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SDF1 Reduces Interneuron Leading Process Branching
through Dual Regulation of Actin and Microtubules
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Normal cerebral cortical function requires a highly ordered balance between projection neurons and interneurons. During development
these two neuronal populations migrate from distinct progenitor zones to form the cerebral cortex, with interneurons originating in the
more distant ganglionic eminences. Moreover, deficits in interneurons have been linked to a variety of neurodevelopmental disorders
underscoring the importance of understanding interneuron development and function. We, and others, have identified SDF1 signaling as
one important modulator of interneuron migration speed and leading process branching behavior in mice, although how SDF1 signaling
impacts these behaviors remains unknown. We previously found SDF1 inhibited leading process branching while increasing the rate of
migration. We have now mechanistically linked SDF1 modulation of leading process branching behavior to a dual regulation of both actin
and microtubule organization. We find SDF1 consolidates actin at the leading process tip by de-repressing calpain protease and increas-
ing proteolysis of branched-actin-supporting cortactin. Additionally, SDF1 stabilizes the microtubule array in the leading process
through activation of the microtubule-associated protein doublecortin (DCX). DCX stabilizes the microtubule array by bundling micro-
tubules within the leading process, reducing branching. These data provide mechanistic insight into the regulation of interneuron leading
process dynamics during neuronal migration in mice and provides insight into how cortactin and DCX, a known human neuronal
migration disorder gene, participate in this process.
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Introduction
Normal cerebral cortical development requires interneurons to
migrate dorsally from the ventral ganglionic eminence to inte-
grate with radially migrating projection neurons in the nascent
cortical plate (Marín and Rubenstein, 2003). Interneurons must
navigate a complex path encountering several choice points. How
extracellular guidance factors regulate cytoskeletal proteins to
influence interneuron migration is an area of active investigation.

Cell migration requires the orchestration of many intracellu-
lar processes culminating in dynamic cytoskeletal restructuring
causing membrane protrusion and the movement of cytoplasmic
organelles (Ridley, 2011; de Forges et al., 2012). In migrating

neurons, significant progress has been made in understanding
the cytoskeletal mechanics of nuclear movement (nucleokinesis).
Actin/myosin II contraction at the rear and microtubule-
dependent, dynein-driven nuclear sliding forces combine to pro-
pel the nucleus forward (Bellion et al., 2005; Tsai et al., 2007). The
microtubule-associated proteins Lissencephaly-1 (LIS1) and
doublecortin (DCX) participate in nucleokinesis by coupling dy-
nein, microtubules, and the nucleus together (Tanaka et al.,
2004b). Mutations in LIS1 or DCX inhibit normal migration,
contributing to the phenotype observed in Type 1 lissencephaly, a
brain disorder associated with epilepsy and intellectual disabili-
ties (Pilz et al., 1998; Matsumoto et al., 2001; Vallee et al., 2001;
D’Agostino et al., 2002; McManus et al., 2004).

In contrast, we know less about the regulation of the cytoskel-
eton within the leading process of migrating neurons. Leading
process branching allows interneurons to probe the extracellular
environment for guidance and change migration direction
(Lysko et al., 2011). Understanding leading process cytoskeletal
mechanics and regulation is paramount to understanding the
neuronal migration defects found in neurodevelopmental dis-
abilities (Métin et al., 2006; Friocourt et al., 2011). Two guidance
factors have been shown to regulate interneuron branching: Neu-
regulin1 (Nrg1) and stromal cell-derived factor-1 (SDF1/
CXCL12; Flames et al., 2004; Li et al., 2008; López-Bendito et al.,
2008). Nrg1 is an attractant that promotes branch extension
proximal to a point source, while SDF1 acts as a motogen or
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attractant and reduces branching frequency (Li et al., 2008; Mar-
tini et al., 2009; Lysko et al., 2011).

Our mechanistic understanding of neuronal branching is in-
formed by studies in axon guidance. A new branch initiated by
actin protrusion is then supported by microtubule invasion (Kalil
et al., 2000; Dent and Kalil, 2001; Gibson and Ma, 2011). We
hypothesize that both actin and microtubules are coregulated by
interneuron guidance molecules to tune branching, as interneu-
rons change their branching frequencies as they traverse different
zones of tissue (Martini et al., 2009).

We previously found that SDF1 reduces interneuron
branching frequency while promoting stream migration
(Lysko et al., 2011). How SDF1 regulates the cytoskeleton to
reduce interneuron branching is unknown. Here we have
identified cortactin as a novel modulator of interneuron
branching, and find that SDF1 regulates calpain cleavage of cor-
tactin consolidating actin and reducing branching. SDF1 regu-
lates microtubule organization by allowing DCX to bundle and
stabilize microtubules, reducing branching. Our model of SDF1
signaling provides a mechanistic understanding as to how extra-
cellular guidance factors create structural changes in the cytoskel-
eton to control interneuron branching, ultimately affecting the
guidance of migrating interneurons.

Materials and Methods
Mouse strains. C57BL/6, CD1, or Dlx5/6-Cre-IRES-eGFP mice (Stenman
et al., 2003) on a CD1 background and of either sex were used for all
experiments. The Institutional Animal Care and Use Committee at
the Children’s Hospital of Philadelphia, Philadelphia, PA, approved
all studies.

Brain explant culture. Brains from embryonic day 14.5 (E14.5) mouse
embryos were dissected in ice-cold HBSS (Sigma), embedded in 4% low
melting point agarose (Lonza) in HBSS, and sliced coronally at 250 �m
thick. One hundred micrometer square explants were cut out of the
medial ganglionic eminence (MGE) of the slice and cultured in a 3D
extracellular matrix gel on plastic dishes or glass coverslips. The explants
were covered with 50% Matrigel, 50% collagen (2 mg/ml; BD Biosci-
ences), and placed at 37°C, 5% CO2 for 20 min to gel. Tissue was incu-
bated in DFS media (F12:DMEM w/10% fetal bovine (FBS) serum, 40 �M

L-glutamine, and 47 mM glucose, P/S) for1 h, then switched to DM media
(DMEM w/N2, 36 mM glucose, and P/S).

T-cell culture. T-cells were isolated from adult C57BL/6 spleen by red
blood cell lysis (ACK hypotonic buffer) followed by negative selection
using �-CD8 (2.43, TIB210; ATCC) and �-MHC Class II (M5/114.15.2,
TIB120; ATCC), yielding �90% pure CD4� T-cells (Huang et al., 2008).
T-cells were cultured in DMEM with GlutaMAX, 10% FBS, 1% P/S, 1�
nonessential amino acids, 2 �l BME, and 25 mM HEPES at 10% CO2.
T-cells were stimulated on �-CD3 (145–2C11)/�-CD28 (PVI; BioXCell)
coated plates for 2 d, transferred to uncoated plates to rest for at least 4 d,
and cultured in Matrigel:collagen gel within �-slide chemotaxis 3D
chambers (Ibidi) to assess the functionality of SDF1 gradients.

Treatment protocols. Interneurons were exposed to even-field SDF1a
by coculturing with COS7 or HEK293T cells in gel cubes coexpressing
SDF1a and dsRed 300 �m from MGE explants within Matrigel:collagen
gel (BD Biosciences). COS7 or HEK293T cells were transiently trans-
fected with FuGENE 6 (Roche) 2 d before pelleting and resuspension in
an equal volume of Matrigel to form gel cubes. Stimulation of protein
kinase A (PKA) was achieved by treating explants with dibutyryl cyclic
adenosine monophosphate (dbcAMP; Sigma). Calpain protease was in-
hibited with either Calpain Inhibitor III or ALLM (Calbiochem). Actin
polymerization was inhibited with Latrunculin B (LatrB; Cayman Chem-
ical), while microtubule polymerization was inhibited with nocodazole
(10 nM; Sigma).

SDF1 gradient generation. Interneurons were exposed to a gradient of
SDF1 by culturing explants within Matrigel:collagen gel matrix within a
chemotaxis chamber (�-slide chemotaxis 3D; Ibidi). Control or SDF1-

expressing HEK293T gel cubes or recombinant SDF1 (136 nM mSDF1-�;
PreproTech) were added to the appropriate sides of the chamber to gen-
erate a gradient of SDF1 across the explant. Measurement of T-cell che-
motaxis was used to assess the functionality and timing of these
gradients, as T-cell chemotaxis toward SDF1 is well characterized (Debes
et al., 2006; Lin and Butcher, 2006). T-cells were injected into the �-slide
chemotaxis chamber in an identical Matrigel:collagen gel as typically
used for interneurons, the gel allowed to harden, then media with
control- or SDF1-expressing HEK293T gel cubes added, and cells live
imaged immediately for 37.5 h. T-cell chemotaxis was assessed by using
the Ibidi Chemotaxis Tool to track 20 cells’ migration paths over 1 h
periods throughout the time lapse. Chemotaxis toward the source of
SDF1 first occurred at 23 h, was robust by 25–26 h, and persisted until the
experiment ended at 37.5 h. SDF1 gradients’ establishment and robust
chemotaxis were seen at similar times in gradients generated with recom-
binant SDF1. Interneuron migration experiments involving gradient
SDF1 were set up in this manner and imaged starting at 16 –20 h after
setup and concluding 36 – 40 h after setup. MGE explants were generated
as above and titrated in cold, fluid Matrigel:collagen to reduce the diam-
eter of the explants allowing explants to be loaded into chemotaxis cham-
bers within fresh Matrigel:collagen.

Immunocytochemistry. Interneurons were fixed at 37°C for 12 min in
4% paraformaldehyde in 1� PBS with 60 mM PIPES, 25 mM HEPES, 8.1
mM EGTA, and 4 mM MgSO4. Tubulin was labeled with one of the following
antibodies: DM1A (�-tubulin; Sigma), Tuj1 (Neuronal CIII �-tubulin; Co-
vance), YL1/2 (Tyr-�-tubulin; Millipore), or 6-11B-1 (acetylated-�-
tubulin, Sigma). CXCR4 was labeled with rabbit polyclonal anti-CXCR4
(1181), a kind gift from Dr. R. Stumm (University Hospital Jena,
Friedrich-Schiller University, Germany). Microtubule-associated pro-
teins (MAPS) were labeled with the following antibodies: DCX;C-18/
8066 (Santa Cruz Biotechnology), APC;AP-7/CC-1 (Calbiochem), Tau;
T49 (a kind gift from Dr. V. Lee, University of Pennsylvania), and MAP2,
MAB378 (Millipore). Actin was labeled with Alexa Fluor 594 phalloidin
(Invitrogen). Cortactin was labeled with the 4F11 antibody (Millipore).
Spectrin was labeled with the 2122S antibody (�-fodrin; Cell Signaling
Technology). Proteolyzed spectrin was labeled with Ab37 (a kind gift
from Dr. R. Siman, University of Pennsylvania).

Expression constructs. SDF1a expression plasmids were kindly pro-
vided by Drs. J. Raper (University of Pennsylvania) and V. Broccoli (San
Raffaele Scientific Institute, Italy). DCX-RNAi and DCX plasmids were
kindly provided by Dr. J. LoTurco (University of Connecticut). pCAG-
DCX S47A was created by site-directed mutagenesis using two sets of
PCR primers with overlapping mutagenic primers (5� GGC AAA GAA
TTC ATG GAA CTT GAT TTT GGA C 3� and 5� ctt ctt ggc ctt ctt ctc att
ggc taa tgc ctg caa ggt tct ggt t 3�) and (5� aac cag aac ctt gca ggc att agc caa
tga gaa gaa ggc caa gaa g 3� and 5� TAT ATG CGG CCG CTC ACA TGG
AAT CGC CAA GT 3�), inserted into pCAG-EN and fully sequenced
through the expressed coding area. pEGFP-C1-cortactin from Dr. A.
Huttenlocher (University of Wisconsin) was acquired via Addgene.
Expression in interneurons was low, so we used this plasmid as a
template to create pCAG-GFP-cortactin. pCAG-RFP-Utrophin was a
kind gift from Dr. D. Solecki (St. Jude Children’s Research Hospital,
Memphis TN).

