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Conditional [1-integrin gene deletion in neural crest cells causes
severe developmental alterations of the peripheral nervous system
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Summary

Integrins are transmembrane receptors that are known to  multiple defects in spinal nerve arborisation and
interact with the extracellular matrix and to be required morphology. There was an almost complete absence of
for migration, proliferation, differentiation and apoptosis. Schwann cells and sensory axon segregation and defective
We have generated mice with a neural crest cell-specific maturation in neuromuscular synaptogenesis. Thusp1-
deletion of the Bl-integrin gene to analyse the role ofl-  integrins are important for the control of embryonic and
integrins in neural crest cell migration and differentiation.  postnatal peripheral nervous system development.

This targeted mutation caused death within a month of

birth. The loss of31-integrins from the embryo delayed the  Key words: Integrin, Peripheral nervous system, Neural crest cells,
migration of Schwann cells along axons and induced Conditional knockout

Introduction a-integrin subunits (for reviews, see Bouvard et al., 2001;
The ontogeny of neural crest cells (NCC) is a maJ-O[Hynes, 2002) nor the production of knockout chimaeric mice

morphogenetic process involving various biological steps, sudfassler and Meyer, 1995) has made it possible to delineate
as epithelium-mesenchyme transition, cell migration and cefrécisely the roles of specific integrins during NCC
aggregation. NCC differentiate to generate a diversity of ceffevelopment, with the exceptionaBfi1-integrins, which have
types, including craniofacial structures, the peripheral nervou2e€n implicated in cranial NCC survival (Goh et al., 1997), and
system (PNS) and melanocytes (Le Douarin, 1982; Le Douarﬁ"iE’B_l' an.da4[51-|ntegr|ns, WhI.Ch have been implicated in the
and Kalcheim, 1999). NCC interact with the extracellulafProliferation or survival of glial cell precursors (Haack and
matrix (ECM) during their differentiation. Integrins asgp ~ Hynes, 2001). N S
heterodimers that bind ECM components and cell-surface The Cre-LoxP conditional gene disruption system has been
receptors, and control cell adhesion, migration, differentiatiot'Sed to investigate the effect of integrins on NCC ontogeny in
and survival (Hynes, 2002). Previous studies have shown thitore detail. B:Cre mice crossed with mice carrying a floxed
integrins play a major role in the control of NCC adhesion an@1-integrin allele generated animals with the conditional
migration. In vitro, these cells express a large repertoire dputation targeted specifically to Schwann cells (SC), which are
integrins, includinga1pl, a3p1, a4pl, a5p1, a6B1, a8Pl, derived from NCC (Feltri et al., 2092). Th|s condltlo_nal
aVp1, aVB3 andaVP8 (Kil et al., 1996; Desban and Duband, knockout revealed the role played By-integrin receptors in
1997; Testaz et al., 1999). In vivo, functional analyses wittpostnatal PNS development. The los@bfintegrins impedes
integrin antibodies, antisense oligonucleotides and peptidgteractions between SC and axons, causing dysmyelinating
competitors have shown that mouse and avian NCC ugteuropathy (Feltri et al., 2002).
multiple B1-integrins (Boucaut et al., 1984; Bronner-Fraser, We recently developed the Ht-PA-Cre transgenic mouse line,
1986; Poole and Thiery, 1986; Kil et al., 1998). in which Cre recombinase activity is targeted specifically to
Constitutive knockout of th@1-integrin gene leads to the NCC at the start of migration (Pietri et al., 2003). We report
loss of twelve members of the integrin family and leads tdere the effects of specific inactivation of fifeintegrin gene
death of the embryo during the peri-implantation period due t migratory neural crest cells. The crossing of Ht-PA-Cre mice
inner cell mass failure (Fassler and Meyer, 1995; Stephens with B1 floxed mice generated animals in which the NCC
al., 1995). This constitutivB1-knockout model demonstrates produce nd31-integrin but do producB-galactosidase under
the essential role @1-integrins during early embryogenesis, the control of the endogenof3$-integrin promoter (Potocnik
but is of no use for investigating integrin functions during lateet al., 2000). The mutation targets the glial and sensory
stages of development or in differentiated cells, such as NC@euronal compartments of the PNS as well as the other NCC
derivatives. By contrast, neither the invalidation of individualderivatives.
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We show here thafl-integrin receptors control PNS washed between incubations. HRP activity was detected with the
development at both early and late stages. The absefide of VECTOR" peroxidase substrate kit, according to the manufacturer’s
integrins delayed the migration of SC along nerves and resultdptructions (Vector Laboratories), followed by benzyl-benzoate
axons. Substantial changes were observed in the pattern gfctures. . . . . .
subcutaneous and muscular innervation. In addition, th% or histological and immunohistochemical analysis of sections,

borisati d fasciculai f the i fi fib ixed samples were dehydrated and embedded in paraplast Plus. They
arborisation ‘and lascicuiation o € Innervating TIbres anGye e then cut into serial sections of 74 and the wax removed.

their targeting to the distal tissues were abnormal, ang,me whole-mount stained embryos were serially sectioned at a
neuromuscular synaptogenesis appeared to be blocked inp@tkness of 20um on a vibratome. Sections were incubated for 2
state of immaturity. Finally, the mutation caused the death afours in blocking solution consisting of 10% FCS/0.1% Triton
the animals by the age of three weeks, owing to multiplex100/0.5< Blocking Reagent (Roche Applied Science) in PBS. The
defects affecting various NCC derivatives. sections were then incubated overnight at 4°C with primary antibodies
in blocking solution, rinsed several times in PBS and incubated with
secondary antibodies for 2 hours at room temperature in the dark.

; Cell proliferation was assessed by counting more than 2500 DRG
Materials and methods cells in every second section of three different embryos of each
Mouse maintenance and genotyping genotype and analysing staining for the Ki67 marker. Results are
Homozygous Ht-PA-Cre mice were crossed with mice heterozygougxpressed as the percentage of cells that were Ki67-positive.
for the Bl-integrin gene {1*/B1°) to generate Ht-PA-Crg1*/B1- Statistical significance was determined with the ANOVA unpaired
breeder males. These males were then crosseWitplf females  test.
to produce Ht-PA-Cr@1/p1" mice, referred to as mutants, and Ht-  Acetylcholine receptors (AChR) were detected witBTX. The
PA-Cref1*/B1" mice, referred to as controls in the text. Wild-type abdominal, diaphragm, soleus and gastrocnemius muscles of animals
andB1*/B1-heterozygous embryos were used as controls for integriat times P1 and P21 were dissected in cold PBS, pH 7.6, and were
levels in homozygous and heterozygous NCC-derived tissues. MidBen incubated for 2-3 hours at 37°CaBTX in minimum essential
were reared and experiments carried out according to the guidelineslture medium. The samples were rinsed three times, for 1 hour each,
of the CNRS ethics committee. Ht-PA-Cre gditkintegrin mouse  in cold PBS, fixed in 4% PFA for thirty minutes and processed as for
genotyping was carried out as described by Pietri et al. and Potocni#hole-mount samples used for immunostaining.

et al. (Pietri et al., 2003; Potocnik et al., 2000), respectively. Whole-mount stained samples and histological sections were
o photographed under a Leica MZ8 stereomicroscope (Leica
Reagents and antibodies Microsystems SA) equipped with a JVC 3CCD colour camera.

