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FAK Is Required for Schwann Cell Spreading on Immature
Basal Lamina to Coordinate the Radial Sorting of Peripheral
Axons with Myelination

Matthew Grove and Peter J. Brophy
Centre for Neuroregeneration, University of Edinburgh, Edinburgh EH16 4SB, United Kingdom

Without Focal Adhesion Kinase (FAK), developing murine Schwann cells (SCs) proliferate poorly, sort axons inefficiently, and cannot
myelinate peripheral nerves. Here we show that FAK is required for the development of SCs when their basal lamina (BL) is fragmentary,
but not when it is mature in vivo. Mutant SCs fail to spread on fragmentary BL during development in vivo, and this is phenocopied by SCs
lacking functional FAK on low laminin (LN) in vitro. Furthermore, SCs without functional FAK initiate differentiation prematurely, both
in vivo and in vitro. In contrast to their behavior on high levels of LN, SCs lacking functional FAK grown on low LN display reduced
spreading, proliferation, and indicators of contractility (i.e., stress fibers, arcs, and focal adhesions) and are primed to differentiate.
Growth of SCs lacking functional FAK on increasing LN concentrations in vitro revealed that differentiation is not regulated by G1 arrest
but rather by cell spreading and the level of contractile actomyosin. The importance of FAK as a critical regulator of the specific response
of developing SCs to fragmentary BL was supported by the ability of adult FAK mutant SCs to remyelinate demyelinated adult nerves on
mature BL in vivo. We conclude that FAK promotes the spreading and actomyosin contractility of immature SCs on fragmentary BL, thus
maintaining their proliferation, and preventing differentiation until they reach high density, thereby promoting radial sorting. Hence,
FAK has a critical role in the response of SCs to limiting BL by promoting proliferation and preventing premature SC differentiation.
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Introduction
During embryonic development, immature Schwann cells (SCs)
differentiate to envelop their associated axon fascicles and form a
shared basal lamina (BL). Concomitantly, immature SCs prolif-
erate and extend cytoplasmic processes into axon bundles to
radially sort large caliber axons into 1:1 promyelinating relation-
ships (Peters and Muir, 1959; Webster, 1971; Martin and Web-
ster, 1973; Jessen and Mirsky, 2005). The BL has a key role in SC
development because it contains laminins (LNs) 211 and 411,
which promote SC proliferation and radial sorting (Yang et al.,
2005; Yu et al., 2005). Although initially thin and discontinuous,
the BL ultimately consolidates into a thick intact layer around
myelinating SCs (Webster et al., 1973).

SCs can interact with LNs in the BL through integrins (Pelle-
gatta et al., 2013). In other cell types, interaction with proteins of
the extracellular matrix (ECM), including LN, can lead to activa-
tion of integrins at sites called nascent adhesions (NAs) (Olsen

and ffrench-Constant, 2005; Choi et al., 2008). Integrin activa-
tion leads to cell spreading, and myosin II-dependent maturation
of NAs into large multiprotein signaling complexes termed focal
adhesions (FAs) (Parsons et al., 2010; Wang et al., 2012). FAs are
required for the formation of actomyosin-containing stress fi-
bers, which transmit contractile forces through FAs between in-
tegrins and the ECM to consolidate cell spreading (Burridge and
Chrzanowska-Wodnicka, 1996; Burridge and Wittchen, 2013).
Cell spreading can regulate both proliferation and differentia-
tion, and the level of contractile actomyosin itself can regulate
differentiation (Chen et al., 1997; McBeath et al., 2004; Connelly
et al., 2010).

In other cell types, FAK localizes to both NAs and FAs, and
FAK promotes cell spreading at NAs partly through an inside-out
mechanism (Michael et al., 2009; Serrels et al., 2010; Lawson et
al., 2012; Wang et al., 2012). FAK can also promote both FA
formation and turnover (Webb et al., 2004; Lim et al., 2008b).
Hence, we ask here whether FAK might regulate SC proliferation
and differentiation during development by controlling SC
spreading and/or contractility on fragmentary BL because we
have shown previously that FAK is required in vivo for SC prolif-
eration and radial sorting (Grove et al., 2007).

Here, we show that FAK mutant SCs fail to spread on frag-
mentary but not mature BL in vivo. Our studies in vivo and in
vitro support the hypothesis that poor spreading is responsible
for reduced proliferation and premature differentiation of FAK
mutant SCs during development. SC differentiation occurs at
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high cell density, putatively primed by contact-mediated G1 arrest
(Morgan et al., 1991), and radial sorting has also been proposed to be
triggered by high SC density (Webster, 1971; Martin and Webster,
1973). Our results suggest that low levels of contractile actomyosin
rather than G1 arrest primes SC differentiation.

We conclude that the role of FAK is to promote SC spreading
and contractility on fragmentary BL, thus promoting prolifera-
tion and inhibiting differentiation until SCs reach a high density.
Hence, we propose that FAK has a central role in coordinating SC
differentiation and radial sorting during the myelination of pe-
ripheral nerves.

Materials and Methods
Animals and genotyping. All animal work conformed to United Kingdom
legislation (Scientific Procedures) Act 1986 and the Edinburgh Univer-
sity Ethical Review policy. All mice were of either sex and were on the
C57BL/6 background. Generation of mice carrying targeted loxP sites in
the FAK gene, of mice bearing ablated p27Kip1 genes, and the genotyping
of these mice, has been previously described (Fero et al., 1996; McLean et
al., 2004). Targeted ablation of FAK in embryonic Schwann cells was by
crossing FAKfl/fl mice with mice heterozygous for both the floxed allele
and Cre inserted into the CNP locus, as described previously (McLean et
al., 2004; Grove et al., 2007); recombination after sciatic nerve crush was
by crossing FAKfl/fl mice with mice heterozygous for the floxed allele and
transgenic for the inducible Cre recombinase Cre-ERT2 under the con-
trol of the PLP promoter followed by tamoxifen injection (Pereira et al.,
2009). In both cases, control mice were either FAKfl/fl or FAKfl/�. Routine
genotyping was by ear biopsy using primers for FAK and CNP-CRE
(Grove et al., 2007), PLP-CRE (Pereira et al., 2009), and p27Kip 1 (Fero et
al., 1996). For genomic PCR, the epineurium and perineurium of sciatic
nerves were removed before lysis.

Induction of recombination with tamoxifen. Tamoxifen (Sigma), dis-
solved in a 10:1 mixture of sunflower oil:ethanol at 10 mg/ml by shaking
for 30 min at 37°C, was injected into 6-week-old mice intraperitoneally at
0.2 mg/g body weight/d for 5 d, repeated after a 1 week of recovery.
Control mice were treated identically.

Sciatic nerve crush injury. Sciatic nerve crush was conducted 4 months
after the last tamoxifen injection, as described previously (Sherman et al.,
2012b). Forceps were dipped in charcoal before crush to identify the
crush site.

Morphometry. Measurements of g-ratios was as previously described
(Sherman et al., 2012b). A minimum of 100 axons was counted per
animal, and three animals were used per condition.

Statistical analysis. Statistical analysis was by unpaired Student’s t tests
or one-way ANOVA (Tukey’s multiple-comparison test), as indicated,
using GraphPad Prism 5.0c software.

Isolation and growth of primary rat Schwann cells. Primary rat Schwann
cells were isolated as described previously (Parkinson et al., 2001) with
modifications. Briefly, P2 rat sciatic nerves were incubated sequentially
in 1 mg/ml collagenase I (Invitrogen) followed by 1 mg/ml collagenase I
with 0.2 mg/ml trypsin (Sigma) for 30 min each. Purified Schwann cells
were negatively immunopanned using mouse anti-Thy1.1 secreted by
the OX7 hybridoma cell line (Dong et al., 1997; Parkinson et al., 2001).
Immunopanning for 45 min at 37°C was repeated twice more on subse-
quent days to achieve �99% Schwann cell purity as judged by S100� and
Sox10 immunostaining. Schwann cells were grown routinely in DMEM/
10% FBS (Invitrogen), 10 ng/ml Neuregulin 1 (Nrg1) (R&D Systems),
and 2 �g/ml forskolin (Sigma), plus L-glutamine and penicillin/strepto-
mycin, henceforth termed Schwann cell growth medium (SCGM). Cells
were grown for a maximum of 2 weeks. For Y27632 treatment, Schwann
cells were suspended in SCGM with or without 5 �M Y27632 (Sigma) for
30 min at 37°C, then seeded on coverslips in 12 well dishes. After cell
attachment, 1 ml SCGM with or without 5 �M Y27632 was added to each
well, and cells were incubated for the indicated periods before fixation.
For BrdU incorporation, Schwann cells were grown for 19 h and BrdU
(10 �M, Sigma) was added for a further 5 h before fixation.

