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he structurally related cell adhesion molecules L1

 

and Nr-CAM have overlapping expression patterns
in cerebellar granule cells. Here we analyzed their

involvement in granule cell development using mutant

 

mice. Nr-CAM–deficient cerebellar granule cells failed
to extend neurites in vitro on contactin, a known ligand
for Nr-CAM expressed in the cerebellum, confirming
that these mice are functionally null for Nr-CAM. In
vivo, Nr-CAM–null cerebella did not exhibit obvious histo-
logical defects, although a mild size reduction of several

T

 

lobes was observed, most notably lobes IV and

 

 

 

V in the
vermis. Mice deficient for both L1 and Nr-CAM exhibited
severe cerebellar folial defects and a reduction in the thick-
ness of the inner granule cell layer. Additionally, anti-L1
antibodies specifically disrupted survival and maintenance
of Nr-CAM–deficient granule cells in cerebellar cultures
treated with antibodies. The combined results indicate
that Nr-CAM and L1 play a role in cerebellar granule
cell development, and suggest that closely related mole-
cules in the L1 family have overlapping functions.

 

Introduction

 

Cell adhesion molecules (CAMs)* mediate cell–cell interac-
tions in both the developing and mature nervous system.
CAMs of the immunoglobulin superfamily mediate several
aspects of nervous system development including cell adhe-
sion and migration, axonal growth, fasciculation, and guid-
ance, as well as target recognition, synapse formation, and
plasticity (Brummendorf and Rathjen, 1995; Schachner,
1997). The function of L1 has been shown to be particularly
important, as mutations in the L1 gene in humans cause

congenital developmental defects such as corpus callosum
agenesis, mental retardation, adducted thumbs, spastic para-
plegia, and hydrocephalus, known collectively as CRASH
syndrome (Kamiguchi et al., 1998). L1 knockout mice serve

 

as a useful model of this syndrome as they show phenotypic
characteristics similar to this human brain malformation,
including hydrocephalus, corpus callosum dysgenesis, and
defects in the corticospinal tract due to errors in axon guid-
ance (Dahme et al., 1997; Cohen et al., 1998; Fransen et al.,
1998; Demyanenko et al., 1999; Rolf et al., 2001).

CAMs in the L1 family include L1, Nr-CAM, CHL1, and
neurofascin, all of which have six Ig domains, 4/5 fibronec-
tin type III repeats in their extracellular region, and a highly
conserved cytoplasmic region (Grumet, 1997; Hortsch,
2000). Despite structural similarities to L1, Nr-CAM has a
more restricted expression pattern (Lustig et al., 2001). Nr-
CAM is expressed transiently in ventral midline structures in
the developing brain, including the floor plate where it has
been implicated in axonal guidance through interaction with
a related CAM, TAG-1/axonin-1 (Stoeckli and Landmesser,
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1995; Stoeckli et al., 1997; Lustig et al., 1999, 2001). In
vitro, Nr-CAM induces neurite outgrowth from dorsal root
ganglia neurons when it is presented as a substrate (Lustig et
al., 1999). Nr-CAM also serves as a receptor for several neu-
ronal recognition molecules, including contactin, neurofas-
cin, and receptor tyrosine phosphatase 

 

�

 

 (RPTP

 

�

 

) (Morales
et al., 1993; Volkmer et al., 1996; Sakurai et al., 1997).
These multiple binding partners may explain its purported
diverse roles during nervous system development in several
regions including the spinal cord, the visual system, and the
cerebellum (Grumet et al., 1991; Kayyem et al., 1992;
Krushel et al., 1993; Stoeckli and Landmesser, 1995; Lustig
et al., 1999, 2001).

Cerebellar granule cells are a good model system for
studying molecular and cellular developmental processes in
the nervous system (Hatten and Heintz, 1995). Granule
cells develop from the rhombic lip anlage and migrate to the
surface of the prospective cerebellum. These cells proliferate
rapidly, resulting in formation of the external granule cell
layer (EGL), and then differentiate into postmitotic granule
cells during the first two weeks after birth (Hatten et al.,
1997; Alder et al., 1999). Granule cell proliferation is postu-
lated to have a role in the formation of the cerebellar fissures
and lobes (Mares and Lodin, 1970; Yang et al., 1999). In
addition, interactions between granule cells and Purkinje
cells are important for differentiation of both cells (Baptista
et al., 1994; Morrison and Mason, 1998). The inward mi-
gration of postmitotic granule cells is marked by the expres-
sion of several proteins, including TAG-1 and L1 (Kuhar et
al., 1993; Stottmann and Rivas, 1998). As they begin this
migration, they extend L1 positive axons horizontally that

form the parallel fibers in the molecular layer and their cell
bodies continue to migrate and eventually form the inner
granule cell layer (IGL) under the Purkinje cell layer. Anti-
body perturbation experiments indicated a role for L1 in
granule cell migration in tissue explants (Lindner et al.,
1983; Hoffman et al., 1986), but surprisingly, cerebella in
L1-null mice are relatively normal (Fransen et al., 1998; De-
myanenko et al., 1999), suggesting that other molecules,
perhaps related CAMs, might compensate for absence of L1
function.

To investigate Nr-CAM function in the cerebellum in
vivo, we prepared Nr-CAM–deficient mice by homologous
recombination. Nr-CAM is expressed on both granule cells
and Purkinje cells in developing chick (Krushel et al., 1993)
and mouse (this study) cerebellum. Nr-CAM–deficient mice
are viable and exhibit subtle size difference in lobes in the
vermis of the cerebellum. Nevertheless, cerebellar granule
neurons from these mice failed to respond in vitro to contac-
tin substrates that induce neurite outgrowth from wild-type
cells, confirming that these mice are functionally null for
Nr-CAM. These results suggest the involvement of Nr-
CAM in cerebellar cell development but its absence may be
compensated by overlapping functions of other closely re-
lated CAMs such as L1. Consistent with this idea, cerebellar
granule cells from Nr-CAM–null mice placed in culture
were more sensitive to treatment with antibodies against L1
than the cells from wild-type mice. Functional overlap be-
tween Nr-CAM and L1 was further demonstrated by the
observation that mice deficient for both Nr-CAM and L1
exhibit severe cerebellar folial defects and reduction in the
thickness of the IGL.

Figure 1. Expression of Nr-CAM in mouse cerebellum. 
(A) In situ hybridization on sagittal sections from P4 and 
P8 cerebellum was performed using an Nr-CAM specific 
probe. The bottom two panels are in situ hybridization 
followed by staining with anti-calbindin antibody with 
anti–mouse antibody-HRP and DAB reaction to visualize 
the Purkinje cell layer. Nr-CAM is expressed in the 
Purkinje cell layer (PCL) and IGL, but not in the EGL. 
Note in the bottom two panels that the Purkinje cell bod-
ies are positive both for calbindin immunohistochemistry 
and for Nr-CAM by in situ hybridization. (B) Mid sagittal 
sections were prepared from P8 mouse cerebellum and 
stained with anti–Nr-CAM, anti-TAG-1, and anti-L1 
antibodies. Nr-CAM is most robust in the molecular layer 
that is right below the TAG-1 positive inner EGL. Nr-CAM 
is also positive around Purkinje cells. L1 is positive in 
both the TAG-1 positive area and the molecular layer. 
Note that L1 is not expressed on Purkinje cells. Bars: 
(A, left bottom), 200 �m; (A, other panels), 100 �m; (B, 
left panel), 200 �m; (B, other panels), 50 �m.
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Results

 

Nr-CAM is expressed on granule and Purkinje cells in 
developing mouse cerebellum

 

