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Abstract. 

 

This study investigated the function of the 
adhesion molecule L1 in unmyelinated fibers of the pe-
ripheral nervous system (PNS) by analysis of L1-
deficient mice. We demonstrate that L1 is present on 
axons and Schwann cells of sensory unmyelinated fi-
bers, but only on Schwann cells of sympathetic unmy-
elinated fibers. In L1-deficient sensory nerves, Schwann 
cells formed but failed to retain normal axonal en-
sheathment. L1-deficient mice had reduced sensory 
function and loss of unmyelinated axons, while sympa-
thetic unmyelinated axons appeared normal. In nerve 

transplant studies, loss of axonal-L1, but not Schwann 
cell-L1, reproduced the L1-deficient phenotype. These 
data establish that heterophilic axonal-L1 interactions 
mediate adhesion between unmyelinated sensory
axons and Schwann cells, stabilize the polarization of 

 

Schwann cell surface membranes, and mediate a trophic 
effect that assures axonal survival.
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 adhesion is critical to the development
and maintenance of the three dimensional struc-
ture of the nervous system. This maintenance is

regulated via transmembrane cell adhesion molecules that
usually use their intracellular domain to anchor to the cy-
toskeleton and their extracellular domain to interact with
other adhesion or matrix molecules. L1 is a cell adhesion
molecule that is expressed on the surface of developing ax-
ons, growth cones, and Schwann cells of unmyelinated fi-
bers (Martini and Schachner, 1986). L1 has six immuno-
globulin-like domains, five fibronectin type III repeats, a
transmembrane region, a cytoplasmic carboxyl tail (Moos
et al., 1988), and a molecular mass of 

 

z

 

200 kD. Two alter-
natively spliced variants have been identified (Miura et al.,
1991). Full-length L1 mRNA is found in neurons and the
shorter isoform lacking 15 bp in the NH

 

2

 

-terminal and 12
bp that codes for an RSLE sequence in the cytoplasmic
tail is found in nonneuronal cells including Schwann cells
and leukocytes. L1 is highly conserved in mammals: hu-
man, rat, and mouse L1 share 100% amino acid identity in
their cytoplasmic region and between 80–95% identity in
the extracellular domains (Hlavin and Lemmon, 1991).

Othologous molecules in other species include NgCAM/
8D9/G4 (chick) (Lemmon and McLoon, 1986), E587 (gold-
fish) (Bastmeyer et al., 1995), L1.1 and L1.2 (zebrafish)
(Tongiorgi et al., 1995), and neuroglian (

 

Drosophila

 

) (Bie-
ber et al., 1989). Such high amino acid conservation during
evolution suggests an important functional role for this ad-
hesion molecule.

L1 homophilic and heterophilic interactions can mediate
neurite outgrowth (Lagenaur and Lemmon, 1987; Lemmon
et al., 1989) or facilitate axon-axon (Stallcup and Beasley,
1985) or axon-Schwann cell adhesion (Seilheimer et al.,
1989; Wood et al., 1990). Homophilic L1 interactions on
growth cones in vitro activate the FGF receptor which in
turn initiates arachidonic acid production, Ca
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 influx, cy-
toskeletal rearrangements, and neurite outgrowth (Wil-
liams et al., 1994). The cytoplasmic domain of L1 can bind
ankyrin (Davis and Bennett, 1994) and may provide a
mechanism for transducing extracellular signals and the
dynamic cytoskeletal rearrangements required for cell mi-
gration (Burden-Gulley et al., 1997). Homophilic L1 inter-
actions also help bundle axons into discrete fiber tracts
(Landmesser et al., 1988). L1 heterophilic interactions
with TAG-1/axonin-1, DM1-GRASP, and the 
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 inte-
grin have also been implicated in neurite outgrowth (Kuhn
et al., 1991; DeBernardo and Chang, 1996) or cell migra-
tion (Montgomery et al., 1996), however, the downstream
mechanisms of these associations are not understood. The
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chondroitan sulfate proteoglycans, neurocan and phos-
phocan, inhibit L1-mediated neurite outgrowth (Fried-
lander et al., 1994; Milev et al., 1994). Homophilic interac-
tions between nonneuronal and neuronal L1 promote
cell–cell adhesion in vitro

 

 

 

(Takeda et al., 1996). Therefore,
L1 appears to mediate both migration and adhesion and
these differential functions depend upon isoform specific-
ity, membrane location (Takeda et al., 1996; Kamiguchi
and Lemmon, 1998), and specificity of homophilic or het-
erophilic binding partners.

Ensheathment of axons by Schwann cells is essential for
normal neuronal function and is mediated by specialized
molecules located in the adaxonal Schwann cell mem-
brane and axolemma. Axons require glial trophic support
to maintain normal caliber and cytoskeletal architecture,
normal axonal transport, and axonal viability (deWaegh et
al., 1992; Hsieh et al., 1994; Sanchez et al., 1996; Yin et al.,
1998). The myelin-associated glycoprotein (MAG)

 

1

 

, an-
other member of the immunoglobulin (Ig) superfamily en-
riched in Schwann cells at the myelin-axon interface
(Trapp and Quarles, 1982; Trapp et al., 1989) is essential
for normal axon maintenance (Yin et al., 1998). In MAG-
deficient mice, PNS axons were myelinated normally (Li
et al., 1994; Montag et al., 1994) but showed a progressive
axonopathy and axonal degeneration (Yin et al., 1998).
Adult unmyelinated axons may be maintained through a
similar mechanism involving L1.

The purpose of this study was to investigate the function
of L1 in the adult PNS by analysis of L1-deficient and L1/
MAG-deficient mice. Myelination proceeded normally in
the L1/MAG-deficient animals indicating that neither
molecule is essential for axonal ensheathment and spiral
wrapping of myelin membranes. In mature L1-deficient
mice, Schwann cells fail to maintain ensheathment of un-
myelinated sensory axons but not unmyelinated sympa-
thetic axons. Furthermore, our studies established that
axonal-L1 maintains Schwann cell ensheathment of adult
sensory unmyelinated axons by heterophilic binding mech-
anisms and that loss of axonal-L1 resulted in axonal de-
generation.