Schwann cell differentiation and quantitation. Glass coverslips (15 mm,
SciQuip) were cleaned using 1% Alconox, rinsed in distilled water,

treated with 3% acetic acid, rinsed, and then stored in 80% ethanol until
use. Coverslips were coated with 30 �g/ml poly-D-lysine (Sigma) in PBS
for 1 h at room temperature, rinsed in distilled water, and then coated
with stated concentrations of laminin 111 (Sigma) overnight at 37°C in a
humidified chamber. Schwann cells were seeded on coverslips at indi-
cated densities in SCGM and then grown for 24 h. To initiate differenti-
ation, cells were washed 4 times with DMEM and then cultured in
differentiation medium (DM), consisting of DMEM/2% FBS with
L-glutamine and penicillin/streptomycin, and the stated concentration of
dbcAMP. After 24 h, medium was replaced with fresh DM with or with-
out dbcAMP, and the cells were cultured for a further 24 h before fixation
in 4% PFA. Differentiation was assessed by immunostaining for periaxin
or Krox20. Multiple images were taken from each coverslip to obtain
representative images from all areas of the coverslip, and at least 100
cells/coverslip were counted. For quantitation, EGFP � cells were
counted, and the percentage of EGFP � cells that expressed the protein of
interest was determined. Quantitation was with Openlab software.

Retroviruses. Retroviruses were produced by transient transfection of
293T cells with the viral packaging plasmid pSV-Psi2 and the bicistronic
retroviral vector MigR1. The construct encoded the appropriate experi-
mental cDNA with EGFP protein expression driven from an internal
IRES sequence (Pear et al., 1993; Pear et al., 1998). Viral supernatant was
collected 48 h after transfection and filtered at 45 �m. Nrg1 (10 ng/ml),
forskolin (2 �g/ml), and polybrene (hexadimethrine bromide, Sigma) (4
�g/ml) were added to the filtrate before incubation with primary rat
Schwann cells growing at 50% confluence. After 6 h, 2 volumes of fresh
SCGM was added. After overnight incubation, the supernatant was re-
placed with fresh SCGM, and cells were grown for a further 48 h before
FACS sorting. cDNA encoding FAK-related nonkinase (FRNK) were
obtained from Margaret Frame (University of Edinburgh). cDNAs en-
coding p27Kip1, p57Kip2, and Sox2 were obtained from Addgene.
pBS-FRNK was digested with EcoR1 to release the FRNK cDNA, which
was cloned directly into the EcoR1 site of MigR1. pSVSport6-p57Kip1
was digested with Xho1 to release the p57Kip1 cDNA, which was directly
cloned into the Xho1 site of MigR1. pCMVSport6-p27Kip1 was digested
with BspE1 and Ssp1 to release the p27Kip1 cDNA. The cDNA was blunt-
ended and cloned into MigR1 blunted at the EcoR1 site. PYX-Asc-Sox2
was digested with Not1-BglII to release the Sox2 cDNA, which was then
blunt-ended. Blunt-ended Sox2 cDNA was cloned into MigR1 blunted at
the EcoR1 site. After cloning into MigR1, expression of all cDNAs was
verified by transfection in 293T cells with Western blotting for the ap-
propriate protein, and by infection of primary rat SCs followed by West-
ern blotting and immunofluoresence.

FACS. Retrovirally infected Schwann cells were resuspended at 5 �
10 6 cells/ml in DME-F12/2% FBS and sorted using a BD FACSAria II cell
sorter (BD Biosciences). Sorting was for EGFP, and the mean fluores-
cence intensity threshold was chosen for FRNK-expressing Schwann cells
based on two criteria: (1) inhibition of FAK as judged by Western blots of
sorted cells; and (2) replication of the spreading defect also observed in
FAK mutant mouse Schwann cells (data not shown). All subsequent
experiments used the same threshold so that all Schwann cell populations
expressed similar levels of EGFP. Immunofluoresence was used to con-
firm that expression levels of EGFP corresponded to that of the exoge-
nously expressed experimental protein (data not shown).

Western blotting, immunostaining, and microscopy. For Western blot-
ting, the perineurium and epineurium were removed from sciatic nerves
before snap freezing in liquid nitrogen and storage at �80°C. Sciatic
nerves and primary rat Schwann cells were lysed in RIPA buffer, contain-
ing protease and phosphatase inhibitors, as described previously (Sher-
man et al., 2012a). For immunostaining, sciatic nerves were removed and
immediately fixed with 4% PFA for 45 min. Conventional fluorescence
microscopy, confocal microscopy (including objectives used), and elec-
tron microscopy were performed; images were collected and analyzed as
previously described (Sherman et al., 2012a). All figures were prepared
using Adobe Photoshop CS4 extended version 11 and were not subjected
to any subsequent image processing. The method for preparation of
cryosections, and immunostaining of transverse and longitudinal sec-
tions of tibial sciatic nerves, was as described previously (Grove et al.,
2007). Rat Schwann cells were fixed for 20 min in 4% PFA before immu-
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nostaining. For BrdU immunostaining, fixed
coverslips were further steam-treated for 15
min in 10 mM sodium citrate, pH 6.0, as de-
scribed previously (Tang et al., 2007). Primary
antibodies were used at the following concen-
trations for immunostaining or Western blot-
ting, as indicated: rabbit anti-FAK (Santa Cruz
Biotechnology; 1:400 for Western blotting),
rabbit anti-FAK pY397, anti-FAK pY577, and
anti-paxillin pY118 (all Biosource; 1:1000 for
Western blotting), rabbit anti-erk T202/Y204
(Cell Signaling Technology; 1:200 for Western
blotting), mouse anti-vinculin (Sigma; 1:4000,
immunofluorescence-streptavidin/biotin
method), mouse anti-paxillin (clone 349, BD
Transduction Laboratories; 1:500 for Western
blotting; 1:250 for immunofluorescence),
rabbit anti-myosin light chain 2 pS19 (Cell Sig-
naling Technology; 1:50 for immunofluores-
cence-streptavidin/biotin method), FITC and
Alexa-568 phalloidin (Invitrogen; 1:20 for flu-
orescence), rabbit anti-Oct6 (gift from John
Bermingham, McLaughlin Research Institute;
1:100 for immunofluorescence), mouse IgG1
anti-NF-H (Sigma; 1 in 1000 for immunofluo-
rescence), goat anti p57Kip2 (Santa Cruz Bio-
technology; 1:50 for immunofluorescence),
guinea pig anti Sox10 (kind gift from Michael
Wegner, University of Erlangen, Bavaria, Ger-
many); 1:1000 for immunofluorescence), rab-
bit anti-p27Kip1 (Santa Cruz Biotechnology;
1:100 for immunofluorescence), rabbit anti-
Krox20 (Covance; 1:100 for immunofluores-
cence), rabbit anti-Sox2 (Millipore; 1:500 for
immunofluorescence), goat anti-Sox2 (Santa
Cruz Biotechnology; 1:100 for immunofluo-
rescence), rabbit anti-ErbB3 (Santa Cruz Bio-
technology; 1:200 for Western blotting),
mouse anti-� actin (Sigma; 1:5000 for Western
blotting), rabbit anti-Ki67 (Vector Laborato-
ries; 1:1000 for immunofluorescence, mouse
IgG1 anti-BrdU (Vector Laboratories; 1:20 for
immunofluorescence), horse biotinylated anti-
mouse (Vector Laboratories; 1:200 for immu-
nofluorescence), donkey biotinylated anti-
rabbit (Vector Laboratories; 1:200 for immunofluorescence), and Alexa-
568 streptavidin (Invitrogen; 1:1000 for immunofluorescence). All other
primary and secondary antibodies and nuclear stains were as described
previously (Grove et al., 2007; Sherman et al., 2012a, b).