The expression pattern of Nr-CAM mRNA and protein was
examined in the mouse cerebellum and compared with those
of other CAMs. In situ hybridization showed that at postna-
tal day P4 and P8, Nr-CAM mRNA expression was most
prominent in the Purkinje cell layer identified by calbindin
immunostaining (Fig. 1 A). It was also detected in the IGL,
and in the molecular layer directly superficial to Purkinje
cells, but not in the EGL. Immunostaining with anti–Nr-
CAM antibodies confirmed the expression of the protein on
Purkinje cells and in the molecular layer at P8 (Fig. 1 B).
The latter may reflect contributions both from Purkinje cell
dendrites and granule cell axons. The closely related CAM,
L1, has an overlapping distribution with Nr-CAM in the
molecular layer, where it is expressed robustly on bundles of
granule cell axons (Fig. 1 B). L1 is also expressed in the inner
portion of the EGL, to a lesser extent than in the molecular
layer. In contrast, TAG-1, a CAM that binds to Nr-CAM
(Suter et al., 1995) and L1 (Buchstaller et al., 1996), is ex-
pressed transiently in the inner EGL on postmitotic granule
cells (Fig. 1 B) (Kuhar et al., 1993). Thus, TAG-1 expres-

sion precedes that of L1 and Nr-CAM, and the latter two
CAMs persist on granule cells in the IGL where TAG-1 ex-
pression is downregulated. Given the high degree of struc-
tural conservation between Nr-CAM and L1, the coexpres-
sion of these CAMs on granule cells raised the possibility of
overlap in their functions on granule cells.

 

Generation of Nr-CAM–deficient mice

 

To investigate Nr-CAM function in the cerebellum in vivo,
we prepared Nr-CAM knockout mice using homologous re-
combination (Fig. 2 A). The second exon was deleted to re-
move the ATG translation initiation codon and the signal
sequence of Nr-CAM. Southern blotting using a 3

 

�

 

 probe
distinguished between wild-type and mutated alleles (Fig. 2
B). Two independent mouse lines were established from two
independent ES cell lines. Genomic Southern blotting anal-
ysis of 4-wk-old progeny revealed that the expected numbers
of homozygotes following the Mendelian rule were obtained
from matings between heterozygotes for the Nr-CAM muta-
tion, suggesting that this mutation is not lethal. Homozy-
gotes for the Nr-CAM mutation were viable at least up to
1.5 y and fertile. Western blotting using polyclonal anti–
mouse Nr-CAM antibody did not detect any protein in

Figure 2.  Generation of Nr-CAM null mice. (A) Genomic organization of Nr-CAM gene and gene targeting construct. One clone containing 
the region from the first intron to forth exon was obtained by genomic screening. The second exon, which encodes the initiation codon (ATG) 
and signal sequence for Nr-CAM (black box, middle), was replaced with a neo cassette. Direction of transcription for neo is opposite to that of 
Nr-CAM as indicated by arrow. The black box at the right end represents the fourth exon, which encodes half of first Ig domain (Ig #1). Probes 
1 and 2 were used for screening of targeted embryonic stem cells. (B) Southern blot analysis of genomic DNAs from 4-wk-old progeny. DNA 
was extracted from tail and digested with EcoRV. Nonradioisotope Southern hybridization with probe 2 was performed as described in Mate-
rials and methods. Wild-type allele gives �15-kbp band, whereas mutated allele gives �6-kbp band. DNA standards in kbp are shown on the 
left side. (C) Western blot analysis of adult brain extracts. 20 �g of extract were subjected to 7% SDS PAGE and blotted with anti–Nr-CAM and 
anti-L1 antibodies. Anti–Nr-CAM antibody recognizes a 140-kD band which corresponds to cleaved Nr-CAM extracellular region. No bands 
were detected in the �/� extract. Anti-L1 antibody recognizes a 200-kD band and weak 140-kD band both in wild-type and �/� extracts. 
Molecular mass markers in kD are shown at their respective positions between the two panels.
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adult brain extracts from homozygotes (Fig. 2 C). In addi-
tion, immunostaining of brain sections from homozygotes
did not show any signal with anti–Nr-CAM antibody (un-
published data), suggesting that these homozygotes are pro-
tein null for Nr-CAM. Homozygotes and heterozygotes
were indistinguishable in terms of overall body size, activity,
and growth rate (total 

 

�

 

600 mice); this is in contrast to L1
null mice that we raised, which were visibly smaller than
their littermates as described (Cohen et al., 1998).

 

Nr-CAM–deficient mouse cerebellum shows mild size 
reduction in specific lobes

 

Gross observation of whole mount adult cerebella revealed a
slight difference in the size of lobes IV and V (Fig. 3 A).
Analysis of sagittal sections of the brains confirmed a mild
size reduction in specific lobes (i.e., IV and

 

 

 

V) in the mid-
sagittal region of Nr-CAM–deficient mouse cerebella, but
otherwise there were no dramatic differences compared with
wild type. When compared with littermate heterozygotes,

Figure 3.  Histological analysis of Nr-CAM knockout 
mouse cerebellum. (A) (Top panels) Adult cerebella 
from Nr-CAM knockout mouse and its littermate 
heterozygote were observed under dissecting micro-
scope and images were collected through CCD cam-
era. Note that the length in anterior-posterior axis of 
lobes IV and V at the midline is shorter in Nr-CAM 
knockout mouse. (Middle panels) Vibratome midsagit-
tal sections of cerebella from adult Nr-CAM knockout 
mouse and its littermate heterozygote were stained 
with cresyl violet. Note that lobes IV and V (arrows) of 
homozygotes are smaller than those of heterozygous 
littermates. In contrast, there was little or no change in 
the size of lobe IX (arrowheads). (Bottom panels) 
Vibratome midsagittal sections of cerebella from adult 
Nr-CAM knockout mouse and its littermate heterozy-
gote were visualized under phase contrast micro-
scope. (B) P8 cerebella from Nr-CAM knockout mice 
and its heterozygous littermates were cryosectioned 
sagittally and stained with antibodies against L1, 
calbindin, Zic2 and TAG-1. There is no obvious differ-
ence between heterozygotes and homozygotes. Note 
that the IGL is Zic2 positive, the Purkinje cell layer 
(PCL) is positive for calbindin, and the inner region of 
the EGL is positive for TAG-1. Bars: (A, top), 400 �m; 
(A, middle), 400 �m; (A, bottom), 400 �m; (B, top) 
100 �m; (B, middle, bottom), 200 �m.
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the area of gray matter measured in sections of these lobes
was 11% smaller in Nr-CAM–null mice than in littermate
heterozygotes (Table I). This was due to a reduction in the
length of the lobule, rather than to a reduction in the thick-
ness of the molecular layer, which was similar in Nr-CAM–
deficient mice and littermate heterozygotes (Fig. 3 A). In ad-
dition, lobes I and

 

 

 

II, and lobe X are also slightly (6–7%)
smaller than littermate controls.

Despite the expression of Nr-CAM in both granule and
Purkinje cells, there was no obvious histological difference
between adult cerebella of Nr-CAM–null, heterozygotes, and
wild-type mice. We also analyzed P4 and P8 cerebella by
staining with L1, neurofascin, TAG-1, Zic2 (unpublished
data; Aruga et al., 1996; Dahmane and Ruiz-i-Altaba, 1999),
and calbindin (Mason et al., 1990), but we did not detect
any obvious differences with these histological markers com-
pared with their littermate heterozygotes (Fig. 3 B and un-
published data). These results suggest that the absence of Nr-
CAM resulted in only minor defects in particular folia with
normal formation of the molecular and granule cell layers in
the cerebellum.

 

Cerebellar cells from Nr-CAM–deficient mice fail to 
extend neurites in response to contactin

 

Because we did not observe obvious defects in the Nr-
CAM–null mice in vivo, we asked if these mice are defective
for Nr-CAM function using an in vitro neurite outgrowth
assay. It has been shown that Nr-CAM binds to the neu-
ronal CAM contactin, and serves as a receptor for contactin
to induce neurite outgrowth from chick tectal cells (Morales
et al., 1993). There is also evidence for an interaction be-
tween contactin expressed on CHO transfectants and Nr-
CAM on mouse cerebellar neurons (Faivre-Sarrailh et al.,
1999). Contactin has been shown to be expressed in the mo-
lecular layer (Berglund et al., 1999) where Nr-CAM is also
expressed, and it is possible that interactions between these
molecules occur in vivo.

