagram of a migrating neuron. (B) FRAP profile of f-actin
(EGFP-UTRCH). Regions of interest (gold circles) were photobleached and time-lapse
imaging used to determine the recovery time of f-actin. Profiles compare leading process to
somal recovery time. (C) Average half-life of f-actin in leading process (n=30), soma (n=15)
and trailing process (n=30). The shorter recovery time of f-actin in the leading process indicates
rapid actin turnover in this region of migrating neurons.
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Figure 3. Line scan and 4D-volumetric analysis of f-actin content in migrating neurons
(A) Representative movie frames demonstrating different movement cycle phases. Phase I is
pre-movement. The cytoplasm begins to polarize in the proximal leading process in Phase IIa
and reaches maximal polarization by Phase IIb. The cell soma then translocates forward in
Phase III and comes to rest by Phase IV, at which point the cycle may start over again. Red
bars indicate the distance moved by the rear of the soma during an 80 minute period. Scale bar
= 10 μm. (B) Line scan of the images shown in A to illustrate the distribution of Utrch and the
cytoplasm (as indicated by diffusible mCherry fluorophore). Most of the Utrch and mCherry
are localized in the cell soma and the proximal region throughout the cycle, but note that the
Utrch enriched in the proximal region of the leading process before mCherry (Phase IIa and
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Phase IIb respectively). Once two peaks of Utrch and cytoplasm localization are established
in Phase IIb, the somal and leading process peaks merge in Phase III, coinciding with somal
translocation. Phase IV is almost identical to Phase I. (C) Graphical representation of the
change in percentage distribution of Utrch and cytoplasm during a movement cycle in the cell
body (upper panel) and proximal leading process (lower panel). During Phase II (a and b),
protein levels increase in the proximal region and decrease in the cell body, while remaining
the same in the other parts of the cell (not shown). Before the cell translocates, as shown by
the increase in velocity (blue line), protein distribution changes dramatically to increase in the
cell body and decrease in the proximal leading process. (D) Summary of changes in protein/
cytoplasmic concentration during Phase I and Phase IIb of the movement cycle (n = 7). On
average there was a 28% (± 4%) decrease in Utrch concentration, an 18% (± 3%) decrease in
cytoplasmic concentration and a 24% (± 5%) decrease in overall volume of the cell body during
this period. In the proximal region of the leading process, the Utrch concentration increased
by 98% (± 25%), accompanying a 139% (± 34%) increase in the cytoplasm concentration. This
resulted in a 59% (± 17%) increase in the overall volume of the proximal region.
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Figure 4. The proximal leading process contains an acto-myosin contractile domain
(A) Myosin II activity cycle. (B) Immunostaining of Myosin Heavy Chain IIB (MHCIIB) in
CGNs. (C) Myosin IIB also localizes to the leading process of neurons in organotypic cerebellar
slices. Red: Myosin IIB Heavy Chain, Green: EGFP to highlight cell boundaries. (D) MLC-
Venus (MLC9-Venus) reveals a Myosin II contractile structure in the proximal leading process
(Bracket in Frame 1) of a CGN migrating in culture. The inset highlights the contraction of the
MLC-labeled domain. (E) MLC-Venus reveals a Myosin II based contractile structure in the
proximal leading process (bracket) of a CGN migrating in a cerebellar slice. (F) The MLC
labeled domain the leading process decreases in area before somal movement, strongly
suggesting leading process contraction. (G) Immunostaining of Myosin heavy chain IIB
(MHCIIB), phosphorylated MLC (pMLC) and γ-tubulin (γTub) reveals that active Myosin II
motors surround the centrosome. (H) Venus-MLCK co-localizes with f-actin forward of the
soma just before somal translocation, indicating Myosin II motors are active in the leading
process. Bracket highlights region of high overlap. lp leading process.
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Figure 5. Myosin II motor activity is essential for leading process actin dynamics
(A) FRAP analysis of the leading process of control, Jasplakinolide or Blebbistatin treated
CGNs. EGFP-UTRCH was photobleached in regions of interest in the proximal leading process
of neurons treated with 1 μM Jasplakinolide (n=15) or 50 μM Blebbistatin (n=15). Actin
filament stabilization with Jasplakinolide or inhibition of Myosin II motor activity with
Blebbistatin increased recovery time of EGFP-UTRCH 3-fold, indicating that Myosin II
motors drive leading process f-actin dynamics. (B) Photo-activation dynamics in a control cell.
CGNs were electroporated with two expression vectors: one encoding a photo-activatible
EGFP f-actin reporter (PA-EGFP-UTRCH-ABD) and another encoding RFP-UTRCH as a
counter stain. In the second frame of the sequence, the proximal leading process was exposed
to 400 nm light to activate actin probe fluorescence. Time-lapse imaging was used to track the
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movement of photo-activated actin molecules in a pulse-chase experiment. Actin rapidly
translocates towards distal portions of the leading process in migrating neurons. Adjacent to
the time lapse images are line scan profiles of RFP-UTRCH-ABD (red) and PA-EGFP-
UTRCH-ABD (black), the left of the curve is the tip of the leading process while right is the
tip of the trailing process. Note that the PA-EGFP-UTRCH-ABD signal migrates to the left of
its initial position. (C) Photo-activation dynamics in a Jasplakinolide treated cell. Stabilization
of actin inhibits forward flow of actin. Adjacent line scan profiles show that the PA-EGFP-
UTRCH-ABD signal barely exits its initial position marked. (D) Photo-activation dynamics
in a Blebbistatin treated cell. Inhibiting Myosin II motors halts forward actin flow. Adjacent
line scan profiles show that the PA-EGFP-UTRCH-ABD signal barely exits its initial position
marked.
