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Abstract
Mutations in the human L1CAM gene cause X-linked Hydrocephalus and MASA syndrome. In
vitro studies have shown the L1 cytoplasmic domain (L1CD) is involved in L1 trafficking, neurite
branching, signaling, and interactions with the cytoskeleton. L1cam knock-out (L1KO) mice have
hydrocephalus, a small cerebellum, hyperfasciculation of corticothalamic tracts and abnormal
peripheral nerves. To explore the function of the L1CD, we made three new mice lines in which
different parts of the L1CD have been altered. In all mutant lines L1 protein is expressed and
transported into the axon. Interestingly, these new L1CD mutant lines display normal brain
morphology. However, the expression of L1 protein in the adult is dramatically reduced in the two
L1CD mutant lines that lack the ankyrin-binding region and they show defects in motor function.
Therefore, the L1CD is not responsible for the major defects observed in L1KO mice, yet it is
required for continued L1 protein expression and motor function in the adult.
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Introduction
The cell adhesion molecule L1 is a member of the immunoglobulin superfamily and is
essential for development of the human and mouse nervous system (Dahme et al., 1997;
Kamiguchi et al., 1998a; Kenwrick et al., 1996). In humans, mutations in the L1CAM gene
cause X-linked Hydrocephalus (OMIM #307000) and MASA syndrome (Mental retardation,
Aphasia, Shuffling gait, Adducted thumbs, OMIM #303350). L1 has been implicated in
different aspects of neural development, including neurite outgrowth (Lagenaur and
Lemmon, 1987), axon fasciculation (Stallcup and Beasley, 1985), myelination (Barbin et al.,
2004), and synapse formation (Godenschwege et al., 2006). These multiple functions of L1
depend on complex interactions with diverse molecules that associate with L1's extracellular
and cytoplasmic domain (Hortsch et al., 2009; Maness and Schachner, 2007).
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The extracellular domain participates in adhesion by homophilic interactions with L1 itself
(Grumet and Edelman, 1988), or heterophilic interactions with CNTN2/axonin-1/TAG-1
(Kuhn et al., 1991), integrins (Ruppert et al., 1995), neuropilin-1 and SemaIIIa (Castellani et
al., 2000), and other ligands (Haspel and Grumet, 2003).

The L1 cytoplasmic domain (L1CD) is highly conserved, being identical at the amino acid
level in all mammals and shows strong conservation between invertebrates and vertebrates
(Hortsch, 2000). Mutations in the L1CD cause MASA syndrome (Fransen et al., 1997). In
neural tissue, the L1CD includes an alternatively spliced miniexon, RSLE, which is
preceded by a tyrosine. The resulting YRSL sequence confers binding to a clathrin adaptor,
AP-2 (Kamiguchi et al., 1998b) that is important in L1 trafficking (Dequidt et al., 2007;
Kamiguchi et al., 1998b; Yap et al., 2008). L1 can be coupled to the actin cytoskeleton
through interactions with either ankyrin 2 (Ank2) (Davis and Bennett, 1994; Yap et al.,
2008) or ezrin-radixin-moesin (ERM) proteins (Dickson et al., 2002; Sakurai et al., 2008).
Ank2 binding to L1 stabilizes its location on the cell surface (Gil et al., 2003; Hortsch et al.,
2009; Scotland et al., 1998). ERM binding to L1 is important for L1 mediated axonal
branching and guidance (Cheng et al., 2005a; Mintz et al., 2008).

Because numerous studies implicate the cytoplasmic domain of L1 in the protein's function
and human mutations in the L1CD cause Central Nervous System (CNS) deficits, we were
motivated to generate three new mutant mice lines. One line has a point mutation
(Y1176>A) previously shown in vitro to influence L1 trafficking and interaction with
ERMs. The other two lines have truncations that remove approximately one half or nearly
the entire L1CD (L11180 and L11152. respectively). We examined the brains of the L1CD
mutant mice, focusing on regions that show abnormalities in L1KO mice. Surprisingly, we
observed no gross morphological or histological abnormalities in the CNS or Peripheral
Nervous System (PNS) that are present in L1KO mice. All the L1CD mutant mice express
L1 protein in the usual pattern in young animals, but expression of L1 protein in adults is
very low in the two L1CD mutant lines that lack the Ank2 binding region. In addition, these
two L1CD mutant lines showed a defect in motor function. These data show that the L1CD
is not essential for several interesting defects present in L1KO mice, but is critical for
sustained L1 protein expression, which in turn may be necessary for motor coordination.

Materials and methods
Antibody Characterization

Primary antibodies include: Rabbit anti L1total (Brittis et al., 1995) produced in the
Lemmon lab. Rabbit anti L1CD (Schaefer et al., 2002) produced in the Lemmon lab to
recombinant L1 cytoplasmic domain; Rabbit anti FIGQY (gift from Dr. Matthew N.
Rasband) (Ogawa et al., 2006), produced to a small peptide corresponding to a highly
conserved cytoplasmic sequence found in all L1-CAMs; Rat anti L1ex (gift from Dr. Fritz
Rathjen)(Lindner et al., 1983; Rathjen and Schachner, 1984), the original monoclonal
antibody to mouse L1 made by Fritz Rathjen. All of the antibodies to L1 have been tested
and do not bind to western blots of L1KO brain membranes (for example, see Fig. 9). When
used to immunoprecipiate mouse brain, they give only proteins with the expected bands at
220 kDa, 180 kDa and 80 kDa. The anti FIGQY antibody recognizes the L1 family members
and when immunoprecipitation was also performed with the FIGQY antibody only the
expected bands at 220 kDa and 80 kDa were observed. Mouse anti GAPDH (Cat # AM4300,
1:10000; Ambion, Austin, TX). This antibody was used as a loading control for westerns
and only detected a single band at the expected molecular weight at about 39 kDa. Chicken
anti-βtubulin 3 (Cat number TUJ, 1:1000; Aves Labs, Tigard, Oregon), when used to
visualize neurites in culture, gave the expected staining pattern and did not stain glia or
fibroblasts. Mouse anti-neurofilament (RT97, 1:1000) obtained from the Developmental
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Studies Hybridoma Bank. When used to stain axons in brain sections to examine
fasciculation, it gave the expected staining pattern, consistent with earlier reports (Johnstone
et al., 1997; Shin et al., 2003).