Microscopy. Speed and branching analyses were performed on time-
lapse images acquired at 10� magnification and at 10 min intervals
for 8 –14 h on a Nikon TE300 microscope equipped with an Okolab
environmental chamber 37°C, 5% CO2. Calpain activity was mea-
sured by using the fluorescent CMAC peptidase substrate, t-BOC-Leu-
Met (t-Boc; Invitrogen) according to previously published methods
(Mingorance-Le Meur and O’Connor, 2009). Interneurons were loaded
for 10 min and imaged at 20� using a DAPI filter cube. Cortactin or DCX
overexpressing or knockdown neurons were imaged at 10� magnifica-
tion (2� zoom) at several Z positions on an Olympus FV10i confocal
microscope, 37°C, 5% CO2. To obtain higher spatial and time resolution
as in the branch lifetime analysis, images were acquired at 60� magnifi-
cation and at 2 min intervals for 8 –12 h on an Olympus FV10i confocal
microscope. Immunolabeled interneurons were imaged at 60� magni-
fication (2� zoom) with optimal Z stacks on an Olympus FV10i confocal
microscope.
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Quantification. Interneuron average speed was measured by recording
cell soma position in each frame using the Manual Tracking plugin in
ImageJ (National Institutes of Health, NIH; http://rsb.info.nih.gov/ij/)
and averaging the speed from each frame in the interval of analysis.
Interneuron branching was recorded manually. Interneuron length was
measured in frames from time-lapse movies in ImageJ. Cortactin- and
phalloidin-positive leading process tip area was quantified in images of
cortactin- or phalloidin-stained interneurons using the wand tool in
ImageJ. Calpain activity, measured by t-Boc fluorescence, was quantified
by measuring gray-value intensity in the cell soma with ImageJ. Direc-
tionality analysis of interneuron migration paths was performed using
the Chemotaxis Tool plugin for ImageJ (Ibidi; http://ibidi.com) on in-
terneurons migrating at least 100 �m from origin.

Statistical analysis. Statistical analysis was performed using Microsoft
Excel or R (http://www.r-project.org/) with plugin R-commander. If
data appeared normally distributed, we asked whether there were differ-
ences between groups using multiway ANOVA followed by post hoc tests
adjusted for multiple comparisons using a Bonferroni correction.
Branching data appeared slightly non-normally distributed, so a similar

A

B

C

Figure 1. SDF1 decreases branch lifetime and changes actin and microtubule networks. A, High-resolution images of migrating interneurons under control conditions or treated with SDF1
(frames from Movie 1). Interneurons treated with SDF1 have many small short-lived branches decorating the main leading process (arrowheads). B, Quantification of branch lifetime shows
significantly lower median branch lifetime in interneurons treated with SDF1 (***p � 0.001, Wilcoxon rank sum test). Analysis of the distribution of branch lifetimes shows significantly more
short-lived branches and fewer long-lived branches in interneurons treated with SDF1 (***p � 0.001, **p � 0.01, *p � 0.05, � 2 test; n � 75 cells for each condition, 3 independent experiments).
At the highest branch lifetimes, we do not see enough branches for the difference between control and SDF1 to reach significance, but we note that the trend of SDF1 reducing branch lifetime remains
consistent. C, Control- and SDF1-treated interneurons labeled for F-actin in red (phalloidin), microtubules in green (�-tubulin), and nuclei in blue (DAPI). SDF1 treatment consolidates F-actin at the
leading process tip and consolidates microtubules within the leading process. Scale bars, 10 �m.

Movie 1. SDF1 decreases branch lifetime. Control- and SDF1-treated interneurons mi-
grating through collagen-Matrigel gel. Interneurons have an extremely dynamic leading
process, with many small filopodial protrusions. Control, Control interneurons generate
long-lived branches. SDF1, Interneurons treated with SDF1 have fewer stable, long-lived
branches and more short-lived branches. 60� time-lapse phase microscopy, 1 frame/2
min. Scale bar, 20 �m.
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approach was used, but in these cases a gener-
alized linear model with a Poisson distribution
and a term to correct for overdispersion was
used to fit the data, yielding an overall test of
significance based on analysis of deviance. Dif-
ferences in interneuron branch lifetime distri-
bution between control- and SDF1-treated
interneurons were analyzed using a � 2 test. If a
difference was found between the populations,
control and treated values for each bin were
independently analyzed using two by two con-
tingency tables.

Results
SDF1 decreases branch lifetime
SDF1 is one of the few known guidance
factors migrating interneurons use to nav-
igate the cerebral cortex during brain de-
velopment. SDF1 is expressed along the
two main streams of migration in the de-
veloping cortex: in the meninges and in
the subventricular/intermediate zones
(SVZ/IZ), where it affects the timing of
cortical plate invasion (Stumm et al.,
2003, 2007; Li et al., 2008; López-Bendito
et al., 2008). We have previously shown
that SDF1 affects the timing of cortical
plate invasion by reducing branching fre-
quency (Lysko et al., 2011); we next
wanted to define how SDF1 signaling reg-
ulatesbranchingbehaviorandcytoskeletal-
modifying proteins.

Neuronal branching can be divided
into steps consisting of branch initiation,
growth, and stabilization. A membrane
protrusion forms first; the protrusion
then grows in size forming a branch. If the
branch persists a stable branch has
formed. We first sought to understand
how SDF1 reduces branching either by
decreasing branch initiation, growth, or
stabilization. Interneurons migrating out
of medial ganglionic eminence explants in
3D culture were imaged with high spatial
and temporal resolution to measure the
number and lifetime of membrane pro-
trusions. The interneurons’ membrane
was quite dynamic and many small, thin
protrusions were observed frequently at
the tips of the leading process and less fre-
quently along the leading process shaft
(Fig. 1A, Movie 1). These data are consis-
tent with our previous observations that
leading process splitting (bifurcation at
the tip of the leading process) generates
�20% more branches than interstitial
branching (collateral branches that grow
out from an established leading process
shaft; Lysko et al., 2011). Many protru-
sions collapse, but protrusions that are
stabilized grow and can become new
branches that may ultimately change the
direction of migration. In SDF1-treated
interneurons, many small protrusions are

A

D
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Figure 2. Depolymerizing actin and/or microtubules in migrating interneurons generates distinct migratory behaviors and morphol-
ogies. A, Frames from the time-lapse sequence of Movie 2 showing leading process dynamics during actin and microtubule depolymeriza-
tion. LatrB treatment of migrating interneurons causes a dose-dependent cyclical extension and collapse of leading process branches
resultinginanoverall reductioninbranchingandspeed(A,15.8nM LatrBonly;Movie2,both5and15.8nM LatrB).Low-dosenocodazole(10
nM) treatment inhibits branching, generating a brushy leading process appearance, but only modestly decreases speed. LatrB in combina-
tion with nocodazole further reduces branching and motility. B, C, Quantification of branching and speed in interneurons treated with LatrB
and/or nocodazole. LatrB reduces branching in a dose-dependent manner. Low-dose nocodazole alone also inhibits branching. LatrB in
combination with nocodazole further reduces branching (�SEM; p � 0.001, analysis of deviance, ***p � 0.001, post hoc test). LatrB
severely inhibits migration in a dose-dependent manner. Nocodazole alone causes a more modest decrease in speed, but in combination
with LatrB speed is either slightly increased or not affected depending on the dose (�SEM; *p � 0.05, t test). Post hoc and t tests are
nocodazole treated compared with control/LatrB. D, Interneurons treated with LatrB and/or nocodazole labeled for F-actin in red (phalloi-
din), microtubules in green (�-tubulin), and nuclei in blue (DAPI). LatrB alone or in combination with nocodazole results in a marked
consolidation of the F-actin domain at the leading process tip. Nocodazole alone creates a brushy, splaying leading process, in contrast to
SDF1 treatment. Scale bars: A, 50 �m; D, 10 �m.
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visible along the leading process shaft (Fig. 1A, Movie 1), but
protrusions collapse more frequently, resulting in overall fewer
stable branches. We found no difference in branch initiation be-
tween control- and SDF1-treated interneurons making an aver-
age of two protrusions per hour (stable protrusions lasting a
minimum 4 min were counted). To measure SDF1’s effect on
branch growth and stability, we quantified the lifetime of each
protrusion. SDF1 significantly reduces the median protrusion
lifetime from 36 min (control) to 24 min (SDF1; control mean �
60.9 min, �2.1 SEM; SDF1 mean � 46.6 min, � 1.7 SEM; Fig.
1B). Graphing this protrusion lifetime data as a histogram allows
us to see SDF1’s effects on short-lived protrusions and long-lived
branches (Fig. 1B). SDF1 creates significantly more short-lived
protrusions and fewer long-lived branches. These data indicate
that SDF1 reduces interneuron branching not by regulating
branch initiation but by reducing branch lifetime and therefore
must affect branch growth and/or stabilization.

Branch growth is presumably driven by actin protrusion and
supported by microtubule invasion into the growing protrusion
ultimately stabilizing the branch. Because SDF1 reduces in-
terneuron branching, we hypothesized that SDF1 treatment
would result in visible changes in actin and/or microtubules. We
labeled actin and microtubules in control- and SDF1-treated in-
terneurons with fluorescent phalloidin (filamentous actin) and
�-tubulin antibodies, respectively (Fig. 1C). F-actin is concen-
trated at the leading process tip in control-treated interneurons,
frequently in a filamentous, wedge-shaped array oriented in the
direction of migration. Microtubules are present around the nu-
cleus in the soma, throughout the leading process, and extending
out into the actin-rich leading process tips. In SDF1-treated in-
terneurons, F-actin at the leading process tip appears consoli-
dated into a more narrow, streamlined wedge shape. F-actin is
also frequently present along the leading process shaft in small
protrusions (Fig. 1C, SDF1). Microtubules also appear con-
densed within a thinner leading process shaft but still extend out
into the actin present at the leading process tips. These observa-
tions suggest that SDF1 reduces branching by regulating the cy-
toskeletal arrays of actin and microtubules within the leading
process.

Depolymerizing actin and/or microtubules changes
interneuron leading process dynamics
Many cytoskeletal regulators increase or decrease the rates of
polymerization and/or change the structure of cytoskeletal ar-
rays. We expect that if SDF1 reduces branching by regulating
cytoskeletal dynamics, we should be able to phenocopy SDF1’s
effects on interneuron branching through application of actin
and microtubule depolymerizing drugs. To test this hypothesis
we first determined the consequences of blocking branch initia-
tion and growth by inhibiting actin protrusion through treat-
ment with Latrunculin B (LatrB), an actin depolymerizing toxin.
Control interneurons maintain a dynamic leading process that
branches frequently, allowing direction change (Fig. 2A, control,
Movie 2). The leading process tip is wedge shaped and frequently
splits to create new interneuron branches. Interneurons treated
with low doses of LatrB (5 nM, 15.8 nM) are still able to maintain
migratory morphology, but both branching and migration speed
are reduced significantly (Fig. 2A, LatrB, B,C). LatrB (5 nM)
causes a 52% reduction in total branching, while 15.8 nM LatrB
causes a 79% reduction in total branching. SDF1 reduces both
leading process splitting and interstitial branching, but has a
greater effect on interstitial branching (Lysko et al., 2011). Thus,
we analyzed LatrB’s effects on both types of branching and found

that both types are similarly reduced. LatrB (5 nM) reduces both
types by 52%, while at 15.8 nM leading process splitting is reduced
by 83% and interstitial branching only slightly less at 73%, to-
gether indicating that depolymerizing actin reduces both branch-
ing types similarly.

