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Proper assembly of neural circuits requires newly born neurons to migrate from their place of origin to their final location. Little is known
about the mechanisms of axophilic neuronal migration, whereby neurons travel along axon pathways to navigate to their destinations.
Gonadotropin-releasing hormone (GnRH)-expressing neurons migrate along olfactory axons from the nose into the forebrain during
development, and were used as a model of axophilic migration. After migrating, GnRH neurons are located in the hypothalamus and are
essential for puberty and maintenance of reproductive function. To gain a better understanding of the mechanisms underlying axophilic
migration, we investigated in mice the regulation of movement from calcium signals to cytoskeletal dynamics. Live imaging revealed
robust calcium activity during axophilic migration, and calcium release through IP3 receptors was found to stimulate migration. This
occurred through a signaling pathway involving the calcium sensor calcium/calmodulin protein kinase kinase, AMP-activated kinase,
and RhoA/ROCK. By imaging GnRH neurons expressing actin-GFP or Lifeact-RFP, calcium release was found to stimulate leading process
actin flow away from the cell body. In contrast, actin contractions at the cell rear were unaffected by this calcium signaling pathway. These
findings are the first to test the regulation of cytoskeletal dynamics in axophilic migration, and reveal mechanisms of movement that have
broad implications for the migration of other CNS populations.

Introduction
In the brain, migratory neurons are classified as radial (along
radial glia processes), tangential (orthogonal to radial glia fibers),
or axophilic (along axons). This classification is functional as well
as anatomical since modes of motility may differ. Tangentially
migrating cortical interneurons iteratively extend and retract
branches (Martini et al., 2009) while radially migrating cortical
neurons use somal translocation to rapidly move the nucleus to
the distal leading process (Nadarajah et al., 2001). Some neurons,
such as cerebellar granule neurons (CGNs), switch between ra-
dial and tangential modes of migration (Komuro et al., 2001),
suggesting that movement strategies can be selectively engaged.
Although neurons migrating along the anteroposterior axis com-
monly use axophilic mechanisms (Ono et al., 2004; Mapp et al.,
2010; Wray, 2010), the underlying mechanisms are not well un-
derstood.

Calcium signaling regulates neuronal migration (Komuro
and Kumada, 2005; Bortone and Polleux, 2009; Fahrion et al.,

2012), and can be generated by extracellular cues (Guan et al.,
2007) and/or genetic programming (Cancedda et al., 2007; Bor-
tone and Polleux, 2009; Bando et al., 2012). In most neurons,
relative changes rather than absolute frequencies of calcium tran-
sients modulate migration (Bortone and Polleux, 2009; Martini
and Valdeolmillos, 2010). Many types of calcium channels con-
tribute to bulk calcium levels, only some of which regulate mi-
gration. Signaling specificity is achieved by different calcium
sensing proteins associated with calcium channel microdomains
(Augustine et al., 2003). Although simple linear models between
calcium dynamics and migration rates are unavailable (Moya and
Valdeolmillos, 2004; Martini and Valdeolmillos, 2010), genetic
and pharmacological manipulations coupled with measurements
of relative calcium changes have advanced our understanding of
these relationships (Bortone and Polleux, 2009; Martini and
Valdeolmillos, 2010).

Transduction of calcium signals into cytoskeletal dynamics
that advance the nucleus (nucleokinesis) are unclear. Recently,
several mechanisms have been proposed in which cytoskeletal
dynamics drive migrating neurons forward. In dissociated CGNs,
actin contraction or flow in the leading process was reported to
pull the centrosome and cell body forward (Solecki et al., 2009;
He et al., 2010). Actin-associated motor protein myosin II is also
required for centrosome movement in radially migrating cortical
neurons (Tsai et al., 2007). However, actinomyosin dynamics at
the cell rear during tangential migration were proposed to retract
the trailing process and push the nucleus forward (Bellion et al.,
2005; Schaar and McConnell, 2005); later work suggested these
dynamics were the primary force driving tangential migration
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(Martini and Valdeolmillos, 2010). The
dynamics engaged during axophilic mi-
gration are unclear.

Gonadotropin-releasing hormone-1
(GnRH) neurons were used as a model for
axophilic migration in this study. Postna-
tally, GnRH neurons are essential for pu-
berty and reproductive function (Wray,
2002). GnRH cells are well conserved
among vertebrates and undergo axophilic
migration from the nasal placode into the
forebrain in all species examined to date.
Here, we found axophilic migration in-
volves a combination of IP3 (inositol
triphosphate)-receptor and AMP-depen-
dent kinase (AMPK)-dependent leading
process actin translocation and IP3-recep-
tor independent actin contraction at the
cell rear, bridging the gap between modes
of migration observed in tangential and
radial migration.

Materials and Methods
Nasal explants. All procedures were approved
by National Institute of Neurological Disor-
ders and Stroke Animal Care and Use Commit-
tee and performed according to National
Institutes of Health guidelines. Explants were
generated from embryonic day 11.5 em-
bryos of either gender as previously described
(Klenke and Taylor-Burds, 2012). Both bilat-
eral and unilateral pits were generated (Kramer and Wray, 2000; Casoni
et al., 2012). Explants were incubated at 37°C in defined serum-free
medium in 5% CO2.