Animals
All animal experiments described in this manuscript have been approved by the Case
Western Reserve University and the University of Maimi IACUCs. L1Y1176A, L11180 and
L11152 mice were generated using a Cre/lox approach (Fig. 1A). The L1cam gene has 29
exons, 28 of which are coding and one containing a 5’ –untranslated sequence (Meech et al.,
1999). 9.7 kb of Xba I DNA fragment including exon12 to exon 29 was obtained from 129/
SvJ genomic BAC clone containing the entire L1cam gene (Caltech 129/SvJ mouse genomic
library clone Citb/CJ7/567G9, purchased from Open Biosystems). A fragment from Pml I
located in exon 14 and a PshA I located at 2.1kb downstream from the stop codon were
chosen as the ends of the 5’ –arm and 3’ –arm respectively. A mutated fragment was
substituted for corresponding wild type sequences. A neomycin resistance cassette, with a
MC1 promoter and polyadenylation signal and flanked loxP sites, was inserted into the Bgl I
site located between exon 26 and exon 27 for positive selection. To provide for negative
selection, the L1cam 5’ –arm-neomycin resistance cassette-L1cam 3’ –arm fragment (9.4kb)
was replaced with a neomycin cassette of pPNT (Tybulewicz et al., 1991) containing HSV-
Thymidine kinase gene with the phosphoglycerate kinase-1 promoter. Following digestion
with Not I, the linearized construct was electroporated into embryonic stem cells (ES PC3
cells (Protamine-Cre recombinase transgene including embryonic stem cells)) (O'Gorman et
al., 1997). ES cells were cultured in G418 containing media, and surviving cells were
screened by Southern hybridization. The wild type (WT) gene has a 9.7 kb Xba I-Xba I
fragment. The mutant gene generates a Xba I site in the lox P cassette, so after Xba I
digestion it gives a shorter fragment. Two probes were prepared for confirmation of 5’ -and
3’ – recombination. Probe L, detecting 5’ – homologous recombination is 0.6 kb upstream of
Pml I site, and probe R, detecting 3’ – homologous recombination, is 0.9 kb downstream of
the PshA I site. The probes detect 5.6 kb and 5.3 kb fragments respectively.

Prior to initiating analysis of the 3 lines, the mice were backcrossed onto the 129S2/Sv
(129S2/SvPascrlf) and the C57BL/6 background using MAX-BAXsm (Marker-Assisted
Accelerated Backcrossing) speed congenics until the lines were congenic.

Mutagenesis
: A 0.3 kb of BamH I – Sac I fragment containing exon 27 and exon 28 was subcloned into
pBluescript SK + (Stratagene, La Jolla, CA) for mutagenesis template. Oligonucleotides
containing a mutation that generates a stop codon just before RSLE, 5’ –
GACCTTCGGCGAGTACTAGTGAGCAGGGACAAA AG-3’ and 5’ – CTTTTGTCC
CTGCTCACTAGTACTCGCCGAAGGTC-3’, 1176 Tyr residue changed into Ala, 5’-
GAGACCTTCGGCGAGGCCAGGTGAGCAGGGAC-3’ and 5’-GTCCCTGCTCACCTG
GCCTCGCCGAAGGTCTC-3’, and a stop codon just after RSLE, 5’-
GACTTCAGGTCCCTGGAGTAGGTAAGATGTGACAGTAGG-3’ and 5’-
CCTACTGTCACATCTTACCT ACTCCAGGGACCTGAAGTC-3’ were designed for the
mutagenesis. QuickChange II Site Directed Mutagenesis Kit (Stratagene, La Jolla, CA) was
used following the manufacture's instructions. Each mutated fragment was substituted with
original (wild type) BamH I and Sac I sites of corresponding DNA sequences.

Preparation of membrane proteins
Mouse brain homogenates were prepared by homogenizing brains in a buffer containing 50
mM Tris (pH 7.2), 0.32 M sucrose and protease inhibitor (Roche Diagnostics, Indianapolis,
IN). The solution was layered over a sucrose gradient consisting of two discontinuous layers
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of 0.8 M and 1.2 M sucrose dissolved in 50 mM Tris, pH 7.2, and centrifuged at 40,500 × g
for 1.5 hrs in a Beckman SW 28. The membrane fraction at the 0.8 M- 1.2 M sucrose
interface was collected and diluted with 1 vol of 50 mM Tris, pH 7.2, and centrifuged at
230,000 × g for 20 min in a Beckman Ti 70.1. For some experiments the membrane pellets
were resuspended in 0.1M PBS. For other experiments, the pellets were resuspended in 1%
Triton-X-100, 50 mM Tris, pH 8.0, sonicated and centrifuged at 230,000 × g for 30 min.
The supernatant (membrane extract) was reserved for subsequent use.

Immunoprecipitation
For some western blot experiments, L1 immunoprecipitation was performed. Protein A-
sepharose beads (Pearce, Rockford, IL) were coated with L1ex antibody which recognizes
the extracellular region of L1 (Rathjen and Schachner, 1984). The L1ex-coated beads were
incubated with membrane extract at 4°C over night, spun down and washed with 1% Triton-
X in 50 mM Tris, pH 8.0. Protein was eluted by adding 2x SDS-PAGE sample buffer (100
mM Tris-HCl pH 6.8, 4% SDS, 0.2% bromophenol blue, 5% glycerol and 12% 2-
mercaptoethanol) and heating at 100°C for 5 min.

Western blotting
The membrane extracts were subjected to SDS-PAGE and western blotting either directly or
after immunoprecipitation. Samples were separated by electrophoresis in 8.5%
polyacrylamide gels and transferred to PVDF membrane (Millipore Corporation, Bedford,
MA). Membranes were blocked at room temperature for 1 hr with Odyssey blocking buffer
(LI-COR, Lincoln, NE). Blots were then incubated with primary antibody in Odyssey
blocking buffer at 4°C overnight. Primary antibodies used include: anti L1total (1:5000)
(Brittis et al., 1995), anti L1CD (1:5000) (Schaefer et al., 2002), anti FIGQY (1:200) (Voas
et al., 2007), anti L1ex (1:10000) (Lindner et al., 1983), and anti GAPDH (1:10000;
Ambion, Austin, TX). For detection, the blots were incubated with secondary antibody for
either anti rabbit (1:5000) or anti rat (1:500) or anti mouse (1:5000) IRdye800 or IRdye700
(L1-COR, Lincoln, NE) at room temperature for 1 hr, then scanned using an Odyssey
infrared imaging machine (L1-COR, Lincoln, NE).

Preparation of substrate
For these experiments we used Human L1-Fc or laminin for the substrate. For L1-Fc
substrate, anti-human-Fc (Rockland,Gilbertsville, PA) (8 μg / well) was incubated in 96 well
plates (Packard View Plates, Packard Bioscience, CO) overnight at room temperature.
Following several washes with PBS, L1-Fc (4 μg / well ) was incubated overnight at room
temperature. For laminin substrate, poly-D-lysine (100 μg / ml) was incubated in 96 well
plates (Packard View Plates, Packard Bioscience, Meriden, CT) or on cover glass overnight
at room temperature. Following several washes with HBSS, laminin (10 μg / ml) was
incubated overnight at room temperature. Plates or coverslips were washed with PBS before
plating neurons.

Primary hippocampal cultures
Postnatal day 2-3 mouse hippocampi were removed in Hibernate E (Brain Bits, Springfield,
IL) and incubated with 20 units / ml papain (Worthington Biochemical Corporation, NJ) and
0.1 mg/ ml DNase (Sigma-Aldrich, St.Louis, MO) for 30 min at 37 °C, followed by washing
with Hibernate E and 1x B27 (Invitrogen, Carlsbad, CA), then incubated with 0.25% Tripsin
(Invitrogen). After washing with Hibernate E and B27, cells were incubated with Enriched
Neurobasal (ENB) media (1x Penicillin-Streptomycin liquid (Invitrogen), 1x insulin (Sigma-
Aldrich), 1 mM sodium pyruvate (Invitrogen), 1x T3 (Sigma-Aldrich), 1x L-glutamine
(Invitrogen), 1x NAC (Sigma-Aldrich), 1x B27 (Invitrogen), 4 mg transferrin (Sigma-
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Aldrich), 4mg BSA (Sigma-Aldrich), 2.5 μg progesterone (Sigma-Aldrich), 0.64 mg
putrescine (Sigma-Aldrich), 1.6μg sodium selenite (Sigma-Aldrich)) during 3 days.