 

Materials and Methods

 

Generation of Knockout Mice

 

L1-deficient mice are described in Cohen et al. (1998). In brief, a targeting
construct with 5.5 kb of homology with the L1 locus, a thymidine kinase
gene and a neomycin resistance gene was used to disrupt the endogenous
L1 gene at exon 13 in SV-129 mice. Mice were genotyped by Southern
blot analysis of tail DNA. 0.6 kb of L1 cDNA was used as a probe and de-
tected an 11-kb DNA fragment in wild-type and an 8-kb DNA fragment in
L1-deficient mice when digested with EcoR1 restriction enzyme.

MAG-deficient mice are described in Li et al. (1994). In brief, a target-
ing construct with 7.5 kb of homology with the MAG locus, a neomycin
resistance gene, and the thymidine kinase gene was used to disrupt the en-
dogenous MAG gene at exon 5 in the 129 

 

3

 

 CD1 mouse strain. Southern
blot analysis was used to identify the MAG genotype. A 1.6-kb region of
the MAG cDNA was used as a probe and detected a 7.5- and a 5.5-kb
DNA fragment from wild-type mice and a 5.5- and a 4.5-kb DNA frag-

 

ment from MAG-deficient mice when digested with BamH1-HindIII re-
striction enzymes.

 

Southern Blot Analysis

 

Genomic DNA was isolated from 1 cm of mouse tail by phenol/chloro-
form extraction. 20 

 

m

 

g of genomic DNA was digested with restriction en-
zymes (Boehringer-Mannheim) and run on an 0.8% agarose gel. The
DNA was transferred to a Zeta Probe-GT membrane (Bio-Rad Laborato-
ries) and probed with the respective 

 

32

 

P-labeled cDNAs using High Prime
(Boehringer-Mannheim). Hybridization was performed at 65

 

8

 

C for 18 h in
the presence of 0.5 M NaPO

 

4

 

, 7% SDS, 1% BSA, 1 mM EDTA, 200 

 

m

 

g/ml
denatured salmon sperm DNA, and 

 

32

 

P-radiolabeled probe. Blots were
washed at 65

 

8

 

C for 1 h with 40 mM NaPO

 

4

 

, 5% SDS, 0.5% BSA, and
1 mM EDTA and exposed to Kodak X-omatAR film with intensifying
screens (48 h).

 

Western Blot Analysis

 

P60 control, L1-deficient, MAG-deficient, and L1/MAG-deficient mice
were killed by cervical dislocation. Brain and sciatic nerves were har-
vested immediately, placed in 4% SDS, and dissociated with a Polytron
homogenizer. 20 

 

m

 

g of CNS and PNS protein were run on 4–20% SDS–
polyacrylamide gradient gels (Novex) and transferred to PVDF mem-
brane (Amersham). Membranes were pretreated with 10% nonfat dry
milk and 0.1% Tween-20 in PBS for 30 min at 4

 

8

 

C and then transferred to
a solution containing primary antibody, 5% nonfat dry milk, 0.1% Tween-
20 in PBS, and incubated for 18 h at 4

 

8

 

C. Blots were washed and incubated
in appropriate horseradish peroxidase–conjugated secondary antibodies
(Amersham) at a dilution of 1:1,000. Labeled protein was detected with an
enhanced chemiluminescence kit (ECL; Amersham) according to the
manufacturer’s directions on Kodak BiomaxMR film. The MAG (Fujita
et al., 1990) and L1 (Brittis et al., 1995) antibodies used to assay protein
expression are well characterized.

 

Electron Microscopy

 

P7 and P60 control, L1-deficient, MAG-deficient, and L1/MAG-deficient
mice were perfused intracardially with 4% paraformaldehyde, 2.5% glu-
taraldehyde, and 0.08 M Sorenson’s phosphate buffer. Lumbar dorsal
roots 4 and 5 (L4, L5), sciatic nerve, sural nerve, superior cervical ganglia
(SCG), and cervical sympathetic trunk (CST) were dissected and post-
fixed for 1 h. The tissue was then processed for electron microscopy by
standard procedures and embedded in Epon (EMS). Ultrathin sections
(80 nm thick) were placed on slot grids (EMS), stained with lead citrate
and uranyl acetate, and examined in a Philips 100CX electron microscope.
Montages of the entire L4 and L5 dorsal roots were constructed from elec-
tron micrographs printed at a final magnification of 4,200

 

3

 

. Total unmy-
elinated axons were quantified in L4 and in L5 dorsal roots from five con-
trol, four L1-deficient, and four L1/MAG-deficient mice. The data was
analyzed by the Student’s 

 

t 

 

test.

 

Von Frey Pressure Test

 

The von Frey test uses Semmes Weinstein Monofilaments (Stoelting Co.)
to measure skin sensitivity to an applied pressure. This test is used in clini-
cal neurology to assess light touch and deep pressure cutaneous sensation.
Unmyelinated C fibers contribute to these sensations as well as deep
burning pain, extreme cold and heat, and crude touch (Omer and Bell-
Krotoski, 1998). The monofilament will exert an increasing pressure until
it begins to bend. Once bending occurs, a constant force is applied to the
region, which allows for a reproducible force level for each filament
tested. The filaments give a linear scale of perceived intensity and corre-
late to a log scale of actual grams of force. To administer the test a mouse
is scruffed and turned upside down to allow accessibility to the hind paws.
A filament is then used to touch the glabrous region of the paw 10 times in
10 s. A response to any of the 10 monofilament applications (toe curling,
paw withdrawal) is scored as a positive sensory response. The data was an-
alyzed by the Student’s 

 

t

 

 test.