In interneurons treated with LatrB, the leading process tip
wedge frequently collapses to a small circular tip that cycles be-
tween rapid extension and collapse without forming stable
branches (Movie 2). This collapsed leading process tip contains a
small patch of consolidated F-actin (Fig. 2D), in contrast to the
streamlined actin wedge seen in interneurons treated with SDF1
(Fig. 1C). LatrB treatment also results in leading process elonga-
tion, narrowing the microtubules within the leading process
shaft.

Next we examined the consequences of blocking microtubule
invasion by treating with nocodazole, a microtubule depolymer-
izing drug. At high concentrations (1 �M), multihour nocodazole
treatment is reported to induce a loss of bipolar morphology and
an increase in branching in interneurons, while acute treatment
(10 min to 1 h) induces nuclear movement in SVZa neurons
(Schaar and McConnell, 2005; Baudoin et al., 2008). However, at
low concentrations (20 nM) of nocodazole, interneurons main-
tain bipolar morphology and leading process branching is re-
duced (Baudoin et al., 2008). We chose a similarly low dose of
nocodazole (10 nM), to inhibit microtubule polymerization
without causing complete microtubule collapse, resulting in
branching reduction while maintaining interneuron migratory
morphology. Low-dose nocodazole (10 nM) treatment alone re-
sults in a significant decrease in branching and a modest decrease
in speed (Fig. 2A–C). While total branching is reduced by 38%,
leading process splitting is reduced by 37% and interstitial
branching is reduced by 40%. The leading process is frequently
shorter with splayed microtubules and a more elaborate, brushy
actin network (Fig. 2D).

Blocking microtubule polymerization while depolymerizing
actin results in an additive effect; nocodazole causes a further

Movie 2. Depolymerizing actin and/or microtubules in migrating interneurons generates
distinct migratory behaviors and morphologies. Control, Migrating interneurons display normal
branching behavior, with wedge-shaped leading process tips. Control� LatrB, Depolymerizing
actin with LatrB reduces interneuron branching and speed in a dose-dependent manner. Both
leading process splitting and interstitial branching initiation and growth are inhibited. The tip of
the leading process collapses to form a circular tip that rapidly extends and retracts. Nocodazole,
Low-dose nocodazole (10 nM) reduces interneuron branching and speed, created a spiky, brushy
leading process appearance. Nocodazole � LatrB, Combined application of LatrB and nocoda-
zole results in further reduction of branching and speed, while reducing the brushy appearance
induced by nocodazole treatment alone. 10� time-lapse phase microscopy, 1 frame/10 min.
Scale bar, 50 �m.
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decrease in branching in combination
with LatrB (Fig. 2B). Interestingly, no-
codazole does not cause an additive re-
duction in migration speed, suggesting
that the balance between actin and micro-
tubule dynamics may be more critical for
efficient nucleokinesis than the absolute
polymerization rates (Fig. 2C). This com-
bined treatment results in consolidated
actin at the leading process tip but does
not share the shortened leading process
phenotype of interneurons treated with
nocodazole only. To compare SDF1’s ef-
fects on leading process length to that in-
duced by LatrB or nocodazole, we
measured the length of live-imaged in-
terneurons. While LatrB lengthens the
leading process and nocodazole treatment
shortens the leading process (LatrB � 83
�m � 20 �m SD, nocodazole � 52 �m �
12 �m SD, n � 50 for each condition, t
test comparing each to control, p �
0.001), SDF1 treatment does not change
leading process length (control � 63
�m � 12 �m SD, SDF1 � 63 �m � 14
�m SD, n � 50 for each condition, t test,
p 	 0.9). Depolymerizing actin with LatrB
produces a consolidated actin phenotype
similar to SDF1 treatment, while nocoda-
zole treatment and SDF1 seem to have
opposite effects on the microtubule cyto-
skeleton and leading process appearance.
Together, these results suggest that SDF1
may decrease branching by using actin de-
polymerization, but also that actin depo-
lymerization alone is not enough to
phenocopy SDF1’s effects on interneuron
morphology.

SDF1 increases calpain protease activity
in migrating interneurons
Because SDF1 reduces branching and
consolidates actin at the leading process
tip, we sought to identify downstream
mediators that regulate actin to affect
neuronal branching. Calpain protease
regulates both cell adhesion and the actin
network by cleaving several different sub-
strates involved in adhesions and actin
regulation (Franco et al., 2004; Franco
and Huttenlocher, 2005). In hippocampal
neurons, actin polymerization is re-
pressed by calpain protease to reduce
branching (Mingorance-Le Meur and
O’Connor, 2009). In these neurons, expo-
sure to branching factors such as NT3 or brain-derived neu-
rotrophic factor (BDNF) cause cAMP levels to rise, stimulating
PKA to inhibit calpain, and allow more branches to form. We
have previously shown that increasing cAMP in interneurons also
increases interneuron branching (Lysko et al., 2011). Conversely,
we have determined that SDF1 acts via its G-coupled protein
receptor CXCR4 using inhibitory �-protein Gi, which typically
reduces cAMP levels, to regulate interneuron migration (Lysko et

al., 2011). Based on these data we postulate that the SDF1-
induced reduction of interneuron branching is a consequence of
increased calpain activity.

To measure calpain activity, we used the cell-permeable re-
porter t-Boc, a diffusible peptide substrate that fluoresces upon
calpain cleavage, allowing an optical measurement of average
calpain activity within the cell (Fig. 3A). SDF1 treatment signifi-
cantly increased calpain activity (Fig. 3B,C). Similarly, treatment
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Figure 3. SDF1 increases calpain protease activity. A, B, Live fluorescence microscopy of migrating interneurons loaded with
calpain activity indicator t-Boc, treated with control or SDF1. SDF1-treated interneurons are brighter, indicating higher calpain
activity. A�, B�, Phase microscopy images corresponding to A and B. C, Quantification of calpain activity shows that SDF1 signifi-
cantly increases calpain activity (�SEM; ***p � 0.001, t test). D, Inhibiting PKA using specific inhibitor PKI similarly increases
calpain activity (***p � 0.001, t test). Conversely, increasing PKA activity using PKA agonist dbcAMP reduces calpain activity,
similar to reducing calpain activity directly with calpain inhibitor CIII (�SEM; ***p � 0.001, **p � 0.01, t test; n � 345 cells for
each condition, four independent experiments); t tests are treatment compared with control.
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with PKI, a PKA inhibitor, also increased
calpain activity (Fig. 3D). Conversely,
stimulating PKA with dbcAMP decreased
calpain activity, similar to the decrease
seen when inhibiting calpain directly with
CIII (Fig. 3D) or ALLM (data not shown),
specific calpain inhibitors. This evidence
shows that SDF1 treatment or inhibition
of PKA increases calpain activity, while in-
creasing cAMP reduces calpain activity.

SDF1 does not regulate the polarity of
calpain activity in interneurons
Using t-Boc to measure calpain activity
does not define the subcellular location of
calpain activity. Calpain activity can be lo-
calized to specific areas within a neuronal
process as in hippocampal neurons devel-
oping in culture (Mingorance-Le Meur
and O’Connor, 2009). In these neurons,
calpain activity is restricted to the soma
and neurite shaft, but not present at the
actin-rich growth cone, leading to a
model in which calpain downregulates
collateral branching at the neurite shaft.
This calpain activity has been visualized
by immunolabeling for proteolyzed spec-
trin, another substrate of calpain. To
determine whether calpain activity is po-
larized in migrating interneurons we
immunolabeled interneurons for proteo-
lyzed spectrin and total spectrin. We used
interneurons expressing cytosolic GFP to
mark the cytoplasm and quantified the
distribution of spectrin and GFP along the
interneuron leading process. In contrast
to cultured hippocampal neurons, we find
that both spectrin and proteolyzed spec-
trin are distributed along the length of the
leading process in a similar pattern as our
cytoplasmic marker GFP (Fig. 4A). SDF1
treatment does not induce significant
changes in the distribution of spectrin.
Given that interneurons migrate through
an SDF1 gradient within the neocortex in
vivo, we also treated interneurons with a
gradient of SDF1 to test whether a polar-
ized source of SDF1 would induce a polar-
ized gradient of calpain activity within
interneurons. An SDF1 gradient was es-
tablished using �-slide chemotaxis 3D
chambers (Ibidi) and functionally tested
by measuring T-cell chemotaxis (see Ma-
terials and Methods). Interneurons mi-
grating within a gradient of SDF1 did not
display polarized spectrin or proteolyzed
spectrin (Fig. 4A).

Although no evidence was found that
SDF1 regulates calpain activity polarity, it
is possible that an SDF1 gradient could
affect the distribution of the SDF1 recep-
tor CXCR4, polarizing downstream sig-
naling. Previous data using MGE explant
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Figure 4. SDF1 does not regulate the polarity of calpain activity in interneurons. A, B, Interneurons immunolabeled for spectrin,
proteolyzed spectrin, or CXCR4 and cytosolic GFP. The intensity of immunolabeling from soma to leading process tip was quantified
and displayed beneath each cell. A, Both spectrin and proteolyzed spectrin are localized evenly throughout the leading process in
control, gradient SDF1, and even-field SDF1 conditions (proteolyzed spectrin, n � 75 cells for each condition, spectrin, n � 40 cells
for each condition; 3 independent experiments). B, CXCR4 is localized throughout the leading process in control, even-field SDF1,
and gradient SDF1. (n � 96 cells for each condition, 4 independent experiments). C, CXCR4 immunolabeling varies from cell to cell
and can be polarized within the leading process, but this variance is not affected by gradient or even-field SDF1 treatment or
position within the SDF1 gradient. D, Migration paths of interneurons migrating though control, gradient SDF1, or even-field SDF1.
Interneuron migration paths do not deflect toward polarized sources of SDF1 in vitro. (n � 90 cells for each condition, 4 indepen-
dent experiments; Blue cross is the center of mass of all final cell positions. Scale bars: A, B, 10 �m; C, 20 �m.
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culture has shown that CXCR4 is localized
throughout the leading process and soma,
including the perinuclear region, while
the SDF1 receptor CXCR7 is primarily pe-
rinuclear, but present in relatively small
amounts throughout the leading process
and soma (Sánchez-Alcañiz et al., 2011;
Wang et al., 2011). We immunolabeled
interneurons in control, SDF1-gradient
and SDF1-even-field conditions for CXCR4
and compared its distribution with a cyto-
plasmic marker, GFP. In all treatments,
CXCR4 immunolabeling was observed
throughout the leading process and soma
and in general, was not altered by gradient
or even-field SDF1. CXCR4 immunola-
beling appeared punctate and small
patches of puncta were frequently ob-
served (	90% of interneurons in all treat-
ments). CXCR4 immunolabeling showed
a varied intensity from cell to cell that was
consistent across all conditions (Fig.
4B,C).