Immunostaining for hippocampal primary cultures
The cultures were fixed with 4 % PFA (Sigma-Aldrich, St. Louis, MO), 4 % Sucrose
(Sigma-Aldrich), PBS, for 15 min. Neurons were blocked with 0.03 % Triton-X and 0.2 %
Gelatin at room temperature for 1 hr, followed by incubation with primary antibody at 4°C
overnight and secondary antibody at room temperature for 1 hr. Primary antibodies were
used for immunostaining as follows: L1total (1:100; (Brittis et al., 1995)), anti-βtubulin 3
(1:1000; Aves Labs, New Orleans, LA), and anti-neurofilament (RT97, 1:1000).

Semi-quantitative measurements of L1 expression on hippocampal neurons
To measure the intensity of L1 and tubulin, hippocampal neurons from all three mutant mice
and L1WT mice were prepared, cultured and stained on the same day using the same
conditions and antibodies. Images were acquired using a Zeiss LSM 410 confocal
microscope. The intensity of L1 and tubulin was measured by MetaMorph software
(Molecular Devices, Sunnyvale, CA) with no adjustments to the acquired images. To
produce magentia/green images for Fig. 2 the red/green images obtained from the LDM 410
were imported into Photoshop (10.0 for the Mac) and the red channel was adjusted so the
brightest pixels were about 250. The red channel was then imported into ImageJ ( 1.42 for
the Mac) and the red channel was copied into the blue channel to produce magenta. Finally,
the red and blue channels were merged in ImageJ with the green channel to give the
magenta/green/white images that show co-localization of L1 and tubulin.

Morphometery of hippocampal neurons
Images of neurons in 96 wells were taken and analyzed using a Cellomics VTI Arrayscan
High Content Screening Microscope (Thermo Fisher Scientific, Pittsburgh, PA). These data
were analyzed by Spotfire software (Tibco, Palo Alto, California). Parameters of special
interest were the longest neurite length, neurite total length, number of branches of the
neurites and the number of neurites emerging from the soma.

Immunohistochemistry
Fixation and staining were performed as described previously (Nakamura et al., 2006).
Briefly, young mice (7 days of age) and adult mice (7 weeks of age) were anesthetized by an
i.p. injection of Ketamine and Xylazine, and perfused transcardially with 4% PFA in PBS.
Brains were removed and post-fixed at 4°C overnight in the same fixative, followed by
immersion in 30% sucrose. Frozen 30-μm-thick coronal sections were used for
immunohistochemistry. The sections were blocked in 5% BSA in PBS, and incubated with
primary antibodies at 4°C over night. Sections were rinsed in PBS and incubated in
biotinylated secondary antibodies at 4°C over night (1:500; Vector Laboratories,
Burlingame, CA). Bound antibodies were detected by staining for 2 hrs with the ABC
Vectastain kit (Vector Laboratories, Burlingame, CA) and then for 5 min with 0.05% 3,3'-
diaminobenzidine tetrahydroxychloride (DAB) in 50 mM Tris-HCl, pH 7.5, containing
0.01% H2O2. Primary antibodies were used for immunostaining as follows: L1ex (1:2000)
(Lindner et al., 1983), anti-neurofilament (RT97, 1:1000).

Real-time quantitative PCR analysis
cDNA was produced from 7-week-old mouse brains by a reverse transcription PCR kit
(Invitrogen, Carlsbad, CA) according to the manufacturer's instructions. Quantitative reverse
transcriptase-PCR (qRT-PCR) was performed by QuantiFast SYBR Green RT-PCR Kit
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(QIAGEN, Valencia, CA). Expression data were normalized to β-actin. The primers are as
follows: L1cam left: 5’-accctgaggcattacacctg-3’, L1cam right: 5’-agttctgggtccgaaaggtt-3’.

Morphological and histological analysis
For detection of hydrocephalus, brains were cut coronally at -0.9 mm from bregma. To
examine the cerebellum and corpus callosum, brains were cut sagittally at the midline. The
brains were observed with a stereo microscope (Wild Heerbrugg-M650 microscope,
Switzerland), imaged with a Spot 2.3.0 camera and SPOT software (Diagnostic Instruments,
Sterling Heights, MI). To measure the area of the cerebellum, digital images from the
midline were traced with ImageJ software (National Institutes of Health, Bethesda, MD). To
measure the pyramidal tract, coronal serial slices were obtained at 30 μm-thickness using a
vibratome, after paraformaldehyde perfusion. Wet slices in 0.1 M PBS, pH 7.4 were put on
glass slides allowing the pyramidal tract to be detected microscopically (using a Olympus
BX51 light microscope, and image capture with a Microfire camera (Optronics, Goleta,
CA)). Images of the pyramidal tract just rostral to the decussation were collected, and the
cross-sectional area was traced with ImageJ software (National Institutes of Health,
Bethesda, MD).

Pyramidal tract tracing
Mice were anesthetized with a mixture of ketamine / xylazine cocktail by intraperitoneal
injection. The skull was opened and 10 % BDA (MW 10,000; Molecular Probes, Eugene,
OR) was injected into 3 sites (1 μ l/site) into motor cortex using a Hamilton syringe. After
surgery, the mice were kept on a heating pad until completely recovered from anesthesia.
Mice were transcardially perfused 6 days after injection of BDA, then 20 μm coronal
sections were taken. BDA was detected using streptoavidin Alexa Flour 594 conjugate
(1:200; Invitrogen, Carlsbad, CA).

Electron Microscopy
Sciatic nerves of adult mice were removed and fixed at 4 °C in 2% PFA, 2% glutaraldehyde
in 0.1 M PBS, pH7.4. Then sciatic nerves were put in 2% OsO4 for 1 hr at room temperature
before being embedded in Embed plastic (Electron Microscopy Science, Fort Washington,
PA). Thin sections were stained with uranyl acetate and lead citrate and examined using a
Philip CM-10 electron microscope (FEI Company, Hillsboro, OR).

G-ratio
For measuring g-ratio, one micron semithin sections of sciatic nerve were prepared and
stained with toluidine blue/methylene blue/sodium borate. Threshold images were obtained
by ImageMagick software (ImageMagick Studio LLC, Landenberg, PA). For measuring g-
ratio (ratio of myelin thickness to axon size), the threshold images were measured with
ImageJ software (National Institutes of Health, Bethesda, MD).