 

Immunocytochemistry

 

P60 wild-type and L1-deficient mice were perfused intracardially with 4%
paraformaldehyde. The dorsal roots, dorsal root ganglia (DRG), sciatic
nerves and SCG’s were removed and cryoprotected in 2.3 M sucrose and
30% polyvinylpyrrolidone. 1-

 

m

 

m cryosections were cut on a Reichart Ul-

 

1. 
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CST, cervical sympathetic trunk;
DRG, dorsal root ganglia; L4, lumbar dorsal root 4; L5, lumbar dorsal
root 5; MAG, myelin-associated glycoprotein; PNS, peripheral nervous
system; SCG, superior sympathetic ganglia.
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tracutS (Leica), placed on slides, and incubated in the following solutions:
primary antibody overnight at 4

 

8

 

C, biotinylated secondary antibodies
(1:500), Avidin/Biotin Complex (1:1,000) (both from Vector Laborato-
ries), 3,3

 

9

 

-diaminobenzidine tetrahydrochloride (Sigma) and 0.4% os-
mium tetroxide (EMS). Tissue used for teased fiber preparations was
postfixed for one hour in 4% paraformaldehyde, separated in 1% Triton
X-100 with teasing needles, treated with Triton X-100 overnight at 4

 

8

 

C, in-
cubated in primary antibody for 48 h at 4

 

8

 

C, and stained as described
above. Tissue used for free floating sections was postfixed for 1 h after
perfusion, cryoprotected in 20% glycerol overnight, and sectioned at a
thickness of 20 

 

m

 

m on a Zeiss freezing sliding microtome. Tissue was incu-
bated in primary antibody for 48 h at 4

 

8

 

C and then stained as described
above or by immunofluorescent procedures. Sections processed for
double-labeling were incubated in both fluorescein-conjugated donkey
anti–mouse and Texas red donkey anti–rabbit (Vector Laboratories) sec-
ondary antibodies at 1:500 and mounted in Vectashield mounting media
(Vector Laboratories).

 

Antibodies

 

The polyclonal L1 anti-sera (Brittis et al., 1995) was used at a concentra-
tion of 1:2,000 for Western blots and 1:6,000 for immunocytochemistry.
MAG polyclonal antisera (Fujita et al., 1990) was used at a concentration
of 1:10,000 for both Western blots and immunocytochemistry. The mono-
clonal CGRP was purchased from Research Biochemicals International
and used at a concentration of 1:1,000. The nonphosphorylated neurofila-
ment (SMI-32) was purchased from Sternberger Monoclonals and used at
a concentration of 1:15,000.

 

Sciatic Nerve Transplants

 

Sciatic nerves segments (4 mm long) were removed from control or L1-
deficient mice and sutured into the sciatic nerve of wild-type, L1-deficient,
or nude mice as described previously (Sahenk et al., 1999; Sahenk and
Chen, 1998). Surgery was performed under sterile conditions and the mice
were housed in a sterile environment until they were killed at 60 d after
transplantation. No immunosuppression was necessary. For wild-type or
L1-deficient recipient mice, cyclosporin A (Sandoz) was injected daily at a
dose of 17 mg/kg. This dosage was shown previously to immunosuppress
without affecting nerve regeneration (Grochowicz et al., 1985; Yu et al.,
1990). Four different transplant paradigms were performed. Control or
L1-deficient donor nerves were transplanted into nude mice. Control
nerves were transplanted into control or L1-deficient mice (both of the
SV-129 strain). At 60 d after surgery, the sciatic nerves were harvested
and immersed in 3% glutaraldehyde for 30 min. The transplanted portion
of the nerve was identified by the sutures used to secure the end-to-end
anastomosis. In reference to the transplanted portions, the regions of the
sciatic nerve are designated proximal, transplant, and distal. Each portion
of the nerve was cut into an 

 

z

 

2-mm portion, postfixed for 3 h and embed-
ded in Epon for electron microscopic analysis as described above. 1-

 

m

 

m
and ultrathin sections were obtained from the middle of each nerve seg-
ment (see Fig. 6 D, arrowheads). Unmyelinated axons were analyzed by
transmission electron microscopy in all three regions of each transplanted
nerve (

 

n

 

 

 

. 

 

3) and were scored as either greater than one-half ensheathed
or less than one-half ensheathed by Schwann cells. In each segment from
each transplant paradigm 300 to 1,100 axons were examined and the data
was analyzed by the Student’s 

 

t

 

 test.

 

Results

 

Biochemical Analysis of L1-deficient mice

 

Mice deficient for both MAG and L1 were generated by
initially breeding SV-129 L1 heterozygote females (

 

2

 

x

 

/

 

1

 

x

 

)
with 129 

 

3

 

 CD1 MAG-deficient (

 

2

 

/

 

2

 

) males. From these
breedings, female L1 heterozygotes (

 

2

 

x

 

/

 

1

 

x

 

)/MAG het-
erozygotes (

 

1

 

/

 

2

 

) were identified and bred to MAG-defi-
cient (

 

2

 

/

 

2

 

) males. Female L1 heterozygotes (

 

2

 

x

 

/

 

1

 

x

 

)/
MAG-deficient (

 

2

 

/

 

2

 

) mice were identified and bred
with MAG-deficient males to produce L1/MAG-deficient
males (

 

2

 

x 

 

/ y for the L1 gene and 

 

2

 

/

 

2

 

 for the MAG gene).
MAG-deficient, L1-deficient, and L1/MAG-deficient mice

were identified in Southern blots probed with MAG
and L1 cDNAs (Fig. 1 A). When probed with the L1
cDNA, wild-type and MAG-deficient DNA (digested
with EcoR1) contained an 11-kb band while DNA from
L1-deficient and L1/MAG-deficient males contained a
band at 8 kb. L1 heterozygote females had bands at both
11 and 8 kb. Wild-type and L1-deficient DNA (digested
with BamHI and HindIII) contained two MAG bands (7.5
and 4.5 kb). The MAG-deficient and L1/MAG-deficient
mice showed a diagnostic 5.5-kb band as well as the 4.5-kb
band. DNA from L1 heterozygote/MAG-deficient females
also contained bands at 5.5 and 4.5 kb. The absence of L1
and MAG protein in the respective null mice was con-
firmed by Western blot analysis of CNS and PNS protein
extracts (Fig. 1 B). MAG antibodies detected an appropri-
ate band at 100 kD only in wild-type and L1-deficient
mice. L1 antibodies detected a band of 

 

z

 

200 kD only in
wild-type and MAG-deficient mice. A large percentage
of the L1-deficient and L1/MAG-deficient males were
runted from birth and remained smaller than the male lit-
termates until approximately one month of age.

