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Focal Adhesion Kinase Modulates Radial Glia-Dependent
Neuronal Migration through Connexin-26
Manuel Valiente, Gabriele Ciceri, Beatriz Rico, and Oscar Marín
Instituto de Neurociencias, Consejo Superior de Investigaciones Científicas and Universidad Miguel Hernández, 03550 Sant Joan d’Alacant, Spain

Focal adhesion kinase (FAK) is an intracellular kinase and scaffold protein that regulates migration in many different cellular contexts
but whose function in neuronal migration remains controversial. Here, we have analyzed the function of FAK in two populations of
neurons with very distinct migratory behaviors: cortical interneurons, which migrate tangentially and independently of radial glia; and
pyramidal cells, which undergo glial-dependent migration. We found that FAK is dispensable for glial-independent migration but is
cell-autonomously required for the normal interaction of pyramidal cells with radial glial fibers. Loss of FAK function disrupts the normal
morphology of migrating pyramidal cells, delays migration, and increases the tangential dispersion of neurons arising from the same
radial unit. FAK mediates this process by regulating the assembly of Connexin-26 contact points in the membrane of migrating pyramidal
cells. These results indicate that FAK plays a fundamental role in the dynamic regulation of Gap-mediated adhesions during glial-guided
neuronal migration in the mouse.