Spatial learning and memory in the radial-arm water maze
The radial-six arm water maze is a hybrid of the Morris water maze and a radial arm maze,
which combines the simple motivation provided by water immersion along with scoring
errors obtained with a radial arm maze (Alamed et al., 2006). Each mouse was placed on the
platform for 20 sec, followed by a 1-min swimming period starting from each arm and
ending when the mouse found the platform. This session was repeated 3 times during 3
successive days of training, followed by 1 test trial on each of the next 2 days.
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Motor function
Mice were placed on a rotating rod (IITC 755 Rotarod, IITC Life Sciences, Woodland Hills,
CA) facing the opposite direction to the motion of the rod, which was set to accelerate from
0 to 30 rpm over 3 min. Automatic timers scored the latency for the mice to fall off the rod
into the chamber below. Mice were trained for 2 weeks then tested for 1 week, with one trial
per day.

Statistics
In all cases Analysis of Variance was performed with a level of significance set at 0.05.

Results
Production of three kinds of L1CD mutant mice (L1Y1176A, L11180, L11152)

We generated three L1CD mutant mice (Fig. 1). In our experimental design we wanted to
make mutations with minimum impact on L1cam gene organization to reduce the possibility
of altered gene expression and/or other unanticipated complications. Initially we chose to
focus on making constructs that would distinguish between the roles of Ank2 and the critical
region at the RSLE mini-exon that is involved in clathrin mediated endocytosis and ERM
binding. The L1Y1176A mice had one amino acid substitution from tyrosine to alanine,
therefore lacking the AP-2 binding site and a site involved in ERM interactions with L1, but
preserving the rest of the L1CD. The other two L1CD mutant mice have truncation
mutations. L11180 mice have a stop codon after the E1180 codon, thereby preserving binding
to AP-2 and ERM proteins but not binding to Ank2 or RanBPM. Our original plan was to
produce a mutant line with a truncation at Y1176, i.e. before the mini exon that codes for
RSLE. This required altering the sequence at the end of exon 28 by converting Y1176 to a
stop codon. Sequencing of genomic DNA from the three new lines confirmed that they all
had the expected mutations that were introduced into the ES cells (data not shown). It is well
established that the genetic background influences the phenotype of L1cam mutant mice.
Consequently, we backcrossed the mice onto 129S2/Sv (129S2/SvPascrlf) and C57BL/6J
using speed congenics, and only performed experiments on mice that were at least 98%
congenic, based on analysis of 110 microsatelitte markers.

Next we checked the sequence of the L1 mRNA from the 3 new mutant mice lines. The
sequence of the mRNA for L1Y1176A and L11180 was the expected sequence based on our
design and the sequence of the genomic DNA. However, the sequence of the putative L11176

was not. Rather, the L1 sequence ended at what corresponds to exon 26, followed by 78
apparently random nucleotides. We conclude that the mutation introduced at the end of exon
26 disrupted splicing, leading to skipping of exon 27. While the resulting mice were not
what we had originally planned, indeed we believe they are even more informative because
the introduced mutation resulted in the elimination of 105/114 of the highly conserved
amino acids in the L1CD. Henceforth we will refer to this mutant as L11152.

Western blotting was performed on the new lines to confirm that L1 protein was expressed.
For the initial characterization, several antibodies against different regions of L1 were used
for western blotting. To reduce the background and increase the band density for western
blotting, we immunoprecipitated L1 from mouse brain extracts. This experiment does not
provide information about the expression level of L1 protein in different L1cam mice lines,
but provides information about whether these mutant mice express L1 protein of the
expected size. Using a polyclonal antibody to L1, L1WT, all three L1CD mutant mice
showed two clear L1 bands, ~ 220 kD (full length L1) and ~ 140 kD (cleaved form of L1)
(Fig. 1C), while L1KO mice did not show any bands (data not shown, but see Itoh et al,
2004). The two lines with truncated L1 (L11180 and L11152) showed bands at lower
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molecular weights L1WT, as expected. Using a polyclonal antibody that recognizes the
L1CD, L11152 did not show any band, demonstrating that L11152 mice lack the majority of
the L1CD. Using the FIGQY monoclonal antibody that recognizes the FIGQY sequence in
the Ank2 binding site, only L1WT and L1Y1176A mutant mice showed L1 bands. Therefore,
the data for the sequence of L1 mRNA and western blotting show that 1) L1 protein is
expressed in the brains of the three new lines, 2) L1Y1176A mutant protein has a similar
molecular weight to L1WT, 3) L11180 has a truncation missing the Ank2 binding region and
4) L11152 has a larger truncation.

L1 protein in hippocampal neurons is transported into axons in L1CD mice
It has been shown that the transportation of L1 from the cell body to the neurites is inhibited
by mutating the extracellular domain of L1 (C264Y), leading to L1 being concentrated in the
cell body (Runker et al., 2003). It has also been shown in DRG neurons that disruption of
the tyrosine based sorting motif prevented transport of L1 into neurites (Kamiguchi and
Lemmon, 1998), while similar mutations in Ng-CAM had less of an effect in hippocampal
neurons (Sampo et al., 2003; Wisco et al., 2003; Yap et al., 2008). To determine whether the
L1CD is necessary for transport of L1 from the cell body into axons, we examined cultured
hippocampal neurons and assessed the distribution of L1 in axons. After 3 days in culture,
axons and dendrites were distinguishable based on morphological and immunohistochemical
criteria on laminin substrates (Dotti et al., 1987). An axon was observed in cultured
hippocampal neurons from all three L1cam mutant mice and L1 was observed all the way to
the growth cone of the longest neurites, similar to L1WT mice (Fig. 2A). Additionally, the
intensity of L1 immunoreactivity in L1CD mice was comparable to L1WT mice (Fig. 2D, G,
J). Interestingly, the L11152 mutant actually has higher expression in the axon than L1WT

under these conditions (Fig. 2M, N), in contrast to the situation in the adult brain (see
below). These results showed that L1CD mutant mice can express L1 protein similar to
L1WT mice and that the L1CD is not essential for the transportation of L1 from the cell body
to the axon.

The L1CD is important for L1-mediated neurite extension and branching
The L1CD has been implicated in neurite extension and branching, which could be
important for pathfinding of axons during brain formation (Buhusi et al., 2008; Kamiguchi
and Lemmon, 2000b; Wiencken-Barger et al., 2004). To examine the role of L1CD in
neurite outgrowth, hippocampal neuronal morphology was examined. These cultures were
grown on laminin for 3 days. (Fig. 3A-D). We focused on four categories (longest neurite
length, neurite total length, number of branches from neurites and number of neurites
extending from the soma) to characterize neuronal morphology. The methods used to
automatically trace and analysis neuronal morphology using High Content Analysis
methodologies have the advantage providing large numbers of cells and no investigator bias.
But they also have some limitations in that staining with axonal markers, such as anti-Tau,
are not possible because the software can not connect the Tau staining to the somas in a
reliable way. As a result we can not make strong statements about branching of axons versus
dendrites. Nonetheless, if the morphological criteria of Dotti and Banker regarding E18 rat
hippocampal neurons (Dotti et al., 1987) can be applied to our slightly older (P3) mouse
hippocampal neurons, it is likely the large differences in branching are in axons and not
dendrites.