 

L1-Deficient Mice Show Altered Unmyelinated Fibers 
in Sensory but Not Sympathetic Nerve

 

The ultrastructural appearance of unmyelinated fibers was

Figure 1. L1 and MAG gene
expression in transgenic
mice. (A) Southern blot
analysis of MAG and L1-
deficient mice. The L1 probe
(upper panel) detected an
11-kb fragment in wild-type
(wt) and MAG-deficient
(MAG2/2) mice, and an
8-kb fragment in L1-defi-
cient (L1 2/y) and L1/MAG-
deficient (LMko) mice, (EcoR1
cut). The MAG probe (lower
panel) detected a 7.5- and a
4.5-kb fragment in wild-type
and L1-deficient mice, and a
5.5- and a 4.5-kb fragment in
MAG- and L1/MAG-defi-
cient mice (BamHI-HindIII
cut). L1 heterozygous (L1
2/x)/MAG-deficient (2/2)
females were used as breed-
ers for the L1/MAG-defi-
cient line and showed an 11-
and 8-kb band when probed
for L1, and a 5.5- and 4.5-kb
band when probed for MAG.
(B) Western blot analysis of
CNS and PNS protein ex-
tracts from wild-type, MAG-
deficient, L1-deficient, and

MAG/L1-deficient mice. MAG antibodies detected a 100-kD
band in wild-type and L1-deficient mice. MAG immunoreactivity
was not detected in MAG- or L1/MAG-deficient mice. L1 anti-
bodies detected a 200-kD band in wild-type and MAG-deficient
mice. L1 immunoreactivity was not detected in L1- or L1/MAG-
deficient mice.
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compared in the sciatic nerve and dorsal roots of P60 L1-
deficient and wild-type mice. As previously described (Pe-
ters et al., 1991), nonmyelinating Schwann cells in wild-
type sciatic nerve ensheathed individual axons in separate
cytoplasmic troughs (data not shown). In P60 dorsal roots
from wild-type mice, many unmyelinated axons still re-
mained in polyaxonal Schwann cell pockets (Fig. 2 A, ar-
rowheads). Unmyelinated fibers in MAG-deficient dorsal
roots had a similar ultrastructure as the unmyelinated fi-
bers in wild-type dorsal root (data not shown). In L1-defi-
cient dorsal roots examined at P60, many unmyelinated
axons were not surrounded or were partially surrounded
by Schwann cell processes. Unensheathed axons often
contained fragments of basal lamina on their surface (Fig.
2, B–D, arrows) indicating former Schwann cell ensheath-
ment. Evidence of ongoing axonal degeneration including
axonal swelling, dissociation of microtubules and neurofil-
aments, and clumping of axonal contents (Dyck and Hop-
kins, 1972) was apparent in the L1-deficient peripheral
nerves (Fig. 2 D, asterisk). Small diameter axons without
Schwann cells often abutted the basal lamina of myelin-
ated fibers, and nonmyelinating Schwann cells extended
processes passing near but not surrounding many naked
axons (Fig. 2 D, arrowheads). The basal lamina was often
discontinuous on the surface of these L1-deficient nonmy-
elinating Schwann cell processes. Lateral adhesion be-

tween adjacent Schwann cells of unmyelinated fibers was
also disrupted (data not shown). Similar phenotypes were
also present in sciatic and sural nerves of L1 and L1/
MAG-deficient mice. Myelinated fibers in the L1-deficient
mouse appeared similar to those in wild-type mice. Myelin
membranes were tightly compacted and the periaxonal
space was appropriately maintained at 12–14 nm. Myelina-
tion proceeded normally in the L1/MAG-deficient mice
and fibers analyzed at P60 showed MAG-deficient pheno-
types (Yin et al., 1998) in the myelinated fibers and the L1-
deficient phenotypes in the unmyelinated fibers.

Unmyelinated fibers in the cervical sympathetic trunk
(CST), a predominantly unmyelinated autonomic nerve
were also analyzed. Wild-type nonmyelinating Schwann
cells of the CST engulf single axons in cytoplasmic troughs.
At P60, the ultrastructure of wild-type (Fig. 3 A) and L1-
deficient (Fig. 3 B) CST unmyelinated fibers was similar.

 

Development of Somatic Nerves

 

Because L1 may function in neural migration and axon
guidance, the phenotype associated with the L1-deficient
unmyelinated fibers could be related to a developmental
abnormality. This possibility was investigated by analysis
of young L1-deficient mice. In electron micrographs of

Figure 2. Nonmyelinating
Schwann cells fail to maintain
ensheathment of P60 L1-defi-
cient sensory axons. In elec-
tron micrographs of wild-
type (A) dorsal roots, most
unmyelinated axons were
surrounded by Schwann cells
(A, arrowheads). In L1-defi-
cient dorsal roots (B and D)
many unmyelinated axons
were not surrounded by
Schwann cell processes (B
and D, arrows), although
some were partially sur-
rounded by a basal lamina
(C, double arrows). L1-defi-
cient nonmyelinating Schwann
cell processes often came into
contact but did not ensheathe
(D, arrowheads) small diam-
eter axons. Some axons
showed signs of degeneration
(D, asterisk). Similar abnor-
malities were present in non-
myelinated fibers in MAG/
L1-deficient dorsal root (C).
Ax, Axon; Nu, Nucleus. Bars,
1 mm.
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sural nerves from P7 mice, the ultrastructural relationship
between Schwann cells and axons in wild-type (Fig. 3 C)
and L1/MAG-deficient mice (Fig. 3 D) was identical and
there was no apparent loss of unmyelinated axons in the
L1/MAG-deficient mice. At P14, some small diameter ax-
ons were not surrounded by Schwann cell processes and
by P28 clusters of small diameter naked axons (data not
shown) were present in L1- and L1/MAG-deficient mice.