Results
Immature SCs without FAK spread poorly in vivo on
fragmentary BL and fail to reach the late promyelinating stage
Immature murine SCs begin to form a BL soon after they differ-
entiate from their precursors between E13.5 and E15.5 (Jessen
and Mirsky, 2005); the BL has been described previously as ini-
tially fragmentary during development but intact in adults (Web-
ster, 1971; Webster et al., 1973). Because FAK may itself influence
the formation of BL in some tissues (Beggs et al., 2003), and FAK
mutants have persistent radial sorting defects beginning at E17.5
(Grove et al., 2007), we first asked whether the BL appeared less
intact around unsorted axon bundles in mutant compared with
control sciatic nerves. We examined control and FAK mutant SCs
from E17.5 to P20 and the BL around unsorted axon bundles
appeared similar in mutant compared with controls indicating
that FAK was not required for BL assembly (Fig. 1). At E17.5,
there were large areas of naked axon interspersed with thin areas

of BL in both controls and mutants. Postnatally, the BL remained
fragmentary around unsorted axon bundles in both controls and
mutants, although myelinating SCs acquired an electron-dense
unbroken BL. Hence, the integrity of the BL in both control and
mutant sciatic nerves appears to depend on the developmental
stage of the SC rather than the age of the mouse.

FAK regulates cell spreading (Ilić et al., 1995). Therefore, we
examined whether control and FAK mutant SCs spread equally
well on fragmentary BL during radial sorting in vivo. In transverse
sections of control sciatic nerves at P9, axon bundles were sur-
rounded by thin SC processes, which generally enveloped their
associated axon bundle (Fig. 2Aa). This was also seen in longitu-
dinal sections at P5 (Fig. 2Ac,e). In contrast, axon bundles in
mutant sciatic nerves at P5 and P9 were associated with short
stubby SCs, which failed to extend either around or along their
associated bundles, thus leaving large areas of naked axon (Fig.
2Ab,d,f).

A small minority of FAK mutant SCs reach the promyelina-
tion stage but fail to myelinate (Grove et al., 2007). We define
early promyelinating SCs as those that have formed 1:1 relation-
ships with axons but have not yet begun the process of forming
multiple cytoplasmic wraps around the associated axon. We ex-

Figure 1. BL is fragmentary around both immature control and FAK mutant SCs in vivo. Electron micrographs of transverse
sciatic nerve sections where SCs are pseudocolored to aid BL visualization. A, B, At E17.5, BL of control and mutant SCs surrounding
unsorted axon bundles is thin and fragmentary, with large gaps. C, D, At P5, BL remains fragmentary around unsorted axon bundles
in both control and mutant, whereas it is thicker and unbroken around thinly myelating control SCs. E, F, At P20, BL of control
myelinating SCs is thick and unbroken while remaining fragmentary around unsorted axon bundles in mutants. Arrows point to BL.
Scale bars, 0.5 �m. Genotypes: control, FAK fl/fl or FAKfl/�; mutant, FAKfl/fl:CNP-Cre�/�.
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amined early promyelinating SCs at P5 and found that both con-
trol and mutants SCs were surrounded by a fragmentary BL (Fig.
2Bc,d). However, only 38% of FAK mutant early promyelinating
SCs completely surrounded their associated axon compared with
89% of controls (Fig. 2Ba– d,C). Areas of naked axon were asso-
ciated with redundant BL (Fig. 2Bd; and data not shown), sug-
gesting that SC processes had withdrawn, although the paucity of
such profiles in controls suggests that this is normally a transitory
event (Fig. 2C). Hence, both control and mutant early promyeli-
nating SCs are surrounded by a fragmentary BL, but control SCs

stably extend along the BL and proceed to
myelinate, whereas FAK mutant SCs do
not.

SCs initiate differentiation prematurely
in vivo without FAK
Reduced cell spreading can both inhibit
proliferation and prime cells for differen-
tiation, thus conferring a greater sensitiv-
ity to inducers of differentiation (Chen et
al., 1997; McBeath et al., 2004; Connelly et
al., 2010; Théry, 2010). We have previ-
ously shown that proliferation of FAK
mutant immature SCs is reduced in vivo
(Grove et al., 2007); therefore, we hypoth-
esized that these poorly spread cells might
be primed for differentiation. If this were
so, they would initiate differentiation pre-
maturely compared with controls in vivo.
Hence, we examined the expression of nu-
clear markers of early SC differentiation.

We examined expression of the cyclin-
dependent kinase inhibitors p27Kip1 and
p57Kip2, which are reported to, respec-
tively, promote and inhibit SC differenti-
ation in vitro (Heinen et al., 2008; Li et al.,
2011); further, the accumulation of both
proteins may be inhibited by FAK (Bryant
et al., 2006; Lim et al., 2008a). We also
examined the expression of the transcrip-
tion factors Oct6 and Krox20. Oct6 is
transiently induced in immature SCs and
peaks shortly after birth, whereas Krox20
is induced embryonically and remains el-
evated in myelinating SCs (Blanchard et
al., 1996; Topilko et al., 1997; Parkinson et
al., 2003). We examined the nuclear ex-
pression of p57Kip2, p27Kip1, Oct6, and
Krox20 during development at two time
points that were chosen such that the ex-
pression of each marker in control SCs
was higher at the later time point. Hence,
increased expression of a marker in mu-
tant SCs at the earlier time point would
indicate premature upregulation, rather
than delayed downregulation.

The expression of p57Kip2 in control
SC nuclei was very low at E17.5 (data not
shown) but increased between E18.5 and
P1 (Fig. 3A,B), suggesting that p57Kip2 is
indeed a marker of immature SC differen-
tiation. Mutant SCs expressed signifi-
cantly more nuclear p57Kip2 at both ages,

indicating that p57Kip2 is prematurely upregulated in mutant
SCs in vivo (Fig. 3A,B). p27Kip1 was first detected at E18.5 in
control SC nuclei, and expression increased between E18.5 and
P5 (Fig. 3C,D), suggesting that p27Kip1 is a further marker of
immature SC differentiation. In mutant sciatic nerves, p27Kip1
was also prematurely upregulated at E18.5 (Fig. 3C,D).

In control sciatic nerves, the number of Oct6� nuclei in-
creased by almost threefold between E17.5 and E18.5 (Fig. 3E,F)
and continued to increase up to P1 (data not shown), consistent
with the findings of others (Blanchard et al., 1996). Oct6 was

Figure 2. Spreading of FAK mutant SCs is impaired in vivo. A, Electron micrographs of postnatal sciatic nerves where SCs are
pseudocolored to aid visualization. Transverse (a, b) and longitudinal (c–f ) sections at P9 and P5, respectively, show immature SCs
associated with unsorted axon bundles. Control SCs extend processes along axon bundles in both transverse (a) and longitudinal (c,
e) directions. Tips of adjacent SC processes closely abut (a, e), although some regions of naked axon are observed (a, arrowhead).
In contrast, mutant SCs are short and stubby and extend poorly in both transverse (b) and longitudinal (d, f ) directions; extensive
regions of naked axon are observed (b, d, f ). Scale bars, Aa, c–f, 1 �m; Ab, 2 �m. B, Electron micrographs of transverse sections
of early promyelinating SCs associated with single axons at P5. Ba, Control SCs fully envelop their associated axons, with no naked
axon between the SC processes. Bb, Mutant SCs fail to envelop their associated axons, leaving extensive regions of naked axon
(arrows). Bc, d, Control and mutant SCs have immature fragmentary BL (arrowhead). Regions of naked axon in mutants are
associated with BL (arrow), suggesting withdrawal of SC processes. Scale bars: Ba, b, 1 �m; Bc, d, 0.25 �m. C, At P5, the
percentage of sorted axons that were fully enveloped was significantly greater in control compared with mutant sciatic nerves.
Values are mean � SEM; n � 2. **p � 0.0063 (unpaired Student’s t test). Genotypes: control, FAKfl/fl or FAKfl/�; mutant,
FAKfl/fl:CNP-Cre�/�.
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prematurely upregulated in mutant SCs at
both E17.5 and E18.5 (Fig. 3E,F). Like-
wise, Krox20 expression was significantly
greater in mutant versus control SC nuclei
at E18.5. However, whereas Krox20� SC
nuclei continued to increase in number in
control SCs postnatally, Krox20 declined
in mutant SCs (Fig. 3G,H). This indicated
that, although mutant Schwann cells ini-
tiated differentiation prematurely, the de-
cline in Krox20 expression was consistent
with the fact that these cells do not go on
to myelinate.