When cerebellar cells isolated from wild-type P8 pups
were plated onto a contactin–Fc substrate, we observed neu-
rite outgrowth from these cells (Fig. 4 A). The degree of
neurite outgrowth was comparable to that induced by chick
L1 (Ng–CAM) (unpublished data) which is a potent pro-
moter of neurite outgrowth (Lagenaur and Lemmon, 1987).

 

Other substrates including Nr-CAM–Fc fusion protein or
human Ig did not induce neurite outgrowth from the cere-
bellar cells (unpublished data). Contactin–Fc did not induce
neurite outgrowth from dorsal root ganglia neurons pre-
pared from embryonic day 14 mice (unpublished data), sug-
gesting that the neurite outgrowth induced by contactin–Fc
from cerebellar cells is cell-type specific. This contactin–Fc-
induced neurite outgrowth was inhibited by the addition of
anti–Nr-CAM Fab

 

�

 

 (Fig. 4 A). The anti–Nr-CAM antibody
did not inhibit neurite outgrowth on L1 substrate, showing
that this inhibition is substrate specific (unpublished data).
These antibody perturbation studies suggest that cerebellar
granule cells use Nr-CAM as a receptor for contactin to me-
diate neurite outgrowth.

When we plated cells from Nr-CAM–deficient mice, they
did not extend neurites on the contactin-Fc substrate (Fig. 4
A), but they did extend neurites on an L1 substrate to the
same extent as the wild-type cells (unpublished data). There-
fore, the inability of the Nr-CAM–null cells to respond to
contactin–Fc is substrate specific and not a result of cell
preparation, e.g., cell viability. These results confirm that
Nr-CAM functions as a receptor for contactin on cerebellar
granule cells and suggest that our Nr-CAM knockout mice
are indeed functionally null for Nr-CAM.

 

Cerebellar cells from Nr-CAM–deficient mice still 
extend neurites in response to RPTP

 

�

 

In addition to its function as a receptor for contactin, Nr-
CAM can also serve as a coreceptor for RPTP

 

�

 

 to induce
neurite outgrowth from chick tectal cells (Sakurai et al.,
1997). In this case, Nr-CAM interacts with contactin on the
same membrane forming a receptor complex for RPTP

 

�

 

. Be-
cause contactin (Berglund et al., 1999), Nr-CAM (Fig. 1),
and RPTP

 

�

 

/phosphacan (soluble form of RPTP

 

�

 

) (Grumet
et al., 1994) are all expressed in the molecular layer of the
cerebellum, we also analyzed RPTP

 

�

 

-induced neurite out-
growth. When the 

 

�

 

CFS–Fc fusion protein (an Fc fusion
protein containing the extracellular region of RPTP

 

�

 

, includ-
ing carbonic anhydrase [C], fibronectin type III repeat [F],
and spacer region [S] domains) (Sakurai et al., 1997), was
used as a substrate, cerebellar cells extend neurites on this sub-
strate (Fig. 4 B). This neurite outgrowth was inhibited by

 

�

 

40% with anti–Nr-CAM antibody treatment (Fig. 4 B),
suggesting that Nr-CAM serves as a receptor (or at least one
component of a receptor complex) for RPTP

 

�

 

 in mouse cere-
bellar granule cells. However, the neurite outgrowth from Nr-
CAM deficient cells on RPTP

 

�

 

 was only marginally lower
than that obtained from the wild-type cells (Fig. 4, B and C).
Therefore, although Nr-CAM has been suggested to be in-
volved in RPTP

 

�

 

-induced neurite outgrowth, the ability of
Nr-CAM–null cells to extend neurites on RPTP

 

�

 

 suggests
that other molecules may compensate for Nr-CAM function.

To search for such molecules, we considered the known
binding partners for RPTP

 

�

 

, which binds to contactin
through its C domain, and to Nr-CAM through its S domain
(Sakurai et al., 1997). Contactin and Nr-CAM can form a
complex that can bind to the C domain in RPTP

 

�

 

 even in
the absence of the S domain (Sakurai et al., 1997). To ana-
lyze these interactions in mice, we examined proteins that
were precipitated from mouse brain extract by 

 

�

 

C–Fc fusion

 

Table I. 

 

Quantitation of size of cerebellar lobes

Percentage of area of Nr-CAM 

 

�

 

/

 

� 

 

compared to area of Nr-CAM 

 

�

 

/

 

�

 

lobe I 

 

�

 

 II 92.9 

 

� 

 

0.4
lobe III 95.9 

 

� 

 

2.3 
lobe IV 

 

�

 

 V 88.7 

 

� 

 

2.1
lobe VI 97.0 

 

� 

 

0.9
lobe VII 104.8 

 

� 

 

3.3
lobe IX 98.8 

 

� 

 

0.7
lobe X 93.9 

 

� 

 

1.1

Measurements were made on 2–3 vibratome sections (100 

 

�

 

m thickness)
from cerebella of adult females (3–6 mo old, inbred genetic background,
three pairs of 

 

�

 

/

 

�

 

 and 

 

�

 

/

 

�

 

). Area of gray matter in each lobe (Fig. 3) was
measured using NIH image. The percentage of the size of homozygotes
compared to size of heterozygous littermate control was calculated, and
average 

 

�

 

 SD is shown.
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protein that contains only the C domain. As shown in Fig. 5,

 

�

 

C–Fc precipitated contactin and Nr-CAM from wild-type
mouse cerebellar extract. Because Nr-CAM does not bind di-
rectly to the C domain, its coprecipitation by 

 

�

 

C–Fc must be
in the form of a complex with contactin (Sakurai et al.,

 

1997). As expected, 

 

�

 

C–Fc did not precipitate Nr-CAM
protein from Nr-CAM–deficient mouse brain extracts, but it
did precipitate contactin in both cases (Fig. 5). Interestingly,
antineurofascin antibody recognized a band at 

 

�

 

150 kD in
the 

 

�

 

C–Fc precipitate from the Nr-CAM–deficient but not

Figure 4.  Neurite outgrowth responses of cere-
bellar cells in vitro. (A) Cerebellar cells from P8 
wild type (�/�) and Nr-CAM�/� (�/�) mice 
(top panels) were plated on plastic dishes coated 
with contactin–Fc fusion protein (100 �g/ml) and 
incubated at 37	C. Note that cells prepared from 
�/� mice do not extend neurites on contactin–Fc 
substrate although they bound to the substrate. 
Bottom panels are cultures prepared from wild-
type mice that were treated with Fab� fragments of 
antibodies (100 �g/ml) against either Nr-CAM or 
plexin (control) by adding to the culture media 3 h 
after plating. Cultures were fixed 24 h later and 
photographs were taken. Neurite outgrowth 
lengths were measured as described using more 
than 100 cells for each condition. Numbers in 
each panel are averages of neurite outgrowth � 
SD. Anti–Nr-CAM antibody treatment completely 
inhibited neurite outgrowth. (B) Cerebellar cells 
from P8 wild-type and Nr-CAM�/� (�/�) mice
(top panels) were plated on plastic dishes coated 
with �CFS–Fc fusion protein (100 �g/ml) and 
incubated at 37	C. Bottom panels are cultures 
prepared from wild-type mice that were treated 
with Fab� fragments of antibodies (100 �g/ml) 
against either Nr-CAM or plexin (control) by add-
ing to the culture media 3 h after plating. Cultures 
were fixed 24 h later and photographs were taken. 
Neurite outgrowth lengths were quantitated as 
described using more than 100 cells for each con-
dition. Numbers in each panel are averages of neu-
rite outgrowth � SD. Anti–Nr-CAM antibody 
treatment inhibited neurite outgrowth to �50% of 
control. In contrast, �/� cells extend neurites 
comparable to wild-type cells. (C) Neurite out-
growth plots of responses to RPTP�. Percentages of 
neurons (vertical axis) with neurites longer than or 
equal to length indicated (horizontal axis) were 
plotted as described. Anti-Nr-CAM antibody treat-
ment shifted profile to the left (bottom). Profile of 
neurite outgrowth from �/� cells is similar to that 
of wild-type cells (top). Bars: (A), 50 �m; (B)
50 �m. 
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from the wild-type extract (Fig. 5). These results suggest that
neurofascin, which has been found to bind to contactin,
might replace Nr-CAM in Nr-CAM–deficient mice.