To determine whether CXCR4 distri-
bution was polarized, we compared the
relative enrichment of CXCR4 to the cy-
toplasmic marker GFP in three regions of
the leading process: at the leading process
tip, in the distal leading process, and in the
process/cytoplasmic bulge proximal to
the soma (Fig. 4B). At the leading process
tip, enriched CXCR4 was observed in 57%
of control interneurons while in 42%
CXCR4 distribution was not polarized
(CXCR4 was very infrequently reduced at
the leading process tip, �1%; Fig. 4B).
Treatment with a gradient or even-field
SDF1 did not alter the polarization of
CXCR4 at the tip (gradient SDF1, 56%
polarized; even-field SDF1, 58% polar-
ized). The amount of CXCR4 enrichment
in the polarized areas was not significantly
altered (average length of CXCR4 polar-
ization: control, 4.6 �m; gradient SDF1,
5.1 �m; even-field SDF1, 4.2 �m). In-
terneuron position within different areas
of an SDF1 gradient did not correlate with
particular levels of CXCR4 expression or
leading process tip polarization (Fig. 4C).

In the distal leading process, CXCR4
was usually present but not enriched, al-
though in many interneurons we did ob-
serve CXCR4 enrichment (27% of both
control and gradient SDF1-treated in-
terneurons; 41% of even-field SDF1-
treated interneurons; Fig. 4B). At the
cytoplasmic bulge and leading process
proximal to the soma, CXCR4 was usually
present but not enriched (all treatments,
�70%), enriched in many interneurons
(control, 23%; gradient SDF1, 21%; even-
field SDF1, 26%), and reduced in the re-
maining interneurons. To the rear of the
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Figure 5. SDF1 regulates the actin network at the interneuron leading process tip through calpain activity. A, Interneurons
treated with increasing amounts of calpain inhibitor (CIII) show increased actin localization at the leading process tip. Interneurons
are labeled for F-actin in red (phalloidin), microtubules in green (�-tubulin), and nuclei in blue (DAPI)). B, Interneurons treated
with SDF1 have reduced actin at the leading process tip. Calpain inhibition still increases actin localization at the leading process tip,
but SDF1 dampens this effect. C, Frames from the time-lapse sequence of Movie 3 showing leading process dynamics during
calpain inhibition alone and in combination with SDF1. Calpain inhibition reduces branching and migration, shortens the leading
process, and results in a brushy leading process tip. SDF1 alone reduces branching frequency. SDF1 in combination with CIII reduces
the effects of calpain inhibition, allowing more normal branching and migration. Arrowheads mark two different representative
cells. D, Calpain inhibition results in a dose-dependent reduction in branching. SDF1 reduces branching under control conditions,
but opposes calpain inhibition to maintain branching (�SEM; p � 0.001, analysis of deviance, ***p � 0.001, *p � 0.05, post hoc
tests). E, Calpain inhibition decreases migration speed; however, SDF1 can increase migration speed in the presence of calpain
inhibition. ( p � 0.1 for control vs SDF1 at 0 �M CIII). Post hoc and t tests are SDF1-treated compared with control (n � 75 cells for
each condition, 3 independent experiments). Scale bars: A, B, 20 �m; C, 50 �m.

4948 • J. Neurosci., April 2, 2014 • 34(14):4941– 4962 Lysko et al. • SDF1 Regulates the Cytoskeleton in Migrating Interneurons



soma CXCR4 was enriched in some interneurons (control, 36%;
gradient and even-field SDF1, 38%).

Together these data suggest that CXCR4 localization in mi-
grating interneurons is nonuniform and can be polarized, but is
quite varied both within different sections of the leading process
and from interneuron to interneuron. This variation may be con-
sistent with changing localization during the dynamic process of
migration and this static analysis will not reveal dynamic changes
in CXCR4 polarization during an interneurons’ exposure to
SDF1. In future studies, experiments focusing on the dynamic
localization of CXCR4 will be required to elucidate the polarity of
SDF1 signaling, but based on our data, treatment with gradient or
even-field SDF1 does not cause large changes in CXCR4 distribu-
tion, consistent with nonpolarized SDF1 regulation of calpain
activity.

We also used this opportunity to test whether the migration
path of interneurons is affected by polarized SDF1. We acquired
time-lapse movies and tracked the path of interneurons migrat-
ing perpendicular to the SDF1 gradient. If SDF1 can act as an
attractant for interneurons in this system we hypothesized that
their migration paths would deflect toward higher concentra-
tions of SDF1. In control conditions, interneurons migrate out
from an explant following a relatively straight migration path. In
both even-field and gradient SDF1 conditions, interneurons also
migrate relatively straight and do not deflect toward higher SDF1
concentrations (Fig. 4D; four independent experiments with
SDF1-expressing HEK293T cells, at least 90 interneurons tracked
per condition; two independent experiments with recombinant
SDF1, 50 interneurons tracked per condition and similar to cell-
generated SDF1 gradients, data not shown). We do not observe
explant shape distortion as seen when explants have been cul-
tured near a source of a known interneuron attractant such as
Nrg1 (Flames et al., 2004). Although interneurons concentrate
near SDF1-coated beads implanted in brain slices (Li et al., 2008),
in this in vitro system, interneurons do not appear to migrate
toward SDF1, consistent with the observation that interneurons
migrate down the concentration gradient of SDF1 as they migrate
dorsally through the SVZ of the neocortex (Stumm et al., 2007; Li
et al., 2008; López-Bendito et al., 2008). Together these results
indicate that SDF1 signaling does not change the distribution of
CXCR4 and does not regulate calpain activity in a polarized man-
ner, but increases calpain activity evenly throughout the leading
process to affect branching within the entire leading process.

Calpain activity regulates actin protrusion at the leading
process tip
If SDF1 increases calpain activity to depolymerize actin and re-
duce branching, we hypothesized that calpain inhibition might
increase actin polymerization. Interneurons treated with calpain
inhibitor (31.6 �M, 100 �M) were stained with fluorescently la-
beled phalloidin to visualize actin polymerization. While the tip
of the interneuron leading process is normally enriched with
F-actin, inhibiting calpain results in an expansion of actin at the
leading process tip (Fig. 5A). To determine whether calpain inhi-
bition increases leading process tip area, actin within the leading
process tip, or both, interneurons expressing GFP were treated
with calpain inhibitor, fixed and stained for phalloidin and GFP,
and actin positive area and leading process tip area were mea-
sured. In virtually all interneurons examined (	99%, n � 200),
including both control and calpain-inhibited interneurons,
F-actin is present throughout the leading process tip area (the
leading process tip area is equal to the actin positive area at the
leading process tip). In control interneurons the average actin

positive area per cell is 20 �m 2 � 8 �m 2 SD. Calpain inhibition
significantly increased the actin positive area per cell (31.6 �M

CIII � 29 �m 2 � 11.8 �m 2 SD; 100 �M CIII � 32 �m 2 � 11.4
�m 2 SD; n � 165 cells for each condition, three independent
experiments, t tests compared with control, p � 0.001). With
increasing calpain inhibition, the actin positive area within the
cell’s leading process is concentrated in only one leading process
tip (actin positive area per leading process tip, control � 13 �m 2,
31.6 �M CIII � 21 �m 2, 100 �M CIII � 27 �m 2). In interneurons
treated with SDF1 alone, actin is reduced within the leading pro-
cess tip as seen previously (Fig. 1). Inhibiting calpain in the pres-
ence of SDF1 also expands F-actin at the leading process tip, but
this affect is dampened by SDF1 (Fig. 5B).

Because calpain inhibition expands the actin positive area at
the interneuron leading process tip, we were interested in exam-
ining the effect of calpain inhibition on interneuron leading pro-
cess dynamics and migration. Recognizing that calpain regulates
many different proteins involved in cell adhesion in addition to
actin protrusion (Wells et al., 2005), it seemed reasonable to ex-
pect a complex phenotype. We analyzed the leading process
branching and migration of calpain-inhibited interneurons (Fig.
5C; Movie 3). Calpain inhibition caused striking changes in lead-
ing process dynamics and decreased both branching and speed
(Fig. 5D,E). Calpain-inhibited interneurons have an extremely
dynamic leading process tip that is wider and highly protrusive,
similar to a migrating fibroblast’s lamellipodia. Together our data
are consistent with calpain inhibition increasing actin protrusion
to the extent that normal branches cannot form. We have previ-
ously noted that SDF1 treatment dampened the effects of inhib-
iting calpain, resulting in more normal actin at the leading
process tip. We then predicted that SDF1 treatment would also
dampen the deleterious effects of calpain inhibition on leading
process dynamics and migration. Because SDF1 increases calpain
activity (Fig. 3), we tested whether SDF1 could reverse the effects
of calpain inhibition. SDF1 results in a modest increase in speed
in control conditions and at the highest dose of calpain inhibi-
tion. Importantly, in interneurons treated with calpain inhibitor,
SDF1 partially restores the ability to branch and migrate normally
(Fig. 5C,D, Movie 3). These results indicate that SDF1 opposes
calpain inhibition’s effects on migration, further supporting the
idea that SDF1 reduces interneuron branching by increasing cal-
pain activity.

SDF1 increases cortactin proteolysis, reducing cortactin and
consolidating actin at the leading process tip
Calpain reduces cell protrusion during fibroblast migration
through its cleavage of the actin regulatory protein cortactin

Movie 3. SDF1 regulates leading process tip protrusion by activating calpain. Control, Mi-
grating interneurons display normal branching behavior. Control � CIII, Calpain inhibition,
using specific inhibitor CIII, reduces interneuron branching and speed while inducing a broader,
more protrusive leading process tip. The length of the leading process is also reduced. SDF1,
SDF1 treatment alone reduces branching and increases speed. SDF1�CIII, In combination with
calpain inhibitor CIII, SDF1 partially prevents calpain inhibition’s effects, resulting in more nor-
mal branching, speed, and leading process tip phenotype. 10� time-lapse phase microscopy,
1 frame/10 min. Scale bar, 50 �m.
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(Perrin et al., 2006). Cortactin activates
Arp2/3 to assist in actin nucleation and
stabilizes actin branch points, promoting
branched network protrusion (Weaver et
al., 2001), but cortactin’s role in migrating
interneurons is unknown.

In cultured hippocampal neurons, ac-
tin protrusion is negatively regulated by
calpain protease cleavage of cortactin,
consolidating the actin network and re-
ducing branching in areas of high calpain ac-
tivity (Mingorance-Le Meur and O’Connor,
2009). In migrating interneurons, regulating
branched actin network formation at the
leading process tip would be especially
suited to reducing leading process split-
ting, the more frequent mechanism of in-
terneuron branching.

Because calpain inhibition excessively
increased leading process tip protrusion,
we predicted that calpain inhibition
would prevent proteolysis of cortactin in
treated interneurons. Increasing inhibi-
tion of calpain in migrating interneurons
results in increasingly fainter proteolysis
fragments on a cortactin Western blot
(Fig. 6A), similar to published results us-
ing HEK293T cells (Perrin et al., 2006).
Because SDF1 increases calpain activity,
we predicted that SDF1 treatment would
increase cortactin proteolysis. As ex-
pected, cortactin proteolysis is increased
in interneurons treated with SDF1 (Fig.
6B). To test whether SDF1-induced cor-
tactin proteolysis would result in observ-
able differences at the leading process tip,
we immunolabeled interneurons for cor-
tactin in control- and SDF1-treated cells.
Cortactin is primarily localized at the tips
of most leading process branches and in
lower concentrations along the leading
process shaft, appearing in the cytoplas-
mic bulge that precedes the nucleus, as
well as to the rear of the nucleus in some
cells (Fig. 6C). Cortactin at the tip of
branches colocalizes with phalloidin la-
beling of F-actin where it is well posi-
tioned to regulate the actin network. To
test the consequences of SDF1 signaling
on cortactin’s localization at the leading
process tip, we quantified the cortactin
immunopositive area at branch tips in
control- and SDF-treated interneurons.
In SDF1-treated interneurons, the cortac-
tin positive area is reduced by 	50%, sug-
gesting that the actin network will be
consolidated in interneurons migrating in SDF1-expressing areas
(Fig. 6D,E).