Calcium imaging. Explants were loaded with 0.83 �M Calcium Green-1
(Invitrogen), washed, and exposed to imaging conditions on the micro-
scope for 20 min to acclimate. Imaging was performed at 37°C and 5%
CO2. Images were acquired at 10 s intervals for control and treatment
periods, each lasting up to 40 min. Calcium activity was measured as
previously described (Klenke and Taylor-Burds, 2012). Briefly, tran-
sients were defined as a local maximum over a rolling 15-frame median
baseline that was at least both 1 SD and 12% over baseline. For comparing
calcium activity to migration rate, movement was calculated from the
soma center every 2 min. Explants were used at 3– 4 d in vitro (DIV), a
time when GnRH cells are actively migrating along axons (Casoni et al.,
2012). For analysis of sustained calcium response, the mean fluorescence
of the GnRH neurons in each group ( F) was normalized to the average
fluorescence of the final 5 min of the control period for that group (F0).
One-way ANOVA was performed on the immediate response (F/F0)
after treatment; graphs of calcium traces show mean F/F0 � SEM.

Confocal microscopy. Images were acquired using a Nikon TE200 mi-
croscope with a CSU10 spinning disk confocal (Yokogawa) and Hamu-
matsu ImagEM C9100-13 EMCCD camera (Hamumatsu) or Retiga SRV
(Qimaging) with a 20� ELWD (extra-long working distance) or a 60�
water-immersion objective (Nikon).

Pharmacology. The following reagents were used: 75 �M 2-APB (Tocris
Bioscience), 3 �M SKF-96365 (Tocris Bioscience), 100 �M flufenamic
acid (Sigma-Aldrich), 25 �M m-3M3FBS (Tocris Bioscience), 2.5 �M

U73122 (Enzo Life Sciences), 200 nM autocamtide-2-related inhibitory
peptide (Tocris Bioscience), 20 �M STO-609 (Tocris Bioscience), 5 �M

Compound C (Tocris Bioscience), 500 �M 5-aminoinidazole-4-
carboxamide ribonucleoside (AICAR; Tocris Bioscience), 10 �M Y27632
(Tocris Bioscience), 2 �M M18 (Tocris Bioscience), 10 �g/ml of conca-
navalin A (Vector Laboratories).

Migration assays and immunostaining. For chronic pharmacological
treatments, reagents were applied from 3 DIV, after olfactory axons have
extended and as GnRH neurons begin to emerge, to 6 DIV, when most

GnRH neurons cease migrating. Explants were fixed and immunostained
for GnRH with DAB as previously described (Klenke and Taylor-Burds,
2012). In olfactory axon assays, olfactory axons were immunostained for
peripherin with DAB while GnRH neurons were immunolabeled with
SG staining. Images of olfactory axons in Figure 2 F, G were high-pass
filtered to correct for uneven illumination. Migration was assessed as the
distance of GnRH neurons from the tip of the nasal cartilage or, in
unilateral explants, as the distance from the centroid of the pit. During
acute migration assays, explants were imaged every minute for 1 h con-
trol and treatment periods. Neuronal migration speed was calculated
from each cell’s displacement from its original position.

Actin imaging. Explants were prepared from transgenic mice express-
ing actin-GFP (Fischer et al., 2000) or Lifeact-RFP (Riedl et al., 2010).
Six-micrometer z-stacks were acquired every 30 s. Images were sharp-
ened with a 5 � 1 bandpass filter (ImageJ, National Institutes of Health).
Actin was manually tracked. This method was validated with cross-
correlation measurement of raw actin images from the same cells
(TRACKER ImageJ plugin, Olivier Cardoso, Paris Diderot University; set
to 9 � 9 pixel regions and 3 pixel correlation size). Nucleus centroids
were tracked to calculate migration rates. To ensure that actin and nu-
clear movement occurred at the same time, movies were segmented into
2 min frames and movement compared within those frames.

Statistics. Statistics were performed in Prism 5 (GraphPad). Unless
otherwise noted, n is the number of cells and N is the number of explants.
Two-way ANOVA was used to compare cumulative frequency distribu-
tions of chronic treatment groups. Acute migration assays were analyzed
by paired t test unless otherwise noted. Model II linear regression was
used to analyze cytoskeletal dynamics to account for measurement error
in both the dependent and independent axes. This total least-squares
regression minimizes the sum of squared distances from the points to the
regression line.

Residuals analysis is performed to examine the contribution of a sec-
ond parameter on a measured variable. This analysis was used to deter-
mine whether rear actin contraction contributed, though to a much
lesser extent, to migration rate. For this analysis, the residuals of the
regression (vertical distances from each data point to the regression line)

Figure 1. Calcium release through IP3 receptors promotes axophilic migration. A–E, Single GnRH neuron before and after
blocking IP3 receptors with 2-APB. A, Differential interference contrast image (left) and DAB staining for GnRH (right). B, Example
of rapid axophilic migration during a control period. C, 2-APB rapidly reduces movement. D, Attenuated calcium activity after
blocking IP3 receptors (Calcium Green fluorescence traces). E, Magnification of the regions indicated with the black bars in D. Top,
Calcium traces with arrows indicating transients (dotted line indicates the threshold). Bottom, Montage of Calcium Green fluores-
cence from the same time period. Pseudocolor scale bar, right. F, Scatter plot of the change, after adding 2-APB, of the frequencies
of calcium transients versus migration rates relative to pretreatment control period ( p � 0.05, linear regression, n � 68 cells, N �
5 explants); vehicle controls show no relationship (inset). Scale bars, 10 �m.
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comparing actin versus soma speeds within 2 min time frames were
saved. These residual soma speeds were compared with the original actin
time-lapse recordings and manually scored for having or not having
active rear actin contractions during the 2 min frame represented by that
data point. The contracting/not contracting residual speeds were pooled
separately and tested for additional contribution to speed with a one-
sample t test.