The partially purified mouse monoclonal antibody (clone 2H3) againg€onfocal images were obtained for muscle preparations on a Leica
the 160 kDa neurofilament (NF-160) protein was obtained fromfCS4D confocal microscope based on a DM microscope interfaced
Developmental Studies Hybridoma Bank. Mouse monoclonawith an Ar/Kr laser. Stacks of images were mounted with Metamorph
antibodies against the nuclear factor Hu-D (clone 16A11) and again§tO, and normalised to the same width onzfgis.

the major myelin protein PRwere gifts from J. A. Weston (Marusich oo ) .

et al., 1994) and J. J. Archelos (Archelos et al., 1993), respectively€mi-thin sections and electron microscopy

The rabbit polyclonal antibody against laminins was obtained fronfPostnatal sciatic nerves were isolated from control and mutant animals
Sigma. The rabbit polyclonal antibodies against tenascin and S10pgrfused with 0.5% glutaraldehyde in phosphate buffer (PB, pH 7.4),
and the mouse monoclonal antibody against fibronectin were obtainded in 0.5% glutaraldehyde for 1 hour at 4°C and washed irf3PB.
from Chemicon. In some cases, we used a rabbit polyclonal antibodyalactosidase activity was detected histochemically by incubating
against S100 produced by Dako. The mouse monoclonal antibodamples in PB supplemented with 5 mM potassium ferricyanide, 5
(clone SY38) against synaptophysin was obtained from Progen. TheM potassium ferrocyanide, 2 mM magnesium chloride and 1 mg/ml
rabbit polyclonal antibody against cleaved caspase 3 (Asp175) w&uo-gal (5-bromo-3-indolyB-D-galactoside, Sigma) as a substrate
obtained from Cell Signaling. The rabbit polyclonal antibody againstor 12 hours at 30°C. The following day, samples were post-fixed by
Ki67 was obtained from NovoCastra and the goat polyclonal antibodipcubation in 1.6% glutaraldehyde in PB for 1 hour at 4°C followed
against parvalbumin was purchased from Swant.dFbangarotoxin by 1 hour in 1% Os@(Sigma) in PB. They were then washed in PB,
(a-BTX) biotin-conjugated compound extracted froBungarus dehydrated in ethanol (30%, 50%, 70%), stained by incubation with
multicinctus venom was purchased from Molecular Probes.1% uranyl acetate in 70% ethanol for 1 hour, dehydrated in ethanol
Secondary antibodies conjugated with Alexa 488, cyanin 3 0(80%, 90%, 100%), infiltrated and embedded in Durcupan (Fluka).
horseradish peroxidase (HRP) were purchased from Moleculddltrathin sections were cut and stained with uranyl acetate and lead
Probes, Jackson Laboratories and Amersham Pharmacia Biotegtifrate. The sections were observed with a Tecnai 12 (FEI, Phillips)
respectively. electron microscope.

Histology, immunohistochemistry and microscopy

For the detection d-galactosidase activity, embryos or organs Wereg;eesuns

dissected in cold phosphate-buffered saline (PBS), pH 7.6,

supplemented with 5% foetal calf serum (FCS), were fixed in toto ifGeneration of conditional knockout mice lacking B1-
freshly prepared ice-cold 1% formaldehyde/0.2% glutaraldehydehtegrins in NCC

0|.02%h Nonlg:ieft-P40t f‘l” 129'3' f hours and processed as describgghe aim of this study was to investigate the roldbointegrins
elsewhere (Dufour et al, ): In the relationships between the various component-derived

Whole-mount immunostaining was performed on embryos fixed i - : .
methanol Carnoy fixative or 4% PFA. Samples were incubate CC of the PNS (Fig. 1A, lower paneBl-integrin gene

overnight in blocking solution composed of 0.3% Triton X100x0.5 Knockout has been reported to be lethal at E5.5 because of
Blocking Reagent (Roche Applied Science), and 10% foetal caliiner cell mass failure, whereas heterozygous animals are
serum in PBS and then for 2 days each with primary and secondai@rmal and fertile (Stephens et al., 1995). We restricted
Alexa 488- or HRP-conjugated antibodies. Samples were thoroughiyactivation of the gene encoding tfBie-integrin subunit to the
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{pr: B2 E7 Fig. 1. Targeted deletion of thH&l-integrin gene
A 4 B Lacz g in NCC derivatives. (A) The lower panel
Cre recambinase summarises the NCC lineage and its derivatives
Y (at trunk level), showing that the floxgd-
—@ integrin gene is recombined in the neurons and
SC of the sensory nerves and only in the SC of
the motor nerves of the PNS. The upper panel

depicts the genomic structure of the flogdd
integrin gene allele before and after Cre-
dependent DNA recombination. Following
recombination, thé&acZ reporter gene is expressed
L4 \ : under the control of the endogenddisintegrin
2 0 a4 . genepromoteril pr). (B) Section (20Qim) of a

Sensry e T Control embryo (HE-PA-Cr@l/B1Y), showing

— - the distribution of3-galactosidase activity on
E13. The entire PNS is stained, including the
spinal nerve and enteric nervous system (white
arrowhead). (C,Dp1-integrin
immunolocalisation in sagittal sections of an E10
mutant embryo (C; Ht-PA-Crgi"/B1-) and a
control embryo (D) at the level of the branchial
arches. (E-IB1l-integrin immunodetection in
transverse sections, made at the level of the DRG,
of E12.5 (E,F) and E13 (G-I) embryos with
mutant (E and G, respectively), control (F and I,
respectively) or heterozygous (H; Ht-PA-
Cref317/B1*) genotype. The white arrowheads
and arrows indicate the structures derived and not
derived from NCC, respectively. The loss3af
integrins in the NCC-derived structure of DRG is
achieved at E13. DRG, dorsal root ganglia; SG,
sympathetic ganglia; NT, neural tube. Scale bars:
50 pm.