 

Decreased Unmyelinated Sensory Axons and Pressure 
Sensation in L1-deficient Mice

 

Ultrastructural changes in L1-deficient unmyelinated ax-
ons were consistent with ongoing axonal degeneration. To
extend this observation, the number of nonmyelinated ax-
ons was quantified in electron micrograph montages of
the entire fourth and fifth lumbar dorsal roots from five
wild-type, four L1-deficient, and four MAG/L1-deficient
mice (Fig. 4 A). Lumbar dorsal roots 4 and 5 (L4 and L5)
from L1-deficient and L1/MAG-deficient mice showed a
30 and 35% decrease of unmyelinated axons compared
with wild-type L4 and L5 dorsal roots. This difference
was statistically significant (

 

P

 

 , 

 

0.01) using the Student’s 

 

t

 

test. Myelinated fiber number was similar in control, L1-
deficient, and L1/MAG-deficient dorsal roots (data not
shown), indicating that the loss of unmyelinated axons is

not a result of an increase in myelinated fibers. In addi-
tion, the number of nonmyelinating Schwann cell nuclei
per unit area was not significantly different between con-
trol and L1-deficient mice (data not shown).

Loss of sensory axons could result from axonal degener-
ation, neuronal degeneration, or both. Loss of sensory
neuronal perikarya is preceded by cytoplasmic vacuola-
tion, followed by cell necrosis, neuronophagia, and prolif-
eration of satellite cells resulting in residual nodules of Na-
geotte (Thomas et al., 1984). In L1-deficient P60 L4 and
L5 dorsal root ganglion, pathological evidence of small
sensory neuron degeneration was not detected indicating a
primary axonal degeneration. Loss of axons without neu-
ronal degeneration is consistent with early stages of a dy-
ing-back axonopathy.

Possible sensory deficiencies due to the loss of unmy-
elinated axons was investigated by the von Frey Pressure
Test (Fig. 4 B) which measures the perception of a prede-
termined applied force to the skin. The glabrous skin of
the hind paws of P60 wild-type (

 

n

 

 

 

5 

 

9) and L1-deficient
mice (

 

n

 

 

 

5 

 

7) was tested three times each to assess the re-
sponse to different diameter monofilaments. All wild-type
mice responded to 1.02 

 

g

 

 of force by toe curling and paw
withdrawal. The L1-deficient mice responded to monofila-
ment forces between 2.041 and 11.749 grams of pressure.
This difference was statistically significant (

 

P

 

 , 

 

0.015) us-
ing the Student’s 

 

t

 

 test.

Figure 3. Unmyelinated fi-
bers in adult L1-deficient
sympathetic nerves and
P7 L1/MAG-deficient sural
nerve appear normal. In the
cervical sympathetic trunk
(CST), an unmyelinated au-
tonomic nerve, from wild-
type (A) and L1-deficient
mice (B), axons were nor-
mally segregated and sur-
rounded by Schwann cell
processes. In electron micro-
graphs of sural nerves from
P7 wild-type (C) and L1/
MAG-deficient mice (D),
Schwann cells surround mul-
tiple axons (C and D, ar-
rows). Occasional axons are
ensheathed by fragments of
basal lamina (C and D, ar-
rowheads) and many axons
have segregated into one-
to-one relationships with
Schwann cells (C and D, as-
terisks). Sural nerves, sciatic
nerves, and dorsal roots from
P7 L1-deficient mice dis-
played none of the unmy-
elinated fiber phenotypes
present in adult L1-deficient
nerves. Ax, Axon; My, My-
elinated fiber. Bars, 1 mm.
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L1 Distribution in the Adult Peripheral Nervous System

 

To investigate if the different phenotype in sensory and
sympathetic unmyelinated fibers was due to differential
expression of L1, the immunocytochemical localization of
L1 was compared in dorsal roots and cervical sympathetic
trunks from P60 wild-type mice. Unmyelinated fibers in
teased fiber preparations from dorsal roots were positive
for L1 (Fig. 5 A, arrows). L1 immunoprecipitate was
clearly delineated in the nonmyelinating Schwann cells. In

transverse one micron thick cryosections from P60 wild-
type mouse sciatic nerve L1 antibodies also stained the
Schwann cells of unmyelinated fibers (Fig. 5 B, arrows).
However, the optical resolution of immunostaining in
these preparations was insufficient to determine whether
L1 was also present in the small diameter axons. Myelin-
ated fibers (Fig. 5 B, arrowheads) were not labeled with
the L1 antibody. Exclusive detection of L1 in unmyelin-
ated fibers in the PNS was consistent with previous reports
(Martini and Schachner, 1986).

Figure 4. Loss of L1 results
in decreased sensory axons
and reduced sensory func-
tion. (A) All unmyelinated
axons in the fourth and fifth
lumbar dorsal roots of five
control, four L1-deficient,
and four L1/MAG-deficient
mice were counted in elec-
tron micrograph montages
(34200). Compared with
control nerves, a 30–35% de-
crease in the number of un-
myelinated axons was de-
tected in L4 and L5 dorsal
roots from L1-deficient and

L1/MAG-deficient mice. *P , 0.01 according to the Student’s t test. (B) The von Frey pressure test used the Semmes-Weinstein
monofilaments to assay sensitivity to deep pressure. All control mice (n 5 9) responded to the monofilament corresponding to 1.202
grams of force. In contrast, the L1-deficient mice (n 5 7) responded to monofilament force ranging from 2.041–11.749 grams of pres-
sure. *P , 0.015 according to the Student’s t test.