Results
Since calcium activity is required for axo-
philic migration (Toba et al., 2005), cal-
cium transients were imaged in migrating
GnRH neurons. Robust calcium activity
occurred as cells migrated (Fig. 1A–E).
Calcium transients appeared global, un-
like the localized calcium signals observed
in restricted subcellular compartments
in later stages of neuronal development
(Hutchins and Kalil, 2008; Hutchins,
2010). To test the importance of calcium
release in axophilic migration, blockage of
IP3 receptors was performed in acute and
chronic experiments (Figs. 1, 2). The in-
hibitor 2-APB was used; this inhibitor
reduces calcium release through IP3 re-
ceptors as well as entry through TRP
channels (Zhang et al., 2008; Li et al.,
2009; Hutchins et al., 2011; Kalil et al.,
2011).

Acute 2-APB application reduced the
frequency of calcium transients by 21%
(p � 0.001, paired t test, n � 68, N � 5;
Fig. 1D,E) and also reduced the ampli-
tude of calcium transients from 24.0%
above baseline to 20.5% above baseline
(p � 0.001, paired t test, n � 68, N � 5).
The relationship between calcium tran-
sients and migration speed was not
frequency-dependent or amplitude-
dependent per se, since neither correlated
with an individual cell’s migration rate.
However, the degree to which calcium ac-
tivity was reduced relative to the baseline
frequency correlated with a slowdown of
migration rates, which averaged 30%
(p � 0.001, paired t test, n � 68, N � 5;
Fig. 1B–F). These results indicate that IP3
receptors contribute to both the frequency
and amplitude of calcium transients in
GnRH neurons and that these channels
are required for normal migration.

Chronic treatment with 2-APB dra-
matically decreased the migration of
GnRH neurons (Fig. 2A–C). This treat-
ment did not appear to reduce leading
process extension (Fig. 2A,B), although
the high density of GnRH-leading pro-
cesses precluded quantitative analysis of
their length. To determine whether
blockage of TRP channels contributed
to attenuated migration, explants were
chronically treated with flufenamic acid
or SKF-96365, broad inhibitors of TRP
channels. No effect on GnRH neuronal

migration was detected (Fig. 2D,E). Consistent with these results,
acute application of SKF-96365 had no effect on calcium tran-
sients in migrating neurons (p � 0.3, paired t test, n � 28, N � 3).
However, inhibition of phospholipase C (PLC), the enzyme that
produces IP3, reduced calcium transients by 35% (p � 0.001,
paired t test, n � 25, N � 3) and migration rates by 17% (p �

Figure 2. Calcium release through IP3 receptors but not TRP channels promotes long-distance axophilic migration. A, B,
Example of GnRH neurons (stained brown) in nasal explants. A, GnRH neurons migrated from the main tissue mass in control
experiments. Asterisk, tip of nasal cartilage. Scale bar, 100 �m. B, GnRH neurons clustered near the main tissue mass in the
presence of 2-APB. Insets, Magnified images of GnRH neurons and leading processes. C–E, Quantifications of chronic treatment
migration assays. Frequency distributions and best-fit Gaussian distribution curves (fitted mean � SD in micrometers shown on
chart) of distances GnRH neurons migrated in vehicle control versus 2-APB (C, ***p � 0.001, 2-way ANOVA, N � 10 explants),
flufenamic acid (FFA) (D, p � 0.05, N � 8), and SKF96365 (E, p � 0.05, N � 7). F, Frequency distribution of the elongation
distances of olfactory axons from the tip of the nasal cartilage. Blocking IP3 receptors slightly increased olfactory axon elongation
(**p � 0.01, 2-way ANOVA, N � 8). G, H, Explants stained for peripherin (brown) to label olfactory axons (arrows) and GnRH (dark
blue). G, Olfactory axons extended and GnRH neurons migrated throughout the periphery of the explant. Scale bar, 100 �m. H,
Olfactory axons showed robust growth and GnRH neurons remained near the main tissue mass during 2-APB treatment. I, Exam-
ples of GnRH neurons labeled with GnRH immunofluorescence and phalloidin, treated with vehicle or 2-APB for 24 h. Actin
organization appears similar in each example. Scale bar, 5 �m.
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0.017, paired t test, n � 25, N � 3). To verify that the changes in
neuronal migration were direct and not secondary to potential
growth defects in pathway axons, peripherin-positive olfactory

axons were stained and measured. Compared with vehicle con-
trols, 2-APB treatment caused a modest increase in olfactory
axon extension (Fig. 2F–H). However, GnRH neurons remained
proximal to the main tissue of the explant, not migrating the full
length of the olfactory axons available to them (Fig. 2H). Fluo-
rescence staining showed that GnRH neurons treated with 2-APB
for 24 h had no obvious defects in their morphology or the integ-
rity of their actin cytoskeleton labeled with phalloidin (Fig. 2 I).
These results support the role of calcium release through IP3
receptors in generating calcium transients and directly regulating
axophilic migration.

