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ABSTRACT

L1 is a cell adhesion molecule that is highly expressed on developing axons and is
associated with neurite outgrowth, guidance, and fasciculation. In this study we systemati-
cally examined L1 expression at all spinal levels across eight postnatal ages to detect regional
and developmental differences. We observed striking changes in the developmental pattern
of L1 expression between birth (P0) and adult ages, with intense L1-immunopositive axons
prevalent throughout the funiculi at PO compared with predominantly L1-immunonegative
funicular axons in adults. At all ages and spinal levels examined, some L1-positive dorsal root
afferents entered the spinal cord, coursed in Lissauer’s tract, and projected into the super-
ficial dorsal horn and the dorsal columns, as well as across the dorsal commissure. Additional
L1-positive axons were detected consistently around the perimeter of the spinal cord, in the
dorsolateral funiculus, and adjacent to the central canal. While specific L1-labeled axons
were detected at all ages, a pattern of segmental variation was observed within animals, with
the highest levels of L1 expression detected in lumbar and sacral segments and the lowest in
cervical spinal cord. The pattern of L1 immunoreactivity was compared to that of the
growth-associated protein GAP-43 and the results indicated colabeling of most axons. These
observations demonstrate that L1 is expressed on immature axons well into postnatal
development, possibly until they have completed their differentiation. Furthermore, the
L1-positive axons that continue to be detected in adults are likely to be either unmyelinated

or sprouting axons. J. Comp. Neurol. 467:375-388, 2003.
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Cell adhesion molecules (CAMs) are cell-surface mole-
cules that have been reported to play important develop-
mental roles in cell adhesion, neurite outgrowth, axon
fasciculation, and guidance (Jessell, 1988; Lemmon et al.,
1989). Many CAMs, such as L1, are members of the im-
munoglobulin superfamily and are integral membrane
glycoproteins (Jessell, 1988; Appel et al., 1993; Brummen-
dorf and Rathjen, 1993; Kamiguchi et al., 1998b). L1 is a
glycoprotein with a relative molecular weight of about 200
kd and a molecular structure containing six immunoglob-
ulin (Ig)-like and five fibronectin type-III homologous re-
peats in the extracellular domain that are thought to
participate in homophilic interactions (Grumet and Edel-
man, 1988; Kamiguchi et al., 1998b). In addition, L1 binds
with heterophilic interactions to other cell adhesion mol-
ecules such as TAG-1 (Rader et al., 1996) or F3/contactin
(Brummendorf et al., 1993) and has a short, highly con-
served cytoplasmic tail that interacts with various kinases
such as calmodulin (Moos et al., 1988; Appel et al., 1993;
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Fransen et al., 1997; Kamiguchi et al., 1998b). L1 was
initially identified in the mouse (Rathjen and Schachner,
1984) and has an equivalent molecule in rat known as
NGF-inducible large external glycoprotein (NILE; Bock et
al., 1985; Prince et al., 1991) as well as homologous mol-
ecules in a wide variety of species, including chick (Ng-
CAM, G4), Drosophila (neuroglian), zebrafish (L1.1, L1.2),
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and humans (L1 CAM) (Thiery et al., 1985; Moos et al.,
1988; Bieber et al., 1989; Hlavin and Lemmon, 1991;
Shiga and Oppenheim, 1991; Tongiorgi et al., 1995).

Previous studies have shown that mutations in the LI
gene are linked to human nervous system syndromes.
Features of L1 mutations are generally described by the
acronym “CRASH” (Corpus callosum agenesis, mental Re-
tardation, Adducted thumbs, Spastic paraplegia, and Hy-
drocephalus) (Fransen et al., 1995). There have been more
than 85 L1 mutations identified in all parts of the L1
molecule in CRASH patients (Kamiguchi et al., 1998a).
One of the most severe phenotypes of the L1 mutation is
X-linked hydrocephalus, which is associated with cortico-
spinal tract hypoplasia and absent medullary pyramids
(Kamiguchi et al., 1998a; Grafet al., 2000). Descriptions of
L1 knockout mice have shown a strong resemblance to the
human mutation and include severe pathfinding errors of
the corticospinal tract resulting in spastic paraplegia (Co-
hen et al., 1997; Dahme et al., 1997). In addition, in vitro
studies of neurons from L1l-deficient mice exhibited re-
duced fasciculation and impaired outgrowth on an L1
substrate, findings supportive of a role for L1 in fascicu-
lation (Dahme et al., 1997).

During embryonic development L1 has been localized
on axons and axonal growth cones in a variety of species
as they project to their targets in both the central and
peripheral nervous systems (Joosten et al., 1990; Van
Den Pol and Kim, 1993; Burden-Gulley et al., 1995).
Perturbation studies of axonal growth and targeting
have shown that antibodies to L1 block neurite exten-
sion and cause defasciculation of commissural axons
(Fischer et al., 1986; Beasley and Stallcup, 1987; Lag-
enaur and Lemmon, 1987; Stoeckli and Landmesser,
1995). The presence of L1 on fasciculated axons during
spinal cord development together with the results from
L1 antibody blocking experiments (Stoeckli and Land-
messer, 1995) are consistent with L.L1 having a role in
axon outgrowth and fasciculation.