The longest neurite length and number of neurites extending from the soma were not
perturbed in L1CD mutant mice, but the number of branches was reduced (~20%) in L11152

mice. This particular result was not anticipated, but M. Grumet and associates have
previously reported that antibodies to Ng-CAM, the chick homologue of L1, can perturb
growth on laminin (Grumet et al., 1993), and it is well established that L1 interacts with
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integrins (Montgomery et al., 1996), so this may account for this observation. Neurite
outgrowth was significantly greater on L1-Fc substrates compared to laminin (Fig. 3). The
length of the longest neurite was increased in neurons from all three L1CD mutant mice on
L1-Fc substrate, which shows the cytoplasmic region of L1 is not essential for neurite
extension on L1 substrates. Interestingly, the number of branches in L11152 neurons was not
enhanced on L1-Fc substrate compared to laminin. However, L1Y1176A and L11180 neurons
showed an increase in the number of branches on an L1 substrate compared to laminin,
similar to L1WT. These data indicate that the juxtamembrane ERM binding site (Cheng et
al., 2005a) has an important role in L1 dependent neurite branching but the ERM binding
site involving the YRSL region is not (Dickson et al., 2002). The data from the L11180 and
L11152 hippocampal neurons is similar to that reported using overexpression approaches in
cerebellar granule cells (Cheng et al., 2005a) and do not support L1-ankyrin playing an
essential role in axonal extension or branching as has been previously suggested (Kamiguchi
and Lemmon, 2000b; Nishimura et al., 2003).

L1CD mutant mice have normal morphology and histology
All three lines of L1CD mutant mice were born in nearly Mendelian ratios of 1:3
(percentage of L1mut/Y mice was 29% for L1Y1176A, 24% for L11180, and 22% for L11152)
demonstrating normal survival, while L1KO was only 9%. L1CD mutant mice did not show
any of the prominent features observed in L1KO mice, such as a domed head. The average
body weight of 8-week-old L1Y1176A mice (26.2 ± 0.8 g; n = 8), L11180 mice (26.0 ± 1.1 g;
n = 6) and L11152 mice (28.7 ± 1.0 g; n = 5) were not significantly different when compared
with L1WT mice (25.7 ± 1.1 g; n = 6).

L1KO mice show gross abnormalities including hydrocephalus, smaller hippocampus and
cerebellum, corpus callosum hypoplasia, hyper fasciculation, and pyramidal tract
abnormalities (Cohen et al., 1998; Dahme et al., 1997; Demyanenko et al., 2001; Fransen et
al., 1997; Ohyama et al., 2004; Rolf et al., 2001; Wiencken-Barger et al., 2004). To
investigate whether the L1CD contributes to the defects observed in the L1KO mice, we
examined the morphology and histology of the brains of L1Y1176A, L11180 and L11152 mice.
Because genetic background is a17 critical issue for brain development of L1KO mice
(Dahme et al., 1997), we focused on the genetic background with the most severe
phenotype, C57BL/6J.

Morphologically, these three types of mutant mice showed no hydrocephalus (Fig. 4B-D);
the number of mice having hydrocephalus: L1WT 0 / 10, L1Y1176A 0 / 9, L11180 0 / 9, L11152

0 / 9, L1KO 5 / 5). In addition, no morphological abnormalities of the cerebellar lobes (Fig.
4G-I) or hippocampus (Fig. 4M-O) were observed, even though L1KO mice show obvious
abnormalities in these brain regions (4E, J, P). It has also been shown that L1KO mice
sometimes have corpus callosum hypoplasia (Demyanenko et al., 2001). In contrast, these
three L1CD mutant mice have corpus callosum with similar cross-sectional areas as L1WT

mice (L1WT = 0.91 ± 0.094, L1Y1176A = 0.92 ± 0.070, L11180 = 0.85 ± 0.070, L11152 = 0.86
± 0.052 mm2, n = 3, p > 0.1).

It has previously been shown that L1KO mice have hyperfasciculated axons in the internal
capsule (Ohyama et al., 2004; Wiencken-Barger et al., 2004). None of the three L1CD
mutant mice showed hyperfasciculated axons, although all of the L1KO mice we examined
showed hyperfasciculated axons instead of many small axon bundles characteristic of wild
type animals. (Fig. 5A-E). Preliminary studies did not detect decreased sizes of the thalamus
in the L1CD mice (data not shown).

Corticospinal tract (CST) axons of L1KO mice often display pathfinding errors at the
pyramidal decussation, and the cross-sectional area of the corticospinal tract is significantly
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decreased (Cohen et al., 1998; Dahme et al., 1997). To evaluate whether similar
abnormalities occurred in L1CD mice, we determined the area of the corticospinal tract at
the caudal end of the medulla (Fig. 5F-J). The area was almost identical between L1WT and
L1CD mice, although L1KO mice showed a significantly smaller area (Fig. 5O). The
corticospinal tract was anterogradely labeled by biotinylated dextran amine (BDA) from a
unilateral injection in the motor cortex. The labeled axons in the CST were observed
coursing contralaterally in the ventral region in the pyramidal decussation area, with no
axons going into the ipsilateral CST (Fig. 5K-N), indicating that the pyramidal decussation
occurred normally in all L1CD mutant mice, even though L1KO mice showed path finding
errors (Cohen et al., 1998; Dahme et al., 1997; Itoh et al., 2004).

These data show that common and easily identifiable abnormities observed in L1KO mice
were not found in mice with L1CD mutations.

Normal spatial memory
It has previously been reported that the L1KO mice have defects in spatial learning and
memory as assessed with the Morris water maze (Fransen et al., 1998). To examine spatial
learning and memory, we performed the radial-arm water maze test (Alamed et al., 2006).
The average time to reach the platform was not different between L1CD mutant mice and
L1WT (Fig. 6A). To exclude the possibility that the mouse found the platform by randomly
swimming around, we counted how many times a mouse entered the wrong arm. We found
no significant difference in the number of errors between L1CD mutant lines and L1WT

mice (Fig. 6B). These data indicate that the L1CD is not essential for spatial learning and
memory. It was noted that the L1CD mutant mice, especially the 1152 mutants actually had
“better performance” on the radial-arm water maze, in terms of having shorter times to swim
to the platform, although this was not statistically significant. Observations from the tests
indicate the shorter latency was likely do to less time spent floating in the water before
starting to swim to the platform. It is possible this is due to some difference in anxiety levels
in the L1CD mice (Venero et al., 2004).

Truncations of the L1CD lead to impaired motor function
It has been shown that L1KO mice fall easily from an immobile rod because of difficulties in
keeping their balance (Fransen et al., 1998), however we found that L1CD mutant mice can
stay on an immobile rod without falling. To further examine motor function and
coordination of L1CD mutant mice, we performed the accelerated rotarod test to examine
their ability to remain on a rotating platform (Pratte et al., 2003). There was no significant
difference between the times of L1Y1176A and L1WT mice, however the L11180 and L11152

mice performed worse (Fig. 7). The difference in performance of the WT mice used in
different experimental series (compare 7B to 7A or 7C is due to different ages of the WT
and aged matched L1CD mice: A: 2 months, B: 7-8 months, C: 2-4 months). This data
indicates the c-terminal region of the L1CD, including the ankyrin-binding region, is
important in motor function in the adult mouse.