Next, a PLC activator (3M3FBS) was chronically applied to
explants to determine whether enhancing calcium release
through IP3 receptors stimulated movement. No differences
were detected. However, previous data showed that endogenous
cues secreted by nasal cartilage facilitate migration (Giacobini et
al., 2007; Toba et al., 2008; Casoni et al., 2012). Thus, it was
possible that PLC was already activated, occluding the effect of
pharmacological enhancement. This is consistent with the high
levels of IP3 receptor-dependent calcium activity in migrating
GnRH neurons. The nasal pit was therefore removed from sur-
rounding tissue before plating (Kramer and Wray, 2000). In these
unilateral pit explants lacking midline cues, 3M3FBS significantly
increased migration of GnRH neurons in chronic treatments
(Fig. 3A). This was confirmed in live imaging experiments (Fig.
3B,C). To ensure increased PLC activity at the time of stimula-
tion and not beforehand from endogenous activity, PLC was sup-
pressed by pretreatment with U73122, which was washed out
before 3M3FBS application. GnRH neuronal migration acceler-
ated upon PLC stimulation by 50% (Fig. 3B,C), similar to the
46% reduction in speed observed on acute inhibition of IP3 re-
ceptors (Fig. 3B,C, Movies 1, 2). Measurements of calcium activ-
ity were taken during acute application of 3M3FBS to unilateral
explants to confirm that calcium activity was stimulated. Sup-
porting the hypothesis that removing midline cues would reduce
endogenous calcium activity, levels of calcium transients detected
in GnRH cells were lower in unilateral explants than in whole
explants (0.26 transients/min compared with 0.49 transients/min
in whole explants). Bath application of 3M3FBS to GnRH neu-
rons in unilateral explants caused a sustained increase in calcium
levels, but not a sustained increase in patterned calcium tran-

Figure 3. Stimulation of PLC promotes calcium release and accelerates axophilic migration. A,
Frequency distribution of distances GnRH neurons migrated from the center of unilateral explants
chronically treated with vehicle control versus 3M3FBS ( p � 0.01, 2-way ANOVA, N � 6 explants).
Fitted mean�SD in micrometers shown on chart. B, Stimulating PLC with 3M3FBS increased rates of
migration in acute assays (left, **p � 0.01, paired t test, n � 33 cells, N � 5 explants). Inhibiting
endogenous IP3 receptor activity had the opposite effect (right, ***p �0.001, paired t test, n �41,
N � 3). C, Example of a GnRH neuron accelerating after PLC stimulation. Arrows denote distances
moved during the imaging sessions. Scale bar, 10 �m. D, 3M3FBS caused a sustained calcium re-
sponseforseveralminutesafterapplication(line,mean;bars,SEM;n�79vehicle,wholeexplants;88
2-APB, whole explants; 31 3M3FBS, unilateral pit explants; N � 3 for each condition). E, Calcium
response (�F/F0) immediately after treatment from the same dataset as D. *p � 0.05, not signifi-
cant, 1-way ANOVA with Dunnett’s post-test.

Movie 1. Stimulation of IP3 production by PLC accelerates axo-
philic migration. Differential interference contrast time-lapse im-
ages of a migrating GnRH neuron from Figure 3C, during
pretreatment inhibition of PLC with U73122 (�PLC) and after
stimulation of PLC with 3M3FBS (�PLC Stim). Time given in min-
utes, from the switch to PLC stimulation.

Movie 2. Inhibition of IP3 receptors slows axophilic migra-
tion. Differential interference contrast time-lapse images of a
migrating GnRH neuron before and after the addition of an
inhibitor of IP3 receptors (�2-APB). Time given in minutes,
from the addition of 2-APB.
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sients, so an analysis of fluorescence levels was performed, show-
ing a clear rise in baseline fluorescence (Fig. 3D,E). The results of
the 3M3FBS experiments support a role for increased calcium
release downstream of PLC stimulation. Together, these findings
indicate a rapid stimulatory effect of calcium release through
IP3 receptors on axophilic migration.

To examine the cytoskeletal dynamics underlying this calcium
release-dependent migration, actin dynamics were monitored.
Actin can mediate protrusion of the leading process tip or flow of
cortical actin (actin linked to the cell membrane and associated
proteins) in the soma/leading process. To test a role for cortical
actin, concanavalin A (ConA), an inhibitor of cortical actin flow
that does not interfere with protrusion (Canman and Bement,

1997; He et al., 2010), was applied. An in-
active, succinylated ConA was applied to
explants as a negative control. ConA
sharply reduced axophilic migration by
66% (p � 0.001, paired t test, n � 88 cells,
N � 3 explants), while succinylated ConA
had no effect (p � 0.5, paired t test, n �
34, N � 3). Actin dynamics proximal to
the soma were next examined in migrat-
ing GnRH neurons expressing actin-GFP
or Lifeact-RFP. Frame-by-frame analysis
revealed that actin flow in the leading pro-
cess away from the soma and nuclear
movement occurred simultaneously (Fig.
4A–C, Movie 3). Kymographs of actin
movement supported this conclusion
(Fig. 4B). This manual tracking method
was validated with automated cross-
correlation tracking of regions-of-interest
(Fig. 4D,E, see Materials and Methods).
Manual and automated tracking mea-
surements were tightly correlated in
GnRH neurons expressing actin-GFP
(Fig. 4E, p � 0.001, simple linear regres-
sion, R 2 � 0.748, n � 14 cells from N � 5
explants). Because of bright vesicle-like
puncta moving in and out of the regions
of interest in Lifeact-expressing neurons,
cortical actin could not be tracked with

this automated method in these cells. Although actin in the prox-
imal leading process flowed distally, this process did not always
continue toward the distal growth cone. In some examples, prox-
imal actin and more distal actin converged to a common point
(Fig. 4F,G, Movie 4), suggesting that actin flow may reflect acti-
nomyosin contractions in the leading process shaft (Solecki et al.,
2009). Actin contraction at the cell rear was previously shown to
push cortical interneurons forward (Martini and Valdeolmillos,
2010). Consistent with this, active actin accumulations at the rear
of GnRH neurons were detected during movement (Fig. 5A,
Movie 5). Residuals analysis (Fig. 5B; see Materials and Methods)
showed that rear actin contractions contribute significantly to