To quantify how this loss of cortactin affects actin within lead-
ing process tips, we used fluorescent phalloidin to label F-actin in
control- and SDF1-treated interneurons. In control interneu-
rons, F-actin is highly concentrated at leading process tips and
organized into a wedge shape, widest at the leading edge (Fig. 6C).

In interneurons treated with SDF1, F-actin is still present at the
leading process tip, although less intensely labeled, and organiza-
tion of actin appears collapsed or consolidated into a more
streamlined shape (Fig. 6D). The F-actin positive area is signifi-
cantly reduced by SDF1 treatment (Fig. 6F). Outlines of the
F-actin positive area in control cells show the typical wedge shape
at the tip of the leading process, compared with the streamlined

A

E

G

F

C

B

D

Figure 6. SDF1 increases cortactin proteolysis, reducing cortactin and consolidating actin at the leading process tip. A,
Migrating interneurons treated with increasing amounts of calpain inhibitor show decreasing amounts of cortactin prote-
olysis on an anti-cortactin Western blot. Full-length cortactin migrates at 80 and 85 kDa, while proteolyzed cortactin
migrates at �46 kDa (gray arrowhead). A small and consistent amount of cell death occurs at the highest concentration of
calpain inhibitor, so proteolyzed cortactin bands were quantified and normalized to GAPDH in three independent experi-
ments, showing a dose-dependent decrease in cortactin proteolysis. B, SDF1 increases cortactin proteolysis in migrating
interneurons (gray arrowhead). Proteolyzed cortactin bands were quantified and normalized to GAPDH in four indepen-
dent experiments. C, Cortactin immunolabeling shows that cortactin is localized throughout the leading process and is
enriched at the tip of the leading process, where it colocalizes with F-actin (phalloidin labeling). D, In SDF1-treated
interneurons, the cortactin positive area at the leading process tip is significantly smaller. SDF1 similarly decreases the
actin positive area at the leading process tip. E, Quantification of cortactin immunolabeling at the leading process tips of
control- and SDF1-treated interneurons. The cortactin positive area across all branch tips within an entire cell is signifi-
cantly reduced, as well as the cortactin positive area at each leading process tip (�SEM; ***p � 0.001, t test). F,
Quantification of the actin positive area at leading process tips in control- and SDF1-treated interneurons. Similar to
cortactin, the actin positive area across all branch tips within an entire cell is significantly reduced, as well as the actin
positive area at each leading process tip (�SEM; ***p � 0.001, t test). G, Outlines of actin positive areas at the leading
process tip in control- and SDF1-treated interneurons. The actin positive area at the tip of the leading process is a broad
wedge shape, widest at the leading edge, tapering down to the width of the leading process shaft at the rear. In the
presence of SDF1, the actin positive area is consolidated and loses the pronounced wedge shape, displaying a more
streamlined, rounded leading edge (300 cells for each condition for immunolabeling, 3 independent experiments). Scale
bar, 10 �m.
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shape of the tip of SDF1-treated interneu-
rons (Fig. 6G). This streamlined shape
contrasts with the consolidated actin
patch seen in interneurons treated with
LatrB (Fig. 2), suggesting that SDF1’s reg-
ulation of actin is distinct from simple ac-
tin depolymerization, consistent with
cortactin’s structural role in actin net-
works. These data indicate that when
SDF1 increases calpain proteolysis of cor-
tactin, the branched actin network be-
comes consolidated and less able to
support branching.

SDF1 consolidates actin at the leading
process tip to reduce branching
We have shown through phalloidin label-
ing of fixed interneurons that SDF1 con-
solidates actin at the leading process tip.
To examine actin localization in live in-
terneurons and observe SDF1’s effects on
actin during the dynamic process of in-
terneuron migration, we performed time-
lapse imaging of interneurons expressing
RFP-Utrophin-CH (RFP-UtrCH) to show
F-actin localization and GFP to highlight
the cytoplasm. RFP-UtrCH is an F-actin
probe based on the calponin homology
domain of utrophin that binds F-actin
and reports the normal distribution of
F-actin in live cells, including migrating
neurons (Burkel et al., 2007; Solecki et al.,
2009). In control-treated interneurons,
actin is present at leading process tips of

extending and retracting branches (Fig. 7A, Movie 4). At the most
distal tip of the leading process a small area of cytoplasm contains
less actin. When the leading process splits to form new branches,
actin is present in a wedge shape before the split (Fig. 7A, arrow-
head). Small, actin-rich collateral protrusions similar to filopodia
are observed along the shaft of the leading process. Actin is also
observed at the periphery of the shaft along the length of the
leading process. Actin is not commonly localized to the bulge
proximal to the nucleus but is present in the trailing process and
rear cortex of the soma during nucleokinesis.

In SDF1-treated interneurons, actin at the tip of the leading
process appears more consolidated, changing from a broad
wedge shape to a more streamlined shape (Fig. 7B, Movie 4).
However, SDF1 treatment does increase the appearance of actin
along the shaft of the leading process. The leading process is still
capable of branching, but nascent branches frequently collapse.
Small collateral protrusions are observed with similar frequency
as in control interneurons (control, 3.4/h, SDF1, 3.5/h, n � 11
cells per condition), consistent with our data that SDF1 does not
inhibit branch initiation. In SDF1-treated interneurons these
protrusions do not usually form stable branches, similar to the
short-lived protrusions observed during phase microscopy in
Figure 1. We hypothesized that SDF1 might increase the fre-
quency of actin visible at the rear cortex of the cell soma
involved in nucleokinesis, but although a small increase was
observed (control, 0.8/h, SDF1, 1.3/h, n � 11), this difference
did not reach levels of significance. These time-lapse experi-
ments confirm our observations in fixed cells that SDF1 con-
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Figure 7. SDF1 changes the appearance and distribution of F-actin during interneuron migration. A, B, Frames from the
time-lapse sequence of Movie 4 showing interneurons expressing RFP-UtrCH to label F-actin and GFP to label the cytoplasm. A, As
a control-treated interneuron migrates, it retracts branches and undergoes a leading process split to create a new branch, while
displaying the characteristic wedge shape of actin at the leading process tip (arrowhead). B, In an SDF1-treated interneuron, SDF1
consolidates actin at the leading process tip, limiting branching. RFP-UtrCH signal indicates that actin is increased along the sides
of the leading process shaft and is active at the rear of the soma during nucleokinesis. C, Interneurons expressing RFP-UtrCH and
GFP-cortactin show that GFP-cortactin precedes and overlaps with the actin-rich wedge at the tip of the leading process. GFP-
cortactin and F-actin are both present at the tips of branches during leading process splitting (C�) and interstitial (collateral)
branching (C�). Scale bars: A, B, 10 �m; C, 20 �m.

Movie 4. SDF1 changes the appearance and distribution of F-actin during interneuron mi-
gration. Interneurons expressing the F-actin probe RFP-UTR and GFP as a cytoplasmic marker.
Control, top, Control interneurons generate leading process splits and interstitial branches. As
branches extend actin is typically present in a wedge shape at the tip of leading process
branches. Actin is also present in spiky filopodial protrusions forming along the shaft of the
leading process. SDF1, bottom, Interneurons treated with SDF1 can create leading process
splits, but the resulting branches are not as stable. Actin is more consolidated at the leading
process tip than in control cells. Many short-lived filopodial protrusions are formed along the
shaft of the leading process in SDF1-treated interneurons. Actin is present at the rear of control-
and SDF1-treated interneurons during nucleokinesis. 60� time-lapse confocal microscopy, 1
frame/6 min. Scale bar, 10 �m.
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solidates actin at the leading process tip and reduces stable
branch growth.

Our data support the hypothesis that SDF1 consolidates actin
through regulation of cortactin. To confirm the colocalization of
F-actin and cortactin in live interneurons we coexpressed RFP-
UtrCH and GFP-cortactin. F-actin and GFP-cortactin overlap
primarily at the tip of the leading process in single and branched
leading processes (Fig. 7C). While both localize to the tips of
branches, GFP-cortactin is present at the most distal tips of both
split leading processes (Fig. 7C�) and interstitial (collateral)
branches (Fig. 7C
). F-actin is localized just behind cortactin
within these leading process branch tips. These results demon-
strate that cortactin is positioned to regulate the growing actin
network in the tips of migrating interneurons.
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Figure 8. Cortactin remains localized to the tip of the leading process during interneuron migration and is sufficient to block SDF1 reduction of branching. A, Frames from the time-lapse sequence
of Movie 5. Cortactin is localized throughout the leading process and enriched at leading process branch tips. B, Frames from the time-lapse sequence of Movie 6. SDF1 reduces branching compared
with control-treated interneurons. Overexpressing cortactin increases branching significantly in control-treated interneurons, and blocks SDF1 reduction of branching. C, Quantification of branching
frequency for the experiment in B (�SEM; p � 0.001, analysis of deviance, ***p � 0.001, **p � 0.01, post hoc tests). Scale bars: A, 10 �m; B, 30 �m.

Movie 5. Cortactin is localized to the tip of the leading process. Interneuron expressing
GFP-cortactin and dsRed as a cytoplasmic marker. GFP-cortactin localizes throughout the lead-
ing process and is enriched at the tip of the leading process. GFP-cortactin is localized to the tips
of most growing branches. 60� time-lapse confocal microscopy, 1 frame/6 min. Scale bar, 20
�m.