Motoneurons |- —--—-—
r——— g
| Glial cells | [ Sensory neurons|

T
|———| Schwann cells |——|

¥ Y

A8l D-VdIH

& I IItPA-Cre';El“flil' ] HtPA-Cre;B1"/B1*

PA-Crep1f/B1* animals, which were
heterozygous for the3l-integrin gene in
NCC cells and their derivatives, and wild-
type for this gene in other tissues. The Ht-PA-
Cref1f/B1* embryos were used as controls
becausedl-integrin gene heterozygosity has
no effect on mice phenotype (Fassler and
Meyer, 1995; Stephens et al., 1995). As
with the Ht-PA-Cre1f/B1- mutants, B-
galactosidase activity was used to
demonstrate recombination of the floxed
allele.

In control (Ht-PA-Cre31f/B1*) and
mutant (Ht-PA-Cre317/B1) embryos, B-
NCC by crossing mice homozygous for the flogddintegrin ~ galactosidase activity was detected at around E8. Labelled cells
allele @1/811) with mice homozygous for Ht-PA-Cre were found in mesenchyme of the pharyngeal arches, in the
transgene and heterozygous for fieintegrin gene (Ht-PA- frontonasal region and around the optic pit (not shown). At
Cre/Ht-PA-Cre31*/31°). Cre recombinase-mediated deletion E13, the developing muscular and cutaneous innervations were
of the floxed31 gene resulted in recombination to give an intactabelled forB-galactosidase, as observed on pg@otransverse
lacZ reporter gene under the control of tifid-integrin  sections of the trunk of a control embryo (Fig. 1B). Staining
promoter, which was able to prodyg@alactosidase (Fig. 1A, was detected on the peripheral nerves, the dorsal root ganglia
upper panel). This made it possible to follow the(DRG) and sympathetic ganglia (SG). At higher magnification
spatiotemporal pattern of floxed allele recombination in théFig. 21,J), B-galactosidase activity was found to be
affected cells visually (Potocnik et al., 2000). Crosses typicalljpomogeneous in the control and mutant ganglia, indicating that
generated Mendelian segregation of the two types dboth glial and neuronal precursors were targeted, as previously
embryonic genotype: Ht-PA-Cfgtfl/31- animals, which were observed (Pietri et al., 200P-Galactosidase activity was also
homozygous null for th@1-integrin gene in NCC cells and detected in the developing enteric nervous system (Fig. 1B,
their derivatives in a heterozygous genetic background; and Hi¢hite arrowheads).

HtPA-Cre;p1%/p1- | HtPA-Cre;f1/p1* | HtPA-Cre; 1B 1+

| E13
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Fig. 2. Disappearance ¢¥1-integrins in glial and neuronal derivatives of NCC. Hu-D immunolocalisation (A,E), DAPI staining (B,Bland
integrin immunolocalisation (C,G) detected in a transverse section of an E13 mutant embryo (A-C) and a control embrythéEles| aff a
DRG. Merge pictures are represented in D for the mutant and in H for the control embryo. White arrows and white arrowtsate pbdin
neuronal and glial derivatives, respectively. Note that the two NCC derivatives of the DRG do notxpreeggins in the mutant. Structures
positives for31-integrins in the DRG of the mutant are the vessels, not targeted by the mutation. (1,J) Distrilfisjataofosidase activity in
a transverse section of an E13 mutant (I) and a control (J) embryo, at the level of a DRG. Scajenbar: 50

Disappearance of [1-integrins in NCC derivatives of changes in the patterning of the cranial nerves (Fig. 3F) with
mutant embryos respect to control embryos<{15; Fig. 3E). Fifty-nine percent
The Bl-integrin subunit is ubiquitously produced during of the mutants exhibited a decrease in the number of vagus
embryogenesis. In the mutant, we observed a progressive lassrve (X) roots (Fig. 3F, white arrowhead), 24% had a fusion
of the Bl-integrins in targeted structures. Two days afteof nerves IX and X (Fig. 3F, black arrowhead) and 12% had
deletion of the gene in migrating NCC, faint expressiofilef an absence of nerve 1X, whereas the placode-derived ganglion
integrins was still detected in NC-derived cells such as theX was present (not shown). The phenotypically altered
mesenchyme of branchial arches at E10 (Fig. 1C, arrowheadjutants often displayed two of these defects (see Fig. 3F).
and DRG cells at E12.5 (Fig. 1E, arrowhead), compared with From E11.5, in contrast to what was observed on E10.5,
the controls (Fig. 1D,F, arrowhead, respectively). A completaerves IX and X were present and not fused in mutants (Fig.
loss of B1-integrins from the surface of the NC-derived cells3H; n=18). Most of the mutant embryos displayed a cranial
was achieved at E13 in the DRG of the mutant embryoserve pattern very similar to that of the controls (Fig. 3G;
(Fig. 1G, arrowhead) whereas in the heterozygous (Ht-PAa=12). The more severely affected E11.5 mutant embryo
Cref31-/p1%) and control embryos, NC-derived cells producedexhibited some alterations of the fasciculation of vagus nerve
detectable amounts @l-integrins (Fig. 1H,l, respectively, roots (Fig. 3H, white arrowhead) compared with the control
arrowhead). Transverse sections of E13 mutant and contreibryos (Fig. 3G).
embryos were labelled for Hu-D (a specific marker of early At E12.5-E13.5, the trunk nervous system displayed
differentiating neurons), DAPI an@il-integrins. In the DRG abnormalities, with the partial disappearance gf
of the mutant embryos, the neurons (stained for the Hu-Dalactosidase staining at the sites of muscular and
marker; Fig. 2A,D, arrows) and the glial cells (not stained fosubcutaneous innervation of the thoracic-abdominal body wall
this marker; Fig. 2D, arrowheads), did not expfEsintegrins  and limbs in the mutant embryos (Fig. 4B,D). Four different
compared to the control embryos (Fig. 2E,H, arrows antitters were analyzed and all the mutants exhibited this
arrowheads, respectively). Cells not producing the Cr@henotype. On 20im transverse sectiong;galactosidase-
recombinase, such as vessels in the DRG and surroundipgsitive structures were not observed in the distal part of the
tissues (Fig. 1G, arrows), displayBil-integrin levels similar developing nervous system in mutant embryos (white arrows,
to those observed in heterozygous embryos (Fig. 1H, arrowdjig. 4D), in contrast to what was observed in controls (Fig.
4A,C).
PNS development is altered in mutant embryos B-Galactosidase is difficult to detect in axons, on whole-
At E10.5, the condensing DRG displayed no phenotypicnount embryonic preparations, because it is mainly localized
alteration in mutants. These structures, which displdd«d in the cytoplasm of the cell body. Therefore, to determine
galactosidase activity, were similar in size and structure tahether the defect in the distal part of the innervation network
those of control embryos (Fig. 3A,B, respectively). Hu-D wadn the mutants was due to the absence of axons or glial cells,
distributed similarly in the DRG of mutant and control micewe carried out NF-160 immunolocalisation on 2Q@n
(Fig. 3C,D, respectively). By contrast, 70% of the E10.Sransverse sections of E13.5 embryos stained [er
mutant embryosnE1l7, from four different litters) displayed galactosidase activity. Axons were present and reached their
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Fig. 3. Morphology of the PNS ir .||.EB'_""BL| _| HPA-Cre;BIfUB1+ Il HUPA-Cre;B1f1/B1- |
control and mutant embryos on ' . ~ )
E10.5 and E11.5. (A,B) Detectic .