While intense L1 axon labeling is observed during
embryonic spinal cord development (Stallcup et al.,
1985; Beasley and Stallcup, 1987; Orlino et al., 2000;
Tran and Phelps, 2000), the reported trend after birth is
one of low expression on axons within the white matter
(Stallcup et al., 1985; Beasley and Stallcup, 1987). How-
ever, Joosten (1991) reported the presence of L1 on late
developing, descending corticospinal tract axons and
suggested that .1 might play a role in their fascicula-
tion (Joosten et al., 1990). We have confirmed these
findings and in addition have observed striking changes
in the pattern of L1 expression during postnatal spinal
cord maturation. Based on these changes in L1 expres-
sion patterns we suspected that the L1-immunopositive
axons at postnatal ages represented developing, sprout-
ing, or unmyelinated fibers, whereas the more prevalent
immunonegative axons were older, myelinated fibers. In
this study we systematically examined L1 expression
patterns at all spinal cord levels from birth to one year
of age to detect regional differences and overall devel-
opmental expression patterns of L1. To evaluate the
role of L1 as a marker of growing axons, we compared
the pattern of L1 immunoreactivity with that of the
growth-associated protein GAP-43.

A. AKOPIANS ET AL.

MATERIALS AND METHODS
Animals and tissue preparation

Male and female Sprague-Dawley rats were caged to-
gether overnight for breeding. The following morning vag-
inal smears were performed to confirm insemination. The
day of birth was designated postnatal day 0 (PO) and 3—4
animals were studied at each of the following ages: PO, P7,
P14, P21, P28, P100, P180, and P365. The younger ani-
mals (P0-28) were deeply anesthetized with 18% chloro-
hydrate (0.30 cc / 35 g / rat), whereas older rats (P100—
365) were anesthetized with ketamine (90 mg/kg) and
xylazine (15-20 mg/kg). Animals at each age were per-
fused through the heart with 4% paraformaldehyde. This
protocol was approved by the Chancellor’s Animal Re-
search Committee at UCLA. Spinal cords and brainstems
were postfixed overnight at 4°C and then washed repeat-
edly in phosphate buffer. After dissection, tissues were
cryoprotected in 30% sucrose before being blocked, embed-
ded in OCT, frozen, and stored at —80° C.

L1 immunocytochemical procedures

Before immunocytochemical experiments, coronal and
horizontal sections (40 wm) were cut using a cryostat and
stored in 0.12 M Millonig’s buffer (pH 7.4) containing
0.06% azide. While most L1-immunoreactive axonal pat-
terns were visualized on coronal sections, horizontal sec-
tions were used to evaluate the longitudinal extent of the
L1-labeled axon pathways. Axonal processes expressing
the L1 antigen were identified using a monoclonal anti-
body (ASCS4; Sweadner, 1983) obtained from the Devel-
opmental Studies Hybridoma Bank (Department of Bio-
logical Sciences, University of Iowa, Iowa City, IA).
Immunocytochemical methods were adopted from Tran
and Phelps (2000) and Orlino et al. (2000). For compara-
tive studies across different ages and segmental levels,
spinal cord sections were processed together in the same
immunoreagents.

Initially, free-floating sections were rinsed in Tris-
buffered saline (TBS; 0.1 M Tris buffer containing 1.4%
NaCl; pH 7.4) and followed by treatment in 0.3% hydrogen
peroxide and 0.1% sodium azide for 30 minutes. Then
sections were incubated in detergent (0.8% Triton X-100
in TBS) for 15 minutes, followed by 0.1% Triton X-100
with 1.5% normal horse serum for 1 hour. Sections were
incubated with an avidin-biotin blocking solution (diluted
1:1 with TBS; Vector Laboratories, Burlingame, CA) for 15
minutes each, with 5-minute TBS rinses between each
step. Subsequently, sections were incubated in ASCS4
(diluted 1:25) for 2 hours at room temperature and over-
night at 4°C. The following morning sections were rinsed
and incubated for 1 hour in rat adsorbed biotinylated
horse antimouse IgG, (diluted 1:200; Vector Laboratories).
Following a TBS rinse, sections were incubated in avidin-
biotin-peroxidase complex (ABC; diluted 1:100; Vector
Laboratories) for an additional hour. A buffer wash was
followed by a rinse in acetate buffer before developing
with DAB that was intensified with Ni-glucose oxidase
and yielded a dark reaction product. Sections were washed
in acetate buffer and mounted on slides. After drying,
sections were either counterstained (see below) or dehy-
drated and coverslipped.

A polyclonal anti-L1 antiserum (gift from Dr. Vance
Lemmon of Case Western Reserve University, Cleveland,
OH; Lemmon et al., 1989) was used to confirm the labeling
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pattern of the monoclonal antibody for the lightly immu-
noreactive adult rat tissues. The pattern of L1 expression
using either the polyclonal or monoclonal antibodies was
identical (data not shown). Sections incubated with the
polyclonal anti-L1 antiserum (diluted 1:40,000) were pro-
cessed similarly to those described above, except that the
buffer contained 0.1% bovine serum albumin (BSA), the
ABC step was diluted 1:200, and the secondary antibody
was biotinylated goat antirabbit IgG (diluted 1:400, Vec-
tastain Elite Rabbit IgG Kit).

L1 and GAP43 double labeling procedures

A monoclonal mouse anti-GAP (GAP-43/B-50) that rec-
ognizes all known forms of GAP-43 (Chemicon Interna-
tional, Temecula, CA; clone 9-1E12, diluted 1:25,000) was
used to identify growing axons (Schreyer and Skene,
1991). For double-labeling experiments the L1 immunore-
activity was detected as indicated above; however, L1 was
localized with DAB containing 0.02 M imidazole yielding
an amber-brown product. Sections then were temporarily
slide-mounted, coverslipped with glycerin, and photo-
graphed. After thorough washing, GAP-43 immunocyto-
chemical procedures were carried out on the same sec-
tions. Sections were processed similarly to those described
above for L1 immunoreactivity, except that phosphate-
buffered saline (PBS; 0.075 M PB containing 0.1% BSA,;
pH 7.3) was used and the hydrogen peroxide and deter-
gent incubation steps were omitted. For double-labeling
control experiments the sections were processed for L1
immunoreactivity as described above and then GAP-43
localization was carried out except that the primary anti-
body step was eliminated. In these control experiments no
black DAB reaction product was seen overlying the
amber-brown L1 immunoreactivity (data not shown).