Mice deficient for both Nr-CAM and L1 have severe 
cerebellar defects
Given that neurofascin might be able to compensate for Nr-
CAM function as a coreceptor for RPTP�, we speculated
that the reason why we did not detect dramatic defects in Nr-
CAM knockout mice in vivo might be because of compensa-
tion by other members of L1 family CAMs (i.e., L1, neuro-
fascin, and CHL1) for the loss of Nr-CAM. We considered
these CAMs because they share highly conserved cytoplasmic
regions that link to common cytoplasmic targets including
ankyrin (Davis and Bennett, 1994). Moreover, L1 and possi-
bly CHL1 expression patterns overlap with the Nr-CAM ex-
pression pattern, (i.e., on granule cells during critical stages of
their development). Among these candidates, only L1 knock-
out mice have been reported, and these mice are viable de-
spite the existence of several defects in the development of
the nervous system (Dahme et al., 1997; Cohen et al., 1998;
Fransen et al., 1998; Demyanenko et al., 1999) including a
mild cerebellar defect (Fransen et al., 1998). We obtained the
L1 knockout mice developed by Dr. P. Soriano (Fred Hutch-
inson Research Center, Seattle, WA) and maintained them in

our animal facility. These mice showed a phenotype similar
to that reported by Cohen et al. (1998) and Fransen et al.
(1998), including body weight reduction (�30% compared
with their littermates), sunken eyeballs, and male hemizygous
sterility (Cohen et al., 1998; Fransen et al., 1998). The fre-
quency of L1-null adult males in our colony was 15.6% (n 

5 out of 32 total mice), which is similar to the frequency ob-
served in the mice kept elsewhere (Cohen et al., 1998) (cur-
rently 14.0%; n 
 88 out of 629 total mice) on the same
129SvEv genetic background. Because the L1 gene is on the
X chromosome and L1 hemizygous (L1�/y) male mice are ef-
fectively sterile, we mated Nr-CAM–deficient (Nr�/�L1�/y)
males and Nr-CAM heterozygous/L1 heterozygous (Nr�/

�L1�/y) females. We noticed an increased rate of postnatal
death in progeny from these matings, especially during the
first 1–2 wk after birth. At the age of 3 wk when genotyping
was routinely performed, there was deviation from the Men-
delian proportions as shown in Table II. We observed re-
duced numbers of pups that were Nr-CAM homozygous/L1
heterozygous (Nr�/�L1�/�) females, and Nr-CAM heterozy-
gous/L1 hemizygous (Nr�/�L1�/y) males. The frequency of
L1-null males at 3 wk postnatal was 35.7% in Nr-CAM
wild-type background (5 out of 14 males), whereas this fre-
quency dropped to 9.4% in the Nr-CAM–deficient back-
ground (3 out of 32 males; Table II). Moreover, we did not
detect any Nr-CAM homozygous/L1 hemizygous (Nr�/�

L1�/y) males at 3 wk postnatally.
Within these litters we noticed that there were certain pups

whose body weights were 40–70% (average �60%) of their
littermates at P3–P6. Genotyping of these pups when they
could be recovered alive showed that they were Nr-CAM ho-
mozygous/L1 hemizygous (Nr�/�L1�/y) males. Moreover,
these mice were never recovered alive later than P8. Gross an-
atomical analysis showed dramatic cerebellar dysgenesis in
the Nr-CAM/L1-deficient mice (Fig. 6 A). Cerebellar lobes
and fissures were less well developed compared with litter-
mates of the same age. Although we also observed size reduc-
tions in other areas of the brain (Fig. 6 B; Table III), the re-
duction in cerebellar size was markedly greater (Table III). In
addition, histological analysis of cerebella showed that the
thickness of the IGL is reduced in double knockout mice
while the thickness of EGL is relatively normal (Fig. 6 A).
Quantitation of the thickness of EGL and IGL supports this
observation (Table IV); whereas the reduction in the EGL in

Figure 5. Receptors for RPTP� in wild-type and Nr-CAM–deficient 
brain. P8 cerebellar extracts from wild type (�/�) or Nr-CAM–null 
(�/�) mice were incubated overnight with protein A beads that had 
been preincubated with �C–Fc fusion protein at 4	C and proteins 
bound to the beads were subjected to 7% SDS PAGE (ppt lanes). 20 
�g of extracts were loaded in ext lanes. Western blotting was per-
formed using anti–Nr-CAM, anti-contactin and antineurofascin anti-
bodies. Nr-CAM was detected in precipitates with �C–Fc fusion 
protein from wild-type extract, but not from �/� extract. Contactin 
was precipitated by �C–Fc from both wild-type and �/� extracts as 
described previously (arrow in middle panel). Note that neurofascin 
is detected in the �C–Fc precipitate from �/� extract, but not from 
wild-type (arrow in right panel). Other bands that appeared in con-
tactin and neurofascin blots are nonspecific and they include Igs 
that are recognized by secondary antibodies. Molecular weight 
markers in kD are shown at the left.

Table II. Genotype of progenies from matings with Nr-CAM �/�, 
L1 �/y males and Nr-Cam �/�, L1�/� females

Genotype
No. of pups at 

age of 3 wk Nr L1 Percent

Male �/� �/y 20 23.0
�/� �/y 3 3.4
�/� �/y 9 10.3
�/� �/y 0 0

Female �/� �/� 13 14.9
�/� �/� 18 20.7
�/� �/� 19 21.8
�/� �/� 5 5.7

Pups from matings with Nr-CAM �/� males and Nr-CAM �/�, L1 �/�
females were genotyped at age of 3 wk postnatal. Total of 87 pups from 13
litters was analyzed. Normal Mendelian segregation should give a
probability of 12.5% for each genotype.
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Nr-CAM/L1 double knockout mice is 10–30%, the reduc-
tion in the IGL is 40–50% compared with their littermates.
In contrast, in the cortex and hippocampus, layer formation
appears normal in double knockout mice (Fig. 6 B).

To analyze which developmental stages are disrupted in Nr-
CAM/L1 double knockout mouse cerebella, we performed im-
munostaining with markers for granule cell development.
Staining for TAG-1 confirmed major defects in foliation and
the thickness of the TAG-1 positive band may be reduced
slightly (Fig. 7). However, TAG-1 was expressed appropriately

in the inner EGL reflecting its normal temporal and spatial ex-
pression pattern on granule cells (Kuhar et al., 1993). In con-
trast, labeling for the transcription factor Zic2 (Aruga et al.,
1996) that is normally expressed in the IGL was disrupted sig-
nificantly in the double knockout mice (Fig. 7). The overall in-
tensity of the Zic2 staining was diminished in the double mu-
tants with many fewer Zic2-positive cells accumulating in the
IGL. In some cases, more Zic2-positive cells were observed

Figure 6.  Analysis of Nr-CAM/L1 double knockout 
brain. (A) Vibratome sections were prepared from 
cerebella of Nr-CAM/L1 double knockout mouse and 
its littermate. Top panels are P6 cerebella stained with 
cresyl violet. Some fissures are missing or less well 
developed in double knockout mice compared with 
their littermates. Note that although the size of cere-
bellum is smaller in double knockout mouse, the size 
of brain stem is similar to that of littermate controls. 
Bottom panels are magnified views of top panels. 
Note that in comparable regions within the folia, the 
IGL is thinner in the double knockout than in the litter-
mate control (arrows). Bars, 640 �m (top) and 160 �m 
(bottom). (B) Frontal vibratome sections were prepared 
from brain of double knockout mouse and its litter-
mate at P5. Top and middle panels were stained with 
antineurofilament antibody following Nissl staining. 
Magnified views of hippocampal regions of top panels 
are shown in the middle panels. Although brain size is 
smaller, overall structures including hippocampus are 
similar between double knockout mouse and their
littermate. Bottom panels show layer formation in cor-
tex of double knockout mouse and its littermate visu-
alized by Nissl staining on vibratome sections. Layer 
formation in cortex appears normal in double knock-
out mice. Bars: (top) 400 �m; (others) 200 �m.