of B-galactosidase activity after

targeted deletion of the flox¢d-
integrin locus in whole-mount
control (A) and mutant (B)
embryos, in the DRG and spina
nerves in the trunk on E10.5.
(C,D) Hu-D immunolocalisation

in transverse sections of control
(C) and mutant (D) thoracic DR(
of E10.5 embryos. (E-H) Whole:
mount NF-160 immunostaining
labels cranial sensory nerves in
control (E,G) and mutant (F,H)
embryos on E10.5 (E,F) and
E11.5 (G,H), respectively. E11.5
embryos were treated with BAB
The position of nerves is indicat. .
in E. The black arrowhead in F illustrates the fusion of nerves IX and X in the mutant on E10.5. The white arrowheadiiddin@tase in
the number of nerve X roots at the same stage. On E11.5, structures are similar in the control (G) and mutant (H) enpbfposesiaia
changes to the fasciculation of nerve X roots in the mutant, which exhibits the strongest alteration (white arrowhead in H).

NF-160 |

| HIPA-Cre:;BII/B1+ | HtPA-Cre;B1fI/B1- | | HPA-Crespifii+ | HtPA-Cre;pinpl- |

E §°6 %

E12.5

E13.5

fi-galactosidase / NF-160

Fig. 4.Morphology of the spinal nerves in control and mutant embryos, on E12.5 and E13.53{@é&tjctosidase activity was detected in
whole-mount preparations. Lateral view of control embryo (A) showing intense labelling of craniofacial structures and RN&AEKB)
displays an absence of labelling in the trunk PNS. Theug®@ansverse sections of whole-mount E13.5 control (C) and mutant (D) embryos
reveal the loss of reporter gene expression in the distal part of the mutant innervation network (white arrows in D).aEefiy@aheous
lateral ramus and lateral muscular innervation. The immunolocalisation of NF-160 on similem 2@hsverse sections from control (E,F)

and mutant (G,H) embryos shows the presence of nerves in both cases. However, SC have been specifically lost from ttoé tistal par
mutant nerves (black arrowhead in G,H).

distal targets in both mutants (Fig. 4G,H) and controls (Figobserved few SCP in the distal part of the spinal nerves, they
4E,F). However, SC precursors (SCP; wtgalactosidase were always associated with the axons, suggesting that the
activity) covering the axons were very few in number or abserinteractions of the SCP to their axons are not completely
in the distal part of the developing subcutaneous or musculabolished by the removal of tifd-integrin.

innervations in the mutant embryos (Fig. 4G,H, arrowhead), in By contrast, on E16.5, SC were found at the apex of the
contrast to control embryos (Fig. 4E,F). Moreover, if wenerves in the mutant embryos, as in controls (not shown). The
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lateral view Fig. 5. Subcutaneous and muscular innervation network
: T at E13.5 and E14.5. (A-H) NF-160 immunolocalisation
4 in whole-mount preparation. (A-D) E13.5 embryos.
Ventral (A,C) and lateral (B,D) views of the body wall of
control (A,B,n=6) and mutant embryos (C,B57).
Control (E) and mutant embryonic hindlimbs (F) on
E14.5. (G,H) Cutaneous anterior ramus emergence point
(asterisk) and its arborisation at the forelimb level in
control (G) and mutant (H) E14.5 embryos (Ep&4;
F,H,n=6). Scale bars: in D, 1 mm for A-D; in E, 50t
for E,F; in H, 500um for G,H.

ventral view

HtPA-Cre; p1fl/E1+

|
se1d

differed between the mutants and the controls (not
shown). By contrast, at these stages, the extent of
axonal growth was not significantly affected, even
at the most distal part of the limbs in the mutants.

HtPA-Cre:p1fl/p1-

B1-Integrin gene deletion causes a post-
| ¢ A _ natal lethality
HEPA Cre; 1P 1+ ] BB Cepan ] fateral view Conditional disruption of th@1-integrin gene in

' migratory NCC and their derivatives did not result
in the death of the embryo. All embryos reached
term, as demonstrated by the Mendelian
segregation of the two genotypes. Initially, no clear
difference was detected between newborn control
and mutant animals in terms of response to external
stimuli (light or noise). All responded to tactile
stimulation, but with the mutant animals displaying
a weaker response (not shown). A few days after
birth, the mutant animals began to display
progressive defects in motor function, with the
appearance of muscular weakness and muscular
atrophy resulting in an abnormal posture
transitory absence of SCP along axons may be due to(presented for P21 in Fig. 6A). The mutant animals were
decrease in SCP proliferation or to an increase in thanable to climb on inclined surfaces and generally slipped on
apoptosis of these cells. Because it is difficult to quantify thguch surfaces. It was not possible to perform the Rotarod assay
glial cells number along the spinal nerves and because S@ecause the mutant animals were unable to hold on to the
are mainly originating from the DRG, we analyzed theround bar and fell immediately. Mutant animals also put on
proliferation and apoptosis rate within that structure. Ndody weight more slowly than did control animals (Fig. 6B).
significant difference was observed in the percentage @it birth, mutant and control animals (from five different
proliferative DRG cells on E12.5 and E16.5 for controllitters) weighed a mean of 148.04 and 1.240.08 g,
(30.69+0.88% and 14.07+3.34%) and mutant (33.17+4.04%espectively, whereas after 3 weeks (P21) they weighed
and 19.78+1.89%) embryos, as shown by detection of the.071.01 and 11.480.52 g, respectively. This change in
Ki67 marker. In addition, very few DRG cells expressed thghenotype was observed consistently in the mutant animals of
activated cleaved caspase 3 apoptosis marker and the numbergiven litters and in the various litters, with no difference in
of such cells were similar in both mutant and control embryothe response to the genetic change observed between male and
at these stages (not shown). These results could not accotale animals. Finally, the Ht-PA-Cre-dependent ablation of
for the lack of SCP on E13.5 in the distal part of thethe 31-integrin gene led to the death of 90% of the mutant
developing PNS. We therefore conclude that this phenotypsnimals during the month after birth (Fig. 6C). The remaining
is probably related to a delayed migration of these cells along0% of mutant animals displayed no major defects, with only
the axons. a mild motor coordination defect evident, and had a normal