Introduction
Newborn neurons reach their final destination through two different mechanisms, radial and tangential migration. Radial migration is the primary mechanism by which developing neurons
reach their final position, and it courses in parallel to the radial
glia scaffold that spans the neural tube (Rakic, 2007). Tangential
migration allows newborn neurons to disperse orthogonally to
the radial glia axis, and it is involved in increasing neuronal diversity in specific brain circuits (Marín and Rubenstein, 2001).
Although there are cellular and molecular elements that are common to both types of migration (Marín et al., 2006), a major
difference between both mechanisms is their different dependency on migratory substrates. Thus, radial migration is largely
dependent on the interaction of migrating neurons with radial
glial fibers, whereas tangential migration is not (Marín and
Rubenstein, 2003; Rakic, 2006).
The developing cerebral cortex is perhaps the best model to
investigate the molecular underpinnings of radial and tangential
migration, because its two main neuronal constituents—pyramidal cells and interneurons— distinctly use these different modes
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lar zone (VZ) generates several consecutive cohorts of pyramidal
cells that migrate radially and settle into progressively more superficial positions within the cortical plate (CP) (Gupta et al.,
2002). This “inside-out” pattern of cortical lamination is then
refined during the differentiation of pyramidal neurons to conform the adult architecture of the six-layered neocortex (Caviness et al., 2008). Concurrently, progenitor cells located in several
regions of the subpallium generate cortical interneurons that migrate tangentially to colonize the entire cerebral cortex before
changing their mode of migration to adopt specific laminar positions (Batista-Brito and Fishell, 2009).
One of the main characteristics that distinguish radial and
tangential migration is their differential dependency on radial
glial cells (RGCs). RGCs reside in the VZ and have a long basal
process that extends to the pial surface, where it anchors into the
basement membrane. Of note, the first cohorts of newborn pyramidal cells reach the CP through a mechanism known as somal
translocation, which is independent of their interaction with the
processes of radial glial cells (Miyata et al., 2001; Nadarajah et al.,
2001; Kriegstein and Noctor, 2004). As the cortex grows, however, pyramidal cells migrate progressively longer distances to
reach the CP, and this requires the support of RGCs. This process
of glial-guided migration involves a dynamic interaction between
migrating neurons and the basal process of RGCs, which serves as
the main substrate to support their movement (Rakic, 1972,
1974; Kriegstein and Noctor, 2004).
Molecules controlling the adhesion of migrating neurons to
RGCs are thought to play a prominent role in glial-guided migration. Recent work has shown that the adhesive properties of
connexins are essential for glial-guided radial migration, while
dispensable for tangential migration (Elias et al., 2007, 2010; Cina
et al., 2009). Two different connexins have been shown to form
part of these cell– cell junctions: Connexin-26 (Cx26) puncta
seem to preferentially mediate the interaction of the soma and
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bion, shFak was kindly provided by J. L. Guan
(University of Michigan, Ann Arbor, MI), and
shFak(2) was cloned in the pSilencer vector
(Ambion) using the sequence described by Tilghman et al. (2005). shCx26, based on the same
sequence tested by Elias et al. (2007), was also
cloned in the pSilencer vector. A second
shRNA against Cx26 [shCx26(2); target sequence, AACGAGTTTAAGGACATCGAA]
was also tested and gave similar results as the
original one (data not shown). DsRed, Cre-iGfp, and ND1 plasmids were kindly provided
by F. Guillemot (National Institute for Medical
Research, London, UK) and F. Polleux
(Scripps Research Institute, La Jolla, CA); the
mRfp plasmid was provided by J. Sanes and J.
Livet (both Harvard University, Cambridge,
MA). Gfp was cloned into the ␤-actin promoter expression vector (pCAGGS). Cx26Gfp, provided by M. Falk (Lehigh University,
Figure 1. FAK knockdown does not perturb the tangential migration of cortical interneurons. A, Migrating interneurons leaving the Bethlehem, PA) (Falk, 2000), was also cloned
MGE at E13.5 express FAK. B, Representative immunoblots of FAK protein levels in N2A cells 72 h after transfection with a control plasmid into pCAGGS.
(emptyvectorpCAGIG)plusaplasmidencodingFak,shFakplusFak,orshFak(2)plusFak.ThegraphshowsthequantificationofFAKprotein
Cell lines. N2A, COS, and C6 cell lines were
levelsineachcase.Histogramsshowmean⫾SEMfromthreeexperiments.shLuc,94.90⫾13.85;shFak,41.59⫾6.35;shFak(2),49.59⫾ cotransfected (Fugene; Roche) with the indi7.67. shLuc and shFak comparison: t test, *p ⫽ 0.0128. shLuc and shFak(2) comparison: t test, *p ⫽ 0.0287. C, Schematic diagram of cated plasmids at 0.9 g/l and incubated
experimentaldesign.D,E,CoronalslicesafterelectroporationofembryonicMGEatE13.5withplasmidsencodingGfpandshLuc(B)orshFak for 72 h.
(C) incubated 48 h in culture.
Immunoprecipitation and immunoblot analysis. Cells or tissue were homogenized in
TBS-T (50 mM Tris, pH 7.4, 150 mM NaCl, 10%
proximal leading process with RGCs, while Cx43 is enriched
glycerol, 5 mM EDTA, 1% Triton X-100, and a mixture of proteases
along the entire leading process. Considering the dynamic behavinhibitors). Lysates were clarified by centrifugation at 15,000 ⫻ g for 10
min and precleared by incubation with recombinant protein G-agarose
ior of migrating neurons, it is expected that the assembly and
(rProtein G Agarose; Sigma-Aldrich) for 1 h at 4°C. After removal of the
disassembly of connexin-mediated adhesions would be a very
protein G-agarose by brief centrifugation, the supernatants were transdynamic process, but the mechanisms underlying this process
ferred into a fresh tube, and proteins were immunoprecipitated overhave not been explored yet.
night at 4°C on an orbital shaker with the recommended volume of the
The intracellular kinase and scaffold protein focal adhesion
immunoprecipitating antibody (rabbit anti-FAK; 1:100; 06-543; Millikinase (FAK) have been shown to regulate the formation and
pore). The immunocomplexes were captured by adding 30 l of protein
disassembly of adhesions during the migration of multiple cell
G-agarose bead slurry (15 l of packed beads). Then they were gently
types (Avizienyte and Frame, 2005; Mitra et al., 2005). FAK is
rocked on an orbital shaker 2 h at 4°C. Immunoprecipitates were washed
strongly expressed in the brain (Grant et al., 1995), in particular
three times with appropriated buffer, reconstituted in 30 – 60 l of 2⫻
during embryonic development (Xie et al., 2003), but its function
SDS sample buffer [50 mM Tris-HCl, pH 6.8, 2% SDS, 10% glycerol, 100
in migrating neurons is somehow controversial (Beggs et al.,
mM DTT (dithiothreitol), and bromophenol blue], boiled for 5 min to
dissociate the immunocomplexes from the beads, and further analyzed
2003; Xie et al., 2003). Here, we have investigated the function of
by SDS-PAGE and immunoblot analysis.
this protein in the tangential migration of cortical interneuProteins were resolved by SDS-PAGE on 10 or 12.5% gels and blotted
rons and in the radial migration of pyramidal cells. We have
to 0.2 mm nitrocellulose in transfer buffer, pH 8.3 (25 mM Tris, 192 mM
found that FAK cell-autonomously modulates glial-guided radial
glycine, and 20% v/v methanol). Immunoblots were blocked for 1 h in
migration, but it is dispensable for the migration of cells whose
TBS-T (20 mM Tris, pH 7.4, 150 mM NaCl, and 0.2% Tween 20) containmovement is independent of RGCs (interneurons and early-born
ing 5% BSA and incubated overnight at 4°C with primary antibodies
pyramidal cells undergoing somal translocation). FAK modulates
diluted in TBS-T containing 1% BSA powder. The following primary
glial-guided migration by regulating the interaction between migratantibodies were used: rabbit anti-FAK (1:3000; 06-543; Millipore), rabbit
ing neurons and RGCs, a process that depends on the function of
anti-Cx26 (1:1000; 71-0500; Zymed), mouse anti-actin (1:3000; ab11003;
FAK in the assembly of Cx26-mediated adhesions in the membrane
Abcam), mouse anti-␤III-tubulin (1:1000; MMS-410-P; Covance), and
of migrating pyramidal cells.
anti-green fluorescent protein (GFP) (1:1000; A11122; Invitrogen). Membranes were then washed in TBS-T, incubated for 1 h with secondary antiMaterials and Methods
bodies (goat anti-mouse or anti-rabbit horseradish peroxidase-conjugated
IgG; 1:25,000; 31444 and 31460; Pierce) diluted in TBS-T, washed, and inMouse lines. Fakflox/flox (Beggs et al., 2003), NEX-Cre (Goebbels et al.,
cubated for 1 min with ECL chemiluminescence reagents (Immobilon
2006), and NEX-Cre;Fakflox/flox were maintained in a CD1 background.
Western; Millipore).
All control animals used in our experiments were obtained from the
Immunohistochemistry. Embryos and postnatal mice were perfused
identical familial genetic background than the corresponding mutant
with 4% PFA, postfixed overnight at 4°C, equilibrated in 15 and 30%
mice. The day of vaginal plug was considered to be embryonic day 0.5
sucrose in PBS, and cut on a freezing microtome (HM450; Microm) into
(E0.5). Mice were kept at the Instituto de Neurociencias in accordance
40-m-thick coronal sections. Alternatively, brains were postfixed 30
with Spanish and European Union regulations.
min at room temperature plus 90 min at 4°C, and then 40 – 80 m thickDNA constructs. Fak chicken cDNA (kindly provided by J. T. Parsons,
ness coronal sections were cut on a vibratome (VT1000S; Leica). ImmuUniversity of Virginia, Charlottesville, VA) was subcloned into a pCAnohistochemistry was also performed in medial ganglionic eminence
GIG vector (11159; Addgene), and all point mutations were based on this
(MGE) explants dissected out from E13.5 coronal slices of the telencephconstruct (GenScript). All short hairpin RNA (shRNA) were expressed
alon, as described previously (Martini et al., 2009). Free-floating sections
from U6 promoter-containing vectors. shLuc was obtained from Am-
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were processed for immunohistochemistry by
blocking with 0.3% Triton X-100 and 1% BSA
in PBS for 1 h, followed by overnight incubation with primary antibody diluted in 0.1%
Triton X-100 and 0.5% BSA in PBS. The following primary antibodies were used: rabbit
anti-GFP (1:1000; A11122; Invitrogen),
chicken anti-GFP (1:1000; GFP-1020; Aves
Labs), rabbit anti-FAK (1:300; 06-543; Millipore), rabbit anti-Cx26 (1:25; 51-2800;
Zymed), rabbit anti-Cx43 (1:50; 71-0700;
Zymed), rabbit anti-laminin (1:200; AB2034;
Millipore), rabbit anti-Cux1 (sc-13024; Santa
Cruz), rat anti-BrdU (1:200; AB6326; Abcam),
and rabbit anti-RFP (1:150; AB62341; Abcam).
The specificity of FAK and Cx26 antibodies has
been tested previously in genetic deletion and
knockdown experiments (Elias et al., 2007;
Chacón et al., 2010). Secondary antibodies diluted in 0.1% X-100 and 0.5% BSA in PBS were
incubated for 90 min. The following secondary
antibodies were used: donkey anti-rabbit 488
(1:500; A21206; Invitrogen), goat anti-chicken
488 (1:500; A11039; Invitrogen), donkey antirabbit 555 (1:400; A31572; Invitrogen), and
donkey anti-mouse 555 (1:200; A31570; Invitrogen). Cell nuclei were stained using bisbenzamide (1:1000; Sigma-Aldrich), and
sections were mounted with Mowiol (SigmaAldrich) with NPG (Calbiochem). Cx26 and
Cx43 immunohistochemistry was performed
Figure 2. FAK function is not required for the tangential migration of cortical interneurons. A–D, Coronal sections through the telenas described before (Elias et al., 2007).
Focal electroporation. Organotypic slice cephalonofE13.5control(A,C)andinterneuron-specificconditionalFakmutant(B,D)embryos.GandHarehigh-magnificationimagesof
cultures of the embryonic mouse telenceph- the boxed areas shown in E and F, respectively. Note that GFP⫹ interneurons migrate through the marginal zone (MZ) and SVZ in control
alon were prepared as previously described andFakmutantembryos,andtheyreachthesamemediolateralpositionatthisstage.E,WesternblotanalysisrevealedthatFAKlevelsare
(Anderson et al., 1997). pCAGGS-based Gfp decreasedintheBGandNCxofinterneuron-specificFakmutants(KO)comparedwithcontrols(Ctrol).Arbitraryunitsnormalizedforcontrol
and DsRed expression vectors were pressure NCx⫾SEMfromtwoanimalspercondition:NCxCtrol,100.00⫾1.80;BGCtrol,45.70⫾7.75;NCxKO,76.58⫾6.85;BGKO,21.97⫾0.84.
injected focally into the MGE of coronal slice Similarly, immunohistochemistry experiments in primary cultures of MGE revealed that FAK protein levels are efficiently reduced in incultures and focally electroporated as de- terneurons obtained from interneuron-specific Fak mutants (KO) compared with controls. Mean fluorescence arbitrary units ⫾ SEM from
at least three animals per condition: control, 0.89 ⫾ 0.16 (n ⫽ 18 cells); KO, 0.05 ⫾ 0.03 (n ⫽ 9 cells). F, Schematic diagram of
scribed previously (Flames et al., 2004).
In utero electroporation and retroviral infec- experimental design. G, H, Coronal slices after electroporation of embryonic MGE of control (G) and interneuron-specific conditional Fak
tion. Pregnant females were anesthetized with mutantembryos(H)atE13.5withaplasmidencodingDsRedand48hinculture.I,Schematicdiagramofexperimentaldesign.J,K,Coronal
⫹/⫹
(J) or Fakflox/flox (K) embryos at E13.5 with a plasmid encodingCre-i-Gfp. Scale
isoflurane, their uterine horns were exposed, slices after electroporation of embryonic MGE fromFak
and the lateral ventricles of embryos were in- bars: C, D, 50 m; A, B, G, H, J, K, 100 m.
jected through the uterus wall using pulled
capillaries (1B120F-4; World Precision Instruwere quantified in a common boxed region through the somatosensory
ments) filled with either DNA (0.8 –2.25 g/l) or retrovirus stock (10 7
cortex at the same rostrocaudal level for each brain. Swelling quantificacfu/ml) diluted in PBS and colored with 0.5% Fast Green (Sigma-Aldrich).
tion was performed acquiring photos every 3 m from electroporated
DNA-injected embryos were electroporated using a 35– 45 V/50 ms/950
cortices and identifying cytoplasmic dilatations in the region of the leadms/five pulses program (CUY21/CUY650P3/CUY650P5; Nepa Gene). Preing process preceding the nucleus. Neurolucida Explorer was used to
vious experiments in the laboratory have determined that the ratio of coexquantify the number of branches (⬎5 m in length) in drawn cells. In
pression of two different plasmids electroporated at similar concentrations is
retroviral experiments, GFP⫹ clones were acquired using an inverted
nearly 95%. Retroviruses were prepared as described previously (Tashiro et
confocal microscope. For each clone, the radial glia process was inial., 2006). After appropriate survival times, mice were deeply anesthetized
tially localized under the microscope, and then the shortest distance
and killed using cervical dislocation. In some cases, pregnant females were
from the centroid of every clonally related migrating neuron to the
injected with a 40 mg/kg BrdU solution (Sigma-Aldrich).
apical process of their mother glia cell was calculated using ImageJ. In
Imaging. Images were acquired using fluorescence microscopes
postnatal brains, layers were drawn according to nuclear staining, and
(DM5000B/CTR5000 and DMIRB; Leica) coupled to digital cameras
the total numbers of cells located below layer IV were quantified.
(DC500 or DFC350FX; Leica) or a confocal microscope (DMIRE2/
Images of FAK, Cx26, and Cx43 puncta were acquired using an inCTRMIC/TCS SP2; Leica). Neurolucida software (MBF Bioscience) was
verted confocal microscope. x- and y-axis sectioning of the acquired
used for the reconstruction of cell morphologies using a fluorescence microimages was performed using Leica confocal software. Cx26 and Cx43
scope with a 63⫻ oil objective (DM4000B; Leica) coupled to a digital camera
puncta were quantified using ImageJ, and their number normalized
(QICAM Fast 1394; QImaging).
with the total area of the cell. Western blots were quantified using
Quantification. Quantification of images was done using Canvas (ACD
Quantity One (Bio-Rad). A two-tailed t test was used for single pairSystems), NIH ImageJ (http://rsb.info.nih.gov/ij/), or Neurolucida Exwise comparisons to examine differences in number of swellings,
plorer (MBF Bioscience) software. For the quantification of tangential
number of processes, adhesion assays, distance to radial glial process
migration, we used methods described previously (Cobos et al., 2007;
following retrovirus injection, and number of Cx26 or Cx43 puncta. A
Nóbrega-Pereira et al., 2008). For quantification of radial migration,
 2 test was used to examine differences between subpopulations of
neurons following in utero electroporation.
layers were drawn following nuclear staining and GFP-expressing cells
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Figure 3. Removal of FAK disrupts radial migration of projection neurons. A, B, Schematic diagrams of experimental designs. C–E, Coronal sections through the somatosensory cortex of E18.5
wild-type embryos after E14.5 in utero electroporation with plasmids encoding Gfp and shLuc (C), shFak (D), or shFak plus Fak (E). Schemas with dots depict representative distributions of
GFP-expressing neurons in each condition. F, Quantification of the relative distribution (percentage) of GFP-expressing cells in the CP and the layers below it for each condition. Histograms show
mean ⫾ SEM from at least three different brains. shLuc: CP, 40.76 ⫾ 2.66; layers IV–VI, 59.24 ⫾ 2.66. shFak: CP, 20.47 ⫾ 3.76; layer IV–VI, 79.53 ⫾ 3.76.  2 test for shLuc and shFak comparison:
CP, ***p ⬍ 0.001; IV–VI, ***p ⬍ 0.001. shFak plus Fak: CP, 43.63 ⫾ 4.28; layers IV–VI, 56.37 ⫾ 4.28.  2 test for shFak and shFak plus Fak comparison: CP, ***p ⬍ 0.001; IV–VI, ***p ⬍ 0.001.
G, H, Coronal sections through the somatosensory cortex of E18.5 Fak⫹/⫹ (G) and Fakflox/flox (H ) embryos after E14.5 in utero electroporation with a plasmid encoding Cre-i-Gfp. Schemas with dots
depict representative distributions of GFP-expressing neurons in each condition. I, Quantification of the relative distribution (percentage) of GFP-expressing cells in the CP and the layers below it for
each condition. Histograms show mean ⫾ SEM from at least three different brains. Control (Cre-i-Gfp in Fak⫹/⫹ embryos, Gfp in Fakflox/flox embryos, or Gfp in Fak⫹/⫹ embryos): CP, 52.66 ⫾ 0.83;
layer IV–VI, 47.34 ⫾ 0.83. Cre-i-Gfp in Fakflox/flox embryos: CP, 35.41 ⫾ 1.22; layer IV–VI, 64.59 ⫾ 1.22.  2 test for the comparison: CP, ***p ⬍ 0.001; IV–VI, ***p ⬍ 0.001. Scale bar, 100 m.