Figure 5. L1 is expressed by
adult unmyelinated sensory
but not sympathetic axons. In
teased nerve fibers from P60
wild-type mouse dorsal root
(A), L1 antibodies selectively
stained unmyelinated fibers.
L1 immunoreactivity sur-
rounds the nucleus of a non-
myelinating Schwann cell (A,
arrowhead) and confirms L1
expression by Schwann cells
(A, arrows). L1 immunoreac-
tivity in transverse cryosec-
tions of P60 wild-type nerve
shows typical appearance of
nonmyelinated fibers (B, ar-
rows). Myelinated fibers (B,
arrowheads) were not la-
beled with the L1 antibody.
Sections (20 mm thick) from
dorsal root ganglia (DRG)
were double-labeled for L1
(C, red) and nonphosphory-
lated neurofilament (C,

green). The plasma membrane (C, double arrowhead) and axon (C, arrowhead) of the small diameter neurons and the unmyelinated fi-
bers (C, arrow) were L1-positive. Large diameter myelinated axons (C, asterisk) were labeled by neurofilament but not L1 antibodies.
In sections (20 mm thick) of P60 DRG, small diameter neurons (D, arrows) were double-labeled for L1 (D, red) and Calcitonin gene-
related product (CGRP) (D, green). The axons of these neurons were also L1-positive (D, arrowheads). In sections (20 mm thick) of
P60 mouse superior cervical ganglia (SCG), neurons (E, arrowheads) and the axons exiting neuronal cell bodies were positive for neu-
rofilament (green) but not for L1 (red). The nonmyelinating Schwann cells surrounding the SCG axons were L1-positive (E, arrow).
Bars: (A) 30 mm; (B–D) 10 mm; (E) 25 mm.
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To determine the distribution of L1 on sensory and sym-
pathetic neurons and unmyelinated axons, free floating
sections (20 mm thick) of P60 mouse DRG and SCG were
double-labeled with L1 and neurofilament antibodies and
analyzed by confocal microscopy. Neurofilament antibod-
ies stained large diameter myelinated axons and neuronal
perikarya (Fig. 5 C, green). L1 antibodies labeled the sur-
face of small diameter neurons (Fig. 5 C, double arrow-
head), the unmyelinated portion of axons as they exit and
encircle small dorsal root neurons (Fig. 5 C, single arrow-
head), and unmyelinated fibers (Fig. 5 C, arrows). Small
diameter axons of the unmyelinated fibers were also
stained for neurofilament, but at this magnification they
were not resolvable against the intense L1-staining. Con-
sistent with previous results (Faissner et al., 1984), L1 was
not detected on the satellite cells surrounding the DRG
neuronal cell bodies. L1-positive DRG neuronal perikarya
were of small diameter (between 20–25 mm), a characteris-
tic feature of neurons that give rise to unmyelinated axons.
To extend this observation, we immunostained DRG sec-
tions for L1 and calcitonin gene-related product (CGRP),
a neuropeptide in neurons that give rise to unmyelinated
axons (Hokfelt et al., 1992). L1 was detected on the sur-
face and axons of CGRP-positive small diameter neurons
(Fig. 5 D), but not large diameter CGRP-positive neurons.
These data locate L1 on both Schwann cells and axons of
unmyelinated sensory fibers. The nonmyelinating Schwann
cells that surround SCG axons were also L1-positive (Fig.
5 E). However, L1 was not detected on the surface of SCG

neurons (Fig. 5 E) or axons leaving their cell bodies.
Therefore, L1 is located on Schwann cells but not axons in
unmyelinated sympathetic fibers.

Adult Axonal-L1 Regulates Schwann Cell-Axon 
Adhesion of Unmyelinated Fibers

The inability of Schwann cells to maintain axonal en-
sheathment in L1-deficient mice could result from a lack
of a homophilic binding between Schwann cell-L1 and ax-
onal-L1, heterophilic binding of Schwann cell-L1, or het-
erophilic binding of axonal-L1. These possibilities were
tested in sciatic nerve transplant paradigms (Aguayo et al.,
1977; Sahenk and Chen, 1998; Sahenk et al., 1999) that iso-
lated L1 to either the Schwann cell or the sensory axon. To
maintain wild-type nerve transplants into L1-deficient
nerves, mice were immunosuppressed with cyclosporin A.
To test if cyclosporin A treatment affected axonal regen-
eration, sciatic nerves from a wild-type SV-129 mice were
also transplanted into the sciatic nerves of T cell–deficient
nude mice. At 60 d after surgery, axons had regenerated
through the graft and donor Schwann cells ensheathed un-
myelinated axons and maintained adhesion (Fig. 6 A, ar-
rowheads) in both sets of animals. Four percent or less of
the unmyelinated axons in all three regions of the trans-
planted nerves were less than one-half ensheathed by
Schwann cells. As described previously in sciatic nerve
transplants (Grochowicz et al., 1985; Yu et al., 1990), these
data indicate that axonal regeneration, Schwann cell en-

Figure 6. Axonal-L1 medi-
ates adhesion between
Schwann cells and unmy-
elinated sensory axons. A–C
are electron micrographs
from transplanted region of
sciatic nerves. L1-positive
Schwann cells normally en-
sheathe L1-positive axons
(A, arrowheads). L1-defi-
cient Schwann cells also nor-
mally ensheathe L1-positive
axons (B, arrowheads). L1-
positive Schwann cells only
partially associate with L1-
deficient axons (C), and have
a morphology similar to that
found in somatic nerves of
the L1-deficient mouse. Ax-
ons were surrounded only by
a basal lamina (C, arrows) or
only partially in contact with
a Schwann cell process (C,
double arrowheads). Per-
centages in D correspond to
the number of axons less
than half ensheathed by
Schwann cells. Arrowheads
in D mark the regions of the
nerves that were used for
sectioning. *P, 0.005 when
compared with same region
in other transplant para-
digms. Ax, axon. Bars, 1 mm.
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sheathment of unmyelinated axons, and myelination (data
not shown) occurs in sciatic nerve transplants and is not af-
fected by cyclosporin A treatment.