Counterstaining procedures

In order to visualize the relationship between cell bodies
and L1 axon staining, some L1-labeled sections were coun-
terstained. Buffered cresyl echt violet (25% CEV; Cell
Point Scientific, Gaithersburg, MD) stain was prepared by
combining 100 ml CEV stain, 0.2 M acetate buffer, 0.2 M
sodium acetate, and 0.2 M acetic acid and filtered. Slide-
mounted sections were placed in CEV stain for 2 minutes,
rinsed, dehydrated, and coverslipped.

All micrographs were photographed with an Olympus
AX70 microscope using a Zeiss digital camera (AxioCam
HRc) with Improvision Open Lab software. Plates were
assembled in Adobe PhotoShop v. 7.0. Contrast, color bal-
ance, and brightness were adjusted if necessary.

RESULTS

During embryonic development L1 has been localized on
axons and axonal growth cones as they grow toward their
targets (Van Den Pol and Kim, 1993; Burden-Gulley et al.,
1995). The present study focused on the temporal and
regional patterns of L1 expression throughout postnatal
development and subsequently compared them to axons
identified with a well-established marker of axonal
growth, GAP-43.

Overall L1 expression decreases from early
to late postnatal ages

Although immunoreactive L1-labeled axons were ob-
served across all ages and within all spinal segments
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examined, a striking overall decrease in L1 expression in
fasciculated axonal tracts was apparent with increasing
age. To directly compare the intensity of L1-
immunoreactive axons during development, we processed
sections from the same segment level (thoracic) of P0—-365
animals together in the same immunoreagents. At PO the
white matter regions of the spinal cord were homoge-
neously filled with intensely Ll-immunoreactive axons
(Fig. 1A), whereas variations in the density of L1-labeled
funicular axons was detected at all other postnatal ages
(Fig. 1B-F). For example, the outer perimeter of the fu-
niculi in P14 animals contained more numerous L1-
labeled axons than the inner regions (Fig. 1C). In addition,
the dorsolateral funiculi consistently contained large
numbers of L1-positive axons at all postnatal ages (Fig.
1A-F). When compared to earlier postnatal ages a de-
crease in L1-labeling of the dorsal root fibers was detected
at the adult ages. In general, fewer L1-labeled axons were
detected in white matter as the postnatal age increased up
to P100 (Fig. 1). Although the intensity of L1 expression
varied somewhat between adult animals at the same age,
the pattern of L1-positive axons observed at P365 was the
same as that detected at P100 (Fig. 1E,F) and dramati-
cally different from the pattern and intensity of L1 expres-
sion during the first postnatal month (Fig. 1A-D).

Variability in L1 expression in the neuropil was also
found during postnatal development. At both PO and P7
(Fig. 1A,B), there were considerably fewer L1-
immunoreactive axons within the neuropil than were de-
tected at P14-28 (Fig. 1C,D). In addition, a pattern of
evenly dispersed axonal and punctate immunoreactivity
was present at PO and P7, whereas at older ages it was
concentrated in the superficial dorsal horn. In the P14
365 thoracic sections studied, we found low L1 immuno-
reactivity in Clarke’s nuclei and in somatic motor regions,
compared to the higher levels of L1 expression in the
surrounding neuropil regions (Fig. 1). By P100 the level of
L1 immunoreactivity in the neuropil decreased from that
seen in P14-P28 sections. Furthermore, the pattern of
L1-labeling in the neuropil areas established by P100 was
maintained through P365.

Developmental gradients from birth to adult

L1l-immunoreactive axons were observed in specific re-
gions of ventral and dorsolateral funiculi throughout the
first month and in all segmental levels examined (Fig.
2A-D). We observed L1-labeled centrally directed primary
afferent axons in the dorsal root entering the spinal cord,
traveling through Lissauer’s tract, entering into the dor-
sal gray matter, and coursing in the dorsal columns (Figs.
2A, 3E). Primary afferent axons are also known to project
contralaterally by way of the dorsal commissure (Smith,
1983) and a number of L1-positive axons were detected in
the middle and posterior dorsal commissural bundles dur-
ing the first postnatal month (Figs. 1A-D, 3A), similar to
observations in embryos (Ramén y Cajal, 1937; Orlino et
al., 2000). Additional bundles of crosscut L1-labeled axons
were observed scattered within the reticulated area of the
dorsal horn during the first two postnatal weeks (Fig.
1A-C).

More LI1-positive axons are found in caudal than
rostral spinal cord. To visualize L1 expression at dif-
ferent segmental levels, cervical, thoracic, lumbar, and
sacral spinal cord sections were compared within animals
across all postnatal ages. Relatively few differences were
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Figure 1
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observed in either the pattern or intensity of L1-labeling
between PO and P7 segments, with the exception that the
corticospinal tract was not detected at the sacral level of
P7 animals (data not shown). By P14, the overall intensity
of L1 immunoreactivity varied between segmental levels
with the strongest labeling in sacral sections (Fig. 2A-D).
In both lumbar and sacral P14 sections there were sub-
stantially more immunoreactive preterminal-like axons in
the gray matter and L1-positive axons in white matter
than were observed at more rostral levels (Figs. 2A-D,
3F). This pattern continued through P28, with the white
matter areas of lumbar and sacral sections also containing
more immunoreactive axons than cervical sections.