Results
FAK is not required for the tangential migration
of interneurons
FAK is strongly expressed in the developing brain (Xie et al.,
2003), including migrating interneurons derived from the MGE
(Fig. 1 A). To unravel the function of FAK in the tangential migration of cortical interneurons, we knocked down FAK protein
levels by using RNA interference (RNAi). In brief, plasmids encoding control or shRNA constructs that produced significant
knockdown of mouse FAK (Fig. 1 B), along with a plasmid encoding the enhanced GFP, were cotransfected in progenitor cells
in the MGE by focal electroporation in organotypic slice cultures
at E13.5, and the distribution of migrating neurons was analyzed
48 h later (Fig. 1C). Consistent with previous reports (Marín et
al., 2001; Cobos et al., 2007), analysis of slices electroporated with
control plasmids (shLuc) revealed that many MGE interneurons
had reached the cortex after 48 h (Fig. 1 D). FAK knockdown
using two different plasmids encoding Fak shRNA did not perturb the movement of MGE-derived interneurons toward the
cortex (Fig. 1 E) (percentage of slices with ⬎70 cells in cortex,
mean ⫾ SEM, shLuc: 60.85 ⫾ 11.03, n ⫽ 28 slices; shFak: 59.05 ⫾
5.85, n ⫽ 23 slices; t test, p ⫽ 0.90200), which suggested that FAK
function might be dispensable for tangential migration.
To strengthen this conclusion, we used alternative approaches
to disrupt FAK function in tangentially migrating interneurons.
We generated interneuron-specific conditional Fak mutant mice
by breeding Dlx5/6-Cre-i-Gfp mice (Stenman et al., 2003) with
mice homozygous for loxP-flanked Fak alleles (Beggs et al.,
2003). Consistent with the RNAi experiments, analysis of the
distribution of GFP⫹ interneurons in the cortex of control and
Fak mutant E13.5 embryos revealed no significant differences in
the number, route, or extent of interneuron migration between
both genotypes (Fig. 2 A–D), despite the effective removal of FAK

from these cells (Fig. 2 E). We next wondered whether FAK function might only be required for a population of MGE-derived
interneurons, and thus the analysis of the entire complement of
MGE-derived interneurons could mask a possible phenotype. To
solve this question, we performed focal electroporation experiments with a plasmid encoding a red fluorescent protein (DsRed)
in organotypic slices obtained from E13.5 control (Dlx5/6-Cre-iGfp;Fak⫹/⫹) and interneuron-specific Fak mutants (Dlx5/6-Crei-Gfp;Fakflox/flox) (Fig. 2 F). Analysis of these experiments revealed
no significant differences in the number, route, or extent of interneuron migration between control and interneuron-specific
Fak mutant slices (Fig. 2G,H ) (number of interneurons reaching
the cortex, mean ⫾ SEM, Dlx5/6-Cre-i-Gfp;Fak⫹/⫹: 105.17 ⫾
11.10, n ⫽ 6 slices; Dlx5/6-Cre-i-Gfp;Fakflox/flox: 85.25 ⫾ 17.84,
n ⫽ 8 slices; t test, p ⫽ 0.40094).
Dlx5 and Dlx6 are expressed by progenitor cells in the subventricular zone (SVZ) of the subpallium, but it is largely absent
from VZ progenitors (Eisenstat et al., 1999). Thus, although
Dlx5/6-Cre-i-Gfp mice seem to efficiently eliminate FAK from
cortical interneurons (Fig. 2 E), we speculated that early deletion
of Fak from VZ progenitors might unravel a possible role for FAK
in the tangential migration of interneurons. To test this idea, we
performed focal electroporation experiments with a plasmid encoding the recombinase Cre [Cre-i-Gfp, where i stands for IRES
(internal ribosome entry site)] in organotypic slices obtained
from E13.5 embryos harboring wild-type (Fak⫹/⫹) or loxPflanked Fak alleles (Fakflox/flox) (Fig. 2 I). As in the other cases,
analysis of these experiments revealed no significant differences
in the tangential migration of normal or FAK-deficient interneurons (Fig. 2 J, K ) (percentage of slices with ⬎70 cells in cortex,
mean ⫾ SEM, Fak⫹/⫹: 68.12 ⫾ 10.20, n ⫽ 12 slices; Fakflox/flox:
70.20 ⫾ 8.14, n ⫽ 12 slices; t test, p ⫽ 0.804). Together, these
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Figure 4. FAK removal from neurons disrupts radial migration in a cell-autonomous manner. A, E, I, Schematic diagrams of experimental designs. B, C, Coronal sections through the somatosensory cortex of E18.5 Fakflox/flox (B) and NEX-Cre;Fakflox/flox (C) embryos after E14.5 in utero electroporation with a plasmid encoding Gfp. D, Quantification of the relative distribution (percentage)
of GFP-expressing in CP and the layers below it for each condition. Histograms show mean ⫾ SEM from at least four different brains. Fakflox/flox: CP, 46.67 ⫾ 2.61; layer IV–VI, 53.33 ⫾ 2.61.
NEX-Cre;Fakflox/flox: CP, 37.38 ⫾ 2.79; layer IV–VI, 62.62 ⫾ 2.79.  2 test for comparison: CP, ***p ⬍ 0.001; IV–VI, ***p ⬍ 0.001. F, G, Coronal sections through the somatosensory cortex of E18.5
Fakflox/flox embryos after E14.5 in utero electroporation with a plasmid encoding Cre-i-Gfp (F ) or Cre-i-Gfp plus ND1-Fak (G). H, Quantification of the relative distribution (percentage) of GFPexpressing in CP and the layers below it for each condition. Histograms show mean ⫾ SEM from at least three different brains. Cre-i-Gfp in Fakflox/flox embryos: CP, 35.41 ⫾ 1.22; layer IV–VI, 64.59 ⫾
1.22. Cre-i-Gfp plus ND1-Fak in Fakflox/flox embryos: CP, 49.74 ⫾ 2.36; layer IV–VI, 50.26 ⫾ 2.36.  2 test for comparison: CP, ***p ⬍ 0.001; IV–VI, ***p ⬍ 0.001. J, K, Coronal sections through the
somatosensory cortex of P7 wild-type mice after E14.5 in utero electroporation with plasmids encoding Gfp and shLuc (J ) or shFak (K ). At P7, most cells were found in a similar position in both
conditions, although ectopic cells with highly disorganized dendrite orientation (high magnification in K ) were also present in deep layers of the cortex (below layer IV) in Gfp plus shFak
electroporated brains. L, Quantification of the number of ectopic cells per field below layer IV for both conditions. Histograms show mean ⫾ SEM from seven different brains in every condition. shLuc:
14.57 ⫾ 9.33. shFak: 80.22 ⫾ 15.11. t test, **p ⫽ 0.0040. M, N, Coronal sections through the somatosensory cortex of P7 Fakflox/flox (M ) and NEX-Cre;Fakflox/flox (N ) embryos stained with Cux1
antibody. O, Quantification of the number of Cux1-expressing cells below layer IV for each condition. Histograms show mean ⫾ SEM from two different brains. Fakflox/flox: 12.67 ⫾ 5.49.
NEX-Cre;Fakflox/flox: 35.80 ⫾ 4.50. t test, *p ⫽ 0.0458. Scale bars: B, C, F, G, J, K, 100 m; M, N, 50 m.