In summary, each of these nuclear
markers of early SC differentiation was
prematurely upregulated in FAK mutant
nerves. This supports the hypothesis that
immature FAK mutant SCs are prema-
turely primed for differentiation and thus
are hypersensitive to differentiation sig-
nals, most likely cAMP.

FAK regulates SC spreading and is
required for proliferation on low
concentrations of LN in vitro
To investigate the possible role for a
spreading defect in regulating the prolif-
eration and differentiation of FAK mutant
SCs in vivo, we turned to an in vitro model.
Initial experiments were conducted with
mouse SCs, but for technical reasons (see
below), we turned to rat SCs, which gave
similar results. FAK was functionally inacti-
vated in primary rat SCs by coexpression of
FRNK, the dominant negative inhibitor of
FAK (Richardson and Parsons, 1996; Pear et
al., 1998).

Purified primary rat SCs were infected
with the bicistronic MigR1 retrovirus ex-
pressing either EGFP (control SCs) or
EGFP coexpressed with FRNK (FRNK SCs).
FRNK SCs displayed down-regulation of
tyrosine phosphorylation of FAK targets
consistent with effective inhibition of en-
dogenous FAK activity (Fig. 4A).

Because FAK interacts with LN-
binding integrins in SCs (Chernousov et
al., 2007), and LN-dependent prolifera-
tion of SCs in vivo increases as the BL de-
velops between E15.5 and E17.5 (Yu et al.,
2005), we asked how control and FRNK
SCs responded to increasing levels of LN
in vitro. Control SCs seeded on coverslips
coated with 0.2 �g/ml or 5.0 �g/ml LN
(low and high LN, respectively) flattened,
spread, and polarized longitudinally within
2 h (Fig. 4B). After 24 h, these cells were
extensively spread and polarized on both
substrates (Fig. 4B). In contrast, FRNK SCs failed to flatten or
spread on low LN (Fig. 4B) but eventually spread and polarized
after 24 h on high LN (Fig. 4B).

These data show that the requirement for FAK in promoting
SC spreading is much more pronounced at low levels of LN.

Further, it suggests that the poor spreading of immature FAK
mutant SCs in vivo could be due to low levels and/or the avail-
ability of LN in fragmentary BL. Hence, we used FRNK SCs
grown on low or high LN in vitro to model the response of FAK
mutant SCs to fragmentary BL or more mature BL, respectively.

Figure 3. FAK mutant SCs initiate differentiation prematurely in vivo. Expression of nuclear markers of SC differentiation in transverse
and longitudinal sciatic nerve sections from control and mutant mice. The sciatic nerve was delineated by immunostaining for neurofila-
ment (NF-H) (E), or SCs were identified using the nuclear marker Sox10 (A, C, G). A, B, Longitudinal sections of sciatic nerves at E18.5 and P1.
p57Kip2 is prematurely upregulated in mutant SCs at E18.5 and remains elevated compared with control at P1. Values are mean � SEM;
n � 3, 3 sections per sciatic nerve. ***p � 0.0007, E18.5 (unpaired Student’s t test). ***p � 0.0005, P1 (unpaired Student’s t test). C, D,
Longitudinal sections of sciatic nerves at E18.5 and P5. p27Kip1 is prematurely upregulated at E18.5 in mutant SCs, but at P5 levels are not
significantly different from control. Values are mean�SEM; n�3, 3 sections per sciatic nerve. ***p�0.0026, E18.5 (unpaired Student’s
t test). ns, Not significant. E, F, Transverse sections at E17.5 and E18.5. Oct6 is prematurely upregulated at E17.5 in mutant SCs and remains
elevated compared with control at E18.5. Values are mean � SEM; n � 3, 3 sections per sciatic nerve. ***p � 0.0009, E17.5 (unpaired
Student’s t test). **p � 0.0079, E18.5 (unpaired Student’s t test). G, H, Longitudinal and transverse sections at at E18.5 and P21, respec-
tively. Krox20 is prematurely upregulated in mutant SCs at E18.5, but at P21 Krox20 is substantially decreased compared with control SCs.
Values are mean � SEM; n � 3 (E18.5) or 2 (P21), 3 sections per sciatic nerve. **p � 0.0038, E18.5 (unpaired Student’s t test). ***p �
0.0014, P21 (unpaired Student’s t test). Scale bars, 25 �m. Genotypes: control, FAKfl/fl or FAKfl/�; mutant, FAKfl/fl:CNP-Cre�/�.
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Because reduced cell spreading can lead to G1 arrest (Chen et al.,
1997), we asked whether the proliferation of FRNK SCs on low
LN was compromised, as we have found previously for FAK mu-
tant SCs in vivo (Grove et al., 2007). On low LN, BrdU incorpo-
ration by control SCs was indeed much greater than for FRNK
SCs; however, proliferation of control and FRNK SCs on high LN
was not significantly different (Fig. 4D).

To explore the relationship between spreading and prolifera-
tion further, we asked whether we could stimulate the prolifera-
tion of FRNK SCs on low LN by improving their ability to spread.
FAK regulates RhoA activity (Schaller, 2010), and it has been
shown in SCs mutant for integrin-linked kinase that inhibition of
the RhoA effector ROCK with Y27632 restores their ability to
extend on LN (Pereira et al., 2009). Y27632 promoted the spread-
ing or extension of both control and FRNK SCs, thus also con-
firming that RhoA was active (Fig. 4C). Control SCs on low or
high LN and FRNK SCs on high LN extended long thin processes,
whereas FRNK SCs on low LN responded by spreading but did
not polarize (Fig. 4C). The increased spreading of FRNK SCs on
low LN caused by Y27632 was associated with a 5.6-fold increase
in proliferation, whereas Y27632 did not significantly stimulate
the proliferation of control SCs on either low or high LN or of

FRNK SCs on high LN (Fig. 4D). These
results suggest that the reduced prolifera-
tion of SCs lacking functional FAK on low
LN in vitro is a consequence of defective
spreading and that a similar mechanism
may underlie the reduced proliferation of
poorly spread FAK mutant SCs in vivo.
Mouse FAK-null Schwann cells spread
and proliferated similarly to rat Schwann
cells expressing FRNK (data not shown).
Subsequent differentiation experiments
required large numbers of SCs, which
were grown on poly-D-lysine before ex-
periments. However mouse FAK mutant
and FRNK SCs proliferated very poorly
on poly-D-lysine, as they do on low LN.
This issue was solved using rat SCs. Large
numbers of rat SCs were grown before in-
fection with FRNK retrovirus and FACS
sorting. Rat SCs could also be purified
(�99%) more readily than mouse SCs,
thus eliminating any potential effects of
contaminating fibroblasts.

SCs lacking functional FAK are primed
for differentiation by poor spreading on
low LN in vitro
FAK mutant Schwann cells spread poorly
and express differentiation markers
prematurely in vivo. Hence, we asked
whether poor spreading on low LN in
vitro primed FRNK SCs for differentia-
tion. However, FRNK SCs on low LN also
display reduced proliferation (Fig. 4D),
which corresponds to a longer G1 phase of
the cell cycle (Zetterberg and Larsson,
1985). Because cell differentiation occurs
in G1 (Mummery et al., 1987; Dalton,
2013), it was necessary first to discrimi-
nate the role of G1 cell-cycle status from
that of cell spreading in the regulation of

differentiation. Hence, we first compared cell size and G1 status of
control and FRNK SCs with SCs overexpressing p27Kip1 because
p27Kip1 overexpression is reported to arrest the cell-cycle in G1

(Toyoshima and Hunter, 1994).
G1 status was measured in SCs plated at low density by immu-

nostaining for Ki67, which is expressed throughout the cell cycle
with the exception of early G1 (Kreipe et al., 1993). There was
similar expression of Ki67 in control SCs on low LN (38.5%) and
high LN (41.6%). However, although FRNK SCs had similar lev-
els of Ki67 to control cells on high LN (43.9%), only 11.4% of
FRNK SCs were Ki67� on low LN showing that �88% are in G1.
As predicted, 100% of SCs overexpressing p27Kip1 were in G1 on
both low and high LN (Fig. 5A). FRNK SCs spread on high but
not low LN, whereas control and p27Kip1 SCs spread well on
both low and high LN (Figs. 4B,C and 6B). Thus, by comparing
p27Kip1-overexpressing SCs with FRNK SCs, we could discrim-
inate between the effects of G1 arrest and cell spreading on SC
differentiation.