Overall, only low levels of L1-expression were detected
in adult spinal cord, and in a substantially different pat-
tern than seen during embryonic or early postnatal ages.
All four segmental levels exhibited a consistent pattern of
Ll-expression in each of the P365 female rats examined.
L1-labeled preterminal-like axons were concentrated in
the superficial dorsal horn, primarily lamina I and II, with
comparatively little L1 immunoreactivity within the ven-
tral horn (Figs. 2E-H, 3E). L1-labeling in the superficial
laminae appeared to be derived, at least in part, from
afferent axons that enter through the dorsal root (Figs.
2E, 3E). In addition, fasciculated bundles of immunoreac-
tive axons coursed through the dorsal commissure into the
contralateral dorsal horn at each level (double arrows, Fig.
2F-H).

Although a similar pattern of immunoreactivity was
seen at different segmental levels, distinct variations
within this common motif were observed. Generally, the
intensity of L1-positive axons throughout the gray matter
of lumbar (Fig. 2G) and sacral (Fig. 2H) spinal cord was
greater than in the more rostral levels (Fig. 2E,F). Higher
regions of L1 expression in the caudal spinal cord were
widespread, including the ventral gray matter, suggesting
that the caudal-to-rostral gradient of L1 expression de-
tected by P14 was maintained in adults.

In contrast to the gray matter, L1 was not detected on
axons in most parts of the dorsal, lateral, and ventral
funiculi in P100-365 adults. However, there were three
areas where individual Ll-positive funicular axons
formed distinct, highly ordered patterns. L1-positive ax-
ons were detected within the dorsolateral funiculus at all
levels (Fig. 2E—H). L1-labeled axons also were detected in
the midline of the ventral funiculus with progressively
more axons found in caudal than rostral segmental levels
(Fig. 2). Finally, L1-positive axons coursed along the outer
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edge of the dorsal funiculus, in the area adjacent to the
dorsal root entry zone (open arrowhead, Figs. 2E, 3E).

While the general pattern of L1 expression was similar
across adult ages, the intensity of L1 immunoreactivity
varied between animals of the same age. That is, at the
same segmental spinal cord level, and under the same
experimental conditions with sections incubated in the
same immunoreagents, we found variation in the inten-
sity of L1-expression between adult animals.

Many Ll1-positive axon bundles course longitudi-
nally. While the pattern of Ll-immunoreactive axons
was examined on coronal sections, horizontal sections
were used to evaluate the longitudinal extent of these
fiber tracts. L1-labeled axons coursed long distances ros-
trocaudally in the lateral funiculus (Fig. 3A), as well as in
the dorsal corticospinal tract (Fig. 3B) and in Lissauer’s
tract. In addition, the periodicity of the L1-positive dorsal
commissural axons was evident in horizontal sections
(Fig. 3A).

From P7 on, distinct bundles of crosscut L1-labeled ax-
ons were observed around the outside of the central canal
ependymal cells (Fig. 3F). When examined in horizontal
sections, small bundles of L1-labeled axons coursed ros-
trocaudally directly adjacent to the ependymal cells (Fig.
3C). In addition, bundles of Ll-immunoreactive axons
were detected near the midline of the ventral funiculus in
all segmental levels except cervical (Figs. 2, 3F). While the
origin of these axons is not known, L1l-labeled axons
coursed between the region surrounding the central canal
and the midline of the ventral funiculi (arrows, Fig. 3F),
suggesting that these axons may comprise the same or a
closely related pathway.

L1-positive axons in the neuropil. Based on observa-
tions that the density of L1 immunoreactivity on axons
and preterminal-like structures was lower in the ventral
gray matter containing the somatic motor neurons and in
Clarke’s nuclei than in adjacent gray matter regions, we
counterstained P14 L1l-immunoreactive sections to deter-
mine the relationship between L1-labeled axons and these
two groups of large neurons. In counterstained thoracic
sections (Fig. 4C), L1-immunoreactive dorsal commissural
axons coursed through a less densely immunoreactive re-
gion identified as Clarke’s nucleus (cn, Fig. 4C). Counter-
stained sections in the upper lumbar spinal cord also
contained large cells in the somatic motor columns that
were surrounded by L1 immunoreactivity (Fig. 4A,B). By
comparing counterstained and noncounterstained sec-
tions, our data suggest that the decreased levels of L1

Fig. 1. Comparison of L1 expression in rat thoracic spinal cord at
PO (A), P7 (B), P14 (C), P28 (D), P100 (E), and P365 (F). All sections
were incubated together in the same immunoreagents. To compare
the pattern and intensity of staining across all ages, the DAB reaction
was optimized for the adult sections. A: Intensely immunoreactive
L1-positive axons fill the white matter in the PO funiculi yet low levels
are detected in the gray matter. Bundles of L1-labeled axons cross in
the posterior commissure (double arrows), and others are seen as
cross cut axons in the reticulated area (small arrowhead) of the dorsal
horn. B: Compared to PO, lower levels of L1 expression are detected in
the P7 funiculi except for the intensely labeled corticospinal tract
(cst), the fasciculus gracilis (fg), and the dorsolateral funiculus (dlf).
C: Overall, L1 expression decreased substantially within funicular
axons by P14 except for axons in the corticospinal tract (cst), the
dorsolateral funiculus (dIf), the midline of the ventral funiculus (ar-
rowhead), and around much of the perimeter of the spinal cord (double

arrowheads). A few L1-labeled axons are found adjacent to the central
canal (single arrow) and a prominent bundle of Ll-labeled axons
project through the dorsal commissure (double arrows). D: By P28 less
L1 is detected in the white matter and more is seen in the dorsal and
intermediate gray matter. Clarke’s nuclei (cn) can be identified by its
low levels of L1-labeling compared with the surrounding neuropil.
L1-positive axons continue to be detected in Lissauer’s tract (LT), the
dorsal commissure (double arrows), and midline axons in the ventral
funiculus (arrowhead) at this and subsequent ages. E: By P100, L1
expression is low in all but the dorsolateral funiculus (dlf), Lissauer’s
tract (LT), the dorsal funiculus adjacent to the dorsal root entry zone
(open arrowhead), and in the ventral funicular midline (arrowhead).
F: The pattern and intensity of L1 expression in the P365 spinal cord
was similar to that detected at P100 (E). Scale bars = 100 pm in A,B;
200 pm in C-F.