experiments demonstrated that FAK function is not required for
the tangential migration of cortical interneurons.
FAK is required for the radial migration of pyramidal cells
To unravel the function of FAK in the migration of pyramidal
neurons, we first performed in utero electroporation experiments
targeting progenitor cells in the dorsal pallium with plasmids
encoding control (shLuc) or shFak constructs along with Gfp at
E14.5, and the distribution of migrating pyramidal cells was analyzed at E18.5 (Fig. 3A). Consistent with previous reports (Bai et
al., 2003; Kawauchi et al., 2003; Shu et al., 2004; Hand et al.,
2005), analysis of mouse embryos electroporated with shLuc revealed that most cortical neurons had reached the CP at this stage
(40.76 ⫾ 2.66%; n ⫽ 11) (Fig. 3C,F ). By contrast, FAK knockdown led to a pronounced migration defect, with a marked reduction in the proportion of neurons reaching the CP compared
with controls [shFak: 20.47 ⫾ 3.76%, n ⫽ 6; shFak(2): 30.73 ⫾
2.17%, n ⫽ 11] (Fig. 3 D, F ). To verify the target specificity of the
shRNA effect and demonstrate that the observed phenotype was
specifically due to loss of FAK, we took advantage of the fact that
one of the shRNA constructs used in our assays targets a sequence

that is not conserved in chicken Fak (4 bp mismatches) (see Materials and Methods). In utero electroporation of E14.5 mouse
embryos with plasmids encoding Gfp, shFak, and chicken Fak
resulted in a complete recovery of the migration phenotype by
E18.5, with a similar proportion of transfected neurons invading
the CP than in controls (43.63 ⫾ 4.28%; n ⫽ 10) (Fig. 3 E, F ).
To further ensure that the phenotype observed in FAK knockdown experiments was exclusively due to loss of FAK, we next
deleted Fak from cortical progenitors by electroporating a plasmid encoding Cre-i-Gfp in the dorsal pallium of E14.5 Fakflox/flox
embryos. As in RNAi experiments, Cre-mediated deletion of Fak
reduced the proportion of neurons reaching the CP compared
with control embryos (Gfp: 52.66 ⫾ 0.83%, n ⫽ 6; Cre-i-Gfp:
35.41 ⫾ 1.22%, n ⫽ 4) (Fig. 3 B, G–I ). We observed that genetic
deletion of Fak caused a milder migratory phenotype than Fak
knockdown. This disparity is likely due to the different time required for FAK removal in both types of experiments, since conditional deletion of Fak must be preceded by expression of Cre
and the subsequent recombination of the targeted locus. Consistent with this idea, when the analysis of the migratory phenotype
was restricted to the population of neurons born 1 d after Cre
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bryos than in controls (controls: 46.67 ⫾
2.61%, n ⫽ 4; mutants: 37.38 ⫾ 2.79%,
n ⫽ 4) (Fig. 4 B–D). We noticed that this
approach led to milder defects than those
observed in Fak knockdown experiments
(Fig. 3), which could be attributed to the
late removal of FAK in postmitotic neurons. Alternatively, this result could indicate that FAK is primarily required in
RGCs, with a minor contribution in migrating neurons. To distinguish between
both possibilities, we performed additional experiments in which we deleted
Fak from cortical progenitors (Cre-i-Gfp
in Fakflox/flox embryos) while simultaneously expressing a plasmid in which the
promoter region of the transcription factor NeuroD1 drives the expression of Fak
(ND1-Fak) (Fig. 4 E). Using this approach, Fak is removed from RGCs and
their progeny, but only newborn cortical
Figure 5. Morphological defects in migrating FAK-deficient projection neurons. A, Schematic diagram of experimental design. neurons are able to reexpress Fak because
B, Representative example of a coronal section through the somatosensory cortex of an E18.5 wild-type embryo after E14.5 in utero the NeuroD1 promoter is only active in
electroporation showing the approximate region containing the neurons analyzed. Cell morphology was analyzed in layer VI, these cells (Heng et al., 2008). We found
where most cells accumulated upon Fak knockdown. C, D, Representative examples of GFP-expressing migrating cells after in utero that reexpression of Fak in migrating corelectroporation with plasmids encoding Gfp and shLuc (C) or shFak (D). Note the increased number of cytoplasmic dilatations in tical neurons is able to rescue the migraFAK-deficient neurons. E, F, Drawings illustrate the morphology of migrating cells expressing Gfp and shLuc (E) or shFak (F ). Note tory phenotype caused by genetic ablation
the increased number of leading process branches in Fak-deficient neurons (F ). G, H, Representative examples of GFP-expressing of Fak in cortical progenitors (Cre-i-Gfp:
migrating cells after in utero electroporation with plasmids encoding Gfp and shLuc (G) or shFak (H ). Note the increased number of
35.41 ⫾ 1.22%, n ⫽ 4; Cre-i-Gfp plus
leading process branches in Fak-deficient neurons (H ). Scale bars: C, D, G, H, 15 m; E, F, 25 m.
ND1-Fak: 49.74 ⫾ 2.36%, n ⫽ 3) (Fig.
4 F–H ). Together, our experiments demelectroporation (as assayed by BrdU incorporation), the migraonstrated that FAK function is cell-autonomously required in
tory phenotype was very similar to that found in Fak knockdown
pyramidal neurons for radial migration.
experiments (data not shown). Together, these experiments
demonstrated that FAK function is required for the efficient miFak deletion leads to subtle lamination defects in the
gration of pyramidal neurons.
postnatal cortex
Our previous experiments suggested that disruption of FAK
FAK is cell-autonomously required for the migration of
function in newborn neurons impairs radial migration, which in
pyramidal cells
the embryo leads to a significant delay in the movement of these
In utero electroporation primarily targets progenitor cells concells. To evaluate the postnatal consequences of this defect, we
tacting the ventricle (Noctor et al., 2001), so loss of FAK function
analyzed the distribution of neurons in postnatal day 7 (P7) mice
could impair cortical migration by affecting radial glia, migrating
that were electroporated with control and Fak shRNA plasmids at
neurons, or both. Previous work has suggested that targeted deE14.5. We found that most electroporated neurons managed to
letion of Fak in the dorsal telencephalon perturbs neuronal mireach the superficial layers of the cortex even after Fak knockgration by disrupting radial glia and the cortical basement
down (Fig. 4 I–K ), reinforcing the notion that FAK deficiency
membrane, but not by directly affecting migrating neurons
delays rather than blocks the migration of pyramidal neurons.
(Beggs et al., 2003). In our experiments, however, loss of FAK (via
However, we also found a significant number of FAK-deficient
shFak in wild-type embryos or Cre in Fakflox/flox embryos) did not
neurons in ectopic locations throughout the white matter and
perturb the morphology of the radial glia cells or the organization
layers V and VI (Fig. 4 K, L), many of which displayed abnormal
of the cortical basal lamina overlaying the electroporated region
dendritic morphology (Fig. 4 K, inset). Similarly, analysis of the
(data not shown). These results suggested that loss of FAK in
distribution of Cux1-expressing pyramidal neurons, which are
migrating neurons might indeed perturb migration. To test this
normally restricted to layers II–IV in wild-type mice, revealed the
hypothesis, we generated conditional mutant embryos in which
existence of misplaced neurons in P7 NEX-Cre;Fakflox/flox mutant
mice (Fig. 4 M–O). In sum, this analysis indicated that loss of FAK
Fak was deleted using NEX-Cre mice (Goebbels et al., 2006). In
function causes a delay the migration of pyramidal cells, which in
this strain, the promoter region of the transcription factor Math2
some case results in defective laminar acquisition.
drives the expression of Cre, which is thereby confined to most
migrating cortical pyramidal neurons and a small subset of SVZ
Loss of FAK impairs the morphology of cortical migrating
progenitors, but excluded from RGCs (Wu et al., 2005). To ananeurons
lyze the migration of pyramidal neurons, we electroporated in
To get insight into the mechanisms through which FAK may
utero a plasmid encoding Gfp in either Fakflox/flox (control) or
NEX-Cre;Fakflox/flox (mutant) embryos (Fig. 4 A). We found that
contribute to the migration of pyramidal neurons, we examined
loss of Fak function in postmitotic neurons perturb their migrathe morphology of migrating neurons before their entrance in the
tion, with relatively fewer cells reaching the CP in mutant emCP, where most FAK-deficient neurons accumulated. As part of
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their migratory cycle, migrating neurons
form a cytoplasmic dilatation in the leading process that contains the centrosome
and the Golgi apparatus, toward which
the nucleus translocates forward in a subsequent stage (Bellion et al., 2005). Consistent with previous reports (Solecki et
al., 2004), control transfected neurons
were found to contain either one or none
dilatation in the leading process, depending on the stage of their migratory cycle at
which they were fixed (Fig. 5A–C). In contrast, we observed that migrating neurons
transfected with shFak frequently contained several of such dilatations (Fig.
5 A, B,D) (percentage of cells with two or
more dilatations in the leading process,
mean ⫾ SEM, shLuc: 10.83 ⫾ 0.36, n ⫽
176 cells; shFak: 45.33 ⫾ 5.21, n ⫽ 173
cells; t test, **p ⫽ 0.0027). In addition,
migrating neurons transfected with shFak
were found to harbor elaborated leading
processes (Fig. 5 F, H ), whereas control
transfected neurons typically had a single
or bifurcated leading process (Fig. 5 E, G)
(number of leading processes, mean ⫾
SEM, shLuc: 2.2 ⫾ 0.13, n ⫽ 30 cells;
shFak: 4.13 ⫾ 0.37, n ⫽ 30 cells; t test,
***p ⫽ 7.46432E-06). Of note, these phenotypes were not unique to RNAi experiments, as similar morphological defects
were found in migrating neurons after
conditional deletion of Fak from cortical
progenitors (Cre-i-Gfp in Fakflox/flox embryos) or from cells that have already left
the VZ (NEX-Cre;Fakflox/flox mutant embryos) (data not shown). Thus, loss of
FAK leads to profound modifications in
the morphology of migrating pyramidal
neurons.