Table III. Analysis of brain size of Nr-CAM/L1 double
knockout mice

Cerebellum Cortex

P3–P4 71.2 � 5.1% 96.2 � 2.2%
P5–P6 56.3 � 2.8% 85.2 � 1.8%

Midsagittal sections of cerebella and frontal sections of cortex were used
for analysis as described in Materials and methods. Area of sections from
double knockout mice was compared to those of sections from
littermates and the percentages of area are calculated. Numbers are
average � SD (n 
 3).

Table IV. Measurement of thickness of EGL and IGL of Nr-CAM/L1 
double knockout mice and their littermates

Layer Lobe V Lobe IX

Nr-CAM 1/1, L1�/ya EGL 42.5 � 2.3 (70.6%) 31.6 � 3.2 (90.8%)
IGL 30.8 � 3.0 (51.0%) 35.6 � 4.8 (58.9%)

Littermatesa EGL 64.0 � 3.2 (100%) 34.8 � 2.6 (100%)
IGL 60.4 � 2.1 (100%) 60.4 � 3.0 (100%) 

Cerebellar midsagittal sections from P5–P6 Nr-CAM/L1 double knockout
mice and their littermates were processed for Nissl staining and images
were captured by CCD camera. Thickness of EGL and IGL were measured
in lobe V and IX using NIH image. Numbers are average � SD �m.
Numbers in parentheses are the percentage of littermate control.
an 
 6.
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right below the EGL rather than in their normal location in the
IGL as seen in littermate controls (Fig. 7). These results suggest
that the involvement of Nr-CAM and L1 in later stages of cer-
ebellar granule cell development and the absence of both
CAMs results in severe cerebellar developmental defects.

Anti-L1 antibody treatment perturbed maintenance of 
granule cells and their processes in cerebellar cultures 
from Nr-CAM knockout mice
Analysis of the Nr-CAM/L1 double knockouts suggested de-
fects in granule cells during cerebellar development. To fur-

ther test the involvement of Nr-CAM and L1 in granule cell
development, we used a dissociated cerebellar culture that
mimics the in vivo differentiation of granule and Purkinje
cells (Hatten et al., 1998). As the double mutant mice were
extremely difficult to obtain, we prepared mixed cerebellar
cell cultures from mice deficient only for Nr-CAM and
treated these cells with anti-L1 antibody to perturb L1 func-
tion in the absence of Nr-CAM. When Nr-CAM–deficient
cultures were treated with control antibodies, granule cells
developed extensive processes that are positive for �-inter-
nexin (Chien et al., 1996) (Fig. 8). At days and 11, anti-L1

Figure 7. Analysis of Nr-CAM/L1 double knockout 
mice cerebella. Cryosections were prepared from 
cerebella of Nr-CAM/L1 double knockout mice and 
their littermates at P5. Sections were stained with anti-
TAG-1 (top) and anti-Zic2 (bottom) antibodies. Note 
that although folial formation defect is obvious in 
TAG-1 staining, the expression pattern and level of 
TAG-1 are comparable to those of their littermate 
controls. In contrast, fewer Zic2-positive cells were 
found in the IGL in Nr-CAM/L1 double knockout 
mouse cerebella. In some regions in double knockout 
mice, Zic-2 positive cells are found below the EGL (*) 
rather than in the IGL. Bars, 100 �m (top), 50 �m (bot-
tom).

Figure 8. Effects of perturbation of Nr-CAM and L1 
in cerebellar culture in vitro. Mixed cerebellar 
cultures were prepared from wild-type and Nr-CAM 
knockout mice and treated with anti-L1 antibody or 
control antibody (50 �g/ml). Cultures were fixed at d 
11 and d 14, and stained with anti–�-internexin. 
Bar, 100 �m.
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antibody treated cultures looked similar to control antibody
treated cultures with an extensive meshwork of granule cell
processes (Fig. 8). Nuclear staining showed that at d 6, simi-
lar numbers of cells were maintained in both control and
anti-L1 antibody treated cultures prepared from wild-type
and Nr-CAM–null mice (Table V). At d 11, however, we did
see reduction in cell numbers in anti-L1 antibody treated cul-
tures, although extensive processes were still observed. This
reduction was observed in cultures prepared both from wild-
type and Nr-CAM–null mice to a similar extent (�65% of
control treated). At d 14, cell numbers in anti-L1 antibody
treated culture from Nr-CAM–null mice dropped dramati-
cally to 23.3% of control antibody treated cultures (Table V).
Moreover, anti-L1 antibody treated cultures prepared from
Nr-CAM–deficient mice had many fewer processes (Fig. 8).
Cultures prepared from wild-type mice that were treated with
anti-L1-antibody did not change dramatically between d 11
and 14 in terms of cell numbers surviving (�62% vs. 65% of
control), and process formation (Fig. 8). The similarity in the
morphology and numbers of cells in the cultures up to 11 d
does not indicate any defects in cell adhesion to other cells or
to the substrata. Rather, these data suggest that a lack of Nr-
CAM disrupts survival and maintenance of granule cells and
their neurites in the presence of function blocking anti-L1
antibodies at late stages in vitro (i.e., between day 11 and 14),
and further support the notion that Nr-CAM and L1 have
overlapping functions in granule cells.

Discussion
After cerebellar granule cells become postmitotic, they ex-
press L1 and Nr-CAM as they proceed to migrate and
develop further. To analyze the function of Nr-CAM in cer-
ebellar development, Nr-CAM–deficient mice were gen-
erated by homologous recombination. We did not detect
Nr-CAM protein in brain extracts from these mice or by im-
munostaining of cryosections, verifying that they are Nr-
CAM protein null. The mice are viable and fertile, and grow
normally. Gross anatomical analysis of Nr-CAM null mice
revealed only subtle defects in cerebellar folial formation, de-
spite complete loss of granule cell response to contactin in
culture. This might be explained by compensation by other
CAMs with similar or overlapping functions with Nr-CAM.
We found evidence that both neurofascin and L1 may com-
pensate for the absence of Nr-CAM. In Nr-CAM–deficient
cerebellar cells, neurofascin was found to coprecipitate with
RPTP�, normally a ligand of Nr-CAM. Moreover, a role for

the closely related CAM, L1, is supported by our observa-
tions that Nr-CAM/L1 double knockout mice have severe
cerebellar dysgenesis and that anti-L1 antibodies disrupts
survival and maintenance of outgrowth of Nr-CAM–null
granule cells in culture. These data suggest that L1 family
CAMs are important for cerebellar granule cell development
where their expression and functions appear to overlap.

Subtle phenotype in Nr-CAM–deficient 
mouse cerebellum
Nr-CAM is expressed on Purkinje and granule cells both in
chick (Krushel et al., 1993) and in mouse cerebellum (Fig. 1).
Based on the defects observed in neurite outgrowth for Nr-
CAM mutant granule cells in vitro, we expected to find de-
fects in cerebellar development of Nr-CAM–deficient mice in
vivo. Although gross defects were not obvious by light micro-
scopic analysis of the cerebellum, some lobes (i.e., IV and V in
particular) in the vermis region are smaller than in heterozy-
gous littermate controls. It has been postulated that granule
cell proliferation plays a role in formation of the cerebellar fis-
sures and lobes (Mares and Lodin, 1970). Overexpression of
transcription factor Zipro1 in mouse cerebellum results in in-
creased granule cell proliferation and affects the intralobular
fissure formation (Yang et al., 1999). In Nr-CAM knockout
mice, it seems that granule cell numbers are slightly decreased
in particular lobes such as lobes IV and V, resulting in a re-
duction of the length of the lobe. However, Nr-CAM defi-
ciency does not seem to affect the thickness of the granule cell
layer. Nevertheless, it is possible that the formation of smaller
folia in Nr-CAM knockout mice results from defects in devel-
opment of cerebellar granule cells in vivo.