The subcutaneous nerve network at various sites, such as the expectancy.
area around the eyes, the lateral body wall and in the limbs, During embryogenesis, we found that all of the mutant
displayed similar morphological defects in all of the mutaniembryos analyzed displayed defects in the trunk PNS
embryos analyzedh€13). At E13.5 and E14.5, the nerves in development. Our observations indicated that the expressivity
the mutants were always thinner and displayed a differemf the phenotype is stable because all the embryos exhibited
pattern of arborisation from controls, as shown by wholesimilar abnormalities. In addition, the penetrance of the
mount NF-160 immunostaining viewed from the ventral (Fig.phenotype is high and the phenotype is severe because 90% of
5A,C) and lateral (Fig. 5B-D and 5G-H) sides of the embryotshe mutant animals displayed a progressive impairment of
and at the hindlimb level (Fig. 5E,F). In addition, theposture and mobility after birth, and died during the first
subcutaneous emergence sites of the sensory nerves alwaysnth.

St

|HHPA-Cre;B1fU/B1- | HIPA-Cre;R1UB1+]
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Myelination is known to begin just before birth. We assessed
production of the major myelin structural proteirn, B the
sciatic nerves at birth and at three weeks. At RlwEs
detected in the controls, confirming that myelination was
occurring (Fig. 8B). By contrast,oRvas not detected in the
sciatic nerves of mutants at this stage (Fig. 8D). At PlaR
detected in both controls and mutants and was found to be
associated with the myelin sheaths (Fig. 8FH, respectively).
However, at this stage, there were clearly fewgpdsitive
sheaths in the nerves of mutant animals than in those of the
controls. Moreover, large patches of NF-160 immunoreactivity
were observed in the sciatic nerves of P21 mutant animals (Fig.
8G). These results are consistent with the defect in neuron-glial
segregation observed on semi-thin sections (Fig. 7D).

In addition to the axo-glial segregation defect, loose basal
lamina could be detected surrounding the myelinated axons as
well as the clusters of unsorted axons at P21 (Fig. 7E). This
suggests strong linkage alterations of these structures to the
ECM. However, the axons within the clusters appeared not to
contain basal lamina. Schwann cells are known to secrete
) various ECM proteins of which integrins represent the major
[i] 10 20 30 40 50 . .

PO P21 Time (days) receptors. We therefore assessed the expression level of major
components of the ECM such as fibronectin, laminin, tenascin
Fig. 6. Postnatal features of the mutant and control mice. and collagen 1V, in control and mutant sciatic nerves at P1 and
(A) Pictures of the animals on P21 on an inclined surface, showing p21 (Fig. 8I-R). At P1 and P21, laminin levels were lower in
the strong postural defect of mutants (Ht-PA-GE/B1), the sciatic nerves of mutants (Fig. 8N,0) than in controls (Fig.
particularly of the hindquarters (arrow) with respect to controls (Ht- g J). Fibronectin levels increased in controls between P1 and
PA-Cre;B11/B1%). (B) Body weight of the controls (red bars) and él Fio. 8KL). but d di tant thi iod
mutants (blue bars) at birth and P21. (C) Survival curve of the mutat?t. ( 9. ' ), but decrease _|n mu an; over this perlq !
animals. n, number of scored animals. with f|bronect|n Ievel_s at P21 pemg I.ower in mutants than in
controls, despite having been higher in the mutants on P1 (Fig.
8P,Q). Tenascin was not detected in the sciatic nerves of the
B1-Integrin gene deletion leads to major changes in two types of animals at P1. However, it was detected at P21,
radial sorting in the sciatic nerves in larger amounts in the sciatic nerves of mutant animals than
Morphological, ultrastructural and immunohistochemicalin those of controls (Fig. 8M,R). Collagen IV levels (not
analyses of sciatic nerves revealed a defect in SGhown) were similar in the sciatic nerves of mutants and
differentiation, modified axon segregation (Fig. 7), andcontrols at both stages. Interestingly, at P21, some ECM-free
changes in ECM composition in the mutant animals (Fig. 8)spaces were detected in the mutant, reinforcing the idea that
Extensivef-galactosidase labelling of the mutant and controunsorted axons were not surrounded by a basal lamina as
sciatic nerves revealed the activity of fhgalactosidase in the observed in Fig. 7E. In the mutants, the general organisation
axons (in contrast to whole-mount embryonic staining) an@f the ECM was strongly disrupted at P1 and P21. This
therefore the identification of the sensory axors ( disruption was correlated with the delayed maturation of SC
galactosidase +) and the motor axofisgélactosidase —) and changes in axo-glial segregation.
within the nerve. At P21, the sciatic nerve appeared to have a
smaller diameter in the mutants (Fig. 7C) than in the controlBl-Integrin loss in SC leads to neuromuscular
(Fig. 7A). This difference was already apparent at stage P1, binervation defects
was less marked (not shown). The sciatic nerves of P21 contrdhe muscular activity is regulated by neuromuscular junction
animals were composed of myelinated sensory axons (Fig. 7B\\MJ) activity, which in turn requires coordinated interaction
red arrow) and motor axons (Fig. 7B, black arrow) of mediunbetween SC, axons and muscle fibres (Burden, 1998; Sanes and
to large diameter, and small clusters of small-diametekichtman, 1999). We analysed the development of NMJs for
unmyelinated sensory axons (Fig. 7B, red arrowhead). Thearious muscles obtained from P1 and P21 control animals and
mutant nerves were composed of myelinated motor axons (Fiffom mutant animals at P1 and from those at P21 that have
7D, black arrow) and large clusters of unsorted axons of smalleveloped motor and posture defects. Synaptophysin (synapto)
to large diameter (Fig. 7E) mostly of sensory origin (asand a-bungarotoxin ¢-BTX) were used to detect the pre-
revealed by their light blue staininf;galactosidase +; Fig. (axonal terminal end) and post- (clusters of acetylcholine
7D, black arrowheads). Only a few myelinated sensory axongceptor, AChR) synaptic compartments of the synapse. The
were observed in the mutant nerves compared with the contralutants differed from the controls in having a lower level of
nerves (red arrows in Fig. 7D and 7B, respectively). Howeveimtramuscular innervation and in the formation of NMJs in
owing to the significant importance of the clusters of unsortedbdominal muscles (Fig. 9) and the diaphragm, soleus and
axons, we could not exclude that a small number of motagastrocnemius muscles (not shown). At P1, the control
axons are present within these clusters and remaimbdominal muscle displayed a high density of AChR clusters
consequently unsorted. co-localised with synaptophysin (Fig. 9A, inset), indicating the