Figure 6. FAK regulates the interaction of migrating neurons with radial glia fibers. A, G, Schematic diagram of experimental
designs. B, C, Coronal sections through the somatosensory cortex of E16.5 wild-type embryos after E12.5 in utero electroporation
with plasmids encoding Gfp and shLuc (B) or shFak (C). D, Quantification of the relative distribution (percentage) of GFP-expressing
in different cortical compartments for each condition. Histograms show mean ⫾ SEM from at least three different brains. shLuc: CP,
71.16 ⫾ 2.69; IZ, 28.84 ⫾ 2.69. shFak: CP, 67.72 ⫾ 0.84; IZ, 32.10 ⫾ 0.89.  2 test for shLuc and shFak comparison: CP, ns; IZ, ns.
E, F, Drawings illustrate the morphology of migrating cells expressing Gfp and shLuc (E) or shFak (F ). H, Representative example of
a coronal section through the somatosensory cortex of an ⬃E14.5 wild-type embryo after E13 infection with retroviruses expressing Gfp-i-Cre, showing the approximate region containing the clones analyzed in I and J. I, J, Representative examples of single
clones containing GFP-expressing cells after infection of Fak⫹/⫹ (I ) and Fakflox/flox (J ) embryos with retroviruses encoding Gfp-iCre. Note that FAK-deficient cells are often located at greater distance from the basal process (dotted red lines) of the parental RGC
than wild-type cells. K, Quantification of the distance between migrating neurons and the corresponding parental radial glia fiber.
The dots represent individual cells from multiple experiments. Histograms show mean ⫾ SEM from three different brains.
Fak⫹/⫹, 7.14 ⫾ 0.76; Fakflox/flox, 13.46 ⫾ 1.52. t test, ***p ⫽ 1.4483E-04. Scale bars: B, C, 100 m; E, F, 20 m; H, 50 m; I,
J, 15 m.

Disrupted radial glia–neuron
interaction in the absence of FAK
The abnormal morphology of FAKdeficient pyramidal cells is highly reminiscent of other cases in which the interaction between migrating
neurons and radial glial fibers has been disrupted (Gupta et al.,
2003; Sanada et al., 2004; Elias et al., 2007). Considering also
that FAK is dispensable in tangentially migrating neurons
(Figs. 1, 2), this observation prompted us to test the hypothesis
that FAK might be primarily required in migrating neurons to
regulate their interaction with radial glial fibers. We reasoned
that, if this were the case, then very early-born pyramidal cells,
which reach the CP without interacting with the radial glia scaffold (Miyata et al., 2001; Nadarajah et al., 2001; Hatanaka et al.,
2004), should also be unaffected by the loss of FAK function. To
test this, we electroporated the dorsal pallium of wild-type embryos at E12.5 with plasmids encoding Gfp and either shLuc or
shFak, and the distribution of transfected neurons was analyzed
at E16.5 (Fig. 6 A). We found no differences in the percentage of
neurons that reached the CP between control and shFakelectroporated embryos (shLuc: 71.16 ⫾ 2.69%, n ⫽ 3; shFak:
67.72 ⫾ 0.84%, n ⫽ 3) (Fig. 6B–D), suggesting that FAK function is

dispensable for radial migration that is independent of radial glial
fibers. In addition, we did not detect important morphological differences between control and shFak-transfected neurons at this stage
(Fig. 6E,F), reinforcing the view that the disruption of cell morphology found at later ages (Fig. 5) might be secondary to a defect in the
interaction between migrating neurons and radial glia.
We next examined whether wild-type and FAK-deficient neurons that migrate at later stages of corticogenesis have differential
properties of adhesion to radial glia. To this end, we examined the
spatial relationship between individual radial glial processes and
their progeny of migrating neurons by performing clonal analyses. Low-titer Gfp-i-Cre-expressing retroviruses were injected in
the lateral ventricles of E13 wild-type or Fakflox/flox mouse embryos to sporadically label RGCs throughout the telencephalon
(Fig. 6G). We chose this stage because retroviruses only infect
progenitor cells, and so their integration and subsequent expression of GFP would take ⬃16 –24 h, labeling pyramidal cells that
start to migrate around E14. Forty hours after infection, labeled
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Figure 7. FAK interacts with Cx26 and is required for the establishment of Cx26 puncta. A, Schematic drawing showing the location of images displayed in B–Cⴕ and F–Gⴕ. B–Cⴕ, Distribution of
Cx26 (B, Bⴕ) and FAK (C, Cⴕ) puncta (arrows) in the cytoplasmic dilatation or swelling (s) preceding the nucleus (n) in migrating GFP-expressing pyramidal neurons. D, Coimmunoprecipitation of Cx26
with FAK from the neocortex of E16 wild-type embryos. E, Schema of experimental design. F–Gⴕ, Distribution of Cx26 puncta in the cytoplasmic dilatation (white arrowheads) preceding the nucleus
in migrating control (F, Fⴕ) and FAK-deficient (G, Gⴕ) pyramidal neurons. The open arrowheads point to Cx26 puncta found in non-electroporated cells. Scale bar, 5 m.

radial glial units typically comprised a radial glial cell in the VZ, a
few multipolar cells located between the SVZ and the intermediate zone (IZ), and some cells near or within the CP (Fig. 6 H, I ).
We chose to examine our experiments at this relatively early stage
(around E15) because pyramidal cells would normally detach
from RGCs once they reach their final position. We found that
wild-type migrating neurons were located in a range between
0.29 and 35.67 m from the basal process of their parental RGCs
(Fig. 6 I, K ). In contrast, migrating FAK-deficient neurons were
dispersed across a wide territory, with distances from the basal
process of their parental RGCs ranging from 0.29 to 63.68 m
(Fig. 6 J, K ). Consequently, the average distance between neurons
and their parental radial glial processes was significantly higher in
FAK-deficient clones (13.46 ⫾ 1.52 m; n ⫽ 115 cells from 3
embryos) (Fig. 6 K) than in wild-type clones (7.14 ⫾ 0.76 m;
n ⫽ 146 cells from 3 embryos) (Fig. 6 K). These experiments
suggested that either loss of FAK promote the tangential migration of pyramidal cells or FAK is required for the normal interaction between migrating neurons and RGCs.
Disruption of Connexin-26 puncta in FAK-deficient
migrating neurons
The abnormally loose contact of FAK-deficient migrating neurons with their parental RGCs suggested a possible defect in some
of the cell adhesion molecules that mediate these interactions.
Recent studies have shown that the adhesive properties of some
connexins are required during glial-guided migration (Elias et al.,
2007; Cina et al., 2009), while they are dispensable for the tangential migration of cortical interneurons (Elias et al., 2010). Interestingly, Cx26 puncta are abundant in the perinuclear region and
in the cytoplasmic dilatation formed in the proximal leading process before nucleokinesis (Fig. 7A–B⬘), a region that has been
suggested to play a key role in the adhesion of migrating neurons
(Schaar and McConnell, 2005). Considering that FAK is known
to regulate cell– cell adhesions in other cellular contexts (Schaller,
2004; Yano et al., 2004), we hypothesized that FAK could regulate
the interactions between migrating neurons and radial glia by
controlling the assembly of Cx26 puncta. Consistent with this idea,
we found that FAK is highly abundant in large points distributed