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Figure 6. Actin and Myosin Light Chain Kinase accumulate near the centrosome during the
centrosomal movement phase of the migration cycle
(A) The centrosome (labeled by Centrin2-Venus, Green) is embedded within the f-actin
contractile domain (Moesin-CFP, Red) in the leading process of live neurons. Note the
centrosome enters the leading process (time points 6:09 and 10:09) when the proximal leading
process increases in volume. (B) Microtubules (labeled by Map2C-YFP, Green) are embedded
within leading process f-actin (Moesin-CFP, Red) of a live neurons. Note microtubules
translocate into the leading process (time points 7:07 and 9:07) when the proximal leading
process increases in volume. (C) The centrosome (labeled by Centrin2-Venus, Green) is
embedded within the f-actin (labeled by RFP-UTRCH-ABD, Red) contractile domain in the
leading process of live neurons. Note the centrosome enters the leading process when it dilates.
(D) Kymograph of a migrating neuron expressing Venus-MLCK and Centrin2-mCherry.
Bottom: Close-up of image sequences focusing on region around the centrosome. MLCK
(green) accumulates near the centrosome (red) at 1:30, before movement of the centrosome.
(E) Velocity plotted against time of centrosome and somal movement for the time-lapse
sequence in (D). A spike in speed occurs at 2:00, thirty seconds after MLCK first accumulates
at the centrosome. A deceleration occurs at 2:30 seconds when MLCK no longer surrounds
the centrosome.
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Figure 7. Dynamic actin and Myosin II motor activity is required for centrosomal motility
Centrosomes were imaged over the course of one hour in control, Jasplakinolide-treated or
Blebbistatin-treated neurons. Total displacement was measured before or at various time points
after the addition of cytoskeletal drugs using a specialized centrosome-tracking algorithm
developed by the ORNL Image Science & Machine Vision Group. Average centrosome
displacement is unaffected in control neurons. 4-dimensional volume tracks of representative
centrosome in control experiments at time point 0, 10 and 40. The initial centrosome position
is marked by a green circle, the final position marked by a red circle and 4D path marked by
blue line. Average centrosome displacement rapidly declines after the addition of 1 μM
Jasplakinolide and shorter path lengths in the 4D tracking reflect the reduction in velocity.
Average centrosome displacement rapidly declines after the addition of 50 μM Blebbistatin
and shorter path lengths in the 4D tracking reflect the reduction in velocity.
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Figure 8. Dynamic actin and Myosin II motor activity is required for coordinated movement of
centrosome and cell body
CGNs were transfected with expression vectors encoding Centrin2-Venus (centrosomal label,
green) and H2B-mCherry (nuclear label, red). Time-lapse imaging was used to track
centrosomal or somal velocity in migrating neurons. After cells migrated, 100 μM Blebbistatin
or 5 μM Jasplakinolide was added to the culture and imaged for a further 28 minutes (time
lapse images are displayed in (A)). Addition of either drug potently inhibits forward movement
of both centrosome and cell body. (B) Graphs of velocity of the cell body and centrosome
before and after drug treatment (Blebbistatin n=20, Jasplakinolide n=22). Velocity kinetics of
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the centrosome (red) or soma (green) in Jasplakinolide treated (C) or Blebbistatin (D) treated
cells.
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Figure 9. Par6α regulates Myosin II motor activity and leading process f-actin dynamics
(A) Ectopic expression of Par6α inhibits MLC phosphorylation in CGNs. Co-expression of
Myc-Par6α with Venus-MLCK reduced MLC phosphorylation detected by immunostaining
with an anti-phospho Ser19 antibody. (B) Quantitation of average MLC Ser19 fluorescence
intensity in CGNs reveals a decrease in MLC phosphorylation upon expression of Myc-
Par6α (n=25 for Venus-MLCK or Venus-MLCK and Myc-Par6α expressing cells). (C) Ectopic
expression of Par6α inhibits MLC and Mypt1 phosphorylation. HEK293T cells were
transfected with a Venus-MLCK construct to boost MLC phosphorylation. Ectopic expression
of Myc-Par6α reduced MLC and Mypt1 phosphorylation detected by immunoblotting with
anti-MLC phospho-Ser19 or anti-Mypt1 Thr696 antibodies. Ectopic expression of the IQ
domain only blocks MLC phosphorylation. (D) Ectopic expression of Par6α inhibits Rock1-
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mediated phosphorylation of Mypt1. HEK293T cells were transfected with a Myc-Rock1
construct. Ectopic expression of Myc-Par6α reduced Mypt1 phosphorylation detected by
immunoblotting with anti-Mypt1 Thr696 antibody. Ectopic expression of the IQ domain does
not block Mypt1 Thr696 phosphorylation. (E) Silencing of Par6α with a Par6α shRNA reduces
MLC Ser19 phosphorylation while mildly increasing affecting Mypt1 Thr696
phosphorylation. (F) Ectopic expression of the IQ domain blocks Par6α binding to MLC but
does not effect a Par6/MLCK interaction. (G) Par6α IQ domain over-expression slows leading
process f-actin dynamics. CGNs were nucleofected with the EGFP-UTRCH-ABD (green) and
the Par6α IQ domain expression vectors. Time-lapse image frames and the corresponding
FRAP recovery curve highlight the slow recovery time of f-actin in a CGN over-expressing
the IQ domain. The average t1/2 for 14 separate replicates was 21±1.3 seconds. (H) Ectopic
expression of Par6α inhibits MLC interaction with Myosin Heavy Chain. Venus-MHCIIB and
MLC-Myc were transfected into HEK293T cells in the presence or absence of ectopic Par6α
expression. Venus-MHCIIB was immunoprecipitated with anti-EGFP antibody and the
amount of bound MLC detected by anti-Myc staining.
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