» . 3 :‘h‘ \'k.:
~ Ht-PA-Cre; B17/B1°
" e - - --4_ﬁ_ ’

ok 2 F

B Hi-PA-Cre; 171 B
W H-PA-Cre; B1YA1*

Weight (grammes)




3878 Development 131 (16) Research article
] Fig. 7.Morphological analysis of sciatic nerves. Semi-
thin sections of sciatic nerves of controls (A,B) and
mutants (C,D)B-galactosidase activity (labelling

sensory axons in light blue) was detected in semi-
sections, which were also counterstained with Alcian
Blue. In B,D, red arrowheads, red arrows and black
arrows indicate the unmyelinated sensory axons and the
myelinated sensory and motor axons, respectively. The
black arrowheads in D indicate the unsegregated sensory
axons of small to large diameter. (E) Electron

microscopy image of a mutant sciatic nerve transverse
section on P21. Scale bar: Qu&.

HtPA-Cre;f11/p1+

were located along the nerves and, in particular, at
the NMJs in the muscles of both the controls and
the mutants (Fig. 9E,F, insets).

Discussion

The Ht-PA-Cre mouse strain is a useful tool for
investigating the contribution opl-integrins to
PNS development. From ES8, all the expected
targeted cells, such as the glial and neuronal NCC-
derivatives, lost the floxe@l-integrin gene in
our conditional mutants, as shown by the
recombination-dependent expression of theZ
reporter gene. We found that the losbfintegrins
in the NC-derived cells leads to severe defects in
the PNS, with delayed migration of SCP along the
axons, embryonic alterations of the peripheral nerve
network, a delay in the start of myelination in
sciatic nerves, a severe alteration in the radial
sorting of sensory nerves and defective NMJ
maturation. The diversity and severity of the mutant
phenotype demonstrates the crucial direct and
indirect roles offf1-integrins in establishing both
the glial and neuronal components of the peripheral
nerves. The early death of the mutant animals in the
postnatal period is probably caused by respiratory
apposition of the pre- and post-synaptic compartments, dailure resulting from extensive alterations of the PNS, together
previously described (Lin et al., 2001). At P21, fewer AChRwith multiple defects in enteric and neuroendocrine derivatives
clusters (Fig. 9C, insert) were detected, demonstrating that tif1.A.B. and T.P., unpublished), and reveals the importance of
known postnatal regulation of receptor number had occurre@l1-integrins in NCC ontogeny.
By contrast, at P1, the muscles of mutants displayed high
densities of AChR clusters, but most of these receptors wefd-Integrins transiently control embryonic
not connected to the post-synaptic apparatus (Fig. 9B, inseflevelopment of the cranial nerves
At P21, the density of AChR clusters remained high in th&he conditional deletion of thgl-integrin gene began in the
mutant muscles, indicating that no postnatal regulation ofephalic region of the embryos at stage E8 and followed a
receptor number had occurred. Some of these receptors weostral to caudal progression in line with the generation of
connected to nerve terminals (Fig. 9D, inset). The synapses NCC. On E10, in most mutants, significant changes were
the P21 mutants appeared as ring-like structures (Fig. 9Dpserved in the epibranchial ganglia and nerves, of NCC
inset), resembling immature NMJs (Sanes and Lichtmargrigin, with altered vagus nerve roots and also fusions of the
1999). IXth and Xth nerves. Interestingly, defects of this type are not
NF-160 immunostaining labelled a dense mat of nervebserved in the trigeminal ganglia, despite the NCC origin of
fibres, mostly restricted to the surface of the muscle in ththe glial and neuronal compartments (Pietri e28103). These
mutants (Fig. 9F), whereas many nerve fibres aligned with theefects, observed during a period in which the losg§lof
muscle fibres were labelled in the controls (Fig. 9E). NF-16@ntegrins from the cell surface is incomplete, illustrate
immunostaining also suggested the existence of aberradifferences between the epibranchial ganglia and nerves and
connections at the point of arrival of the axon at the NMJ irthe trigeminal ganglia to integrin levels during development.
mutant muscles compared to the controls (Fig. 9E,F, insets). Indeed Bl-integrins were not lost immediately after
However, SC, which is identified by S100 immunolabelling,recombination of the locus and ceased to be detectable at the
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Fig. 8.Immunohistochemical analysis of sciatic nerves on P1 and P21. Transverse sections of sciatic nerves of control (A,B,F,I-M) an
mutant (C,D,G,H,N-R) embryos on P1 (A-D,I,K,N,P) and P21 (E-H,J,L,M,0,Q,R). Immunolocalisation of NF-160 (A,C,E,G), the major
myelin protein g (B,D,F,H), laminin (1,J,N,O), fibronectin (K,L,P,Q) and tenascin (M,R). The levels of labelling for different markers cannot
be compared. Scale bars: in H, |25 for A-D and 5Qum for E-H; in R, 2Qum for I-R.

cell surface only after 3 days of detectaBlgalactosidase integrins are expressed at the cell surface at low levels, but the
activity. This time lag to the loss fii-integrins in the targeted complete loss dB1-integrins strongly inhibits these processes.
structures limits the functional analysis @@l-integrin  An increase in the apoptosis of cephalic NCC has been
requirements during the early stages of NCC migration. lalescribed ina5-integrin-null mice (Goh et al., 1997). This
particular, no defects are observed in the branchial arches orphenomenon has not been observed in other knockout mouse
the colonisation of the heart in our mutants. A previous studgnodels (reviewed by De Arcangelis and Georges-Labouesse,
showed that a4-integrin-null embryos die during early 2000; Sheppard, 2000). In our conditional mutants, the rate of
development and display abnormalities in heart developmeiaipoptosis in the branchial arches was similar in mutants and
(Yang et al., 1995). In mouse and avian embryos, perturbatiaontrols (T.P., unpublished). This suggests that the increase in
experiments with competitors have shown thdtintegrin  the rate of apoptosis observedas-null cranial NCC may
controls cranial NCC migration (Kil et al., 1996; Kil et al., be triggered by the combined effect of the lossasf1-
1998). This suggests that, in our mutants, sufficient amountategrin and a possibly defective ECM microenvironment in
of B1-integrins remain at the cell surface of the cranial NCQonstitutivea5-integrin knockout embryos.