Figure 4. Leading process actin flow correlates with nucleokinesis. A, Left, Raw image of actin-GFP in a GnRH neuron. A, Right,
Time-lapse images of actin-GFP (sharpened) shows that movement of leading process actin (arrow) corresponded to movement of
the nucleus (shaded blue, white line tracks the centroid). B, Image of actin-GFP and kymograph showing movement of actin in the
cell from A; green line indicates region of kymograph measurements. C, Scatter plot showing rates of distal leading process actin
flow versus nuclear movement in frame-by-frame analysis ( p � 0.001, linear regression, n � 248 frames from 17 neurons, N �
8 explants). D, Automated cross-correlation measurements of multiple regions of interest in the leading process of the cell from A
and B, overlaid on outlines of the neuron at its start and end points. Arrows indicate the start and end points of each region of
interest; multiple colors shown for image contrast. E, Correlation between automated cross-correlation versus manual tracking of
actin movement over the imaging period for actin-GFP expressing GnRH neurons ( p � 0.001, simple linear regression, R 2 �
0.748, n � 14 cells from N � 5 explants). F, Raw (left) and sharpened time-lapse images of actin-GFP (right) in a GnRH neuron.
Movement of leading process actin (arrows) contracting toward a central point (dotted line) for the first half of the imaging session.
G, Image of actin-GFP and kymograph of contraction toward a central point (from F ); green line indicates region of kymograph
measurements. Dotted line denotes the time when the contraction stops. Scale bars: A, 10 �m; F, 5 �m.

Movie 3. Leading process actin flows away from the cell body
during nucleokinesis. Looped 10 min time-lapse images of actin-
GFP in a migrating GnRH neuron from Figure 4 A. Leading process
actin (arrow) moves toward the distal leading process during
nucleokinesis. The line indicates the initial position of the nu-
cleus. Movement of the nucleus is similar to actin flow.

Movie 4. Contractionsintheleadingprocessdrawactinintheproximaland
distal leading process toward a central point. Looped 20 min time-lapse images
of actin-GFP in a migrating GnRH neuron from Figure 4 F. Distal leading process
actin (arrow), unlike the proximal actin, moves toward the nucleus rather than
away. The line indicates the center of the contraction. All actin flows away from
the growth cone after the contraction ceases, possibly due to actinomyosin con-
tractions inmoredistalsegmentsoftheleadingprocess.
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movement (by 	7 �m/h during contractions; Fig. 5C) after ac-
counting for the effects of leading process actin flow.

Leading process actin flow and rear actin contraction were
both tested downstream of calcium signaling. Changes in actin
flow rates after the addition of 2-APB were monitored. Actin flow
was sharply reduced by 2-APB with a corresponding slowdown of
the cell body (Fig. 6, Movies 6, 7). These data demonstrate that
distal actin flow in the leading process is dependent on IP3 recep-
tors. In contrast, actin contraction at the rear of the cell appeared
unaffected by 2-APB, suggesting that the contribution of IP3 re-
ceptors to rear actin contraction is minimal. If leading process
actin flow mediates calcium release-dependent migration,
then stimulating PLC should induce this actin flow. PLC stim-
ulation caused robust actin flow toward the distal leading pro-
cess coupled to accelerated migration (Fig. 7, Movie 8). The
changes in movement after manipulating calcium release (ei-
ther inhibition or stimulation) did not reflect an altered rela-
tionship between actin and soma speeds (Figs. 6 D, 7F).

The mechanisms linking calcium activity to changes in neuronal
cytoskeleton during nucleokinesis are unknown. Several candidate
pathways were tested in chronic migration as-
says (Fig. 8). First, two calcium sensing
proteins, CaMKK and CaMKII (calcium/
calmodulin-dependent protein kinase-
kinase and kinase-II), were examined.
While inhibition of CaMKII had no effect,
inhibition of CaMKK significantly re-
duced migration (Fig. 8A–C). Signaling
pathways operating through phosphor-
ylation of myosin II were tested, since
this regulates cortical actin flow (He et al.,
2010). CaMKK could signal to myosin II
through CaMKI (calcium/calmodulin-
dependent proteinkinase I)andERK(extra-
cellularsignal-regulatedkinase)(Schmittetal.,
2004), in turn phosphorylating myosin light-chain kinase (MLCK) to
stimulate migration (Huang et al., 2004). Alternatively, CaMKK can
activate AMPK (Hurley et al., 2005), though a role for this path-
way in neuronal migration is controversial (Amato et al., 2011;
Williams et al., 2011). Surprisingly, inhibition of AMPK but not
MLCK reduced axophilic migration (Fig. 8D,E). AMPK can dis-
inhibit myosin II phosphorylation by activating RhoA/ROCK
(Bultot et al., 2009) to inhibit myosin light-chain phosphatase.
Accordingly, inhibition of RhoA/ROCK signaling with Y-27632
potently inhibited migration (Fig. 8A,F). Application of Y-27632
significantly enhanced olfactory axon elongation (Fig. 8G,H)
while halting axophilic migration. These results show that path-
way olfactory axon extension is dissociated from neuronal migration
in this signaling pathway. Importantly, analysis of the number of
GnRH neurons in control versus pharmacological treatments re-
vealed no differences in control versus treated explants (Table 1).
After 24 h of treatment with Y-27632, the actin cytoskeleton ap-
peared robust, healthy, and similar to controls (Fig. 8I). This sug-
gests that while these signaling pathway manipulations reduce
axophilic migration, the cytoskeleton remains prepared to resume
normal migration at any time.