L1CD mutant mice have normal unmyelinated and myelinated axons
Although the cerebellum is a region of the brain that plays an important role in motor
control, all L1CD mutant mice, including L11152, did not show detectable abnormalities in
cerebellum formation (Fig. 4). The development of myelinated and unmyelinated axons in
the PNS is also important for motor function. To examine this we used light and electron
microscopic techniques. In the sciatic nerve of L1WT mice, Schwann cells ensheathe
individual axons compactly within separate cytoplasmic processes (Fig. 8A). In L1CD
mutant mice (Fig. 8B-D), these axons were also compactly ensheathed, similar to L1WT

mice (Fig. 8A). This is in contrast to L1KO mice (Fig. 8E) and mice lacking the L1 6th Ig
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domain (L1-6D mice), where there are many unmyelinated axons not properly ensheathed
by Schwann cell processes (Dahme et al., 1997; Haney et al., 1999; Itoh et al., 2005). To
quantify this, we categorized ensheathment into three types; not ensheathed, partially
ensheathed and completely ensheathed (Fig. 8F-G). In L1CD mutant mice, the Schwann
cells processes wrap each axon similar to L1WT mice, in contrast to L1KO mice (Fig. 8H).

Next, we examined the ultrastructure of myelinated axons. Myelin membranes were tightly
packed and the periaxonal space was appropriately maintained in L1CD mice (Fig. 8A). We
analyzed the myelinated axons in the entire cross-sectional area of nerves from four L1WT

mice and from four of each L1CD mutant mice; about 2500 axons per animal were
measured. The g-ratio is the accepted measurement for the thickness of myelin sheaths. The
average g-ratio was not significantly different between L1WT and L1CD mutant mice (Fig.
8I). The population distribution of g-ratios did not show significant differences between
L1WT and L1CD mutant mice (Fig. 8J-L), although the g-ratio of L1KO mice (Fig. 8M) was
significantly larger than L1WT (P <0.005), indicating that myelin is thinner in L1KO mice
than L1WT mice. These results show that the development of unmyelinated and myelinated
PNS axons is normal in L1CD mutant mice.

L1 protein expression decreases with age in L1CD mutant mice
We did not detect any gross morphological or histological abnormalities in the CNS and
PNS, although L11180 and L11152 mice exhibited defects in motor function, possibly due to
the fact that these two mutant lines do not have Ank2 binding sites. It has been demonstrated
that Ank2 binding mediates stationary behavior of L1 (Garver et al., 1997; Gil et al., 2003;
Scotland et al., 1998). Although all of the L1CD mutant lines express L1 protein in axons of
young hippocampal neurons in vitro, we examined the localization of L1 in the brains of
mutant mice at postnatal day 7 (P7) and in 7-week-old mice. At P7, there is no obvious
difference in the localization of L1 between L1WT and L1CD mutant mice using L1ex
antibody (Fig. 9A-D). Of particular note, there is no accumulation of L1 in cell bodies of the
sort observed in C264Y (Runker et al., 2003), which confirms that the L1CD lines with
these particular mutations/truncations can be transported from the cell body to the axon.
However, the quantitative data for the expression level of L1 protein at P7 showed that the
amount of L1 protein present in the brain was reduced by about 50% in L11180 and L11152

mice compared to L1WT (Fig. 9E-F). The reduction of L1 protein was much more prominent
in 7-week-old mice with L1CD truncations. L1WT mice and L1Y1176A mutant mice had
prominent and similarly distributed L1 immunoreactivity in the hippocampus and in the
molecular layer of the cerebellar cortex. In contrast, L11180 and L11152 mice showed faint or
no L1 immunoreactivity. Other regions where L1 expression is high in the adult, including
the stria terminalis, fimbria and hypothalamus (Munakata et al., 2003) also showed only
faint or no L1 immunoreactivity (data not shown). Furthermore, western blot analysis also
demonstrated a significant reduction in the level of L1 protein in L11180 and L11152 mice
(Fig. 9-O-P), whereas there was no significant difference in the expression level of L1
mRNA (Fig. 9Q). These data suggest that the L1CD, C-terminal to the RSLE mini exon, is
required for the persistent expression of L1 protein after early developmental stages.

Discussion
These three L1cam mutant mice lines are novel models for studying the highly conserved
L1CD (Hortsch, 1996). A variety of cell biological, biochemical and molecular experiments
have shown that the L1CD has important binding partners involved in signaling, trafficking
and cytoskeletal interactions (Kamiguchi and Lemmon, 2000a; Maness and Schachner,
2007). Mutations in the L1CD cause a form of mental retardation, although not as
devastating as mutations in the L1 extracellular domain (L1ED) (Yamasaki et al., 1997).
Therefore, it is remarkable that after examining a wide range of features of the CNS and
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PNS in the L1CD mice, we conclude that the L1CD is not responsible for the large
anatomical defects observed in the L1KO mice. However, the L1CD is essential for the
persistent expression of L1 protein and for some aspect of motor coordination.

Several binding partners for the L1CD have been found, including AP-2, ERM, RanBPM
and Ank2. The interaction with AP-2 enables L1 endocytosis via clathrin-coated pits, and
also it is involved in axonal sorting (Kamiguchi and Lemmon, 1998; Kamiguchi et al.,
1998b; Wisco et al., 2003). Based on these in vitro experiments, it seemed likely that L1
transportation from the cell body to the axon might be disturbed, but the data from our in
vitro and vivo analysis showed that the distribution of L1 in the brain appears normal at P7,
even if the L1CD was almost entirely missing. Winckler and associates have published a
series of in vitro studies on the sorting of the chicken homologue of L1, called Ng-CAM,
into somatodendritic and axonal compartments in neurons (Wisco et al., 2003; Yap et al.,
2008). They have found that the tyrosine based signal is important for retrieval of Ng-CAM
from the somatodendritic compartment prior to transport into the axon but that direct
trafficking to the axon is also possible using a signal in the L1ED (Wisco et al., 2003).
Sampo et al. have come to similar conclusions (Sampo et al., 2003). While the extracellular
domains of L1 and NgCAM are substantially different, the present studies also show that L1
sorting into the axon does not require the L1CD.

Humans with extracellular domain mutations or truncations usually have defects in the
development of the corticospinal tract (Halliday et al., 1986). Similarly, L1KO mice often
have corticospinal tract defects, including abnormal decussation (Cohen et al., 1998). This
abnormal pathfinding is attributed to a loss of L1-neuropilin-1 interactions that mediate
Sema3A signaling (Castellani, 2002; Castellani et al., 2000; Castellani et al., 2002). It is
well established that L1 and neuropilin-1 bind to each other via their extracellular domains
(Castellani et al., 2000; Castellani et al., 2002). Recently, it has been reported that L1-ERM
interactions can both mediate L1/neuropilin-1 internalization and Sema3A induced growth
cone collapse (Mintz et al., 2008). However, it is clear that the L1Y1176A and the L11152

mice do not depend on L1-ERM or L1-AP-2 interactions to correctly send axons along the
corticospinal tract. This would argue that the L1 dependant Sema3A response that subserves
decussation of the corticospinal tract is not dependent on AP-2 or ERM mediated
internalization of L1/neuropilin-1 complexes.