To investigate their propensity for differentiation, control,
FRNK-, or p27Kip1-overexpressing SCs were seeded on low and
high LN at a range of densities, treated for 48 h with dbcAMP (200

Figure 4. Spreading and proliferation of SCs without functional FAK in vitro are regulated by LN concentration. Primary rat SCs
expressed either EGFP (Control) or EGFP � FRNK (FRNK). A, Western blot showing that FRNK blocks endogenous FAK activity in SCs
as measured by reduced phosphorylation of FAK at Y 397 (autophosphorylation) and Y 577 (trans-phosphorylation by Src family
tyrosine kinases) and the FAK target paxillin at Y 118. The potential FAK target Erk remains unaffected. Molecular masses are shown
in kilodaltons. B, Phase-contrast images of control and FRNK SCs seeded on low (0.2 �g /ml) or high (5.0 �g/ml) LN for 2 and 24 h.
Spreading and polarization of control SCs are complete by 24 h on both low and high LN. In contrast, FRNK SCs fail to spread or
polarize on low LN by 24 h. On high LN, FRNK SCs spread but are generally unpolarized after 2 h; but by 24 h, they are spread and
polarized, although less extended than control SCs. Scale bar, 100 �m. C, SCs were cultured for 24 h in the absence (�) or presence
(�) of ROCK inhibitor Y27632 (5 �M). Fixed cells were incubated with rhodamine phalloidin (red) to visualize the F-actin cyto-
skeleton and cell shape. All SCs, except FRNK SCs on low LN, were polarized, and extended long thin processes in the presence of
Y27632. FRNK SCs on low LN spread more in the presence of Y27632, although they remained round and unpolarized. Scale bar, 50
�m. D, Proliferation of SCs cultured for 24 h was measured by incubation with BrdU (10 �M) for the final 5 h. Control SCs
proliferated significantly better than FRNK SCs on low LN, but Y27632 treatment normalized the proliferation of FRNK SCs. On high
LN, proliferation of control and FRNK SCs was not significantly different. Values are mean � SEM; n � 3, 2 coverslips per
experiment. *p � 0.0223 (unpaired Student’s t test). **p � 0.0024 (unpaired Student’s t test).
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�M) and then immunostained for the dif-
ferentiation marker periaxin. Negligible
differentiation occurred in the absence of
dbcAMP (data not shown). On low LN
and at low cell density, only 9.2% of con-
trol SCs differentiated, comparable with
p27Kip1-overexpressing SCs, despite the
fact that the latter were arrested in G1 (Fig.
5B,C). Differentiation of both control
and p27Kip1-overexpressing SCs in-
creased with cell density and was signifi-
cantly greater at high compared with low
cell density (Fig. 5B,C). In marked con-
trast, 79.9% of FRNK SCs on low LN dif-
ferentiated at low cell density; further,
these SCs differentiated equally well at
all densities and were comparable to
p27Kip1-overexpressing SCs at high den-
sity (Fig. 5B,C). Hence, FRNK SCs on low
LN were primed for differentiation at all
densities, whereas control and p27Kip1
overexpressors were only primed at high
density.

Control and p27Kip1-overexpressing
SCs differentiated more as cell density in-
creased on low and high LN (Fig. 5B,C).
However, and in contrast to their behavior
on low LN, FRNK SCs on high LN also dif-
ferentiated as a function of cell density sim-
ilar to control and p27Kip1-overexpressing
SCs (Fig. 5B,C). Hence, on high LN, FRNK
SCs were only primed to differentiate at
high density.

In summary, differentiation of control
SCs on low and high LN was as would
have been predicted from previous work
(Morgan et al., 1991): namely, little differ-
entiation at low cell density but greatly in-
creased differentiation at high density.
However, p27Kip1-overexpressing SCs
behaved similarly to control SCs, showing
that differentiation is largely independent
of G1 cell-cycle status. Furthermore, these
data suggest that, on low LN, FAK is re-
quired to make SC differentiation sensi-
tive to cell density. The fact that poorly
spread FRNK SCs at low density on low
LN are primed for differentiation, in contrast to well-spread con-
trol and p27Kip1-overexpressing SCs, suggests that it is the
spreading defect of FAK mutant SCs on fragmentary BL in vivo
that primes them for premature differentiation.

FAK is required for SC contractility on low LN in vitro and
contractility may regulate SC differentiation
We next investigated potential mechanisms that might explain
why poorly spread FRNK SCs on low LN at low density are hy-
persensitive to the induction of differentiation by dbcAMP.

Reduced cell spreading is associated with low levels of contractile
actomyosin (“contractility”) and an increased cellular F/G actin ra-
tio, both of which can prime cells for differentiation (McBeath et al.,
2004; Connelly et al., 2010; Théry, 2010). Contractility in spreading/
migrating cells is mediated by stress fibers exerting tension through
focal adhesions (Burridge and Chrzanowska-Wodnicka, 1996; Bur-

ridge and Wittchen, 2013), and by myosin II-mediated retrograde
flow of actin at the lamellipodium–lamellum interface where acto-
myosin arcs (precursors to stress fibers) form (Parsons et al., 2010;
Burridge and Wittchen, 2013). In addition to myosin II activity,
formation of these contractile actomyosin structures requires FAs
and actin polymerization in lamellipodia (Giannone et al., 2007;
Choi et al., 2008; Parsons et al., 2010; Burridge and Wittchen, 2013).
Hence, we examined F-actin and FAs in FRNK-, control-, and
p27Kip1-overexpressing SCs because FAK can promote cell spread-
ing (Ilić et al., 1995; Tamura et al., 1998; Hsia et al., 2003; Serrels et al.,
2010), actin polymerization in lamellipodia (Serrels et al., 2007), and
the formation and turnover of FAs (Tamura et al., 1998; Webb et al.,
2004; Michael et al., 2009; Pasapera et al., 2010; Lawson et al., 2012).

Phalloidin staining revealed that control SCs contained prom-
inent lamellipodia and stress fibers/arcs on both low and high LN.
FRNK SCs also formed lamellipodia and stress fibers/arcs on high

Figure 5. SC differentiation is regulated by density, independently of cell-cycle status. Primary rat SCs expressed EGFP (Control),
EGFP � FRNK (FRNK), or EGFP � p27Kip1 (p27Kip1). A, SCs were grown for 24 h on low (0.2 �g/ml) or high (5 �g/ml) LN and
immunostained for Ki67 to identify cell-cycle status. Absence of Ki67 � SC nuclei in p27Kip1-overexpressing SCs shows that these
cells are arrested in early G1. Control SCs grown on low and high LN and FRNK SCs on high LN showed similar levels of Ki67 � nuclei,
whereas FRNK SCs grown on low LN had reduced levels of Ki67 � nuclei, showing that more of these cells are in early G1. Values are
mean � SEM; n � 2 separate experiments, 2 coverslips per experiment. **p � 0.0099, Control SCs low LN versus FRNK SCs low LN
(unpaired Student’s t test). **p � 0.0019, FRNK SCs low LN versus FRNK SCs high LN (unpaired Student’s t test). ns, Not significant.
B, C, dbcAMP-mediated differentiation detected by immunostaining for periaxin of control, FRNK and p27Kip1-overexpressing SCs
as a function of initial cell density and LN concentration (0.2 �g/ml or 5 �g/ml; low and high LN, respectively). B, C, Immunoflu-
orescence staining and quantitation show that, on low LN, FRNK SCs differentiated equally well when seeded at low or high
density. In contrast, control SCs and p27-overexpressing SCs differentiated significantly better when grown at high density. Values
are mean � SEM; n � 3 separate experiments, 2 coverslips per experiment. **p � 0.0098 (unpaired Student’s t test). ***p �
0.0007 (unpaired Student’s t test). ns, Not significant. However, on high LN, each SC population showed a similar differentiation
response to cell density. Values are mean � SEM; n � 3 separate experiments, 2 coverslips per experiment. ***p � 0.0003,
Control SCs 2 � 10 4/ml compared with 40 � 10 4/ml (unpaired Student’s t test). **p � 0.0050, FRNK SCs 2 � 10 4/ml compared
with 40 � 10 4/ml (unpaired Student’s t test). ***p � 0.0010 p27Kip1 SCs 2 � 10 4/ml compared with 40 � 10 4/ml (unpaired
Student’s t test). Scale bar, 100 �m.
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LN (Fig. 6A). In contrast, FRNK SCs on low LN failed to form
either lamellipodia or stress fibers/arcs (Fig. 6A). Hence, contrac-
tile F-actin was reduced in FRNK SCs on low LN.