Fig. 2. Comparison of L1 expression patterns across segmental
levels of P14 (A-D) and P365 (E-H) rat spinal cord: cervical (A,E);
thoracic (B,F); lumbar (C,G); and sacral (D,H). At both ages L1 ex-
pression is highest in sacral and lowest in cervical sections taken from
a single animal and processed in the same reagents. At all segmental
levels Ll-labeled axons are found in the dorsolateral funiculi (dlf),
Lissauer’s tract (LT), the dorsal commissure (double arrows), and
adjacent to the ependymal cells of the central canal (cc). In all P14
levels, L1-labeled axons are found in the ventral, lateral, and dorsal
funiculi, along the perimeter of the spinal cord (double arrowheads),
in the corticospinal tract (cst), and in the fasciculus gracilis (fg). A: A
unique feature of L1 expression in cervical sections is the individual
L1-labeled axons in the midline of the ventral funiculi (vf) rather than
the bundled axons seen at other levels. L1-labeled axons enter by way
of the dorsal root (dr) into the dorsal columns. B: Distinct features in
thoracic sections include a bundle of L1-labeling in the midline of the
ventral funiculi (arrowhead), and the immunoreactive dorsal commis-
sural axons (double arrows) coursing through Clarke’s nucleus (cn).
C: Lumbar sections include intensely labeled bundles of L1-positive
axons in the midline of the ventral funiculi (arrowhead) and L1-

G: Lumbar

H: Sacral

positive dorsal commissural axons (double arrows). D: Sacral sections
are characterized by heavy L1 immunoreactivity in both gray and
white matter, numerous dorsal commissural axons (double arrows),
increased labeling of L1-positive axons in the ventral funiculi (arrow-
head), and the small size of the dorsal corticospinal tract (cst). E: In all
P365 levels, L1 immunoreactivity in the gray matter is concentrated
in the superficial dorsal horn (between short arrows in E only). L1-
labeled axons are detected in the dorsal root (dr) and by the dorsal
root entry zone (open arrowhead). F: In thoracic sections L1-positive
axons are found in the midline of the ventral funiculus (arrowhead).
Clarke’s nucleus (cn) appears devoid of L1 immunoreactivity with the
exception of Ll-positive dorsal commissural axons (double arrows)
that course through this region. G: L1-positive axons form a compact
arrangement in the midline of the ventral funiculus (arrowhead) and
a few are found in the midline of the dorsal funiculus (arrow). H: The
neuropil in sacral sections displays the highest L1 expression of all
four segmental levels. L1 immunoreactivity is seen in the midline of
the dorsal (single arrow) and the ventral funiculi (arrowhead). Scale
bars = 200 pm.



Fig. 3. Fasciculated bundles of L1-labeled axons characterize the
P14 horizontal (A-D) and P365 (E) and P14 coronal (F) sections of
spinal cord. Asterisks mark the midline of the horizontal sections
(A-C) that are oriented with rostral towards the top. A: L1-labeled
axons travel rostrocaudally within the lateral funiculi (double arrow-
heads) in this thoracic section, with the most densely immunoreactive
axons along the outer edge. Periodic immunoreactive fiber bundles
(double arrows) course through both the dorsal commissure and the
immunonegative area of the Clarke’s nucleus (cn). B: High magnifi-
cation of the dorsal funiculus illustrates the axons of the corticospinal
tract (cst) traveling caudally. C: A small bundle of L1-labeled axons
(arrows) course rostrocaudally directly adjacent to the ependymal
cells of the central canal (unlabeled area beneath fibers). D: Immu-
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nolabeled dorsal root axons enter the dorsal horn (white short arrows)
and travel longitudinally (black short arrows) in the adjacent dorsal
columns. E: High magnification of L1-labeled axons entering the P365
cervical spinal cord. L1-labeled axons enter through the dorsal root
(dr) to project into the superficial laminae of the dorsal horn and along
the outside of the dorsal funiculus (open arrowhead). Occasionally,
L1-positive axons course between these two regions (large arrow-
head). The dorsolateral funiculus (dlf) contains numerous L1-labeled
axons. F: P14 Ll-labeled axons (arrow) that course along to the
central canal (cc) occasionally join immunoreactive axon bundles in
the midline of the ventral funiculus (large arrowheads). Note the fine
Ll-positive axons and preterminal-like structures (small arrow-
heads). Scale bars = 100 pm in A,E; 50 pm in F (applies to B-D,F).
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expression observed around motor neurons and in Clarke’s
nuclei were due to space occupied by the large somata.

Corticospinal tract axons express L1 during
outgrowth
Donatelle’s (1977) tracing study described the projection

of the corticospinal axons into the rat caudal spinal cord
by P9 and Joosten et al. (1990) established that L1 immu-
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Fig. 4. L1-labeled axons in up-
per lumbar (A,B) and thoracic
(C) sections of P14 rat spinal cord
without (A-C; left image) and with
(A-C; right image) subsequent
counterstaining to identify neuro-
nal cell bodies. A: The density of
L1 expression appears less in me-
dial and lateral motor columns (as-
terisks) and Clarke’s nucleus (cn)
than in the adjacent gray matter
regions. B: High magnification of A
showing the immunonegative re-
gions in the L1 only section (left
image) compared to the counter-
stained lateral motor column
showing distinct cell bodies (right
image). C: High magnification of
Clarke’s nucleus (cn). In the L1-
only section large cell bodies ap-
pear to occupy the immunonega-
tive region of Clarke’s nucleus.
Immunoreactive dorsal commis-
sural axons (double arrows) project
through Clarke’s nucleus (cn) iden-
tified in the counterstained prepa-
ration. Scale bars = 100 pm in A;
200 pm in B; 50 pm in C.