throughout the cytoplasmic dilatation of migrating neurons (Fig.
7C,C⬘), in a pattern that resembled the distribution of Cx26 puncta.
To test whether FAK and Cx26 cooperate in vivo, we prepared protein lysates from the embryonic cortex and performed coimmunoprecipitation experiments. We found that FAK and Cx26 indeed
interact in the embryonic cortex (Fig. 7D), which reinforced the view
that FAK might be required for Cx26 function.
We next examined whether FAK is needed for the formation
of Cx26 puncta in migrating neurons. To this end, we electroporated progenitor cells in the dorsal pallium with control or Fak
shRNA at E14.5 and analyzed Cx26 protein in migrating pyramidal cells at E18.5 (Fig. 7E). We found that the number of Cx26containing puncta in migrating neurons transfected with shFak
was dramatically reduced compared with control neurons (Fig.
7F–G⬘) (puncta per cell, mean ⫾ SEM, shLuc: 100 ⫾ 18.43, n ⫽ 20
cells; shFak: 33.89 ⫾ 11.70, n ⫽ 21 cells; t test, **p ⫽ 0.0040). In
contrast, we did not observe changes in the number puncta containing Cx43 (mean ⫾ SEM, shLuc: 100 ⫾ 12.58, n ⫽ 19 cells;
shFak: 102.65 ⫾ 23.11, n ⫽ 12 cells; t test, p ⫽ 0.9133), a related
connexin that is also found in radially migrating neurons (Elias et
al., 2007; Cina et al., 2009). These results indicated that FAK
mediate its function during neuronal migration at least in part by
regulating neuron– glia interactions specifically through Cx26.
We next performed genetic experiments to confirm that Fak
and Cx26 function in the same molecular pathway during glialguided migration (Fig. 8 A). We reasoned that if both genes were
in the same genetic pathway in this context, then simultaneous
loss of function for Cx26 and Fak should not cause a stronger
migratory phenotype than loss of function for any of the genes
alone. Analysis of mouse embryos electroporated with Cx26
shRNA confirmed that loss of this connexin disrupts glial-guided
migration (Elias et al., 2007) (Fig. 8 B, L). Remarkably, coelectroporation of shCx26 and shFak caused a phenotype that was almost identical with that produced by shCx26 and shFak alone
(Fig. 8 B–D,L). So, these experiments reinforced the view that
FAK and Cx26 function in the same genetic pathway during glialguided migration.
The reduced number of Cx26 puncta found in neurons lacking FAK suggested that this protein might be required to sustain
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normal levels of Cx26, either by promoting its synthesis or preventing its degradation. To test this idea, we attempted to
rescue the migratory phenotype observed
in mouse embryos electroporated with
shFak by simultaneously transfecting
cortical cells with a plasmid encoding fulllength Cx26 (Fig. 8 E). Somehow surprisingly, we found that expression of Cx26
did not rescue the phenotype caused by
loss of FAK function (Fig. 8 F–H,M ). This
result suggested that loss of FAK function
might not interfere with the levels of
Cx26, but rather with its ability to aggregate at adhesion points. To evaluate this
possibility, we repeated the previous experiments using a variant of Cx26 that is
fused to GFP (Cx26-Gfp) and a plasmid
encoding a modified version of the red
fluorescent protein that target this molecule to the membrane (mRFP), and analyzed the number of GFP puncta that
aggregate in the membrane of migrating
neurons electroporated with shLuc or
shFak (Fig. 8 I). Similar to endogenous
Cx26 (Fig. 7 F, F⬘), we found that exogenous Cx26-GFP aggregated in puncta
preferentially located in the cytoplasmic
swelling ahead of the nucleus in control
cells (Fig. 8 J, J⬘). By contrast, the number of
Cx26-GFP puncta found in cells expressing
shFak was significantly smaller than controls
(Fig. 8K,K⬘,N). These experiments reinforced the view that FAK might be required
for Cx26 to aggregate at adhesion points in
radially migrating cells.

Figure 8. Genetic analysis of FAK–Cx26 interactions. A, Schematic diagram of experimental design. B–D, Coronal sections
through the somatosensory cortex of E18.5 wild-type embryos after E14.5 in utero electroporation with plasmids encoding Gfp and
shCx26 (B), shFak (C), or shCx26 plus shFak (D). Schemas with dots depict representative distributions of GFP-expressing neurons
in each condition. E, Schematic diagram of experimental design. F–H, Coronal sections through the somatosensory cortex of E18.5
wild-type embryos after E14.5 in utero electroporation with plasmids encoding Gfp and Cx26 (F ), shFak (G), or Cx26 plus shFak (H ).
Schemas with dots depict representative distributions of GFP-expressing neurons in each condition. I, Schematic diagram of
experimental design. J–Kⴕ, Distribution of exogenous Cx26-GFP puncta in the cytoplasmic dilatation (white arrowheads) preceding the nucleus in migrating control (J, Jⴕ) and FAK-deficient (K, Kⴕ) pyramidal neurons. L, Quantification of the relative distribution (percentage) of GFP-expressing cells in the CP and the layers below it for each condition. Histograms show mean ⫾ SEM from
at least three different brains. shLuc: CP, 44.27 ⫾ 2.66; layers IV–VI, 55.73 ⫾ 2.66. shCx26: CP, 26.44 ⫾ 1.21; layers IV–VI,
73.56 ⫾ 1.21. shFak: CP, 25.96 ⫾ 2.09; layers IV–VI, 73.99 ⫾ 2.08. shCx26 plus shFak: CP, 25.28 ⫾ 1.20; layers IV–VI, 74.72 ⫾
1.20.  2 test for shLuc and shCx26, shFak or shCx26 plus shFak comparison: CP, ***p ⬍ 0.001; IV–VI, ***p ⬍ 0.001.  2 test for
shCx26 and shFak comparison: CP, ns; IV–VI, ns.  2 test for shCx26 and shCx26 plus shFak comparison: CP, ns; IV–VI, ns.  2 test for
shFak and shCx26 plus shFak comparison: CP, ns; IV–VI, ns. M, Quantification of the relative distribution (percentage) of GFPexpressing cells in the CP and the layers below it for each condition. Histograms show mean ⫾ SEM from at least three different
brains. shLuc: CP, 44.27 ⫾ 2.66; layers IV–VI, 55.73 ⫾ 2.66. Cx26-Gfp: CP, 46.55 ⫾ 2.54; layers IV–VI, 53.45 ⫾ 2.54. shFak: CP,
25.96 ⫾ 2.09; layers IV–VI, 73.99 ⫾ 2.08. Cx26-Gfp plus shFak: CP, 26.95 ⫾ 4.16; layers IV–VI, 73.05 ⫾ 4.16.  2 test for Cx26-Gfp
and Cx26-Gfp plus shFak comparison: CP, ***p ⬍ 0.001; IV–VI, ***p ⬍ 0.001. N, Quantification of the relative (percentage)
number of Cx26-GFP puncta in migrating neurons normalized to shLuc. Histograms show mean ⫾ SEM from three different brains.
shLuc plus Cx26-Gfp: 100 ⫾ 6.53, n ⫽ 20 cells; shFak plus Cx26-Gfp: 34.93 ⫾ 6.05, n ⫽ 19 cells. t test, ***p ⫽ 1.1612E-08. Scale
bars: B–D, F–H, 100 m; J–Kⴕ, 5 m.

FAK is required for the recruitment of
Cx26 to adhesion points
Our previous in vivo experiments indicated that the absence of Cx26 puncta in
migrating neurons lacking FAK is probably due to a failure in the transport or
aggregation of Cx26 at adhesion points
rather than a deficit in the levels of this
protein. Given the difficulty of measuring
Cx26 levels in migrating cells in vivo, we
performed a series of in vitro experiments
using a C6 cell line that contains FAK but
lacks endogenous expression of connexins (Naus et al., 1991; Hwang et al., 2006).
We first performed coimmunoprecipitation experiments after transfection with a
plasmid encoding Cx26-GFP. As in migrating neurons, we found that FAK and Cx26 interact in C6 cells
(Fig. 9A). In contrast, we did not detect any interaction with Cx43
(Fig. 9A), reinforcing the view that FAK–Cx26 interaction is
rather specific. We next examined whether perturbing FAK
function leads to a decrease in the total levels of Cx26. We
found that the level of Cx26 protein found in transfected C6
cells was not altered by the loss of FAK (Fig. 9 B, C). These
experiments confirmed that FAK is not required to regulate
the levels of Cx26.