Movie 6. Overexpression of cortactin induces branching in interneurons and is sufficient to
block SDF1-branching reduction. Interneurons expressing dsRed as a cytoplasmic marker and
GFP-cortactin. Arrowheads mark interneurons typical for each treatment. Control/dsRed, In-
terneurons expressing dsRed display normal branching and migration behavior under control
conditions. SDF1/dsRed, Interneurons expressing dsRed and treated with SDF1 display reduced
branching. Control/�GFP-cortactin, Interneurons expressing both dsRed and GFP-cortactin
display significantly more branching than control cells. SDF1/�GFP-cortactin, Interneurons
expressing dsRed and GFP-cortactin and treated with SDF1 display significantly more branching
than control cells, similar to GFP-cortactin-expressing cells under control conditions. SDF1 does
not reduce the branching of GFP-cortactin-expressing interneurons. 20� time-lapse confocal
microscopy, 1 frame/10 min. Scale bar, 50 �m.
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Figure 9. SDF1 stabilizes the microtubule array in the leading process. A, Frames from the time-lapse sequence of Movie 7. B, Quantification of branching frequency of migrating
interneurons. Treatment with 10 nM nocodazole reduces interneuron branching. SDF1 also reduces interneuron branching; however, treatment with nocodazole and SDF1 together does
not result in additional branching reduction, indicating that SDF1 stabilizes the microtubule array and prevents additional nocodazole depolymerization of branches (�SEM; p � 0.001,
analysis of deviance, ***p � 0.001, post hoc tests). C, SDF1 increases migration speed; in the presence of nocodazole, interneuron speed is inhibited under both control and SDF1
conditions (�SEM; ***p � 0.001, t test). D, Immunolabeling of stable (acetylated, green) and newly formed (tyrosinated, red) microtubules. SDF1 condenses microtubules to generate
an unbranched leading process, while a newly formed protrusion containing tyrosinated tubulin projects off the main leading process (white arrowhead). Low-dose nocodazole reduces
branching while causing a brushy, spiky appearance at the leading process tip. In combination with SDF1, nocodazole does not additionally reduce branching, and the leading process
phenotype has condensed microtubules similar to SDF1-only, in contrast to the nocodazole-only phenotype. E, Quantification of the intensity of immunolabeling in D. Dynamic
tyrosinated tubulin is more prominent at tips of leading process branches than stable acetylated tubulin. Low-dose nocodazole or SDF1 treatment does not drastically alter the
distribution of acetylated and tyrosinated tubulin. Scale bars: A, 50 �m; D, 10 �m.
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Cortactin is present at the leading process tip throughout
migration and the branching process
To better characterize cortactin’s function throughout the pro-
cess of interneuron branching, we overexpressed GFP-cortactin
in migrating interneurons. GFP-cortactin appears throughout
the leading process but is most concentrated at the tips of the
leading process and growing branches (Fig. 8A, Movie 5). Within
the tip of the leading process, GFP-cortactin can appear through-
out the wedge, especially where the wedge meets the shaft of the
leading process. GFP-cortactin frequently has a filamentous ap-
pearance, both at the tip and in spiky protrusions along the shaft
of the leading process. GFP-cortactin does not localize to estab-
lished branch points, but appears at the tip of both leading pro-
cess splits and interstitial branches. This localization is consistent
with cortactin’s role in regulating actin at the cell periphery and
confirms that cortactin is well positioned to regulate branch
growth throughout the branching process.

Overexpression of cortactin induces interneuron branching
and is sufficient to block SDF1 reduction of branching
Cortactin assists Arp2/3 in nucleating new actin polymers to cre-
ate a branched actin network (Weaver et al., 2001). Overexpressing
cortactin causes increased branching in hip-
pocampal neurons (Mingorance-Le Meur
and O’Connor, 2009), so we hypothesized
that the same would occur in migrating in-
terneurons. To quantify the effect of overex-
pressing cortactin on interneuron
branching, we coexpressed GFP-cortactin
and dsRed to label the cytoplasm of migrat-
ing interneurons. In dsRed-only control in-
terneurons, branching occurs at a normal
rate, while interneurons expressing GFP-
cortactin branch at a significantly higher
rate (Fig. 8B,C, Movie 6). GFP-cortactin-
expressing cells are capable of maintain-
ing multiple branches simultaneously.
These results confirm that cortactin is
sufficient to induce higher levels of
branching in interneurons. Because we
hypothesize that SDF1 downregulates
cortactin to reduce branching, we pre-
dicted that overexpressing cortactin
should block SDF1’s reduction in branch-
ing. While SDF1 treatment of dsRed-only
interneurons does reduce branching fre-
quency, overexpressing GFP-cortactin
prevents SDF1 from reducing branching
(Fig. 8B,C, Movie 6).Together, these data
support our model that SDF1 consoli-
dates the actin network by downregulat-
ing cortactin to reduce interneuron
branching.

SDF1 stabilizes the microtubule array
in the distal leading process
In addition to actin-based protrusion,
microtubule invasion is essential for stabi-
lizing branches. Microtubule polymeriza-
tion, stabilization, and depolymerization
are affected by the binding of various
MAPS that can affect both microtubule
dynamics and organization (Cassimeris,
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Figure 10. Different MAPs have distinct localizations in migrating interneurons. A, APC. B, MAP2. C, Tau immunolabeling in red,
with tubulin (green) and nuclear (DAPI, blue) labeling. APC (A) and MAP2 (B) decorate microtubules throughout the leading
process of migrating interneurons, but are concentrated proximal to the nucleus and not at the leading process tip (arrowheads).
C, Tau also decorates microtubules throughout the leading process, but is present in both the proximal and distal leading process
and is present at the leading process tip (arrowhead). D–F, Immunolabeling of MAPS (red), cytosolic GFP (green), the nucleus
(DAPI, blue) and quantification of MAP distribution. D, APC is not enriched in the distal leading process in 96% of interneurons. E,
MAP2 is not enriched in the distal leading process in 83% of interneurons. F, Tau is present in the distal leading process colocalized
with GFP in 70% of neurons and enriched in 30% of interneurons. Scale bar, 10 �m.

Movie 7. SDF1 stabilizes the microtubule array in the leading process. Control, Control-treated
interneurons display frequent branching. Nocodazole, Nocodazole-treated interneurons have a
brushy leading process appearance and reduced branching. SDF1, Interneurons treated with SDF1
have reduced branching. SDF1 � nocodazole, Interneurons treated with both nocodazole and SDF1
have reduced branching similar to SDF1 alone. Nocodazole combined with SDF1 does not collapse the
leading process, indicating that SDF1 stabilizes the interneuron leading process. 10� time-lapse
phase microscopy, 1 frame/10 min. Scale bar, 30 �m.
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1999). Plus-end binding MAPS such as EB1 are known to pro-
mote microtubule elongation, while MAPS like p150(Glued) or
DCX are known to affect both microtubule nucleation and orga-
nization of the array by bundling microtubules (Gleeson et al.,
1999; Ligon et al., 2003). Bundled microtubules are more stable
and less likely to depolymerize and can even be resistant to the
effects of the microtubule depolymerizing drug, nocodazole
(Umeyama et al., 1993).

Because SDF1 reduces branching, we postulated that SDF1
would either depolymerize microtubules to collapse branches or
bundle microtubules to reduce support for branches growing at
angles to the main leading process. To discriminate between these
two possibilities, we treated interneurons with nocodazole, a
microtubule-depolymerizing drug, to test whether SDF1-

regulated branches are easier to shift to-
ward collapse. Treatment with low-dose
nocodazole (10 nM) alone reduces
branching frequency as expected (Fig.
9A,B, Movie 7). Treatment with SDF1
alone reduces branching as seen previ-
ously. If SDF1 depolymerizes microtu-
bules, we would expect combined SDF1
and nocodazole treatment to result in ex-
treme branching reduction. However,
SDF1 treatment prevents additional
nocodazole-induced collapse, indicating
that SDF1 actually stabilizes the microtu-
bule cytoskeleton (Fig. 9A,B, Movie 7).
Nocodazole has a less striking effect on
speed than on branching, slightly reduc-
ing migration speed. SDF1 normally in-
creases interneuron migration speed, but
low-dose nocodazole prevents this effect
(Fig. 9C, Movie 7).

Given that SDF1 stabilizes the in-
terneuron microtubule cytoskeleton but
still decreases branch lifetime, we decided
to examine SDF1’s effect on microtubule
dynamics by visualizing stable and dynamic
microtubules. To visualize these two micro-
tubule states, we immunolabeled interneu-
rons with antibodies against acetylated
(stable) and tyrosinated (dynamic) �-tubulin
(Gopal et al., 2010). In control conditions,
both stable and dynamic microtubules
can be seen throughout the cell; however,
more of the microtubules at the leading
process tip are newly polymerized, dy-
namic microtubules (Fig. 9D). Dynamic
microtubules are also enriched at the rear
of the cell and surrounding the nucleus,
while the cytoplasmic bulge preceding the
nucleus and the leading process shaft con-
tain both stable and dynamic microtu-
bules (Fig. 9D). In the presence of SDF1,
the location of most dynamic and stable
microtubules appears similar but the
leading process becomes less branched
and microtubules appear more con-
densed or consolidated, consistent with
microtubule bundling (Fig. 9D). Short,
dynamic microtubules are frequently vis-
ible protruding from the leading process

shaft of SDF1-treated interneurons (Fig. 9D, arrowhead). These
microtubules are thin and do not form an elaborated network at
the tip of the branch as seen in normal leading process branches.
Because SDF1 decreases branch lifetime, these microtubules have
likely invaded the transient protrusions seen in the presence of
SDF1 (Fig. 1), but do not persist long enough to become stable
and support persistent branches. Treatment with 10 nM nocoda-
zole alone reduces branching compared with control and causes
microtubules to splay at the leading process tip, generating a
spiky, brushy appearance (Fig. 9D). At this low dose of nocoda-
zole dynamic microtubules continue to be enriched at the leading
process tip (Fig. 9E). Combining SDF1 with 10 nM nocodazole
does not result in collapse of the leading process and both
stable and dynamic microtubules appear throughout the lead-
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Figure 11. DCX localizes to the distal leading process in control- and SDF1-treated interneurons. A, B, Interneurons immuno-
labeled for tubulin (green) and DCX (red) with nuclear counterstaining (DAPI, blue). A, DCX colocalizes with microtubules through-
out the leading process and is enriched at the leading process tips. B, SDF1 condenses leading process microtubules as seen
previously while maintaining DCX localization at the leading process tip. C, D, Control- and SDF1-treated interneurons immuno-
labeled for DCX and GFP (cytoplasmic marker), with quantification of the immunolabeling intensity from soma to leading process
tip. In both control- and SDF1-treated interneurons, DCX is enriched in the distal leading process in 100% of interneurons. Scale bar,
10 �m.
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ing process, again with dynamic microtubules enriched at the
leading process tip (Fig. 9 D, E). Microtubules appear con-
densed or consolidated, similar to SDF1 treatment alone. To-
gether, these results indicate that SDF1 does not depolymerize
microtubules, but likely activates a protein involved in micro-
tubule stability.

Microtubule-associated proteins have polarized distributions
within the interneuron leading process
In response to SDF1, we have observed distinct changes in micro-
tubule organization in two different locations in the cell: short
dynamic microtubules protruding from the leading process shaft
and condensed or bundled microtubules within the leading pro-
cess. Subcellular regulation of microtubules is accomplished by
MAPS that bind to microtubules in different cellular domains
and control microtubule dynamics through promotion of po-
lymerization, stabilization, or bundling (Dehmelt and Halpain,
2004). Given their highly polarized morphology, MAP regulation

of microtubules is especially important in neurons and several
MAPS such as Tau, MAP2, APC, and DCX play distinct roles
regulating microtubules in neurons. For example, Tau promotes
microtubule stability and bundling in the axon of mature neu-
rons (Caceres and Kosik, 1990; Baas et al., 1991), while MAP2
stabilizes microtubules in dendrites (Caceres et al., 1992; Chen et
al., 1992). APC is thought to promote microtubule elongation in
migrating excitatory neurons (Asada and Sanada, 2010), while
DCX stabilizes and bundles microtubules and is localized to the
tips of neurites and leading processes of migrating SVZa neurons
(Gleeson et al., 1999; Schaar et al., 2004).