noreactivity identified the corticospinal tract in early post-
natal rat spinal cord. To further examine the specificity of
L1 immunoreactivity for the developing corticospinal
tract, we analyzed the P14 rat brainstem at the level of the
decussation of pyramids. Corticospinal tract axons were
identified based on their strong L1 expression (Fig. 5),
their midline location in the medulla, and their unique
pattern at the decussation (Fig. 5B,D). After crossing, the
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Fig. 5. L1l-positive corticospinal tract detected in P14 coronal (A,B)
and horizontal (C,D) brainstem sections at the level of the medullary
pyramids. The lines in A and B mark the approximate area of hori-
zontal sections in C and D, respectively. A: Distribution of L1 in a
coronal section of the medulla with dense labeling in the ventral
brainstem. B: A coronal brainstem section caudal to A shows in-

fibers of the corticospinal tract could be followed toward
the L1-labeled portion of the dorsal columns.

In PO spinal cord sections the dorsal columns contained
homogenous L1-labeled axons (Fig. 1A), while at older
ages the L1-immunoreactive corticospinal axons could be
distinguished in the ventral portion of the dorsal columns
(Fig. 1B-D). Corticospinal tract axons were not detected
at PO but were strongly immunopositive at P7 in all but
sacral spinal segments (data not shown). By P14, L1-
labeled corticospinal tract axons were detected at all spi-
nal cord levels (Fig. 2A-D). In addition to the corticospinal
tract, the fasciculus gracilis in P7-21 sections was L1-
immunoreactive and located in the dorsal part of the dor-
sal columns (Fig. 1B-D). At older postnatal ages (P21-
365), the intensity of L1 expression in both the
corticospinal tract and the fasciculus gracilis decreased
considerably (Fig. 1D-F).

tensely labeled L1-immunoreactive axon bundles in the ventral mid-
line. C: Ll-immunoreactive corticospinal axons (arrows) prior to
crossing in the pyramidal tract of the medulla. D: A brainstem section
dorsal to C shows L1-labeled fibers as they interdigitate during the
pyramidal decussation (arrows). Scale bars = 400 um in A,B; 200 pm
in C,D.

L1-positive axons are double-labeled with
GAP-43 in postnatal spinal cord

To investigate the role of L1 in postnatal axonal growth
and sprouting, we compared the expression of L1 immu-
noreactivity to that of GAP-43, a well-established marker
of axonal growth and regeneration (Skene, 1989; Schreyer
and Skene, 1991). The pattern of L1-labeled axons was
similar to the pattern of GAP-43 expression in both P28
and adult (P365) spinal cord (Fig. 6). L1 and GAP-43
positive axons were concentrated in the superficial dorsal
horn as well as the region of the corticospinal tract in P28
thoracic spinal cord (Fig. 6A,B). In addition, the L1-
labeled axons within the fasciculus gracilis and cuneatus
also expressed GAP-43 (Fig. 6C,D). Some dorsal commis-
sural fibers and the crosscut axons that coursed next to
the ependymal cells of the central canal (single arrows)
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Figure 6
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were colocalized with L1 and GAP-43 immunoreactivity
(Fig. 6E,F).

When comparing L1- and subsequent GAP-43-labeled
axons in P365 thoracic and lumbar spinal cord the same
axonal populations appeared to be immunopositive, al-
though there were generally more GAP-43 than L1-
immunoreactive fibers identified. In the adult sections
numerous L1 and GAP-43 double-labeled axons were de-
tected in the laminae I-II of the dorsal horn and in the
dorsolateral funiculus (Fig. 6G,L,M). At high magnifica-
tion axons in several parts of the dorsolateral funiculus
expressed both L1 and GAP-43 antigens (Fig. 6G-K).

DISCUSSION

In this study we report a dramatic decrease in L1 ex-
pression in the spinal cord funiculi during postnatal de-
velopment. Our results also demonstrated novel L1-
positive axons in the dorsolateral funiculus, Lissauer’s
tract, the midline of the ventral funiculus, and around the
central canal at all postnatal ages. In addition, we pre-
sented evidence for a segmental gradient of L1 expression
in older postnatal and adult spinal cord, with higher L1
expression at caudal compared to rostral levels. Further-
more, we demonstrated that most L1-immunoreactive fi-
bers are colocalized with GAP-43 immunoreactivity.

L1 and GAP-43 are expressed on growing
axons during postnatal development

Electron microscopy studies of cultured hippocampal
neurons during early stages of neurite extension have
localized L1 in growth cones and then showed that L1
expression increased during neurite outgrowth (Van Den
Pol and Kim, 1993). Similarly, our findings in early post-
natal neuropil also showed high levels of L1 expression on
axons and preterminal-like structures at ages when axons
would be elaborating processes. L1-labeled axon staining
continued to be prominent between P7 and P28 in neuro-
pil areas that contained the late-arriving axons of the
corticospinal tract (Brosamle and Schwab, 1997). Then
from P28 to adult ages, L1 immunoreactivity in the gray
matter decreased to low but constant levels. These obser-
vations support the idea that L1 is expressed on immature
axons well into postnatal development, possibly until they
have completed their differentiation.

During embryonic development, L1-positive axons were
distributed homogeneously throughout the funicular re-
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gions, the dorsal root, and the dorsal and ventral commis-
sures (Stallcup et al., 1985; Beasley and Stallcup, 1987;
Orlino et al., 2000; Tran and Phelps, 2000). However,
during postnatal development the intensity of L1 immu-
noreactivity in the funiculi decreased dramatically with
increasing age. While all funicular axons appeared to be
L1-positive in embryos, only a few specific populations
maintained their L1 immunoreactivity in adults.