Contractile F-actin in spreading/migrating cells depends on
FAs, and FAK can regulate FA formation and turnover; there-
fore, we immunostained for vinculin to determine whether
there were mature FAs (Ziegler et al., 2008). No difference in
vinculin-labeled FAs was seen between control and p27Kip1-
overexpressing SCs on either low or high LN, showing that in SCs
p27Kip1 does not inhibit FA formation even though it is reported
to do so in other cell types (Besson et al., 2004) (Fig. 6B). FRNK
SCs contained large peripheral vinculin-positive FAs on high LN
(Fig. 6B), which is consistent with the results of others, where cells
on high concentrations of ECM required FAK for FA turnover
(Ilić et al., 1995; Richardson et al., 1997; Webb et al., 2004).
However, FRNK SCs failed to form vinculin-containing FAs on
low LN (Fig. 6B). To exclude the possibility that FAs still form
when FAK is inhibited on low LN, but that they simply lack
vinculin (Pasapera et al., 2010), we also immunostained for pax-
illin because this protein localizes to both NAs and mature FAs
independently of FAK (Lawson and Schlaepfer, 2012; Lawson et
al., 2012). The results for paxillin localization paralleled those for

vinculin (Fig. 6C). The number of FRNK
SCs with FAs as detected by vinculin stain-
ing as a percentage of control SCs was
4.6 � 2.3 and 96.3 � 3.7 on low and high
LN, respectively (mean � SEM; n � 3, p �
0.003, paired Student’s t test). Essentially,
100% of all control SCs and p27Kip1-
overexpressing SCs had vinculin-positive
FAs.

Because FRNK SCs on low LN fail to
form lamellipodia, stress fibers/arcs, or
FAs, it appears that they are not contrac-
tile. Hence, priming of low-density FRNK
SCs for differentiation on low LN is asso-
ciated with low levels of contractile acto-
myosin, whereas resistance of control and
p27Kip1-overexpressing SCs to differen-
tiation at low density is associated with
high contractility. Therefore, we asked
whether the priming of control SCs for
differentiation at high density was also
associated with reduced levels of con-
tractile actomyosin. Myosin II activity is
necessary (but not sufficient; see Dis-
cussion) for contractility and can be
assessed by immunostaining for phosphor-
ylation of its regulatory light chain on Ser-
ine19 (pMLC) (Vicente-Manzanares et al.,
2009).

Control SCs seeded at low and high
density and on either low or high LN
were immunostained for pMLC and
costained with phalloidin to visualize
F-actin. At low SC density, prominent
F-actin stress fibers/arcs and intense
pMLC were observed (Fig. 6D). How-
ever, at high density, stress fibers/arcs
were reduced (although cortical F-actin
staining remained prominent), and
pMLC was markedly reduced (Fig. 6D).
Hence, similarly to FRNK SCs on low

LN, priming of control SCs for differentiation at high density
is associated with reduced actomyosin contractility. Interest-
ingly, FRNK SCs on low LN have normal levels of pMLC (data
not shown), suggesting that different mechanisms control the
reduced contractility of FRNK SCs on low LN and control SCs
at high density (see Discussion).

p27Kip1 and p57Kip2 neither prime nor inhibit
SC differentiation
Our data suggest that FAK mutant SCs spread poorly on frag-
mentary BL in vivo and are thus primed for and initiate prema-
ture differentiation even though they do not go on to myelinate.
FAK may negatively regulate the levels of p27Kip1 and p57Kip2
(Bryant et al., 2006; Lim et al., 2008a); and in some tissues, these
proteins are required for cell differentiation (Bilodeau et al.,
2009). Hence, it was possible that upregulation of these proteins
in FAK mutant SCs could be the cause of premature upregulation
of Krox20.

Although p27Kip1 and p57Kip2 have been reported to, respec-
tively, promote and inhibit differentiation of SCs in vitro (Heinen et
al., 2008; Li et al., 2011), we have shown that overexpression of
p27Kip1 does not promote differentiation or prime SCs for differ-

Figure 6. FAK activity is required for SC contractilty on low LN at low cell density, and control SC contractility is reduced at high
density. A–C, Primary rat SCs expressing exogenous EGFP (Control), EGFP � FRNK (FRNK), or EGFP � p27Kip1 (p27Kip1) were
grown at low cell density (2�10 4 cells/ml) on low or high LN. A, The F-actin cytoskeleton of SCs grown for 24 h was visualized with
rhodamine phalloidin (red). Control SCs on low or high LN have prominent stress fibers arcs and lamellipodia, whereas FRNK-
expressing SCs have stress fibers/arcs and lamellipodia on high but not low LN. Scale bars, 15 �m. B, C, Immunostaining for
vinculin and paxillin to detect FAs. B, Control and p27Kip1-overexpressing SCs have prominent vinculin-positive FAs on low and
high LN. On high LN, FRNK SCs have peripheral vinculin-positive FAs. On low LN, FRNK SCs lack vinculin-positive FAs. Scale bars, 15
�m. C, Control SCs contain prominent paxillin-positive FAs on low and high LN. FRNK SCs contain large peripheral paxillin-positive
FAs on high LN, but not on low LN. Scale bars, 10 �m. D, Control SCs were seeded at 2 � 10 4/ml (low density) or 4 � 10 5/ml (high
density) on low or high LN, then grown for 24 h before immunostaining for pMLC to detect active myosin II (red) and phalloidin
staining to detect F-actin (green). SCs at low cell density have intense pMLC staining, whereas at high density immunostaining is
much reduced, regardless of LN amount. Note the difference in pMLC levels between Schwann cells and the lone contaminating
fibroblast in the high density culture. Phalloidin staining shows that, on low and high LN, prominent stress fibers observed at low
SC density are reduced at high SC density, whereas cortical F-actin staining remains. Insets, pMLC immunostaining at low cell
density. Scale bar, 100 �m.
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entiation by dbcAMP, as measured by ex-
pression of periaxin (Fig. 5). Furthermore,
p27Kip1 overexpression does not affect ex-
pression of Krox20 (data not shown). Con-
sistent with these observations, examination
of transverse sciatic nerve sections of
8-week-old p27Kip1 mutant mice showed
that p27Kip1 is not required for SC differen-
tiation in vivo (Fig. 7Aa,c). Furthermore,
overexpression of p57Kip2 in vitro did not
prime or promote SC differentiation (Fig.
7B; data not shown). This suggests that pre-
mature upregulation of these Kip proteins
in FAK mutant SCs in vivo is a consequence
rather than a cause of the premature initia-
tion of differentiation.

We wished to address the apparent
paradox that, although early differentia-
tion markers were prematurely expressed
in vivo by FAK mutant SCs, these cells did
not go on to myelinate. One possibility
was that prematurely upregulated differ-
entiation markers could inhibit further
differentiation. We investigated this hy-
pothesis in vitro and in vivo.

p27Kip1 overexpression does not in-
hibit the differentiation of cultured SCs
(Fig. 5). Nevertheless, it has been reported
that aberrantly overexpressed p27Kip1 in-
hibits SC radial sorting in vivo (Porrello et
al., 2014). To determine whether prema-
ture upregulation of p27Kip1 might
contribute to the sorting defect in the
FAK mutant SC phenotype in vivo, we
crossed FAKfl/fl:p27Kip1 mice with FAKfl/�:
p27Kip1�/�:CNP-Cre�/� mice and exam-
ined transverse sciatic nerve sections of
8-week-old progeny. However, the radial
sorting defect that we reported previously
in FAK mutant sciatic nerves is not res-
cued in FAK:p27Kip1 double mutants
(Fig. 7Ab,d) (Grove et al., 2007). Further,
p57Kip2 has been reported to inhibit SC
differentiation in vitro (Heinen et al.,
2008); and in P5 sciatic nerves, p57Kip2
levels in FAK mutant SC nuclei remained
elevated compared with controls (Fig. 7C).
However, differentiation of SCs overexpressing p57Kip2 in vitro was
indistinguishable from that of controls (Fig. 7B).

Hence, our data suggest that premature expression of either
p27Kip1 or p57Kip2 in FAK mutant SCs is unlikely to explain
why these cells do not myelinate in vivo. Overall, these data sug-
gest that p27Kip1 and p57Kip2 regulate Schwann cell prolifera-
tion rather than differentiation during SC development.