We hypothesize that SDF1 primarily regulates microtubule
bundling near the leading process tip. To establish the subcellular
localization of these MAPS in migrating interneurons, we per-
formed coimmunolabeling of interneurons for each MAP and
tubulin. All the MAPS decorated microtubules throughout the
leading process; however, APC and MAP2 are highly localized
proximal to the nucleus and less prominent at the leading process

A A’
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Figure 12. Interneuron branching is positively regulated by cAMP and negatively regulated by DCX. A, A�, Interneurons cotransfected with dsRed and DCX expression plasmids migrate out from
medial ganglionic eminence explants (overlay of fluorescent and phase microscopy). Treatment with dbcAMP or expression of DCX or DCX-S47A does not prohibit interneuron migration. B, Migration
path traces of processively migrating interneurons. Control interneurons typically migrate away from the explant in a curved path as they make direction changes. Interneurons overexpressing DCX
or DCX-S47A can migrate farther from the center of the explant and their migration paths are straighter. C, Quantification of migration path directionality, a measure of the deviation of the migration
path from a straight line distance. Control interneurons migrate away from the explant while making slight changes in direction. DCX or DCX-S47A overexpressing interneurons are more likely to
migrate without changing direction (�SEM; ***p � 0.001, t test). D, Frames from Movie 8. D, E, Compared with control, DCX or DCX-S47A overexpression reduces branching frequency. dbcAMP,
a PKA agonist, increases interneuron branching. DCX overexpression’s reduction in branching can be partially rescued by treatment with dbcAMP. However, dbcAMP cannot rescue branching in
interneurons expressing DCX-S47A, a mutant form of DCX that cannot be regulated by PKA (�SEM; p � 0.001, analysis of deviance, ***p � 0.001, **p � 0.01, *p � 0.05, post hoc tests). At least
28 cells per condition, three independent experiments. Scale bars; A, 200 �m; D, 10 �m.
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tip (Fig. 10A,B). Tau is localized throughout the leading process
and is present at the leading process tip (Fig. 10C). To quantify
the distribution of each MAP we compared MAP distribution to
the cytosolic marker GFP. APC was the least prominent at the
leading process tip in most interneurons (less than GFP in 96% of
interneurons, 4% equal, n � 30), while MAP2 was also not prom-
inent at the leading process tip (less than GFP in 83%, 17% equal,
n � 45). APC and MAP2 were also not prominent in the nucleus
(100% of interneurons). In the cytoplasmic bulge proximal to the
nucleus APC is more prominent than GFP in 47% of interneu-
rons and equally prominent in 53% of interneurons, while MAP2
is more prominent than GFP in 40% of neurons and equally
prominent in 54% of neurons (6% less prominent). In contrast,
Tau was equally prominent as GFP at the leading process tip in
many interneurons (70%) and more prominent in 30%. At the
cytoplasmic bulge, Tau is more prominent than GFP in 43% of
neurons and equally prominent in 57% of neurons (n � 40). Tau
is also not prominent in the nucleus in 72% of interneurons, but
equal in 28%.

APC’s localization in these inhibitory interneurons contrasts
with the previously reported localization in migrating excitatory
neurons where APC decorates microtubule plus end tips at the
leading process tip (Asada and Sanada, 2010). MAP2 and Tau’s
overlapping localization in much of the interneuron leading pro-
cess contrasts with their nonoverlapping distribution in mature
neurons, in which MAP2 and Tau exclusively occupy dendrites
and axons, respectively. Together these results indicate that local-
ization of some MAPS may be different in migrating interneu-
rons than migrating excitatory neurons or stationary mature
neurons.

Given these results, APC and MAP2 are not the best candi-
dates to control branching in the distal leading process, while Tau
is present in the distal leading process, although not enriched at
the tip 100% of the time.

DCX is localized to the distal leading process in control- and
SDF1-treated interneurons
We also investigated the subcellular localization of DCX by again
performing coimmunolabeling of DCX and microtubules or cy-
toplasmic GFP. DCX is an excellent candidate for bundling mi-
crotubules downstream of SDF1 because DCX is regulated by
PKA and knockdown of DCX results in increased branching in
migrating neurons (Schaar et al., 2004; Kappeler et al., 2006).
DCX localizes to the leading process and decorates microtubules
at the leading process tip in both control- and SDF1- treated
interneurons (Fig. 11A,B). Comparing the distribution of DCX
to a cytoplasmic reference GFP, DCX is always prominent at the
leading process tip (100% of interneurons), less prominent in the
nucleus (97% of interneurons), and equal (24% of interneurons)
or less prominent at the cytoplasmic bulge proximal to the nu-
cleus (76% of interneurons, n � 42; Fig. 11C). SDF1 treatment
did not appear to change DCX localization at the leading process
tip (100% of interneurons), nucleus (less prominent, 97% of
interneurons), or at the bulge (equal, 29% of interneurons; less
prominent, 71%, n � 42; Fig. 11D). These data show that DCX is
the best candidate examined to bundle and stabilize microtubules
in the distal leading process and regulate interneuron branching.

DCX overexpression reduces branching and is regulated by
cAMP in interneurons
DCX depletion through RNAi or genetic knock out of DCX re-
sults in interneurons that branch more frequently, making DCX
an excellent candidate to mediate SDF1 branching reduction

(Kappeler et al., 2006; Friocourt et al., 2007). Through its two
microtubule binding domains, DCX bundles microtubules in
vitro and in cultured cells (Schaar et al., 2004). To test whether
DCX bundling of microtubules is sufficient to reduce branching
in interneurons, we coelectroporated DCX and dsRed expression
plasmids into E14.5 mouse brain slices and cultured MGE ex-
plants (Fig. 12A). We performed time-lapse imaging of interneu-
rons as they migrated out from the center of the explant.
Interneurons overexpressing DCX make straighter, more direct
migration paths and their branching is reduced (Fig. 12B–D,
Movie 8). Some DCX-expressing interneurons are also able to
migrate much farther out of the explant center than control cells.
These results indicate that DCX overexpression is sufficient to
straighten the migration path of interneurons and reduce
branching.

DCX is negatively regulated by phosphorylation at several reg-
ulatory serines. Serine 47 has been identified as a PKA regulatory
site (Schaar et al., 2004), so we created a DCX-S47A mutant that
cannot be regulated by PKA, and will mimic a nonphosphory-
lated DCX with high affinity to microtubules. Overexpression of
DCX-S47A increases direct migration paths similar to DCX (Fig.
12B,C). Importantly, overexpression of either form of DCX
straightens the leading process and reduces branching (Fig.
12D,E, Movie 8), suggesting that microtubule bundling by DCX
reduces branching. To test whether cAMP levels regulate DCX
reduction of interneuron branching, we treated interneurons
with PKA agonist dbcAMP. Treatment with dbcAMP increases
branching in control interneurons, and can partially rescue the
effect of expressing DCX (Fig. 12D,E), indicating that cAMP
represses DCX branching reduction in interneurons. Treat-

Movie 8. Interneuron branching is positively regulated by cAMP and negatively regulated by
DCX. Control, Control-treated interneurons expressing dsRed only display frequent branching
and normal migration. Control-DCX, Interneurons expressing DCX have a straighter morphol-
ogy, branch less frequently, and have straighter migration paths. Control-DCX-S47A, Interneu-
rons expressing DCX-S47A, a mutant form of DCX that cannot be phosphorylated by PKA, have a
similar phenotype to DCX-expressing interneurons. dbcAMP-dsRed only, Interneurons treated
with dbcAMP branch more frequently than control cells. dbcAMP-DCX, Treating DCX-expressing
interneurons with dbcAMP increases branching frequency compared with untreated DCX-
expressing interneurons. dbcAMP-DCX-S47A, Treating DCX-S47A-expressing interneurons with
dbcAMP does not increase branching frequency compared with untreated DCX-expressing in-
terneurons, indicating that cAMP regulates DCX reduction of branching through S47. 20�
time-lapse confocal microscopy, 1 frame/10 min.]Scale bar, 70 �m.
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ment with dbcAMP cannot rescue
branching reduction in interneurons
expressing DCX-S47A (Fig. 12 D, E), in-
dicating that cAMP-dependent repres-
sion of DCX activity occurs through
serine 47 in DCX, a known PKA regula-
tory site. These results indicate that
cAMP is an important regulator of
DCX’s ability to bundle microtubules
and decrease interneuron branching.

DCX is required for SDF1 reduction
of branching
We have previously shown that SDF1 reg-
ulates interneuron migration through the
G-protein Gi (Lysko et al., 2011). Gi typi-
cally reduces cAMP levels and PKA activ-
ity, suggesting that SDF1 would result in
DCX activation and bundling of microtu-
bules thereby reducing interneuron
branching. We hypothesized that SDF1
increases the amount of DCX with high
microtubule bundling activity to ulti-
mately reduce interneuron branching. To
test whether SDF1 requires DCX to in-
hibit branching we performed knock-
down experiments of DCX in the presence
and absence of SDF1. We used short hair-
pin RNAi (shRNA) constructs targeted to
the 3� untranslated region of endogenous
DCX mRNA, allowing rescue with plas-
mids expressing only the coding region of
DCX (Bai et al., 2003; Ramos et al., 2006).

DCX knockdown results in an increase
in interneuron branching, as seen previ-
ously (Fig. 13A,B, Movie 9; Friocourt et
al., 2007). SDF1 treatment normally de-
creases branching in control interneu-
rons; however, when DCX is knocked down, SDF1 cannot fully
reduce interneuron branching (Fig. 13A,B). This indicates that
DCX is required for SDF1 reduction of branching.

The increase in branching seen upon DCX knockdown can be
rescued by DCX or DCX-S47A expression. Rescuing with normal
DCX or DCX-S47A results in a reduced level of branching com-
pared with control interneurons, but largely normal migration
(Fig. 13A,B, Movie 9). Under normal DCX rescue conditions,
SDF1 can reduce branching. Under DCX-S47A rescue condi-
tions, SDF1 further reduces branching. These data are consistent
with the idea that when SDF1 signaling cannot further activate
DCX-S47A (already active bundling microtubules and reducing
branching), SDF1 signaling will reduce branching further
through the alternative pathway of cortactin downregulation.
Together, these data indicate that DCX is required for full SDF1-
driven reduction in interneuron branching, and suggest that
SDF1 signaling activates DCX in combination with downregula-
tion of cortactin to reduce interneuron branching.

Discussion
In this study we sought to understand the mechanism by which
SDF1 regulates leading process branching. We identified two cy-
toskeletal regulators downstream of SDF1: cortactin, which reg-
ulates actin, and DCX, which regulates microtubules. Based on
these data we developed a model to explain how regulating both

actin and microtubule networks may affect interneuron branch-
ing (Fig. 14). Under basal branching conditions F-actin is en-
riched at the tip of the leading process and is arranged in a highly
branched network created by cortactin, which along with Arp2/3
is known to promote branch growth in neurons (Mingorance-Le
Meur and O’Connor, 2009; Spillane et al., 2011; Hu et al., 2012).
Microtubule invasion changes growing actin protrusions to sta-
ble branches.

Upon SDF1 signaling, calpain protease becomes active and
cleaves cortactin, reducing Arp2/3 activity, consolidating the ac-
tin network and reducing branch lifetime. SDF1 signaling simul-
taneously activates DCX to bind and bundle microtubules,
stabilizing the microtubule array and reducing support of off-
angle branches. Although not directly addressed in our study, in
addition to bundling microtubules, DCX is a component of nu-
clear movement and also promotes microtubule elongation
(Taylor et al., 2000; Tanaka et al., 2004b). The combination of
actin network consolidation and DCX activation suggests a
mechanism for how SDF1 simultaneously reduces branching
while increasing migration speed.