In transplants where L1-positive axons regenerated
through a region of L1-deficient Schwann cells (Fig. 6
D, middle row), unmyelinated axons were normally en-
sheathed (Fig. 6 B, arrowheads) and could not be distin-
guished from the proximal or distal region of this control
nerve. Two percent of all unmyelinated axons were less
than half ensheathed by Schwann cells in all three regions
(proximal, transplant, and distal) in this transplant para-
digm. In an environment where L1-deficient axons regen-
erated through a region of L1-positive Schwann cells (Fig.
6 D, third row), 28% of the unmyelinated axons were less
than half ensheathed by Schwann cells, indicating that L1-
positive Schwann cells are unable to normally maintain
ensheathment of L1-deficient axons. In the regions proxi-
mal and distal to the transplant where L1 is absent from
both the axon and the Schwann cell, 36 and 25% of the un-
myelinated axons were less than half ensheathed. The dif-
ferences in Schwann cell ensheathment of control and L1-
deficient axons were statistically significant using the
Student’s t test. These data indicate that loss of axonal-L1
is responsible for the lack of adhesion between Schwann
cell and unmyelinated sensory axons.

Discussion
The objective of the present study was to elucidate the
function of L1 in unmyelinated fibers of the PNS by anal-
ysis of L1-deficient mice. Our data establishes that L1
maintains Schwann cell ensheathment of sensory but not
sympathetic unmyelinated axons. This null mutation phe-
notype was reproduced when normal Schwann cells were
transplanted into L1-deficient sciatic nerve, but not when
L1-deficient Schwann cells were transplanted into wild-
type sciatic nerve. These data demonstrate that hetero-
philic adhesion of axonal-L1 is essential for maintaining
Schwann cell ensheathment of sensory unmyelinated ax-
ons (Fig. 7). The L1 null mutation also results in a late on-
set degeneration of unmyelinated axons and decreased
sensory function, consistent with axonal L1 functioning as

an adhesion and signaling molecule. Normal ensheath-
ment of unmyelinated sympathetic fibers in L1-deficient
mice indicates that the mechanism of adhesion between
Schwann cells and unmyelinated axons can be mediated
by mechanisms unrelated to L1.

Axonal-L1 Maintains Schwann Cell Adhesion to 
Sensory Unmyelinated Axons

The present study established that axonal-L1 is essential
for maintaining adhesion, ensheathment, and axonal via-
bility of unmyelinated sensory fibers. L1-deficient mice on
a C57Black6 background also have altered Schwann cell
ensheathment of sensory unmyelinated axons (Dahme et
al., 1997). L1-mediated adhesion can occur by both ho-
mophilic and heterophilic binding (Grumet and Edelman,
1988; Lemmon et al., 1989; Kuhn et al., 1991; Ruppert et
al., 1995; DeBernardo and Chang, 1996; Hortsch, 1996;
Montgomery et al., 1996) and a disruption of either may
result in the phenotype seen in the L1-deficient mice.
These hypotheses were directly tested by sciatic nerve
transplant paradigms. Normal ensheathment of sensory
axons by transplanted L1-deficient Schwann cells estab-
lished that adhesion between Schwann cells and sensory
unmyelinated axons does not occur by L1 homophilic nor
Schwann cell-L1 heterophilic binding. In contrast, when
L1 was absent from the axon and present on the trans-
planted Schwann cells, a phenotype similar to the L1-
deficient mouse developed in the grafted nerve. This data
isolates axonal-L1 as the molecule responsible for mainte-
nance of sensory axon-Schwann cell ensheathment and in-
dicates a heterophilic mechanism of adhesion between ax-
onal-L1 and a Schwann cell molecule.

Loss of L1 Results in Degeneration of Sensory 
Unmyelinated Axons

While the number of axons in the corticospinal tract is
reduced in L1-deficient mice (Cohen et al., 1998), most
CNS and PNS axons reach appropriate targets and form
appropriate fiber tracts in developing L1-deficient mice
(Cohen et al., 1998; Dahme et al., 1997). Analysis of P7
mice in the present study indicates that unmyelinated fi-

Figure 7. Schematic dia-
gram of phenotypes in L1-
deficient mice (A) and sciatic
nerve transplants (B). L1 is
expressed in Schwann cells
(A, red) and unmyelinated
axons (A, green) in wild-type
mice. In the absence of both
axonal and Schwann cell-L1,
adhesion between Schwann
cells (A, blue) and axons (A,
white) is disrupted and axons
degenerate. When L1-posi-
tive Schwann cells (B, red)
are transplanted into L1-
deficient nerves (B,
white) Schwann cell-axon

adhesion is also disrupted. However, Schwann cell-axon adhesion is maintained when L1-deficient Schwann cells (B, blue) are
transplanted into L1-positive nerves (B, green).
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bers develop normally in the absence of L1. However, by
P60, L1-deficient mice have a significant decrease in sen-
sory unmyelinated axons and decreased sensory function.
Whereas loss of axonal-L1 is responsible for abnormal ax-
onal ensheathment, several mechanisms could contribute
to loss of axons. Schwann cells can provide extrinsic
trophic factors or cell surface ligands that regulate the
maturation, normal function, and survival of axons.