Based on studies to date of adult nervous system regen-
eration, axon processes that are regenerating have been
shown to express cell adhesion molecules that are com-
monly seen only during development. For example, in the
peripheral nervous system L1 has been shown to be in-
volved during regeneration (Nieke and Schachner, 1985;
Martini and Schachner, 1988; Remsen et al., 1990). In
addition, Aubert et al. (1998) showed that L1 expression
was upregulated on regenerating cholinergic axons during
axonal elongation. Furthermore, olfactory epithelial neu-
rons that are generated continuously throughout life and
their ensheathing glia both express L1 (Miragall et al.,
1989; Doucette, 1990).

In this study, the L1-positive corticospinal tract axons
were first detected and then maintained well into postna-
tal development. Based on Donatelle’s tracing study
(1977), the corticospinal axons were found to project into
the dorsal funicular region of the lower cervical segments
of the spinal cord by P1, into the mid-thoracic segments by
P3, into the upper lumbar segments by P5, and into the
coccygeal segments by P9. Our data detected distinct L1-
immunoreactive corticospinal axons in all but sacral seg-
ments of P7 animals and throughout all segmental levels
by P14, findings consistent with L1 expression on these
axons as they grow caudally. Our findings of L1 expression
in the corticospinal tract are consistent with those in
previous reports by Joosten et al. (1990) and Joosten
(1991) and suggest that L1 may be involved in fascicula-
tion of this late-arriving pathway. The loss of L1-labeling
in postnatal white matter, the upregulation of L1 on re-
generating axons, and the increase in L1 expression asso-
ciated with the late-developing corticospinal tract are all
consistent with the interpretation that L1 is expressed on
growing axons until they have established their appropri-
ate connections.

To further investigate a possible role of L1 in axonal
growth and sprouting we colocalized L1-immunoreactive
axons with a well-established marker of axonal growth
and regeneration, GAP-43 (Skene, 1989; Schreyer and

Fig. 6. An overlapping pattern of L1- (amber brown chromagen;
A,C,E,H,J,L) and GAP-43-labeled (black chromagen; B,D,F,G,I,K,M)
axons are found in P28 (A-F) and adult (P365; G-M) spinal cord.
A,B: L1 immunoreactivity was conducted first, temporarily cover-
slipped with glycerin and photographed (A). Subsequently, GAP-43
immunoreactivity was carried out on the same section (B) and had a
similar pattern to L1. Enlargements of the dorsal columns (C,D) and
central canal region (E,F) are illustrated below. L1- and GAP-43-
labeled axons are seen in the dorsal root (dr), the fasciculus gracilis
(fg), the fasciculus cuneatus (fc), the dorsal corticospinal tract (cst), and
the superficial laminae of the dorsal horn (between short arrows). C,D:
High magnification of L1 only (C) and L1/GAP-43 (D) double-labeled
axons in the dorsal columns. Arrowheads delineate colocalized crosscut
fibers. E,F: High magnification of L1 only (E) and GAP-43 double-labeled
(F) fibers in the dorsal commissure (double arrows) and around the
ependymal cells of the central canal (cc; single arrows). Double-labeled
axons are detected in the dorsal commissure (double arrows) and the

corticospinal tract (cst). G: This P365 thoracic spinal cord was double-
labeled with L1 and GAP-43 immunoreactivity. The dorsal horn (be-
tween arrows) and the dorsolateral funiculus (dlf) contain numerous
double-labeled axons. The corticospinal tract (cst) is primarily GAP-43
positive and Clarke’s nuclei (cn) are devoid of immunoreactivity. The
location of the axons enlarged in panels H-K are designated by the black
(H,I) and white (J,K) arrowheads. H,I: High magnification of axons
(black arrowhead) traveling through the dorsolateral funiculus in G are
L1-positive (H) and double-labeled with GAP-43 (D). J,K: A group of
fasciculated L1-labeled (J) and L1/GAP-43 colocalized (I) fibers (white
arrowhead) are detected in the dorsolateral funiculus just lateral to the
dorsal horn in G. L,M: L1-immunoreactive axons are concentrated in
laminae I-II (L; between short arrows) and in the dorsolateral funic-
ulus (dlf) in this lumbar section. After subsequent labeling with
GAP-43 the same dorsal horn structures are colocalized (M). Scale
bars = 100 pm in B (applies to A,B); 25 pm in F (applies to C-F); 200
pm in G; 25 pm in I, K (applies to H-K); 100 pm in L (applies to L,M).
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Skene, 1991). Studies on early axonal development have
localized GAP-43 in the growth cones (Gorgels et al., 1989)
and shown that overexpression of GAP-43 in adult mice
increases axonal sprouting (Aigner et al., 1995). In addi-
tion, mice deficient in GAP-43 displayed errors in axonal
pathfinding (Strittmatter et al., 1995). Studies of GAP-43
development in spinal cord have reported that levels of
expression decrease with increasing postnatal age (Kapf-
hammer and Schwab, 1994). The expression pattern of
GAP-43 detected in this study was very similar to that
previously published (Gorgels et al., 1987, 1989; Schreyer
and Skene, 1991; Kapfhammer and Schwab, 1994). In
addition, GAP-43-labeled axons were colocalized with
those expressing high levels of L1 in the superficial dorsal
horn and in the dorsolateral funiculus. Colocalization of
L1 and GAP-43 immunoreactivity offers further support
for the role of L1 as a marker for developing and sprouting
axons.