Because DCX is localized to the distal leading process, bun-
dling of microtubules is most efficient at the leading process tip,
promoting forward migration. More proximal to the nucleus,
some microtubules may become unbundled and invade newly
formed protrusions, giving rise to the short-lived branches we see
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Figure 13. Knockdown of DCX causes increased interneuron branching and blocks SDF1 reduction of branching. A, Frames from
Movie 9. A, B, Knock down of DCX by DCX-shRNA causes interneurons to branch more frequently than control cells. This increase in
branching can be rescued by cotransfecting with DCX or DCX-S47A expression plasmids. In mock-transfected (dsRed) control
conditions, SDF1 reduces branching. Under DCX knockdown conditions, SDF1 branching reduction is blocked. Under DCX rescue
conditions, SDF1 reduces branching relative to control. When rescue is performed by DCX-S47A, a PKA-insensitive mutant form of
DCX, SDF1 causes an even greater reduction in branching (�SEM; p � 0.001, analysis of deviance, ***p � 0.001, **p � 0.01,
*p � 0.05, post hoc tests). At least 23 cells per condition, three independent experiments. Scale bar, 10 �m.
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in the presence of SDF1 (Figs. 1, 8). However, reduced cortactin-
Arp2/3 activity and less stabilized microtubules lead to quick
collapse of these branches.

This model is consistent with previous studies indicating that
DCX is necessary for limiting branching in neurons (Kappeler et
al., 2006; Bielas et al., 2007; Friocourt et al., 2007). In this paper
we provide evidence that overexpression of DCX is sufficient to
reduce branching and affect the migration path of interneurons.
We also show that cAMP increases interneuron branching fre-
quency and negatively regulates DCX reduction of branching
through serine 47. DCX’s serine 47 was previously identified as a
PKA/MARK-regulated serine that, when phosphorylated, re-
duces DCX microtubule bundling (Schaar et al., 2004). These
authors suggested that unknown signaling could act through ser-
ine 47 to influence neuronal migration. In this study we identify
DCX as a downstream effector of SDF1, linking an extracellular
guidance factor to this cytoskeletal regulatory protein.

Previous studies have established that DCX localization to the
tips of axons and neurites is dependent on protein phosphatase
activity (Schaar et al., 2004; Bielas et al., 2007). Inhibiting this
phosphatase activity changes the localization of DCX from tips of
neurites to the cell soma. In our study, we do find that DCX is
localized to the distal leading process, but do not find evidence
that SDF1 signaling changes DCX localization. This may indicate
that SDF1 represses kinases whose activity is uniform throughout
the leading process, while polarized phosphatases maintain DCX
localization. Minimal changes in DCX localization are expected
as both control- and SDF1-treated interneurons maintain limited
branching and forward migration, consistent with the idea that
SDF1 only fine-tunes interneuron branching.

SDF1 signaling affects the migration of diverse cell types like
human leukocytes and zebrafish germ cells, and controls the pro-
cess of neuronal axon pathfinding (Bleul et al., 1996; Chalasani et

al., 2003; Knaut et al., 2003). In leukocytes, germ cells, and mi-
grating interneurons, the data support a Gi � signal downstream
of CXCR4, reducing cAMP to affect migration (Sotsios et al.,
1999; Dumstrei et al., 2004; Dong et al., 2006; Lysko et al., 2011).
However, in studies of SDF1’s role as an anti-repellent during
axon guidance, at the intersection of SDF1 and slit or semaphorin
signaling, while SDF1 signaling requires Gi, cAMP levels actually
increase upon SDF1 treatment as a result of Gq and �� signaling
(Chalasani et al., 2003; Xu et al., 2010). This difference in SDF1
signaling pathways is accompanied by a morphological differ-
ence: SDF1 alone has no obvious effect on the morphology of
sensory axon growth cones or their cytoskeleton (Twery and
Raper, 2011), while we demonstrate that SDF1 changes the orga-
nization of both actin and microtubules while reducing branch-
ing. These differences suggest that SDF1’s signaling pathway
may vary between migrating interneurons and sensory axon
pathfinding, underscoring the cell type-specific nature of sig-
nal transduction.

Our data are consistent with the signaling pathway regulating
branching of developing hippocampal neurons in culture. NT3
or BDNF increase cAMP in hippocampal neurons, increasing
branching through calpain regulation of cortactin (Mingorance-Le
Meur and O’Connor, 2009). Together our results suggest that neu-
ronal branching can be increased or decreased by different guid-
ance ligands using opposing G-� protein activities to tune cAMP
levels. Recent evidence indicates that DCX activity can also be
downregulated by Gs/cAMP at serine 47 in neural progenitor
cells (Toriyama et al., 2012). These data complement our results
indicating that cAMP regulation of serine 47 regulates interneu-
ron branching.

We can integrate our findings in this study with previous work
about the guidance of interneurons along their migration path
from ventral forebrain to developing neocortex. SDF1 expressed
in the SVZ/IZ regulates stream migration and the transition to
cortical plate invasion (López-Bendito et al., 2008; Lysko et al.,
2011). As interneurons migrate into the SDF1-rich SVZ/IZ, we
expect calpain activity will increase, proteolyzing cortactin and
consolidating the actin network. Less available nucleation from
cortactin/Arp2/3 increases the chance that new branches will col-
lapse and the cell will continue migrating within the SVZ/IZ
stream. DCX bundling activity will prevent microtubule support
for off-angle branches. As interneurons migrate to zones with
lower levels of SDF1, calpain and DCX activity will decrease and
cortactin will promote increased branching. This increase in
branching will be supported by microtubules no longer tightly
bundled by DCX, and allow interneurons to turn and invade the
cortical plate. Having this more complete understanding of in-
terneuron branching will inform future studies directed at ther-
apy. For example, a phenotype of the CXCR4 knock-out mouse is
premature cortical plate invasion, resulting in a global mislocal-
ization of interneurons leading to altered inhibitory tone (Li et
al., 2008). If suppressing branching prevented premature cortical
plate invasion and rescued normal interneuron localization, nor-
mal inhibition could potentially be restored.

Mutations in DCX also cause lissencephaly associated with
intellectual disabilities and epilepsy (Kerjan and Gleeson, 2007;
Leger et al., 2008). Many mutations cluster in DCX’s tubulin
binding domains (Sapir et al., 2000; Taylor et al., 2000). JNK and
Cdk5 kinases regulate several serines on DCX (Gdalyahu et al.,
2004; Tanaka et al., 2004a), while serine 47 has been identified as
both a MARK and PKA phosphorylation site, as well as being a
mutated amino acid in patients with lissencephaly (Sapir et al.,
2000; Schaar et al., 2004). If interneurons in patients carrying an

Movie 9. Knockdown of DCX causes increased interneuron branching and blocks SDF1-
reduction of branching. Control-dsRed only, Control-treated interneurons display frequent
branching. Control-DCX-shRNA, Interneurons expressing DCX-shRNA branch more frequently
than control interneurons, consistent with DCX normally limiting branching. Control-DCX-
shRNA � DCX, The increase in branching by DCX knockdown (targeted to 3�-UTR) can be
rescued by expressing DCX (coding sequence only). Interneurons display more normal migra-
tion and branch slightly less than control interneurons. Control-DCX-shRNA � DCX-S47A, In-
terneurons rescued with the S47A mutant form of DCX display similar migration and branching
phenotype as interneurons rescued with normal DCX. SDF1-dsRed only, SDF1 reduces
interneuron branching frequency. SDF1-DCX-shRNA, SDF1 does not reduce branching in
DCX-shRNA-expressing interneurons. SDF1-DCX-shRNA � DCX, SDF1 reduces branching
in DCX knockdown � rescue interneurons. SDF1-DCX-shRNA � DCX-S47A, SDF1 further
reduces branching in interneurons rescued with the S47A mutant form of DCX. 20�
time-lapse confocal microscopy, 1 frame/10 min. Scale bar, 70 �m.
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S47 mutation are less sensitive to SDF1, we would expect deficits
in interneuron migration similar to those seen in the CXCR4�/�
mice (Li et al., 2008). Further investigation into how SDF1 and
other guidance factors regulate DCX will be critical to under-
standing the consequences of different DCX mutations in
patients.

In addition to guidance factors regulating cytoskeletal organi-
zation, cell adhesion is another important component in neuro-
nal migration (Fishell and Hatten, 1991; Denaxa et al., 2001;
Gupta et al., 2003; Elias et al., 2007; Shieh et al., 2011). While we
have focused on calpain cleavage of cortactin, calpains are also
known to cleave components of cell adhesions such as talin or
paxillin and regulatory proteins such as focal adhesion kinase
(Franco and Huttenlocher, 2005). When we inhibited calpain in
migrating neurons, both branching and migration speed were
reduced, despite the increase in actin at the leading process tip
(Fig. 5). Similarly, embryonic fibroblasts deficient in Calpain4 do
not spread or migrate well, despite increased filopodial protru-
siveness (Dourdin et al., 2001; Perrin et al., 2006). Inhibiting
calpain protease can increase (Lokuta et al., 2003) or decrease cell
migration (Dourdin et al., 2001) depending on conditions and

cell type, supporting the idea that calpain protease can impact the
amount of adhesion turnover optimal for migration. We have
hypothesized that in calpain-inhibited interneurons, nonoptimal
adhesion turnover decreases branching and speed, while reduced
proteolysis of cortactin increases actin at the leading process tip
causing extreme protrusion (Fig. 5). Determining whether SDF1
regulates components of adhesions such as paxillin or talin is
important future studies and could provide a common point of
interneuron branching regulation.

Our data have advanced the understanding of the regulation
of cytoskeletal dynamics in the leading process of migrating in-
terneurons. We have established cortactin as a novel regulator of
interneuron branching and identified cortactin and DCX as two
downstream effectors of SDF1 signaling. We have also described
how calpain protease and cAMP are important regulators of in-
terneuron branching. Our model describes how a guidance factor
can ultimately regulate both actin and microtubules and illus-
trates how interneurons may use extracellular cues to change
their migratory behavior, successfully migrating through the de-
veloping neocortex.

A B

A’ B’

Figure 14. SDF1 coregulates both actin and microtubules to reduce interneuron branching. A, Model for cytoskeletal regulation under control conditions. Under control conditions adenylyl
cyclase produces basal levels of cAMP, stimulating repression of both calpain protease and DCX (putatively through PKA). Cortactin is free to help Arp2/3 promote membrane protrusion and branch
growth. Phosphorylation lowers DCX’s affinity for microtubules, allowing the microtubule network to spread and support new branches. A�, Diagram showing how high amounts of cortactin
promote a branched actin network supporting interneuron branch growth. Microtubules are free to invade off-angle branches allowing migration direction to change. B, Model for SDF1 regulation
of the interneuron cytoskeleton. SDF1 binds to CXCR4, allowing Gi to inhibit adenylyl cyclase. cAMP levels drop, de-repressing calpain protease and DCX. Calpain proteolyzes cortactin and the actin
network consolidates, leading to shorter lived branches. DCX affinity for microtubules increases, allowing DCX to bundle microtubules. Bundled microtubules are less likely to invade and support new
branches. B�, Diagram showing how low levels of cortactin could result in a consolidated actin network. Active DCX bundles microtubules, promoting a straighter leading process, less branching
support, and a direct migration path.
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Marín O (2009) Biased selection of leading process branches mediates
chemotaxis during tangential neuronal migration. Development 136:41–
50. CrossRef Medline

Matsumoto N, Leventer RJ, Kuc JA, Mewborn SK, Dudlicek LL, Ramocki MB,
Pilz DT, Mills PL, Das S, Ross ME, Ledbetter DH, Dobyns WB (2001)
Mutation analysis of the DCX gene and genotype/phenotype correlation
in subcortical band heterotopia. Eur J Hum Genet 9:5–12. CrossRef
Medline

McManus MF, Nasrallah IM, Pancoast MM, Wynshaw-Boris A, Golden JA
(2004) Lis1 is necessary for normal non-radial migration of inhibitory
interneurons. Am J Pathol 165:775–784. CrossRef Medline
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