at these stages to support the correct development of theseThe phenotypic effects on the cranial nerves of conditional
morphological processes. Consistent with this hypothesis, thrautants seem to be transient because on the following day, the
elimination of B1-integrins earlier in development, when thecranial nerves and ganglia appeared similar to those of the
NCC are still resident in the neural tube, results in the earlgontrols. At birth, mutant and control embryos displayed no
death of the embryo (E12.5) (T.P., unpublished). In this casepvious differences in sensorial capacities, with both groups
the embryos die from haemorrhaging, accompanied by defeatssponding to external noise and light stimuli. This suggests
in NCC cardiac derivatives and in neural tube closure. Thushe existence of a compensatory mechanism, operating after
various early morphological processes may occu3lif  E10.5, establishing a new path to guide the altered nerve to its
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| HtPA-Cre;p1{U/p1+ [ HtPA-Cre;p1fUp1- Fig. 9.Innervation profile of muscles of controls and

- mutants. Whole-mount preparation of abdominal
muscle of control (A,C,E) and mutant (B,D,F) animals
on P1 (A,B) and P21 (C-F). The presynaptic
compartment is visualised by immunolocalisation of
synaptophysin (Synapto) and of the postsynaptic
compartment witlu-bungarotoxin @-BTX), which
reveals clusters of AChR. SC are labelled for S100.
Each inset shows a higher magpnification of the
corresponding panel, making it possible to focus on the
structure of NMJ.

The spinal nerves contain a mixture of motor and
sensory axons along most of their length, and the
specific axon bundles segregate from one another
only once they are in close proximity to their
targets. Therefore, the motor axons, which are not
targeted for the conditional deletion of tfé-
integrin gene in our mutant animals, in the mixed
nerves may help to compensate for or to mask the
potentialB1-integrin-dependent guidance defect of
the neighbouring sensory axons.

In addition to defects in nerve branching and
fasciculation, we observed that the distal region of
the nerves was not covered by migrating SCP, as
shown by that lack oB-galactosidase-expressing
cells along the nerve fibres at E12-13.5, in the
mutants. This lack of SCP could give account into
the developmental defect of the innervation
network in mutants. Consistent with this
hypothesis, similar embryonic PNS alterations in
nerve branching and pathfinding have been
described in the ErbB2, ErbB3, neuregulin 1 and
Sox10 mutants (Erickson et al., 1997; Woldeyesus
et al., 1999; Morris et al., 1999; Britsch et al.,
2001; Riethmacher et al., 1997), which display
alterations in the development of NCC derivatives
and lack SC. For example, in ErbB2 mutants in
which the heart development defect has been
rescued by the myocardial-dependent expression
normal destination, leading to normal sensorial behaviour latef ErbB2, the cutaneous sensory nerves display normal overall
on. Our results indicate th@tl-integrins are not required for trajectories but are free of SC precursors, poorly fasciculated
the further development and maintenance of craniofaciand disorganised (Woldeyesus et al., 1999; Morris et al., 1999).

structures. Taken together, these and our results strongly suggest that
migratory SCP are required for correct organisation of the

B1-Integrins control embryonic development of the innervation network and nerve morphology.

PNS The a4B1l- and a5B1-integrins have been implicated in

In vitro studies have clearly implicatefil-integrins in the control of the survival and proliferation rates of SC obtained
control of neurite outgrowth for peripheral neurons (Tomasellfrom explants of embryos lackingl- anda5-integrins (Haack