SCs without FAK can proliferate normally and myelinate on
mature BL
Thus far, our data are consistent with the view that the defective
proliferation and differentiation of FAK mutant SCs in vivo were
due to their aberrant response to fragmentary BL during radial
sorting and the promyelination phase of peripheral nerve myeli-
nation. If this were the case, a prediction would be that mutant
SCs should behave normally in vivo in response to a mature BL.

To test this hypothesis, we used the regenerating peripheral
nerve crush paradigm. After nerve crush SCs sequentially dedif-
ferentiate, proliferate, redifferentiate and myelinate in Bands of
Bungner, which are surrounded by the original mature SC BL.
Little, if any, radial sorting of axons is required; however, to prog-
ress to myelination, promyelinating SCs must fully envelop asso-
ciated axons in 1:1 relationships, a step at which FAK mutant SCs
are defective during development (Ide, 1996; Nguyen et al., 2002;
Chen et al., 2007) (Fig. 2). Hence, to determine whether FAK
mutant SCs respond normally to mature BL in vivo, we assessed
the ability of SCs in which FAK was ablated in the adult to pro-
liferate and progress from promyelination to myelination on ma-
ture BL after sciatic nerve crush.

Control or FAKfl/fl:PLP-Cre-Ert2 mice were treated with ta-
moxifen; and 4 months after treatment, one sciatic nerve of each
mouse was crushed. The controls for the crush were treated with

Figure 7. SC differentiation is not regulated by p27Kip1 or p57Kip2. A, Light microscopy of transverse sections (1 �m) of sciatic
nerves stained with toluidine blue from 2-month-old mice with the following genotypes: Aa, wild-type control; Ab, FAKfl/fl:CNP-
Cre�/�; Ac, p27Kip1�/�; Ad, FAKfl/fl:CNP-Cre�/�:p27Kip1�/�. Axons in p27Kip1�/� sciatic nerves are fully myelinated (Ac),
and indistinguishable from control sciatic nerves (Aa). FAK mutant sciatic nerves contain large unsorted axon bundles (Ab), and
ablation of p27Kip1 does not rescue this phenotype (Ad). Scale bar, 10 �m. B, Primary rat SCs expressing exogenous EGFP (control)
or EGFP�p57Kip2 (p57Kip2) were seeded on high LN (5 �g/ml), differentiated for 48 h with dbcAMP (1 mM), and immunostained
for periaxin (Prx) to assess differentiation. Control and p57Kip2-overexpressing Schwann cells differentiated equally well. Values
are mean � SEM; two experiments, two coverslips per experiment. ns, Not significant (unpaired Student’s t test). Scale bar, 50
�m. C, P5 longitudinal sciatic nerve sections coimmunostained for p57Kip2 and Sox10 to identify SC nuclei. p57Kip2 is expressed
in both mutant control SC nuclei. Scale bar, 25 �m. Genotypes: control, FAKfl/fl or FAKfl/�; mutant, FAKfl/fl:CNP-Cre�/�

13430 • J. Neurosci., October 1, 2014 • 34(40):13422–13434 Grove and Brophy • FAK Tunes Schwann Cell Response to Basal Lamina



tamoxifen and were FAK fl/fl without Cre. However, we had com-
pared tamoxifen-treated FAKfl/fl with tamoxifen-treated FAK�/�

mice previously and found no difference in their ability to remyeli-
nate after crush. Sciatic nerves were removed for analysis either
7 d later to assess SC proliferation or 8 weeks later for analysis of
remyelination by electron microscopy. In each experiment, we
checked the extent of recombination in sciatic nerves by PCR and
Western blot analysis (Fig. 8A,B). PCR analysis of mutant sciatic
nerves showed recombination similar to that observed in sciatic

nerves of FAKfl/fl:CNP-Cre�/� mice (Grove
et al., 2007) (Fig. 8A), and Western blotting
showed that total FAK, autophosphorylated
FAK and phosphorylated paxillin levels
were substantially reduced in lysates from
such sciatic nerves, consistent with the abla-
tion of FAK in SCs (Fig. 8B).

Proliferation of control and mutant SCs
after sciatic nerve crush was measured
by immunostaining for the proliferation
marker Ki67 and Sox10 to identify SC nu-
clei. Proliferation was not observed in con-
tralateral sciatic nerves or in crushed sciatic
nerves proximal to the crush site (data not
shown). As predicted from our in vitro ex-
periments in which FRNK SCs proliferated
wellonhighLN,FAKmutantSCproliferation
in vivo was substantial and not significantly
different from control SC proliferation after
sciatic nerve crush (Fig. 8D).

Interestingly, electron microscopic anal-
ysis and assessment of myelin thickness by
measurement of g-ratios in uncrushed con-
tralateral sciatic nerves showed that loss of
FAK in adult Schwann cells did not affect
myelin maintenance (Fig. 8E,F). Impor-
tantly, and in marked contrast to early de-
velopment, there was no block at the
promyelination stage after sciatic nerve
crush, and FAK mutant SCs were able to
myelinate as effectively as control SCs (Fig.
8E,F). The fact that the crushed mutant
nerve appeared to have a lower g-ratio (al-
though not significantly lower) than the un-
crushed contralateral nerve may point to a
possible role for FAK in regulating myelin
thickness after radial sorting has occurred.
Nevertheless, these data support the hy-
pothesis that FAK is required for the correct
regulation of SC proliferation and differen-
tiation only when the BL is limiting and that
once the BL is mature FAK is not required
for remyelination.

Discussion
Here we show that FAK has a critical role
in the response of SCs to limiting BL by
promoting proliferation and preventing
premature SC differentiaton. FAK is re-
quired to promote not only the prolifera-
tion of immature SCs (Grove et al., 2007)
but also their spreading and timely differ-
entiation on fragmentary BL during radial
sorting. In contrast, FAK is not required
by adult SCs on mature BL, either for my-

elin maintenance or for remyelination after sciatic nerve crush.
FAK mutant or FRNK-expressing cells can display defective
spreading in vitro (Ilić et al., 1995; Richardson et al., 1997). How-
ever, we show that the spreading defect in SCs is exacerbated as
LN concentration is reduced, with profound effects on prolifer-
ation and differentiation. Our data thus support the hypothesis
that the spreading defect of FAK mutant SCs on fragmentary BL
is responsible for reduced proliferation and premature differen-

Figure 8. Adult SCs lacking FAK can proliferate and myelinate normally after sciatic nerve crush. Cre-mediated recombination
was induced in 6-week-old control and mutant mice by tamoxifen injection. Sciatic nerves were crushed 4 months later and
allowed to remyelinate. A, Genotyping of sciatic nerve genomic DNA isolated from control and mutant mice revealed highly
efficient Cre-mediated recombination. After PCR amplification and digestion with HindIII, control mice had a diagnostic band of 1.9
kb, whereas after recombination in the presence of Cre-ERT2, this band was shifted to 1.1 kb. B, Western blotting of lysates from
control and mutant sciatic nerves showed reduced total FAK and reduced tyrosine phosphorylation of FAK (Y 397) and its target
paxillin (Y 118). Actin and ErbB3 were loading controls. Molecular masses are shown in kilodaltons. C, D, Control and mutant SCs
proliferate similarly 7 d after crush distal to the crush site. Longitudinal sciatic nerve sections were immunostained for the nuclear
markers Ki67 and Sox10. Scale bar, 100 �m. Values are mean � SEM; n � 2; 3 sections per sciatic nerve. ns, Not significant by
Student’s t test. E, Electron micrographs of transverse sections of control and mutant sciatic nerves 8 weeks after crush. Comparison
of control and mutant contralateral nerves shows that FAK is not required for myelin maintenance in the adult. Both control and
mutant sciatic nerves were myelinated after crush, showing that FAK is not required for remyelination in the adult. Scale bar, 10
�m. F, Measurement of g-ratios in uncrushed (contralateral) and crushed (distal) control and mutant sciatic nerves 8 weeks after
crush. Loss of FAK in mature sciatic nerves does not affect the g-ratios, and crushed sciatic nerves remyelinate normally. Values are
mean � SEM; n � 3 mice, 120 measurements per mouse. ns, Not significant by Student’s t test. Genotypes: control mice, FAKfl/fl;
mutant mice, FAKfl/fl:PLP-Cre-ERT2.
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tiation observed in vivo. Furthermore, our data suggest that re-
duction in contractile actomyosin, rather than G1 arrest, primes
SCs for differentiation.