Perhaps the most important finding in the present work is that the persistent expression of
L1 protein is not required for the maintenance of normal brain morphology or
cytoarchitecture or learning and memory ass assessed by the radial-arm water maze. The
amount of L1 protein decreases to barely detectable levels in adult mice lacking the C-
terminal portion of the L1CD (L11152 or L11180 mutant mice) and is even reduced by
approximately 50% at P7. There is no doubt that L1 is essential for axonal growth and
pathfinding as well as proper brain formation, because the L1KO mice show a variety of
morphological abnormalities (Cohen et al., 1998; Dahme et al., 1997; Fransen et al., 1998;
Ohyama et al., 2004; Rolf et al., 2001; Wiencken-Barger et al., 2004). Although there is
some variation depending on brain region, L1 is expressed at relatively high levels during
development and L1 expression decreases somewhat (on average by perhaps 50%) in the
adult (Liljelund et al., 1994). The continued expression of L1 in brain regions with
substantial neuronal plasticity (hippocampus and cerebellum, for example), would seem to
argue for an important role for L1 in adult. Indeed L1 has been implicated in some models
of learning (Fransen et al., 1998; Law et al., 2003; Venero et al., 2004; Wolfer et al., 1998),
and in synapse formation (Godenschwege et al., 2006; Triana-Baltzer et al., 2008). The data
from the L11152 and L11180 mice allow us to disassociate the effects of loss of L1 function
in development from loss of function in the adult. In the adult, after brain formation is
complete, if L1 is then lost, it is difficult to find effects on brain morphology,
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cytoarchitecture, axonal pathfinding or learning and memory. The only significant alteration
we observed was in motor function.

In humans, mutations of the L1CAM gene usually cause spastic paraplegia and adducted
thumbs. Adducted thumbs are typically present at birth and might be due to failure of
innervation of the adductors in the forearm (Holtzman et al., 1976; Kanemura et al., 2006).
Macias et al. found the human mutation (S1181X) that causes the truncation of L1 protein,
similar to our L11180 mice (Macias et al., 1992; Weller and Gartner, 2001). This human
mutation did not cause hydrocephalus or corpus callosum hypoplasia, but it did cause spastic
paraplegia and adducted thumbs. Kanemura et al. reported a MASA syndrome case with a
truncation at R1166X in exon 27 that is similar to our L1-1552 mouse line. The individual
had shuffling gate and adducted thumbs but MRI revealed the brain was relatively normal,
in particular no abnormalities in the brainstem or cerebellum were noted (Kanemura et al.,
2005). These defects in motor function in humans with truncations in the L1CD could result
from similar failures as those observed in our two truncated L1CD mutant mice, so it is
plausible that stable expression of L1 in the adult is essential for normal function of the
motor system. The root cause of the abnormal motor function in the L11180 and L11152

mutant mice is not apparent. One possible site of action could be the synapse. Perhaps some
aspect of CNS circuitry in the motor system is abnormal but undetected with the methods we
used in our survey of brain formation. Alternatively, the site of action could be in the PNS at
the neuromuscular junction. It has been shown that L1 is present presynaptically and
disruption of L1 function alters neuromuscular junction formation (Triana-Baltzer et al.,
2006).

Which region of the L1CD determines the stability of L1 protein in the adult? The decrease
of L1 protein was observed only in L11180 and L11152 mice but not in L1Y1176A mutant
mice. The two affected mutant lines both lack the region C-terminal to residue 1180,
therefore missing the Ank2 and RanBPM binding sites (Cheng et al., 2005b; Davis and
Bennett, 1994; Whittard et al., 2006). It has been suggested that L1-ERM interactions
predominate early in development but that L1-ankyrin interactions dominate at later
developmental stages and in the adult (Hortsch et al., 2009; Mintz et al., 2003).
Interestingly, in the Ank2 knock-out mice, L1 expression is dramatically affected, with
almost a complete loss of L1 in brain sections and the optic nerve at P7 (Scotland et al.,
1998). Recently, Buhusi et al. described a mouse line with a point mutation in the L1CD
(Y1229H) that disrupts L1-Ank2 interactions (Buhusi et al., 2008). They reported that L1
was expressed at normal levels in the P0 and P3 brain, but the levels in the adult brain were
not reported. No abnormalities in brain morphology were noted but a subtle defect in
targeting of some retinal axons to the tectum was reported in P10-12 mice. Taken together, it
is likely that the loss of L1-Ank2 interactions accounts for the loss of L1 expression in the
adult in our mice.

Although our previous data showed that L1 mediated neurite branching was regulated by
two ERM binding sites, the mutation of the juxtamembrane ERM site showed the strongest
effect on neurite branching (Cheng et al., 2005a). This paper shows that L1 mediated neurite
branching is strongly decreased in L11152 mice, but not in L1Y1176A or L11180 mice. These
data suggest that the juxtamembrane ERM-binding site is essential for L1 mediated neurite
branching, although we did not observe axon branching or CST guidance abnormalities in
vivo.

The highly conserved nature of the L1CD (it is completely conserved in mammals at the
amino acid level) is prima facie evidence that it plays an essential role in L1cam function.
The fact that so many obvious defects present in the L1KO mice were absent in the L1CD
mice indicates that there are likely to be some compensatory mechanisms that ameliorate the
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affects that might be expected, especially in signaling and axon guidance. One possibility is
that other L1 family members are serving a compensatory role. Neurofascin, Nr-CAM and
CHL1 all have cytoplasmic domains that are highly homologous to the L1CD (Hortsch,
2000). They all have the RSLE mini-exon, ankyrin binding regions and a highly conserved
juxtamembrane region. An argument in favor of this is the fact that both the L1 and NrCAM
knockouts have mild effects on the cerebellum but the double knockout has a very severe
effect on cerebellar development (Sakurai et al., 2001) and the double knockouts are much
smaller and show lower survival rates than the single knockouts. Alternatively (or perhaps in
addition to other L1cam family members), signaling via the EGF or FGF receptors (Chen et
al., 2001; Islam et al., 2004; Kulahin et al., 2008), TAG-1 family members (Felsenfeld et al.,
1994; Pavlou et al., 2002), or neuropilin (Castellani et al., 2002) could compensate for some
loss of signaling via the L1CD

In summary, although the L1 cytoplasmic domain is very highly conserved over evolution,
the loss of the L1 cytoplasmic domain appears to have only minor effects on altering brain
structure and function in mice. This is in stark contrast to the role of the L1 extracellular
domain, which is essential for a variety of critical processes in brain development.
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Abbreviations