If AMPK and RhoA/ROCK operate downstream of calcium sig-
naling, manipulation of these effectors should supersede the effects
of manipulating calcium release through IP3 receptors. GnRH neu-
rons were pretreated with AICAR to activate AMPK, and the change
in speed was monitored after application of 2-APB. While 2-APB
normally attenuated speed, stimulation of AMPK prevented

this slowdown (Fig. 8 J). Furthermore, pretreatment with
Y-27632 to inhibit RhoA/ROCK signaling prevented the accel-
eration normally caused when stimulating PLC (Fig. 8 J). Acute
application of Y-27632 did not significantly alter calcium tran-
sients (mean change in frequency: 0.045 � 0.030 transients/min,
p � 0.13, paired t test, n � 66 cells from N � 3 explants). GnRH
neurons in unilateral explants with lower natural levels of cal-
cium release would be predicted to accelerate in response to
AMPK stimulation. In fact, acute treatment of unilateral explants
with AICAR accelerated GnRH migration rates by 38% (p �
0.01, paired t test, n � 77, N � 3). This series of experiments
connects, for the first time, the calcium signals observed to accel-
erate migration to key regulators of the actin dynamics that me-
diated nucleokinesis. These results indicate that calcium release
through IP3 receptors induces migration of GnRH neurons
through a signaling pathway dependent on the calcium sensor
CaMKK, activating downstream kinases AMPK and RhoA/
ROCK, directly influencing actinomyosin contraction in the
leading process to draw the nucleus forward during axophilic
migration.

Discussion
The present work investigated the relationship between calcium
signals, cytoskeletal dynamics, and migration rates during axo-
philic migration of GnRH neurons. Together, the results indicate
that calcium release through IP3 receptors selectively stimulates
leading process actin flow away from the nucleus during axo-

Figure 5. Actin contractions at the cell rear contribute to migration rates. A, Time series of Lifeact-RFP (sharpened) in a GnRH neuron
showing actin contraction (arrows) at the cell rear. Scale bar, 10 �m. B, Schematic of residuals analysis. Inset, Residual soma speed
(distancefromthepointtotheline, indicatedbylineswitharrowheads)representsmovementnotaccountedforbytheregressionbetween
actin flow and soma speeds. Each 2 min frame represented by the data point was scored for containing or not containing rear actin
contractions. C, Frames without rear actin contractions (n�90 frames) had no net residual soma speed (blue, p�0.05, 1-sample t test).
Frames with rear actin contractions (n � 45) had a net residual movement of 0.13 �m/min (red, p � 0.01, 1-sample t test).

Movie 5. Actin compression at the cell rear contributes to for-
ward movement. Looped 20 min time-lapse images of Lifeact-RFP
in a migrating GnRH neuron from Figure 5A. Actin compresses at
the rear of the cell to push the nucleus forward. Lines indicate the
initial borders and center of the cell body.
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philic migration. In addition, signal transduction pathways
linking calcium to the cytoskeletal dynamics underlying nucleo-
kinesis were examined. Here, we identified a novel mechanism
initiated by the calcium sensor CaMKK to actin/myosin through
AMPK activation of RhoA/ROCK. This mechanism promotes axo-
philic migration. Thus, neurons exhibiting axophilic migration have
developedauniquestrategytoovercomethechallengesfacedalongtheir
pathway.

Calcium signaling regulates diverse and distinct aspects of mi-
gration through mechanisms that are unclear. While studies have
shown that CGN migration is regulated by calcium transients in a
frequency-dependent manner (Komuro and Kumada, 2005; Ku-
mada et al., 2009; Fahrion et al., 2012), migrating cortical interneu-
rons display complex calcium patterns that are difficult to correlate
with movement (Moya and Valdeolmillos, 2004; Bortone and Pol-
leux, 2009; Martini and Valdeolmillos, 2010). The present experi-

ments demonstrate that calcium release
through IP3 receptors regulates axophilic
migration, with reduced migration rates
showing a proportional reduction to the fre-
quency of calcium transients. However,
these migration rates were not directly re-
lated to the absolute frequency of calcium
transients as in CGNs. This suggests that ad-
ditional channels not directly involved in
migration may contribute to cytosolic cal-
cium signals. For example, L-type calcium
channels are known to play a role in GnRH
development (Constantin et al., 2010) but
blocking these does not reduce migration
(Toba et al., 2005). Certainly, calcium chan-
nel clustering to distinct microdomains may
impart additional signaling specificity to the
global calcium signals monitored (Augus-
tine et al., 2003; Willoughby et al., 2010;
Wheeler et al., 2012).

Leading process growth cone protrusion
is required for normal migration rates of
hippocampal neurons and CGNs, since
leading process extension is a prerequisite
for nucleokinesis in these cells. The signal
transduction pathway for this protrusion is
mediated by calcium influx, which stimu-
lates F-actin through Lis1, the cytoskeletal
scaffolding protein IQGAP1 and the Rho
family GTPase, Cdc42 (Kholmanskikh et
al., 2006). We showed that in migrating
GnRH neurons, calcium release influenced
RhoA-mediated actinomyosin contraction
in the leading process. Since Rho family GT-

Pases frequently cross-inhibit the effects of one another (Yuan et al.,
2003); preferential activation in different subcellular compartments
may facilitate migration by causing actin protrusion versus contrac-
tility in only the appropriate part of the cell. RhoA can be stimulated
by AMPK, a kinase activated by the calcium sensor CaMKK (Bultot
et al., 2009), and AMPK was found to enhance axophilic migration.
In contrast, AMPK was found to be dispensable for radial migration
of cortical neurons (Amato et al., 2011; Williams et al., 2011). This
difference may be a consequence of the large number of signals
GnRH neurons must integrate in their complicated journey to pen-
etrate the brain and disperse to their appropriate forebrain locations
(Wray, 2010). In addition, this signaling pathway may separate neu-
rons exhibiting axophilic migration from their outgrowing axonal
pathway and decrease the odds of a single mutation/perturbation
disrupting two systems.