The previous experiments, along with our in vivo observations, suggested that the most plausible hypothesis to explain the
absence of Cx26 puncta in FAK-deficient neurons is that FAK
enables the formation of Cx26 puncta in the membrane. To directly test this hypothesis, we used high-resolution imaging to
examine the distribution of Cx26 puncta in C6 cells transfected
with either control or shFak. To distinguish between those connexins that were preassembled in the cytoplasm from those that
have already reached the plasma membrane, we also transfected
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Figure 9. Decreased Cx26 in the membrane of FAK deficient cells. A, Coimmunoprecipitation
of Cx26 but not Cx43 with FAK in C6 cells. B, Western blot of COS cells transfected with shLuc or
shFak and Cx26-Gfp. Total levels of Cx26 were analyzed using GFP tag. C, Quantification of FAK
and Cx26 protein levels following shLuc or shFak transfection. FAK: t test, *p ⫽ 0.04787; Cx26:
t test, p ⫽ 0.4060. D, Schema of experimental design. E, F, Distribution of Cx26-GFP molecules
associated with the membrane (white arrowheads) or the cytoplasm (open arrowheads) in C6
cells transfected with either shLuc (E) or shFak (F ), membrane-directed RFP (mRFP), and Cx26Gfp. Scale bar, 5 m.

the cells with mRFP (Fig. 9D). Consistent with our previous
biochemical observations, quantification of total number of
Cx26 puncta revealed no differences between cells transfected
with shLuc or shFak (Fig. 8 E, F ) (mean ⫾ SEM, shLuc: 67.00 ⫾
5.63, n ⫽ 15 cells; shFak: 74.94 ⫾ 9.23, n ⫽ 16 cells; t test, p ⫽
0.4758). In contrast, we found that the ratio between membranebound and cytoplasmic Cx26 puncta was significantly lower in
cells in which FAK function was perturbed (Fig. 8 E, F ) (membrane/cytoplasm ratio, mean ⫾ SEM, shLuc: 3.15 ⫾ 0.54, n ⫽ 15
cells; shFak: 1.51 ⫾ 0.18, n ⫽ 16 cells; t test, **p ⫽ 0.0011). These
experiments demonstrated that FAK function is required for the
assembly or stability of Cx26 puncta in the plasma membrane.
FAK recruitment to the membrane is needed for Cx26
assembly
The previous experiments strongly suggested that FAK mediates
the recruitment of Cx26 plaques to the membrane of migrating
neurons, where they mediate glial-guided migration. We reasoned that FAK might be directly required to anchor Cx26 to
adhesion sites, a function that has been described for FAK in
relation to other proteins that are recruited to adhesions (Mitra et
al., 2005). To gain support for this idea, we performed additional
experiments in which we perturbed the recruitment of FAK to the
plasma membrane. If FAK is required for the distribution of Cx26
in membrane of migrating neurons, then preventing FAK recruitment to adhesion points should be enough to perturb radial
migration, and this process should be also associated with a decrease in the number of Cx26 puncta found in migrating neurons. To this end, we performed a series of rescue experiments
using FakI937E/I999E, which encodes for a mutant form of FAK that
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cannot bind to Paxillin (Fig. 10 A). Since Paxillin is required
for the recruitment of FAK to adhesion points, expression of
FakI937E/I999E prevents the targeting of FAK to the membrane
(Hayashi et al., 2002). Expression of wild-type Fak rescued the
migration phenotype observed in Cre-electroporated Fakflox/flox
pyramidal neurons (Fig. 10 B, C,H ). In contrast, disrupting those
residues required for its interaction with Paxillin prevented FAK
from restoring pyramidal neuron migration (Fig. 10 D, H ). These
results demonstrated that the recruitment of FAK to the membrane is essential for neuronal migration.
We next wondered whether abnormal recruitment of FAK to
adhesion points would alter the pattern of Cx26 puncta in migrating cells. To this end, we quantified the number of Cx26
puncta in the cytoplasmic swelling of migrating pyramidal neurons in each of the three previous experimental conditions. As
expected, we found that expression of Cre in Fakflox/flox pyramidal
neurons reduced the normal levels of Cx26-containing puncta, as
previously shown after expression of shFak in wild-type neurons
(compare Figs. 7G,G=, 10E,E⬘,I). In addition, we observed that reexpression of Fak in Cre-electroporated Fakflox/flox pyramidal neurons was enough to rescue the number of Cx26 puncta in migrating
neurons (Fig. 10F,F⬘,I), while expression of FakI937E/I999E did not
(Fig. 10G,G⬘,I). These experiments reinforced the view that FAK is
required for the recruitment of Cx26 complexes to adhesion points,
thereby regulating the association of migrating neurons with radial
glia processes during glial-guided migration.

Discussion
In this study, we demonstrate that the intracellular kinase FAK
plays a critical role in glial-guided locomotion, while it is dispensable for the movement of neurons that migrate independently of
radial glia, such as cortical interneurons or early-born pyramidal
cells. In the absence of FAK, the interaction between migrating
pyramidal cells and RGCs is perturbed (Fig. 11), which leads to
impaired migration. Our results suggest that this defective interaction is likely mediated by connexins, which either fail to reach
the membrane or are unable to stabilize in migrating neurons in
which FAK function is compromised.
FAK function in neuronal migration
Two previous studies have explored the function of FAK in radial
migration (Beggs et al., 2003; Xie et al., 2003), with conflicting
results. Beggs et al. (2003) used a genetic loss-of-function approach to study the consequences of conditionally ablating Fak
from cortical progenitors (with an Emx1-Cre mouse strain) or
migrating neurons (with the same NEX-Cre mouse strain used in
this study). They reported that loss of Fak in RGCs produces
cortical ectopias, caused by a disruption of the integrity of the pial
basement membrane (Beggs et al., 2003). Beggs et al. (2003) did
not observe any obvious migratory alteration after conditional
deletion of Fak in migrating pyramidal neurons, which led them
to propose that FAK function in neuronal migration was primarily non-cell-autonomous. Our results suggest that FAK is indeed
required in cortical neurons for their normal migration. Several
factors may account for this apparent discrepancy, including the
time of analysis (adult vs E18.5 and P7) or the analytical methods
(Nissl staining vs Gfp electroporation and Cux1 expression). We
found that loss of FAK in NEX-Cre;Fakflox/flox embryos causes a
smaller migratory phenotype than the early deletion of FAK by
Cre electroporation or, even more so, than knockdown of Fak
using shRNA. Nevertheless, reexpression of FAK in migrating
neurons is enough to rescue the migratory phenotype caused by
loss of Fak in progenitor cells (Fig. 4), which demonstrate that