et al., 1993; lvins et al., 2000; Vogelezang et al., 2001). In oland Hynes, 2001). The SCP migrating along nerves are
conditional B1-integrin knockout embryos, the loss Pi-  originated from the DRG. However, we detected no difference
integrins in sensory neurons does not affect their axonah the proliferation or apoptosis rates of tRg-null NCC
growth. The general trajectory of the proximal portion of theselerivatives in the DRG of our mutants at E12.5 or E16.5. In
nerves appeared to be minimally affected in the mutaraddition, the lack of SCP along nerves was transient because,
animals, with the nerve endings reaching distal targetdy E16.5, as for the controls, SCs were detected in the distal
However, the organisation of the network is visibly affectedegion of the spinal nerves in mutants. Although we cannot
because, from E12, the distal region of the nerves of the bodyclude the possibility that a modification of proliferative or
wall appeared less branched and fasciculated. In addition, th@optosis rate may occur on SCP located along the nerves, the
pathfinding of the distal region of the spinal nerves wasoss of fl-integrins (which is effectively complete by this
perturbed, particularly when they reach the subcutaneous levetage) seems to reduce the rate of migration of the SC along
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nerves. This is consistent with previous observations showirtheir distinct embryonic origin, sensory and motor neurons may
that SC lacking31-integrins survive and proliferate normally express different sets of cell adhesion molecules involved in the
in vivo (Feltri et al., 2002). As spatiotemporal regulation of theradial sorting process such that the sensory axon sorting
integrin repertoire occurs during SC ontogeny (Bronner-Frasenechanism requirefl-integrins on glia; and (2) SC could be
et al., 1992; Stewart et al., 1997; Milner et al., 1997; Previtalspecialized in two distinct types, each ensheathing only motor
et al., 2001) other integrins, such @&34, aVp3 andaVp8, axons or only sensory axons, and with distinct requirement for
may have compensated for the possible migratory defect of S&1-integrin function. To definitively conclude on the specific
induced by the loss @@1-integrins, by E16.5 in the mutants. role of B1-integrins in neurons and SC during the development
of the PNS, it would be interesting to compare the radial sorting
B1-Integrins are required for radial sorting of the process of sensory and motor axons in animals in which the
Sensory axons In sciatic nerves invalidation of1-integrin gene is restricted to SC, to motor or
In the course of development of peripheral nerves, cytoplasmgensory neurons, or to both SC and neuronal compartments.
processes of promyelinating SC penetrate into the axon The delay in the myelination of SC in the Ht-PA-@le7p1f
bundles to progressively achieve a one to one ratio between S€iatic nerves is consistent with results of two other studies that
and axons. This phenomenon, starting just before birth, isave implicated31-integrins in the control of the myelination
named radial sorting and precedes the myelination procepsocess. One of these studies shows fhantegrin blocking
(Mirsky et al., 2002). In the mutant, the radial sorting of motorantibodies prevent SC co-cultured with DRG neurons to
axons (not targeted by the mutation) occurs and the subsequemgelinate the sensory axons (Fernandez-Valle et al., 1994).
myelination of motor axon-associated SC is not affected. BAnother study shows that glial cells that have been genetically
contrast, there was an almost complete absence of myelinatewdified to express dominant negative forms of fie
sensory axons (distinguishable Bygalactosidase activity). integrins, were unable to remyelinate after their transplantation
Sensory axons remain in large dense clusters of unsort@dthe dorsal funiculus (Relvas et al., 2001). In addition, several
axons, indicating that a defect in axo-glial segregation occuties of evidence demonstrate that laminins and their receptors
in the mutant nerves. are involved in PNS development and that SC require contacts
Alterations in the radial sorting and myelination process havboth with the basal lamina and with axons for their survival and
been described ingfCre31/B1% mutants (Feltri et al., 2002) maturation during development (reviewed by Jessen and
where postnatal nerves were composed of numerous clustershdifsky, 1999; Previtali et al., 2001; Previtali et al., 2003;
unsorted axons and of few myelinated fibres. In thhe P Mirsky et al., 2002). These interactions facilitate the activation
Cref31/p1 mutants, the conditional disruption of tifid-  of the signalling pathways mediated by various molecules
integrin gene is restricted to the glial lineage; the SCP arn@cluding the focal adhesion kinase and paxillin (Chen et al.,
targeted between E13.5 and E14.5 and the loss of the integ@000) (reviewed by Previtali et al., 2001), further implicating
subunit on these cells is achieved by E17.5, whereas tlffi-integrins in the initiation of myelination. These observations
neuronal components of the sciatic nerve are not targetedre consistent with our observation that myelination was
Therefore, in this study the phenotype appears to be S@klayed in mutant sciatic nerves. Together with changes to the
autonomous. The authors attributed the partial loss dECM in the sciatic nerves, the general delay in myelination in
myelinated axons in the adult sciatic nerve as the result of rautants strongly suggests that the los3leintegrins alters the
random escape process because of compensation by othetgeraction of the SC with the basal lamina, as previously
receptors. In the Ht-PA-Cfgl/B1" mutants, the conditional suggested (Feltri et al., 2002), and with axons. In addition, the
mutation is made on SC and in sensory neurons early durigss of31-integrins in targeted cells appears also to affect the
development, and we can visualize the targeted cells byBtheir ECM and basal lamina organisation. The presence of a basal
galactosidase activity. The defects obtained on radial sorting &mina surrounding unsorted axons in the Ht-PA&Irgp1f
the Ht-PA-Cre31-/B11 mutant sciatic nerves are in agreementsciatic nerves is consistent with a retraction of SC cytoplasmic
with a crucial role off1-integrins in SC to achieve the axo-glial processes and previous reports for several types of peripheral
segregation. We are able to discriminate the sensory axons fratemyelinating neuropathies (reviewed by Dyck et al., 1992).
the motor axons within the sciatic nerves. This has allowed ukhis similarity is corroborated by quantitative modifications of
to show a much more prominent defect of radial sorting on thithe ECM, in particular tenascin deposition in the sciatic nerves
sensory compartment than on the motor compartment. Tha P21, and indicates that demyelination may occur in the
observation suggests that {e-integrins in neurons could be mutants. The absence of basal lamina surrounding the unsorted
also required for this process. In addition, the absence @fxons within the clusters in the mutant sciatic nerves at P21,
myelinated sensory axons indicates that the myelination processongly suggests that the SC did not individually ensheath
requires thefl-integrin functions both in SC and neurons.those axons in earlier stages of the maturation of the nerves.
However, in the RCre31/311 mutants (Feltri et al., 2002) the Therefore, our data strongly indicate that both processes —
discrimination between the sensory and motor axons could nobmplete absence and retraction of SC cytoplasmic process —
be made and it was not possible to determine whether the radmhy occur concomitantly in the mutant sciatic nerve.
sorting defects affected only one or both types of neuronal fibres
within the sciatic nerve. Therefore, it is possible that in the P B1-Integrins are required in the terminal SC for the
Cre17/B1" mutants, as for the Ht-PA-CR%, /81" mutants, the ~ targeting of nerves and maturation of the
radial sorting defect is restricted to the sensory compartmerileuromuscular junctions
In this case, additional hypotheses can explain the differentidhe defects in intramuscular innervation observed in several
response of sensory and motor compartment of the sciatmmuscles at birth and following postnatal stages in the mutant
nerves to the inactivation of tifid-integrin gene: (1) owing to animals suggest that SC wiftl-integrins are required for
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axonal target selection. It was recently suggested that glial celisore  AChR clusters and that the process of synapse

may be involved in this process Drosophila(Poeck et al., elimination is probably not initiated. The specific alteration of

2001), but no similar mechanism has yet been described the elaboration and maturation of the NMJs in our mutant

mammals. By contrast to control animals, in which axongnimals shows a SC autonomic effect for the muscular

penetrated the muscle to innervate specific fascicles, most imnervation and reveals the major involvement of fiie

the nerve network in the mutants remained along the surfa¢etegrin specifically in the terminal SC functions.

of each muscle layer and failed to penetrate. On stages P1 andVe conclude from our results tHzt-integrins are important

P21 in the mutant animals, SC covered the entire length of thier correct interactions between glial cells and axons, SC

motor nerves from base to tip and were found at the nervaigration, axon morphology and the organisation of spinal

endings. This suggests that-integrins are required for the nerves into networks en route to their peripheral targets. This

interactions of SC with axons or basal lamina and to facilitatstudy also highlights the functions [@f-integrins for both the

the entry of axons into the muscle layers and the targeting ofuronal and glial lineages of the PNS and at several steps in

AChR clusters. The perturbation of intramuscular innervatiorthe differentiation of peripheral nerves, such as radial sorting

was more apparent on P21 than on P1 in the mutant anima#s)d myelination, as well as the muscular synaptogenesis.

indicating the lack of a compensatory mechanism. At the

postsynaptic level, on P1, no difference was observed in tgeThi‘hantiID-lG()l kDa netulrosf’i:ag]em |_(|C|8r_1§ 2H3)Bant|i(bo(§jy WlaS octj)tainéed

number and structure of AChR clusters in the mutantg!om the Developmenial studies mybridoma bank, developed under
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