Figure 6. Calcium release through IP3 receptors is required for leading process actin flow. A, Time-lapse images of actin-GFP in a GnRH neuron (sharpened). During a control imaging period (left),
leading process actin begins rapid distal flow (arrows) concomitant with nucleokinesis (line). Inhibiting IP3 receptors (right) halts this process. Scale bar, 10 �m. B, Scatter plot of the change in actin
flow and soma speeds after treatment with 2-APB ( p � 0.01, linear regression, n � 75 frames from 8 neurons, N � 5 explants). C, Image of actin-GFP and kymograph showing actin movement
during the control and 2-APB treatment periods from A. Green line indicates region of kymograph measurements. D, Inhibiting IP3 receptors did not alter the relationship between leading process
actin movement and soma speed (difference in regression slopes, p � 0.05), but rather shifted these speeds lower.

Figure 7. Stimulation of PLC leads to actin flow. A, Actin-GFP fluorescence images showing a stalled GnRH neuron during pretreatment
inhibition of endogenous PLC activity. Image stitched together from different z-planes at the asterisk. B, Left, Actin-GFP fluorescence of the
same cell as A at the time of PLC stimulation. B, Right, Time-lapse images of actin-GFP (sharpened) highlighting simultaneous leading
process actin flow (arrows) and nuclear movement evoked by PLC stimulation. C, Image of actin-GFP and kymograph of actin movement
during20minofPLCstimulation(samecellas B).Greenlineindicatesregionofkymographmeasurements. D,Automatedcross-correlation
measurementsofmultipleregionsof interest intheleadingprocessofthecell fromBandC,overlaidonoutlinesoftheneuronatitsstartand
endpoints.Arrowsindicatethestartandendpointsofeachregionof interest;multiplecolorsshownfor imagecontrast.E,Scatterplotofthe
change after stimulation of PLC in actin flow and soma speeds ( p � 0.001, linear regression, n � 43 frames from 7 neurons, N � 3
explants,). F, Stimulating IP3 production did not alter the relationship between leading process actin movement and soma speed (differ-
ence in regression slopes, p � 0.05), but rather shifted these speeds higher. Scale bars, 10 �m.
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Axophilic migration requires an intricate orchestration of devel-
opmental events involving several cell types (Forni and Wray, 2012).
Perturbation of axon growth can deprive migratory neurons of their
pathway. Some molecular signaling pathways disrupt both olfactory
axon growth and GnRH neuronal migration (Watanabe et al.,
2009), making it challenging to disentangle the effects on the system
as a whole from the specific effects on axophilic migration. Impor-
tantly, in the present study, the reduction of migration rates from
blocking the identified signaling pathway did not occur by stunting
the growth of the olfactory axons along which the GnRH neurons
migrate. The increased growth of olfactory axons when blocking
components of this pathway demonstrated a robust decoupling of
signaling mechanisms in axon growth from cell migration.

Several cytoskeletal mechanisms have recently been proposed
to mediate nucleokinesis during neuronal migration (Bellion et
al., 2005; Schaar and McConnell, 2005; Solecki et al., 2009; Asada
and Sanada, 2010; He et al., 2010; Martini and Valdeolmillos,
2010). Actinomyosin-based mechanisms were proposed to facil-
itate movement of the nucleus into swellings in the leading pro-
cess by squeezing cells forward from behind and/or breaking
adhesions (Schaar and McConnell, 2005; Martini and Valdeol-
millos, 2010). Alternatively, contractions in the leading process
actinomyosin (Solecki et al., 2009) or growth cone (He et al.,
2010) were proposed to draw the nucleus forward. Notably, these
different mechanisms were observed to occur in different cell
types. Our results suggest that axophilic migration mecha-
nisms involve concurrent activation of the rear actin contrac-
tion that drives migrating cortical interneurons (Martini and
Valdeolmillos, 2010) as well as leading process actin translo-
cation observed in glia-guided radial migration of cerebellar
granule neurons (Solecki et al., 2009). While in cortical in-
terneurons rear actin contractions are sufficient to push the
nucleus forward (Martini and Valdeolmillos, 2010), those ac-
tivated during axophilic migration discontinue before com-
plete nucleokinesis. Axophilic migration thus appears to be
intermediate to cortical interneurons and dissociated CGNs,
which do not require rear actinomyosin activity (He et al.,
2010). In addition, we observed that rear actin contractions
were unaffected by blocking IP3 receptors. This suggests that
the cytoskeletal dynamics in different cellular compartments
are regulated through independent signaling mechanisms.