11688 • J. Neurosci., August 10, 2011 • 31(32):11678 –11691

Valiente et al. • FAK–Connexin Interactions in Glial-Guided Migration

FAK function in neurons is necessary for
neuronal migration. The differences observed using the three different manipulations to interfere with FAK function are
likely explained by the time required for
FAK elimination in each case (NEX-Cre ⬎
Cre in VZ ⬎ Fak shRNA in VZ).
The analysis of the distribution of migrating pyramidal neurons in E18.5 embryos revealed that FAK-deficient delayed
neurons accumulated primarily in the upper intermediate zone and lower cortical
layers. In addition, although FAKdeficient neurons displayed an abnormal
morphology with multiple branches in
the leading process, cells remained highly
polarized. These observations suggest that
the transition from the multipolar to bipolar stage, a critical step during pyramidal neuronal migration (LoTurco and Bai,
2006), is not dramatically affected by the
loss of FAK (data not shown). Instead, loss
of FAK function seems to primarily affect
pyramidal neurons as they engage in the
main phase of glial-guided migration. We
also observed that most FAK-deficient pyramidal cells manage to reach the superfi- Figure 10. FAK targeting to adhesion points is required for Cx26 puncta recruitment. A, Schematic diagram of experimental
cial layers of the cortex in postnatal mice, design. B–D, Coronal sections through the somatosensory cortex of E18.5 Fakflox/flox embryos after E14.5 in utero electroporation
which suggest that FAK deficiency delays with plasmids encoding Cre-i-Gfp (B), Cre-i-Gfp plus Fak (C), Cre-i-Gfp plus FakI937E/I999E (D). E–Gⴕ, Distribution of Cx26 puncta in
rather than blocks the migration of pyra- the cytoplasmic dilatation (white arrowheads) preceding the nucleus in migrating Fak-deficient (E, Eⴕ), Fak-rescued (F, Fⴕ), and
I937E/I999E
-rescued (G, Gⴕ) pyramidal neurons. The open arrowheads show Cx26 puncta in nonelectroporated cells. H, Quantimidal neurons. Nevertheless, we consis- Fak
tently found some FAK-deficient neurons fication of the relative distribution (percentage) of GFP-expressing cells in the CP and the layers below it for each condition shown
Cre-i-Gfp: CP, 35.41 ⫾ 1.22; layers
accumulating in ectopic locations of the in B–D. Histograms show mean ⫾ SEM from at least three different brains for each condition.
IV–VI, 64.59 ⫾ 1.22. Cre-i-Gfp plus Fak: CP, 47.08 ⫾ 1.84; layers IV–VI, 52.92 ⫾ 1.84.  2 test for Cre-i-Gfp and Cre-i-Gfp plus Fak
postnatal cortex. Interestingly, these neucomparison: CP, ***p ⬍ 0.001; IV–VI, ***p ⬍ 0.001. Cre-i-Gfp plus FakI937E/I999E: CP, 36.00 ⫾ 0.53; layers IV–VI, 64.00 ⫾ 0.53.
rons displayed abnormal dendritic mor-  2 test for Cre-i-Gfp and Cre-i-Gfp plus FakI937E/I999E comparison: CP, ns; IV–VI, ns.  2 test for Cre-i-Gfp plus Fak and Cre-i-Gfp plus
phology, as described by Beggs et al. FakI937E/I999E comparison: CP, ***p ⬍ 0.001; IV–VI, ***p ⬍ 0.001. I, Quantification of the relative number (percentage) of Cx26
(2003) in NEX-Cre;Fakflox/flox adult mice.
puncta in migrating neurons normalized to Fak-rescued cells. Histograms show mean ⫾ SEM from at least three different brains.
It is worth mentioning that our exper- Cre-i-Gfp: 46.75 ⫾ 4.15, n ⫽ 20 cells; Cre-i-Gfp plus Fak: 100.00 ⫾ 12.45, n ⫽ 16 cells; Cre-i-Gfp plus FakI937E/I999E: 55.15 ⫾ 7.33,
iments do not rule out a role for FAK in n ⫽ 17 cells. Cre-i-Gfp and Cre-i-Gfp plus Fak comparison: t test, ***p ⫽ 9.3371E-05. Cre-i-Gfp plus Fak and Cre-i-Gfp plus
regulating the interaction between the FakI937E/I999E comparison: t test, **p ⫽ 0.0036. Cre-i-Gfp and Cre-i-Gfp plus FakI937E/I999E comparison: t test, p ⫽ 0.3078. Scale
basal processes of RGCs and the basal bars: B–D, 100 m; E–Gⴕ, 5 m.
lamina, as proposed by Beggs et al. (2003),
pendently of radial glia (Miyata et al., 2001; Nadarajah et al., 2001;
because there are important technical differences between both
Kriegstein and Noctor, 2004), migrate normally in the absence of
approaches. First, the reported disruptions of the basal lamina
FAK (Fig. 5). It is conceivable that another protein may compensate
found in Emx1-Cre;Fakflox/flox embryos were primarily confined
for the loss of FAK in tangentially migrating cells. For example, the
to the medial cortical wall (Beggs et al., 2003), while our analysis
related kinase Pyk2 has been shown to cooperate with FAK in reguhas been performed in the somatosensory cortex. It is conceivable
lating the migration of endothelial cells (Weis et al., 2008). However,
that only the alteration of RGCs close to the midline may cause a
our preliminary experiments indicate that cortical interneurons
disruption of the basal lamina. Moreover, the electroporation
lacking both FAK and Pyk2 function also migrate to the cortex (our
approach used in our study only affects a restricted number of
unpublished observations), which reinforces the notion that these
RGCs, and so every electroporated region contains many wild-type
proteins are not required for glial-independent migration. It recells that have not been targeted. This is in sharp contrast with the
mains to be determined whether FAK is required for the final
genetic approach used by Beggs et al. (2003), in which FAK function
allocation of interneurons into specific cortical layers, a process
was compromised in all progenitors. Thus, we believe that our findthat may involve glial-guided migration (Yokota et al., 2007).
ings are not incompatible with a model in which FAK also regulate
Unfortunately, Dlx5/6-Cre-i-Gfp;Fakflox/flox mice die at birth due
the interaction between radial glial fibers and the basal lamina (Beggs
to cleft palate (our unpublished observations), thus preventing
et al., 2003).
the analysis of the role of FAK during this phase of interneuron
In this study, we have also analyzed the function of FAK durmigration.
ing glial-independent neuronal migration. Our experiments demonstrate that FAK function is dispensable in this process. This
Regulation of connexin adhesions by FAK
conclusion is based not only on the absence of migratory defects in
It is well established that FAK plays a prominent role in regulating
the tangential migration of cortical interneurons (Fig. 1) but also on
the dynamic behavior of adhesion contacts that are formed upon
the observation that early-born pyramidal cells, which move inde-
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Figure 11. Cx26-dependent glial-guided migration is regulated by FAK. A, Recruitment of
FAK (F) to adhesion points through its interaction with Paxillin (Px) is necessary for the recruitment of Cx26 to the membrane and/or to stabilize its aggregation in discrete plaques. Note that
the schema only represents FAK and connexins present in migrating neurons, as the present
study has not investigated their role in RGCs. B, FAK ablation leads to a failure in the formation/
stabilization of Cx26 plaques at the membrane and disruption of radial migration. Pyramidal
cells (PC) continue to migrate in the absence of FAK, but they are no longer able to maintain its
attachment to the radial glia and the distance (d) between PCs and their parental RGC increases.
Detachment from RGC also leads to important morphological modifications (multiple swelling,
increased number of processes) in migrating neurons. R, Receptor.

activation of integrins and other growth factor receptors. However, FAK has also been involved in the regulation of cell– cell
junctions (Avizienyte and Frame, 2005; Mitra et al., 2005), as
suggested here for migrating neurons. In HeLa cells, for example,
FAK activity has been associated with the formation or turnover
of contacts in N-cadherin-based cell– cell junctions (Schaller,
2004; Yano et al., 2004). Recent studies suggest that N-cadherin
plays a role in glial-independent radial migration, but it is not
required for the interaction of pyramidal cells with the basal processes of radial glial fibers (Franco et al., 2011; Jossin and Cooper,
2011). Instead, this process seems to rely on the dynamic regulation of Gap junction adhesions (Elias et al., 2007). Gap junctions
are best known for their role in intercellular communication by
electrically and chemically coupling cells or by forming hemichannels for the extracellular release of substrates such as ATP
(Söhl et al., 2005). However, recent work has shown that
connexin-mediated adhesion, and not channel function, is required for pyramidal neuron migration (Elias et al., 2007; Cina et
al., 2009). Our study suggest that FAK is involved in the dynamic
regulation of this novel type of cell– cell adhesions, since loss of
FAK in migrating neurons prevents Cx26 complexes to either
reach or stabilize at the membrane, and impairs migration.
In neurons, adhesion contacts have only been previously analyzed in growth cones, where they take the shape of small, discrete point contacts with a high turnover rate (Gomez et al., 1996;
Robles and Gomez, 2006; Bechara et al., 2008; Chacón et al.,
2010). In migrating pyramidal neurons, point contacts are en-

J. Neurosci., August 10, 2011 • 31(32):11678 –11691 • 11689

riched in the perinuclear region, in particular in the cytoplasmic
dilatation of the leading process that precedes the nucleus. The
existence of discrete sites of adhesion in this later location has
been hypothesized as a mechanism to regulate the saltatory
movement of migrating neurons (Schaar and McConnell, 2005;
Shieh et al., 2011). Our biochemical and genetic experiments
suggest that adhesion points in migrating neurons contain not
only classical adhesion proteins such as FAK but also Cx26. Interestingly, while FAK activity is primarily involved in the disassembly of adhesion contacts in most cell types, FAK signaling
seems to be particularly important for the assembly of adhesion
points in migrating neurons (this study), as it has been previously
shown for growth cones (Robles and Gomez, 2006). This suggests
that fundamental differences exist in the dynamic regulation of
adhesion complexes between neuronal versus non-neuronal
cells.
We found that FAK interacts with Cx26, as described in prostate cells (Tate et al., 2006), which suggests that this connexin
might be a direct substrate of FAK activity. Alternatively, FAK
and Cx26 may form part of a larger protein complex in which
FAK regulates the stability of a protein that contribute to the
assembly of Cx26 in the membrane. For example, FAK has been
shown to stabilize occludin and zonula occludens-1 (ZO-1) in
tight junctions (Siu et al., 2009a,b), and ZO-1 has also been described as part of the architecture of gap junctions (Giepmans,
2004). This mechanism is compatible with a possible function of
FAK as a scaffold protein that brings together all these components to the adhesion point, and is consistent with the observation that preventing FAK recruitment to adhesion points is
sufficient to impair the assembly of Cx26 puncta in the membrane. Finally, we cannot completely rule out the possibility that
FAK contributes to the transport of Cx26 puncta to the membrane. Indeed, the intracellular transport of Cx26 depends on
intact actin filaments (Thomas et al., 2001), and loss of FAK
function destabilizes the actin cytoskeleton assembled around
adhesions (Mitra et al., 2005). Thus, FAK may also contribute to
the recruitment of Cx26 puncta by directly regulating the assembly of actin fibers near the adhesion point. Future studies should
address clarifying the detailed molecular mechanisms through
which FAK regulates this process.
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