L1 knockout mice also have mild vermis hypoplasia that is
seen in a different lobe (lobe VI) to the lobes most affected
in Nr-CAM–null mice; in both cases a reduction of the
length of the lobe was observed (Fransen et al., 1998). It is
not clear why the defects that were detected in each of these
single mutant animals are localized to a specific subset of
lobes in the cerebellum. There is no evidence that any of the
L1-like CAMs are variably expressed in these specific lobes.
However, there is some evidence for regionalization of ex-
pression of the contactin-like molecules, some of which are
known to interact with L1-like CAMs (Brummendorf and
Rathjen, 1995). For example, BIG-2 is more highly ex-
pressed in anterior regions of the cerebellum (Yoshihara et
al., 1995). As mutants in more of these molecules become
available, further mutant combinations may also reveal
whether these differences contribute to the regionalization in
the cerebellum.

In view of similarities between the structure of L1 and Nr-
CAM and their patterns of expression in the cerebellum, we
produced Nr-CAM/L1 double knockout mice to further ex-
plore the function of L1 CAMs in cerebellar development.

Severe cerebellar defects in mice deficient for both 
Nr-CAM and L1
When we analyzed genotype of progeny from matings with
Nr�/�L1�/y males and Nr�/�L1�/�females in attempts to
obtain Nr-CAM/L1 double knockout mice, we saw devia-
tions of frequency from the predicted Mendelian results:
there were decreased numbers of Nr�/�L1�/y males and

Table V. Cell numbers in mixed cerebellar cultures treated with 
anti-L1 antibodies

Nr-CAM �/� Nr-CAM �/�

Day 6 92.0% 98.5%
Day 11 64.3% 65.5%
Day 14 61.7% 23.2%

Cerebellar mixed cultures were prepared from wild-type or Nr-CAM
knockout mice and after 3 d were treated with control or anti-L1 antibodies.
Cultures were fixed at several time points and stained with Hoechst 33258.
Numbers of nuclei were counted in two randomly chosen fields and these
numbers were combined (range between �500 and �5000 nuclei). The
percentage of cell numbers of culture treated with anti-L1 antibody
compared to those of control antibody was calculated.
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Nr�/�L1�/�females, and no surviving Nr�/�L1�/y males at 3
wk postnatally. We also set up matings with Nr�/�L1�/y

males and Nr�/�L1�/� females, but so far we did not obtain
any double knockout mice alive at 3 wk (unpublished data).
Mice deficient for both Nr-CAM and L1 were smaller than
their littermates and died by P8. Gross anatomical analysis
revealed size reduction of brains, which is not surprising
based on their body size reduction but they have more dras-
tic size reduction of cerebella as well as underdevelopment of
cerebella histologically (Table III).

It is clear that the cerebellar defect in the double knockout
mice is more than just the sum of the L1 and the Nr-CAM
single knockout phenotypes, as much more than just lobes
IV and V plus lobe VI are affected. Other lobes are less well
developed compared with their littermates, which is espe-
cially obvious in lobe IX (Fig. 6). In addition, the thickness
of the IGL at P5–P6 is also decreased in the double mutant
(Table IV), which is not observed in L1 or Nr-CAM single
knockout mice. However, we could not exclude the possibil-
ity that this cerebellar dysgenesis reflects delayed develop-
ment because we never recovered live double knockout mice
at later than P8. Nevertheless, given that both Nr-CAM and
L1 are expressed in granule cells and that the thickness of the
IGL is reduced in double knockout mice, the severe cerebel-
lar dysgenesis in double knockout mice seems most likely at-
tributed to defects in granule cells. This idea is also sup-
ported by results that perturbation of both of these CAMs
simultaneously in culture disrupts maintenance of granule
cells (Fig. 8).

Granule cell development and L1 CAMs
How do mutations in L1-CAMs affect granule cell develop-
ment? When granule cells become postmitotic, they first ex-
press TAG-1, and then L1 and Nr-CAM (Kuhar et al.,
1993; Lindner et al., 1983 and this study). L1 and Nr-CAM
subsequently become concentrated on their parallel fibers in
the molecular layer but not TAG-1, which is not expressed
in mature granule cells in the IGL. As granule cell bodies
migrate towards the IGL, the transcription factor Zic-2 is
turned on and serves as a later markers of granule cells dur-
ing their migration (Fig. 3 B). In mice deficient for both Nr-
CAM and L1, TAG-1 expression commences in the inner
EGL and appears to be relatively normal, suggesting that
even in the absence of Nr-CAM and L1, granule cells can go
through this early stage. In contrast, the reduction of thick-
ness of the IGL and the disruption in the pattern of Zic2 in
the double knockouts suggest a role for these CAMs in later
stages of granule cell differentiation as their cell bodies mi-
grate from the EGL to the IGL. In culture, when both Nr-
CAM and L1 functions were perturbed for 14 d, granule cell
numbers decreased and the remaining granule cells lost most
of their processes. These cultures appeared similar to control
cultures at d 11 in vitro, suggesting that not adhesion per se
but subsequent events necessary for maintaining granule
cells and their neurites were affected when both Nr-CAM
and L1 functions were perturbed.

Several possible mechanisms that are not mutually exclu-
sive could explain the reduction of IGL formation and the
loss of Zic2 expression in the IGL of the double knockouts.
First, there may be an inhibition of granule cell proliferation

in the EGL in the double mutants. However, given the ro-
bust expression of TAG-1, it seems that reasonable numbers
of granule cells are produced and can undergo at least early
stages of differentiation. Measurement of the thickness of
the layers shows that reduction of thickness of EGL is not as
severe as reduction of the IGL (Table IV). Second, induc-
tion of Zic2 expression may be inhibited or delayed. How-
ever, we were able to detect Zic2 expression 3–6 d after cul-
turing Nr-CAM–null cerebellar cells in the presence of L1
antibodies, suggesting that the expression of Zic2 may not
be inhibited even when both Nr-CAM and L1 are perturbed
(unpublished data). In addition, we found some robust Zic2
positive cells in the IGL but in reduced numbers by compar-
ison to littermate controls. Therefore, it seems that Zic2 ex-
pression may not be inhibited, but we can not exclude the
possibility that Zic2 expression may be delayed in the dou-
ble mutants. Third, granule cells may differentiate to express
Zic2 but their migration may be impaired. Interestingly,
there is evidence that disruption of parallel fiber extension
can result in failure of granule cell migration (Tomoda et al.,
1999). Given that both Nr-CAM and L1 are concentrated
on their parallel fibers in the molecular layer in vivo and per-
turbation of both Nr-CAM and L1 causes loss of neurite ex-
tension in vitro, granule cell axon extension might also be af-
fected in double knockout mice, resulting in migration
defects of granule cells. It is also possible that these CAMs
might directly be involved in granule cell migration. In any
case, one might expect that such defects may result in ec-
topic accumulation of granule cells, for example, at the junc-
tion between the EGL and molecular layer. However, we
did not observe massive accumulation of the cells at the
junction although in some cases, there are more Zic-2 posi-
tive cells below the EGL than in the IGL (Fig. 7). This may
be explained by the fourth possibility, that there may be in-
creased granule cell death. It has been shown that L1 and
CHL1 support survival of neurons in vitro (Chen et al.,
1999). In fact, we observed a decrease of cell numbers in
anti-L1 treated cultures at d 11 and d 14 even in wild type,
and at d 14, cell numbers were reduced drastically in anti-L1
treated cultures prepared from Nr-CAM–deficient mice
compared with wild-type cultures. Therefore, it is conceiv-
able that L1 CAMs play a role in supporting granule cell sur-
vival. Among these possibilities, we favor a combination of
the third and fourth possibilities. Whereas additional analy-
ses of Nr-CAM/L1 double knockout mice may clarify the
mechanism further, our data indicate that mutations in L1
CAMs most likely affects cerebellar granule cell develop-
ment.