Neurons migrating along the anteroposterior axis combine ho-
mophilic and axophilic mechanisms to arrive at their target loca-
tions. This has been observed in the rostrocaudal migration of
GnRH neurons (Wray, 2002), neurons from the lower rhombic lip
(Ono et al., 2004), and facial branchial motor neurons (Paulus and
Halloran, 2006; Mapp et al., 2010). Immature olfactory interneurons
in the rostral migratory stream are an exception, traversing an exten-
sion of the lateral ventricle rather than an axon tract (Curtis et al.,
2009). Some neural populations migrating along the mediolateral
axis also use axophilic mechanisms, such as lower rhombic lip neu-
rons destined for the medulla oblongata (Ono et al., 2004). Many
other neural populations migrate along the anteroposterior axis,
such as early CGNs before their tangential migration (Ryder and
Cepko, 1994) and several hindbrain populations (Farago et al., 2006;
Pasqualetti et al., 2007). Whether these neurons also undergo
axophilic migration is not known. In addition to neuronal migra-
tion, oligodendrocytes and olfactory ensheathing cells engage in
axophilic migration, often assuming similar morphologies to mi-
gratory neurons. Thus, the mechanisms of axophilic migration
described here have broad implications for the migration of other
CNS populations.

Movie 6. Leading process actin flow at the initiation of
nucleokinesis in a control period. Looped 17 min time-lapse
images of actin-GFP in a migrating GnRH neuron from Figure
6. As actin moves up the leading process (arrow), the front
edge of the nucleus begins its initial stage of forward
movement.

Movie 7. Leading process actin flow and nucleokinesis
halt during inhibition of IP3 receptors. Same cell as Movie
6. Looped 10 min time-lapse images of actin-GFP in a
GnRH neuron from Figure 6 after addition of 2-APB. The
white arrow tracks leading process actin. The initial stage
of nucleokinesis, begun in the control period shown in
Movie 6, ceases, forward flow of leading process actin and
nucleokinesis stop, and the cell returns to its initial state.

Movie 8. Stimulation of IP3 production rapidly accelerates
axophilic migration. Looped 20 min time-lapse images of actin-
GFP in a previously stationary GnRH neuron (from Fig. 7) during
stimulation of PLC with 3M3FBS. Leading process actin move-
ment (arrow) toward the distal growth cone and nucleokinesis
are both dramatically enhanced.
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Figure 8. Downstream signaling pathways during axophilic migration. A, Hypothesized signaling pathway. Components of this signaling pathway were tested in chronic treatment assays with the
pharmacological inhibitors shown in boxes (***p � 0.001, not significant, p � 0.05; see B–F ). Strikethrough indicates the pathway was excluded. B–F, Frequency distributions and best-fit Gaussian
distribution curves (fitted mean�SD in micrometers shown on chart) of distances GnRH neurons migrated in chronic treatment migration assays (as in Fig. 2 A, B). Vehicle control versus autocamtide-2-related
inhibitory peptide (AIP) (B, p � 0.05, N � 6 explants), STO-609 (C, p � 0.001, N � 9), M18 (D, p � 0.05, N � 3), Compound C (E, p � 0.001, N � 9), and Y27632 (F, p � 0.001, N � 7). G, Olfactory axons
(brown, arrows, immunostained for peripherin) showed robust growth while GnRH neurons (dark blue, immunostained for GnRH) remained near the main tissue mass (left edge) during Y-27632 treatment. H,
Frequency distribution of the elongation distances of the olfactory axons from the tip of the nasal cartilage. Blocking RhoA/ROCK signaling enhanced olfactory axon elongation (***p�0.01, 2-way ANOVA, N�
8). I, Examples of GnRH neurons labeled with GnRH immunofluorescence and phalloidin, treated with vehicle or Y-27632 for 24 h. Actin organization appears similar in each example. Scale bar, 5 �m.
J, Left, Activating AMPK with AICAR prevented the slowdown normally caused by 2-APB (***p � 0.001, not significant, p � 0.05, 1-sample t test, n � 35, N � 3). J, Right, Inhibiting
Rho/ROCK signaling with Y-27632 prevented the acceleration normally observed when stimulating PLC (**p � 0.001, not significant, p � 0.05, 1-sample t test, n � 29, N � 3).

Table 1. Number of GnRH neurons was unaffected by chronic pharmacological manipulation

GnRH cell
number 2-APB SKF-96365

Flufenamic
acid

3M3FBS
(unilateral)

Autocamtide-
2-related inhibitory
peptide STO-609 M18 Compound C Y27632

Control 337.6 � 39.2;
N � 10

534.1 � 38.3;
N � 7

460.1 � 73.4;
N � 8

182.2 � 30.9;
N � 6

570.8 � 60.0;
N � 6

339.1 � 39.3;
N � 10

478.0 � 75.9;
N � 3

379.8 � 39.2;
N � 10

432.4 � 51.5;
N � 8

Treatment 413.6 � 69.1;
N � 11

443.0 � 63.6;
N � 7

440.1 � 66.8;
N � 8

147.2 � 15.7;
N � 6

548.7 � 99.4;
N � 6

342.7 � 36.6;
N � 9

398.3 � 121.9;
N � 3

452.3 � 58.1;
N � 9

347.0 � 74.7;
N � 7

Mean number of cells � SEM. All comparisons between control and treatment groups: p � 0.05 by one-way ANOVA with Bonferroni’s post-test. N, number of independent explants.
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Notes

A movie of the calcium imaging from the cell shown in
Figure 1 B can be seen on Youtube or at the lab website:
http://youtu.be/YP2Kldc1hR0;
http://neuroscience.nih.gov/Lab.asp?Org_ID�42.

To view this movie, smartphone users can scan this QR
code with an appropriate app (e.g., Google Goggles for Android; the Scan
app, the Bakodo app, or the goggles function in Google Search for
iPhones; or the scan function of the Bing search app on Windows
Phone). For details about hosting videos and generating QR codes, see
Hutchins (2013).
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