L1 is expressed on unmyelinated axons
during postnatal development

The remarkable loss of L1 expression in axons within
the white matter suggests that L1 expression may be
downregulated during postnatal development, or alterna-
tively, that L1 expression is covered up by myelin, render-
ing it undetectable (Stallcup et al., 1985; Beasley and
Stallcup, 1987; Prince et al., 1991). During development,
L1 is expressed on peripheral nervous system axons prior
to the appearance of any myelin constituents (Martini and
Schachner, 1986, 1988). The pattern observed after pe-
ripheral nervous system axon injury recapitulated the
sequence observed during development; that is, L1 was
detected on growing and regenerating axons and ex-
pressed until Schwann cell processes had wrapped ~1.5
loops of myelin around the axons (Martini and Schachner,
1986, 1988). When the L1 expression pattern in adult
spinal cord was compared with immunohistochemical
studies of myelin constituents (Schwab and Schnell, 1989;
Coffey and McDermott, 1997), the regions previously re-
ported to be devoid of myelin were similar to those that
maintained L1 immunoreactivity in adults (present re-
sults). Schwab and Schnell (1989) reported that the adult
cervical spinal cord lamina II, the dorsal commissure, and
Lissauer’s tract all remained relatively free of myelin or
were myelinated relatively late. Additionally, Chung et al.
(1979) have shown that many peripheral afferents are
unmyelinated fibers and that Lissauer’s tract is predomi-
nantly a primary afferent fiber system. In addition, stud-
ies on the dorsal and dorsolateral funiculi of the rat spinal
cord indicated that these regions contain large numbers of
unmyelinated axons (Chung et al., 1987). These same
regions continue to express L1 in the adult spinal cord and
most likely the normal adult L1 expression represents
unmyelinated axons. Postnatal developmental studies on
expression patterns of L1 and GAP-43 immunoreactivity
also have reported an inverse relationship between
GAP-43 and myelin basic protein (Kapfhammer and
Schwab, 1994).

Our data illustrated low levels of L1 immunoreactivity
in the corticospinal tract at P28 and in adult ages. In
addition, when comparing our data to expression of the
myelin constituent data (Schwab and Schnell, 1989), a
related pattern emerged. Schwab and Schnell (1989) indi-
cated that myelin-specific antigens were detected in the
dorsal corticospinal tract at around P10-11, and we no-
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ticed a slight decrease in L1 expression of the dorsal
corticospinal tract by P14. Furthermore, the level of ex-
pression of myelin specific antigens continued to increase
in the P14-28 dorsal corticospinal tract (Schwab and
Schnell, 1989), while the level of L1 expression decreased
(present results). These observations support the idea that
L1 can no longer be detected on axons after myelination, a
hypothesis that requires further investigation.

Gradients of L1 expression

Our data demonstrated a caudal-to-rostral gradient in
the intensity of L1 expression in both the white and gray
matter regions in adult spinal cord. The differences be-
tween L1 immunoreactivity in the cervical and lumbar
levels were unexpected and suggest that these findings
reflect major variations in the axonal organization be-
tween different segmental levels. One possible explana-
tion for these differences is that the projection patterns of
the dorsal root ganglion neurons vary substantially be-
tween rostral and caudal spinal cord. Certainly, distinc-
tive features of L1 expression in the sacral spinal cord
most likely reflect the unique visceral primary afferent
distribution in the caudal spinal cord (Morgan et al., 1981;
Nadelhaft and Booth, 1984; Grant, 1995).

Alternatively, this caudal-to-rostral gradient of L1 ex-
pression could be explained by the presence of a rostral-
to-caudal gradient of myelination in developing postnatal
spinal cord. Schwab and Schnell (1989) demonstrated a
rostral-to-caudal gradient in the expression of the myelin-
specific antigens on both ascending and descending fiber
tracts. In addition, when examining the number of my-
elinated and unmyelinated axons in the dorsolateral fu-
niculus, Chung and Coggeshall (1983) demonstrated that
unmyelinated axons predominate over myelinated axons
in the white matter region of sacral spinal cord. Together,
these data correlate with the idea that myelination may
cover up the L1 immunoreactivity on developing axons.

When examining the L1 expression pattern in the white
matter regions, our data demonstrated increased L1-
labeling along the perimeter in P7-21 spinal cord seg-
ments compared to the inner funicular regions. This
outer-to-inner gradient suggests that new axons maybe
added preferentially at the perimeter of fasciculated bun-
dles as the white matter regions grow in size with age.
Similar findings in the optic tract have also shown newly
generated axons situated superficially (Colello and
Guillery, 1992).

By P14, our data indicated a dorsal-to-ventral gradient
of L1 expression with higher levels of L1 immunoreactiv-
ity concentrated in the superficial dorsal horn region com-
pared to more ventral regions. The high levels of L1 main-
tained in the dorsal horn most likely originated from
dorsal root ganglion cells for the following reasons. First,
we detected L1-positive axons entering in the dorsal root
and branching into the superficial dorsal horn and along
the outer rim of the dorsal columns. Second, the high
levels of L1 immunoreactivity on axons in the superficial
dorsal horn, in Lissauer’s tract, and in the dorsal commis-
sure are consistent with known targets and pathways of
primary sensory afferents (Smith, 1983). As discussed
above, these dorsal spinal areas are known to contain
numerous unmyelinated axons, reflecting the myelination
gradient present in the postnatal rat spinal cord (Coffey
and McDermott, 1997).
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In conclusion, high levels of L1 expression characterized
the early postnatal spinal cord, whereas adult levels were
low and the specific L1-labeling appeared to correlate with
areas containing unmyelinated axons. The temporal pat-
tern of L1 expression in the late-arriving corticospinal
tract as well as the high expression levels during develop-
ment both suggest an interpretation that L1 is expressed
continuously in newly growing axons. In addition, the
colocalization of L1 and GAP-43 further supports the role
of L1 during axonal growth. Thus, we believe that L1 may
serve as an indicator of axon growth as well as axonal
sprouting and regeneration. Ongoing experiments are cur-
rently addressing whether spinal cord axons will reex-
press L1 following injury.
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