Although the reason why these mice die postnatally is not
yet clear, the severity of the cerebellar dysgenesis may be suf-
ficient to cause problems in motor coordination that com-
promise the ability of these mice to compete with their lit-
termates in drinking sufficient amounts of milk.

Overlapping functions among L1 family CAMs
In contrast to the four known members of the L1 family in
vertebrates, the neuroglian gene is known to represent a sin-
gle homologue of the L1 family in Drosophila and gene du-
plication events during vertebrate evolution appear to have
generated several L1-like CAMs (Hortsch, 2000). Although
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these CAMs have clearly diverged in some of their functions
and domains of expression, their basic structures and func-
tions appear to have been conserved and substantial domains
of their expression remain overlapping. Accordingly, the re-
moval of just one member of the family may not result in a
dramatic phenotype, as is born out by ours and previous
analyses of the L1 single knockout phenotypes (Dahme et
al., 1997; Cohen et al., 1998; Demyanenko et al., 1999).
However, as we showed here, removal of both L1 and Nr-
CAM results in severe disruption, particularly in the cerebel-
lum where the molecules are normally coexpressed in gran-
ule cells. There are two possible interpretations of this result.
One is that L1 and Nr-CAM share overlapping functions
such that the absence of one molecule can be compensated
substantially by the other molecule, but that removal of both
molecules results in more severe defects. The other possibil-
ity is that L1 and Nr-CAM function independently but the
absence of both has cumulative effects, resulting in much
more deleterious phenotypes. Although we can not exclude
the latter possibility completely, we favor the former for the
following reasons. First, as noted above, cerebellar dysgenesis
in Nr-CAM/L1 double knockout mice is not just the sum of
two different phenotypes: for example, neither of the single
knockout mice have reduction of IGL thickness. Second,
although Nr-CAM and L1 are distinct CAMs, they bind
to common ligands including TAG-1, contactin, RPTP�/
phosphacan, and laminin that are expressed in the cerebel-
lum (Brummendorf and Rathjen, 1995; Grumet, 1997).
Third, Nr-CAM and L1 have very similar cytoplasmic re-
gions, which contain binding sites for ankyrin (Davis and
Bennett, 1994). In addition, they have similar sequences,
which are tyrosine phosphorylated in vivo during develop-
ment (Garver et al., 1997; Tuvia et al., 1997). Therefore, it
is conceivable that Nr-CAM and L1 share similar down-
stream targets to transmit transmembrane signals to regulate
the cytoskeleton. In fact, ankyrinB knockout mice have been
shown to have similar phenotype to L1 knockout mice
(Scotland et al., 1998), suggesting that L1 and ankyrinB are
on the same pathway. Moreover, while this manuscript was
in preparation, it was group reported that knockout mice for
Nr-CAM as well as ankyrinB both showed cataracts, sug-
gesting that interactions between these proteins is important
for lens development where both molecules are expressed
(More et al., 2001). It is possible that both Nr-CAM and L1
use ankyrinB as a common down stream molecule in cere-
bellar granule cells.

We also found that in the absence of Nr-CAM, the related
CAM neurofascin may replace Nr-CAM in a complex that
interacts with RPTP� (Fig. 5). This result suggests that Nr-
CAM may also have overlapping functions with the other
related CAMs such as CHL1 and neurofascin where they are
co-expressed, such as cerebellum (Holm et al., 1996, and
this study).

Concluding remarks
The results provide the first genetic evidence for potential
overlapping functions between Nr-CAM and L1 and predict
genetic interactions with other members of this family (i.e.,
neurofascin and CHL1). The notion that members of this
family have similar or overlapping functions provides possi-

ble explanation for why many of the functions proposed for
these CAMs on the basis of tissue and cell culture assays in
vertebrates may not be reflected when only one member is
deleted in knockout mice (for review see Brummendorf and
Rathjen, 1995; Hortsch, 2000). Therefore, it will be infor-
mative to analyze various types of mutations in L1 family
members in different combinations including genetically de-
ficient mice and CAM mutants including overexpression
and misexpression.

Materials and methods
Generation of Nr-CAM–null mice
Mouse Nr-CAM cDNA clones, which cover the entire Nr-CAM coding se-
quence, were cloned from �gt11 mouse embryo library (CLONTECH Lab-
oratories, Inc.), and RNA was prepared from P8 mouse brains, using chick
Nr-CAM full-length cDNA as a probe. The DNA sequence is highly ho-
mologous to the sequences reported for rat, human and chick Nr-CAM
(Grumet et al., 1991; Kayyem et al., 1992; Davis et al., 1996; Lane et al.,
1996; Wang et al., 1998). Using the most 5� cDNA as a probe to screen a
mouse 129SvJ genomic library (Stratagene), we obtained one clone con-
taining the second-fourth exons. A targeting construct was prepared by re-
placing the second exon containing the 5� noncoding region, the ATG ini-
tiation codon and the signal sequence of Nr-CAM, with a neo cassette for
positive selection. A thymidine kinase cassette was incorporated into the
3� end of this clone for negative selection (both cassettes were gift of Dr.
Yuji Mishina, NIEHS, Research Triangle Park, NC). The linearized con-
struct was electroporated into W4 ES cell line established from 129SvEvS6/
Taconic mice in the Transgenic Facility at NYU Medical Center (New
York, NY) (Auerbach et al., 2000). Clones were selected using G418 and
Gancyclovir and 11 clones out of 206 were shown to be positive for the
targeting allele by Southern blotting analyses using both 5� and 3� probes.
Three clones were chosen and morula aggregation was performed in the
Transgenic Facility. Two clones were successfully transmitted into germ-
line and two independent lines were established in both outbred (mixture
of 129SvEvS6/Taconic and Swiss Webster) and 129SvEv inbred back-
grounds. Both lines gave essentially the same results. Genotyping of mice
was performed using either digoxigenin-based nonradioisotope Southern
blotting (Roche) with a 3� probe of EcoRV digested genomic DNA, or by
PCR using specific primers sets to amplify the wild-type and neo allele.