The use of “low” and “high” LN substrates allowed us to
model the response of SCs to fragmentary and mature BL in vitro
because the behavior of control and FRNK SCs in vitro reflected
the behavior of control and FAK mutant SCs on fragmentary and
mature BL in vivo. In preliminary studies, we tested LN concen-
trations from 0.2 to 20 �g/ml, and control SCs spread, polarized,
extended, and differentiated similarly over this range. In contrast,
FRNK SCs did not spread on 0.2 �g/ml LN but were maximally
spread on 5 �g/ml LN (Fig. 4), and they displayed a progressive
change in spreading, proliferation, contractile actomyosin, and
differentiation toward control values up to 5 �g/ml LN. Hence,
we chose these two extreme conditions to model the response of
SCs to LN.

The differences in the behavior of FAK mutant SCs on frag-
mentary versus mature BL in vivo are likely due to differences in
either the levels or availability of LN. Support for this view is that
LN-dependent proliferation of SCs increases as the BL develops
between E15.5 and E17.5 (Yu et al., 2005). LN�1 mutant SCs in
vivo are defective in radial sorting due to a reduction in both
proliferation and process extension around and into axon bun-
dles (Yu et al., 2005). Furthermore, data in the same paper sug-
gested that Oct6 and Krox20 were elevated in the LN�1 mutant
compared with controls at E17.5 and P1, respectively, whereas
Krox20 levels in the LN�1 mutant were reduced at P7. These
results are consistent with our data, suggesting that a spreading
defect of LN�1 SCs can lead to premature initiation of differen-
tiation and a proliferation defect.

We hypothesized that reduced spreading primes FAK mutant
SCs for differentiation. It was also possible that, because p27Kip1
is prematurely upregulated in FAK mutant SCs in vivo, FAK
might inhibit p27Kip1 accumulation, possibly via Skp2 or JAB1
(Bryant et al., 2006; Porrello et al., 2014); upregulation of
p27Kip1 in FAK mutants might then in turn promote premature
SC differentiation independently of SC spreading (Li et al., 2011).
However, p27Kip1 (and p57Kip2) does not accumulate in FRNK
SCs in the absence of dbcAMP in vitro (data not shown), suggest-
ing that SC FAK does not directly regulate these Kips. Further, we
have shown that p27Kip1 is not required for SC differentiation in
vivo, and overexpression of p27Kip1 (or p57Kip2) in vitro has
little effect on promoting SC differentiation compared with loss
of FAK function on low LN. Hence, we conclude that premature
upregulation of p27Kip1 and p57Kip2 is a consequence rather
than a cause of the premature initiation of differentiation of FAK
mutant SCs in vivo. Our in vitro data show G1 arrest of SCs over-
expressing these Kips, as expected (Fig. 5A; and data not shown)
(Toyoshima and Hunter, 1994; Matsuoka et al., 1995), thus sug-
gesting that prematurely upregulated Kips together with Krox20
(Parkinson et al., 2004) may play a role in maintaining the re-
duced proliferation of FAK mutant SCs in vivo.

The mechanisms that prime poorly spread FAK mutant SCs
for differentiation are not yet known. However, the reduced
spreading of FRNK SCs on low LN correlates with reduced
actomyosin contractility. In other cell types, reduced size cor-
relates with reduced actomyosin contractility (Chen et al.,
2003; Théry, 2010) and poorly spread epidermal stem cells
have an increased F/G actin ratio compared with spread cells,
thereby releasing a G-actin bound differentiation-inducing
transcriptional cofactor (Connelly et al., 2010). Poorly spread
mesenchymal stem cells also have reduced actomyosin con-

tractility, which also changes their differentiation fate
(McBeath et al., 2004).

Three lines of evidence suggest a role for reduced actomyosin
contractility in priming FAK mutant SCs for differentiation.
First, at low density on low LN, FRNK SCs are highly sensitive to
dbcAMP-mediated differentiation, whereas control and p27Kip1
overexpressing SCs differentiate poorly, independently of G1 ar-
rest. FRNK SCs lack contractile actomyosin and FAs, but in con-
trast these are abundant in control and p27Kip1-overexpressing
SCs. Further, FRNK SCs at low density on high LN are well
spread, contain contractile actomyosin and FAs, and differentiate
poorly, similar to controls. Second, at high density, FRNK SCs,
control, and p27Kip1 overexpressors all differentiate well on high
or low LN, and all have low indicators of contractility. Third, in
work by others, reduced contractility caused by inhibition of
MLCK promotes SC differentiation (Vicente-Manzanares et al.,
2009; Leitman et al., 2011).

In spreading/migrating cells, the formation of contractile ac-
tomyosin requires not only myosin II activity, but also integrin
activation at NAs, which promotes cell spreading and NA linkage
to F actin (Giannone et al., 2003; Ziegler et al., 2008; Parsons et al.,
2010; Wang et al., 2012; Burridge and Wittchen, 2013). Although
important for adhesion maturation, myosin II is not required for
adhesion formation or integrin activation and linkage to F actin
(Choi et al., 2008; Parsons et al., 2010). Hence, cells could have
active myosin II but low contractility. In other cell types, FAK
localizes to NAs, where it promotes inside-out integrin activation
and cell spreading (Hsia et al., 2003; Serrels et al., 2007, 2010;
Michael et al., 2009; Lawson et al., 2012). With less ECM, inside-
out activation becomes relatively more important compared with
outside-in activation of integrins (Olsen and Ffrench-Constant,
2005). Similarly, we find that, when LN concentration is rela-
tively low, FAK becomes more important for SC spreading and
the formation of FAs and contractile actomyosin. Hence, we pro-
pose that FAK might function at NAs in SCs in promoting inside-
out activation of integrins, such that, on fragmentary BL or low
LN, it is required for integrin activation, whereas on mature BL or
high LN, it is not.

It is also possible that elevated cAMP contributes to the FAK
mutant phenotype. FAK promotes cell-spreading through local-
ized down-regulation of cAMP (Serrels et al., 2010), and cAMP
inhibits cell contractility by inhibiting both RhoA and MLCK
through PKA-mediated phosphorylation, thereby inhibiting my-
osin II activation (Howe, 2004; Oishi et al., 2012). Hence, some of
the effects of FAK loss on SC spreading, differentiation, and prob-
ably contractility could be due to increased levels of cAMP. In
support of this, upregulation of PKA activity in SCs by deletion of
Prka1a results in reduced spreading and a radial sorting defect
(Guo et al., 2013). An argument against this possibility is that
FRNK SCs have normal levels of myosin II activity and also do
not differentiate in the absence of exogenous dbAMP.

In conclusion, our data suggest the following. FAK promotes
the spreading and contractility of SCs on fragmentary BL to make
them receptive to proliferation signals and refractory to differen-
tiation signals (independent of G1 status). Once SCs reach high
density, their reduced contractility promotes sensitivity to cAMP,
following which the Kips and Krox20 are upregulated, thus driv-
ing permanent cycle exit. In FAK mutants, an aberrant reduction
in size and contractility of SCs makes them unreceptive to prolif-
erative signals and sensitizes them to differentiation signals at low
density, thus prompting upregulation of the Kips and Krox20
and permanent cell-cycle exit. This growth arrest at abnormally
low SC density could potentially lead either to failure to reach
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sufficient density to trigger radial sorting (Webster, 1971; Martin
and Webster, 1973) or to insufficient SCs to complete radial sort-
ing (Grove et al., 2007).

Although differentiation and radial sorting normally occur at
high SC density, our data indicate that the initiation of differen-
tiation does not in itself trigger radial sorting, and are consistent
with an older model whereby radial process extension is triggered
by high SC density (Webster, 1971; Martin and Webster, 1973).
Thus, at E18.5, when control and mutant SCs are at similar den-
sity, both have similar limited radial process extension (Grove et
al., 2007). However, the density of FAK mutant SCs decreases
over time due to their deficient proliferation, whereas control SC
density increases; this would be predicted to result in reduced and
increased radial process extension, respectively, which is what we
observe. Thus, FAK may coordinate SC differentiation and radial
process extension on fragmentary BL by promoting SC prolifer-
ation and high density before differentiation.
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