Adhesion between Schwann cells and sensory axons
may be crucial for delivery of Schwann cell trophic factors
and the loss of this contact may contribute to axonal de-
generation in L1-deficient mice. The majority of mature
small diameter DRG neurons express the nerve growth
factor (NGF) receptors, p75 and trkA (Mu et al., 1993;
DeBernardo and Chang, 1996). A small percentage of
these neurons also express the brain-derived neurotropic
factor (BDNF)/neurotrophin 4 (NT4) receptor, trkB (Mc-
Mahon et al., 1999). Schwann cells of unmyelinated fibers
secrete NGF (Varon et al., 1981; Bandtlow et al., 1987;
Heumann et al., 1987) and before myelination Schwann
cells secrete BDNF and CNTF (Friedman et al., 1992,
1996). NT4 mRNA is present at low levels in sciatic nerve
(Funakoshi et al., 1993), but it is not known what cell types
make and secrete NT4. Lack of ensheathment might dis-
rupt expression or delivery of trophic factors, such as NGF
or NT4 and ultimately lead to axonal degeneration.

The Schwann cell periaxonal membrane may contain a
ligand that helps stabilize the axonal cytoskeletal architec-
ture and thus assures normal axonal function and survival.
In support of this mechanism, myelinated axons in MAG-
deficient mice have marked alterations in neurofilament
phosphorylation, neurofilament spacing, and axonal diam-
eter that precede a late-onset axonal degeneration (Yin et
al., 1998). While our transplantation studies indicate that
Schwann cell L1 is not essential for axonal ensheathment,
it is possible that Schwann cell-L1 or another molecule
functions as a ligand that helps stabilize axonal cytoskele-
ton and thus assures axonal viability. Chronic disruption of
this trophic effect could contribute to axonal degenera-
tion.

The loss of axons in L1-deficient mice may also result
from an axonal deficit in processing Schwann cell trophic
signals. The correlation between loss of axonal-L1, disrup-
tion of Schwann cell ensheathment, and axonal degenera-
tion supports the possibility that axonal-L1 functions as an
adhesion and signaling molecule. In the appropriate envi-
ronment, the cytoplasmic domain of L1 can initiate Ca21

influx during neurite outgrowth (Williams et al., 1994) and
Ca21 influx is an early event in Wallerian degeneration
(George et al., 1995). It is also possible that the L1 cyto-
plasmic domain is essential for maintaining the normal
architecture of the axonal cytoskeleton by binding to
ankyrin (Davis and Bennett, 1994). Ankyrin is enriched
beneath the axolemma of unmyelinated sensory axons
(Kordeli et al., 1990), and L1 and ankyrin colocalize at re-
gions of cell–cell contact (Burden-Gulley et al., 1997). In
the optic nerves of ankyrin-B null mice, L1 was initially ex-
pressed by optic nerve axons, but was not detected at P7
when the optic nerves began to degenerate (Scotland et
al., 1998). Based upon these correlations, axonal-L1 may
assure axonal viability by coordinating signaling events
through its cytoplasmic domain or by stabilizing microfila-

ment attachment to the axolemma. The chronic nature
and partial penetrance of the axonal degeneration pheno-
type suggest that the mechanisms responsible for axonal
loss are complex and possibly regulated by several interax-
onal pathways.

Loss of Axonal-L1 but Not Schwann Cell-L1 Affects 
Schwann Cell Phenotype

Schwann cells can be considered as polarized epithelial
cells with their abaxonal surface attached to the basal lam-
ina, their adaxonal surface attached to axons, and their lat-
eral surface attached to adjoining Schwann cells (Carlsen
and Behse, 1980; Trapp et al., 1995). When basal lamina
formation is inhibited by vitamin C deprivation, Schwann
cells do not myelinate or appropriately ensheathe axons
(Eldridge et al., 1987). While initial polarization of unmy-
elinated Schwann cells occurs in L1-deficient mice, func-
tional polarization is not maintained in adult sensory fi-
bers. The basal lamina is discontinuous, axonal adhesion
and lateral adhesion of Schwann cells to neighboring
Schwann cells is lost, and Schwann cell processes extend
into the endoneurial space. L1-deficient nonmyelinating
Schwann cells, therefore, are not able to maintain a ma-
ture, nonmigratory, polarized status. However, this effect
was not observed when L1-deficient Schwann cells were
transplanted into L1-positive axons. Therefore, axonal-L1
appears to stabilize the polarization of Schwann cell sur-
face membranes via heterophilic binding to a Schwann cell
molecule.

L1 is Not Essential for Initial Axonal Ensheathment
or Myelination

Schwann cells express L1 as they colonize peripheral
nerves and sort axons into to polyaxonal pockets or one-
to-one relationships (Jessen and Mirsky, 1991). Myelinat-
ing Schwann cell membranes that form the initial one and
a half spiral wraps around an axon are also L1-positive
(Martini and Schachner, 1986). As myelination proceeds,
L1 is no longer detected in Schwann cell membranes. L1
antibodies inhibited myelination of DRG axons main-
tained in vitro (Seilheimer et al., 1989; Wood et al., 1990),
suggesting that L1 was essential for axonal ensheathment
and initial spiral wrapping of myelin membranes. Normal
myelination of two lines of L1 null mice (C57Black6 and
SV-129) indicate that L1 is not essential for initial axon en-
sheathment nor myelination (Dahme et al., 1997; Cohen et
al., 1998). Furthermore, it was hypothesized that L1 com-
pensated for loss of MAG during myelination in MAG-
deficient mice (Montag et al., 1994). The present study
demonstrated normal myelination in the absence of both
L1 and MAG. The molecule responsible for spiral wrap-
ping of membranes during myelination is not known. The
data presented in this report and normal ensheathment
and myelination in MAG/NCAM-deficient mice (Carenini
et al., 1997) demonstrate that MAG, L1, and N-CAM do
not play an irreplaceable role during spiral wrapping of
myelin membranes or initial ensheathment of unmyelin-
ated and myelinated axons.
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