General histology
Frozen sections from embryos and neonatal pups were prepared and im-
munohistochemistry was performed as described (Lustig et al., 2001). Anti-
bodies used were 837/838, rabbit anti–Nr-CAM polyclonal antisera,
(Lustig et al., 2001) 1:300; 371/372, rabbit anti-L1 polyclonal antisera
(Lustig et al., 2001), 1:300; 4D7, mouse anti-TAG-1 monoclonal antibody
(IgM, culture supernatant from Developmental Study Hybridoma Bank,
University of Iowa, Iowa City, IA), 1:2; TG-3, rabbit anti-TAG-1 antisera
(unpublished data), 1:1,000; rabbit anti-neurofascin polyclonal antisera
(Tait et al., 2000), 1:1000; affinity-purified rabbit anti-contactin polyclonal
antibody (gift of Dr. John Hemperly, Becton Dickinson Research Center,
Research Triangle Park, NC) (Rios et al., 2000), 1:100; SMI31, mouse anti-
neurofilament monoclonal antibody (Sternberger); 262, rabbit anti-Zic2
antisera, (gift of Dr. Steve Brown, Columbia University New York, NY)
1:10,000; and mouse anti-calbindin antibody (Sigma-Aldrich), 1:300. Sec-
ondary antibodies were from The Jackson Laboratory and used at 1:100–
1:300. Adult mice were perfused transcardially with PBS followed by 4%
paraformaldehyde and brains were dissected out and kept in 4% parafor-
maldehyde at 4	C overnight. Brains were embedded in 3% agarose and
100–150 mm vibratome sections were prepared. Immunostaining was per-
formed with 2H3, mouse antineurofilament monoclonal antibody (culture
supernatant from Developmental Study Hybridoma Bank) followed by
HRP conjugated anti–mouse antibody with DAB as a substrate. Some fro-
zen sections and vibratome sections were stained with cresyl violet,
washed with water, and mounted on the Superfrost slide (Fisher Scientific)
with gel mount (Biomeda) or Permount. Slides were observed under a
Zeiss Axiophot microscope. Photographs were taken using either Kodak
Ektachrome 400 (for fluorescence) or Kodak 64T (for bright field). In some
cases, images were captured by CCD camera with AG-5 image grabber or
Spot camera on a Nikon Diaphot microscope using NIH image software or
Adobe PhotoShop software.
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Analysis of cerebellar size of adult Nr-CAM knockout mice
Three pairs of 3–6-mo-old Nr-CAM �/� and their littermate Nr-CAM �/�
(129SvEv genetic background) females were used for analysis of cerebellar
size. First, brains were observed under the dissecting microscope and im-
ages were collected through CCD camera. Because we noticed a size dif-
ference in lobe IV�V at the midline, we cut brains sagittally at the midline
and cut 100 �m vibratome sections starting from the midline. The images
of the first two sections as floating sections were captured through CCD
camera on a Nikon Diaphot microscope using a 2 objective. The area of
gray matter corresponding to molecular layer and granule cell layer was
easily visualized and was measured using NIH image software. The sec-
tions were further processed for Nissl staining and photographs were
taken. To analyze midline sections by another method, we also performed
the analysis by cutting brains sagittally at the left lateral edge of the brain
and used this plane as a base for vibratome sectioning starting from the
right edge of the brains. All sections were collected and, based on land-
marks in cortical regions, including the presence of corpus callosum and
absence of cross sections of cortical lobes, sections through the midline
were identified. One section through the midline and one before and one
after the midline sections were analyzed as above.

In situ hybridization
In situ hybridization was performed on vibratome sections using Nr-CAM
specific probe as described (Lustig et al., 2001). In some cases, sections
were further processed for immunostaining with anti-calbindin or anti-
Zic2 antibody followed by HRP conjugated secondary antibody with DAB
as a substrate. For calbindin staining, sections were treated with trypsin fol-
lowing manufactures protocol. Sections were mounted with gel mount or
Permount and images were collected as above.

Neurite outgrowth assay
Contactin-Fc, �CFS-Fc (RPTP� containing the extracellular C, F, and S do-
mains), and Ng-CAM substrates were as described (Sakurai et al., 1997).
Anti–Nr-CAM antibody was described previously (Lustig et al., 2001) and
Fab� fragments of anti–Nr-CAM antibody were prepared as described
(Sakurai et al., 1997). Neurite outgrowth assay was performed as described
(Sakurai et al., 1997) with slight modification to the media. In brief, sub-
strates were spotted in a circular array in 35-mm petri dishes for 1 h at
room temperature, followed by blocking with 1% BSA/PBS. Dissociated
cells from P8 mouse cerebella were prepared and 250 �l of 2  105 cells/
ml in Neurobasal media supplemented with B27 (GIBCO BRL) were
plated. Cultures were incubated at 37	C for 24 h and fixed with 4% para-
formaldehyde. Neurite outgrowth measurement was performed as de-
scribed (Sakurai et al., 1997).

Biochemical procedure
Brains or cerebella from P8 pups were dissected out and extracted with ex-
traction buffer containing 1% Triton X-100 using a glass Dounce homoge-
nizer (Wheaton, A pastel, twenty strokes) as described (Sakurai et al.,
1996). After clarification by centrifugation, extracts (100 �g) were incu-
bated with the protein A beads (6.7 �l of a 50% slurry; Pierce Chemical
Co.) that had been preincubated at 4	C overnight with culture supernatants
(1.7 ml containing 1–2 �g/ml Fc fusion protein) from stable transfectants of
293 cells producing �C–Fc (RPTP� containing the C domains) (Peles et al.,
1995). Beads were washed with extraction buffer, and then SDS sample
buffer was added and samples were separated on 7% SDS PAGE. Brain ex-
tracts from adult mice were prepared in the same way and 20 �g of extract
was subjected to 7% SDS-PAGE. Western blotting was performed as de-
scribed using ECL detection system (NEN Life Science Products) (Sakurai et
al., 1996); primary antibodies used were 837 (1:300), 371 (1:500), anti-
neurofascin (1:1,000) and anti-contactin (1:500).

Generation and analysis of Nr-CAM/L1 double knockout mice
L1 knockout mice were obtained from Dr. Bruce Trapp in the Cleveland
Clinic Foundation, that were originally established and analyzed by Dr. P.
Soriano and Dr. A. Furley (Cohen et al., 1998). These mice were kept in
129Sv genetic background. Because the L1 gene is on the X chromosome
and male hemizygotes for the L1 mutation are effectively sterile, female
heterozygotes for L1 mutation were crossed with Nr-CAM knockout males
and female heterozygotes for L1 and Nr-CAM mutations were obtained.
They were then crossed with Nr-CAM–null males. Because outbred mice
yielded bigger litter size, we used outbred lines (mixture of 129SvEvS6/
Taconic and Swiss Webster from Taconic) for these matings. Progeny from
these matings were genotyped routinely at 3 wk. Genomic Southern blot-
ting was performed sequentially on EcoRV digested DNA using the Nr-
CAM 3� probe and an L1 probe (Cohen et al., 1998).

Because there was a high incidence of death in these litters, brains were
collected from pups when we noticed the presence of smaller pups in the
litters at P3–P6 before they died (n 
 4 at P3, n 
 4 at P4, n 
 8 at P5–P6).
Randomly chosen littermates were also used for the analysis. Given the
obvious size reduction of cerebella, we cut cerebella sagittally either by vi-
bratome, cryosection or paraffin section, and midsagittal sections were an-
alyzed. Brains were cut as frontal sections by vibratome, starting from the
olfactory bulb and all sections were collected. The area of sagittally sec-
tioned cerebella was measured using NIH image. For the brain size mea-
surement, we picked two brain sections, which had corpus callosum, hip-
pocampus, and the anterior edge of habenula and measured the area of
frontally sectioned brain.

The thickness of EGL and IGL was measured on captured images of
Nissl stained midsagittal sections of cerebellum using NIH image. The
midpoint between posterior tip of lobe V and angle of fissure between lobe
V and lobe VI was chosen to measure thickness of layers in lobe V. For
lobe IX, the midpoint between the anterior tip and posterior tip of the lobe
was chosen.

Mixed cerebellar cultures
Mixed cerebellar cultures were prepared from P0–P1 pups as described
(Hatten et al., 1998) and plated on polylysine coated 16-well chamber
slides. Antibodies were added at day 3 at 50 �g/ml, and media were
changed every three days containing fresh antibodies. Cultures were fixed
at d 6, 11, and 14 and stained with anti-� internexin, 1:300, a gift from Dr.
Ron Liem (Columbia University, New York, NY) or anti-�-tubulin (Sigma-
Aldrich; 1:1,000) antibodies followed by appropriate secondary antibodies
and photographs were taken. Hoechst 33258 was added to the mounting
media. Two fields were randomly chosen under 10 objectives using
CCD camera and Hoechst 33258 positive nuclei were counted manually
on captured images.
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Note added in proof. Recent data on the genomic structure of human Nr-
CAM (Dry, K., S. Kenwick, A. Rosenthal, and M. Platzer. 2001. Gene. 273:
115–122) suggests that the second exon in mouse corresponds to the
fourth exon in human and other exons; numbers should be changed ac-
cordingly.
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