BDA biotinylated dextran amines

CNS central nervous system

CST corticospinal tract

ERM ezrin-radixin-moesin

L1-CAM L1 cell adhesion molecule

L1CD L1 cytoplasmic domain

L1ED L1 extracellular domain

L1KO L1cam knock-out

MASA syndrome Mental retardation, Aphasia, Shuffling gait, Adducted thumbs

Ng-CAM Neural glial cell adhesion molecule

PNS peripheral nervous system

WT wild type
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Figure 1. Production of L1CD mutant mice
(A) Schematic model of the strategy used to mutate the L1cam gene. The bold line indicates
the wild type allele, and the corresponding fragment of the targeting vector is depicted in the
white box. (X) in “3’-bit” fragment indicates mutated region. A loxP-neomycin cassette was
inserted with reverse orientation into the Bgl I site located between exon 26 and exon 27 for
positive selection. Probes L and R were prepared for confirmation of 5’ -and 3’ –
recombination. Xba I digestion gives a 9.7 kb wild type fragment while the mutant allele
gives a 5.6 kb 5’ fragment and a 5.9 kb 3' fragment. Primers for genotyping PCR were
designed to amplify a 409 bp wild type fragment and a 494 bp mutant fragment. Cre-
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recombinase regulated by the protamine promoter is carried by ES cells and removes the
loxP-Neo cassette once it is integrated into the chimera sperm (germ line).
(B) Schematic representation of L1cam in the L1CD mutant mice. The amino acid numbers
correspond to their position in the L1CD of L1WT (aa 1144-1257). The juxtamembrane
region, the ERM binding site, ankyrin binding site and AP-2 binding site are highlighted.
The numbers of the key residues are indicated on top of the corresponding residue. The
L1Y1176A mice have a single amino acid substitution. The L11152 mice have a truncation
after the S1152 residue. The L11180 mice have truncation after the E1180 residue.
(C) Western blot analysis from whole brain after immunoprecipitation using L1ex antibody.
Three different antibodies were used for characterization of L1WT, L1Y1176A, L11180 and
L11152 mice. L1total polyclonal antibody recognizes L1 extracellular and intracellular
regions, L1CD polyclonal antibody recognizes the cytoplasmic region of L1, and FIGQY
monoclonal antibody recognizes the FIGQY region in the ankyrin binding site.
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Figure 2. Normal L1 protein expression in hippocampal neurons from L1CD mutant mice
A-L: Hippocampal culture on laminin substrate at 3 days in vitro. These neurons are stained
by anti-L1 total antibody (A, D, G, J) and anti-B3 tubulin antibody (B, E, H, K). A-C: WT;
D-E: L1Y1176A; G-H: L11180; J-L: L11152. The merged images are shown in C, F, I, L. M
shows that the intensity of L1 several regions (dendrite, cell body, proximal axon, middle
axon and distal axon). Fifteen neurons each from the L1CD lines and L1WT were analyzed
using confocal images. N shows the relative amount of L1 intensity, which is normalized to
the tubulin intensity. All L1CD mutant mice could produce and transport L1 protein into
axons. *p < 0.05, **p < 0.001. Scale bar = 10 μm.
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Figure 3. Neurite branching on L1 substrates is impaired in L11152 mutant mice. A & I: WT; B
& J: L1Y1176A; C & K: L11180; D & L: L11152

A-D: Hippocampal neuronal culture grown on laminin substrate at 3 Days In Vitro (DIV).
Neurons are stained with anti-tubulin. Total neurite length, longest neurite length, number of
neurite branches and the number of neurites extending from soma are quantified. The mean
values of neurons of L1CD mutant mice are normalized to mean values of neurons of L1WT

mice. *p < 0.05. Scale bar = 100 μm.
I-L: Hippocampal neuronal culture grown on L1-Fc substrate at 3 DIV. The number of
neurite branches for L11152 mutant mice was significantly lower than L1WT mice. *p < 0.05,
**p < 0.001. The mean length or number of neurites on L1-Fc substrate was compared with
the laminin substrate. Longest neurite length and neurite total length was increased more
than two times, whereas number of branches of L11152 mice did not increase on the laminin
substrate compared to L1WT mice. *p < 0.05.
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Figure 4. Lack of gross morphological abnormalities in L1CD mutant mice. A, F, L: WT; B, G,
M: L1Y1176A; C, H, N: L11180; D. I, O: L11152; E, J, P: L1KO

(A-E) No hydrocephalus in L1CD mutant mice. Coronal section from brains showed that
there are no enlarged ventricles in L1CD mice, although L1KO mice have enlarged
ventricles. n = 3. Scale bar, 200 μm
(F-J) Normal morphology of cerebellar lobe in mid-sagittal sections of brains. The cerebellar
lobule shows normal morphology in L1CD mutant mice. n=3. Scale bar, 1 mm.
(K) Morphometric analysis of cerebellum at the midline of brains. There is no significant
difference in the size of the cerebellum of L1CD mutant mice, although the L1KO mice
cerebella are significantly smaller. n = 3. *p < 0.05.
(L-P) Cresyl violet staining for hippocampus region. Formation of hippocampus is normal in
L1CD mutant mice compared with L1WT mice, although L1KO mice have a smaller
hippocampus. Scale bar = 500 μm
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Figure 5. Normal axonal guidance in L1CD mutant mice. A, F, K: WT; B, G, L: L1Y1176A; C, H,
M: L11180; D. I, N: L11152; E, J: L1KO. A-E: scale bar = 1 mm, F-J: scale bar = 100 μm. L-O:
scale bar = 500 μm
(A-E) Neurofilament staining of brain sections. There is no hyperfasciculation of axons in
the internal capsule of L1CD mice, although L1KO mice have hyperfasciculated axons
(arrowhead). Scale bar, 1 mm.
(F-J) Coronal sections in medulla of adult mice. (B-1) The morphology of the pyramidal
tract is normal in L1CD mutant mice compared to L1WT mice. Scale bar, 300 μm. (O) The
size of the pyramidal tract was not significantly different between all L1CD mutant mice
and L1WT mice, although L1KO mice have significantly smaller pyramidal tracts. n = 3. *p <
0.005.
(K-N) The pyramidal tract is normal in L1CD mutant mice. BDA was injected into the left
side of the motor cortex. At the pyramidal decussation area, the labeled pyramidal tract was
observed in the left side of the ventral region (L) and also in the contralateral side of the
dorsal region (L’) in all L1CD mice and L1WT mice. In contrast, the dorsal ipsilateral
pyramidal tracts are not labeled. Scale bar, 500 μm.
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Figure 6. Normal spatial memory in L1CD mutant mice
Radial-arm water maze for spatial memory. (A) The average time for finding the platform
and (B) the average number of errors were not significantly different between L1CD mutant
mice and L1WT mice. L1WT n = 7, L1Y1176A n = 4, L11180 n = 7, L11152 n = 6
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Figure 7.
Impaired motor function in L11180 and L11152 mice. The time in balance on the accelerated
rotarod was measured using age-matched mice, comparing the L1CD mutant mice and
L1WT mice. L11180 (B) and L11152 (C) mutant mice showed a significantly reduced
performance compared with L1WT mice but the L1Y1176A (A) did not. L1WT n = 8,
L1Y1176A n = 7, L11180 n = 7, L11152 n = 7, *p < 0.05
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Figure 8. Normal morphology of unmyelinated and myelinated axons
Electron microscopy of sciatic nerves of 8-week-old mice A: L1WT, B: L1KO, C: L1Y1176A,
D: L11180, E: L11152. Schwann cells compactly ensheathe multiple unmyelinated axons in
L1WT and in all L1CD mutant mice, although L1KO showed abnormal Remak bundles.
Myelin membranes were tightly packed around large axons in L1WT and in all L1CD mutant
mice. Scale bar = 3 μm. F-G) Classification scheme of unmyelinated axons depending on
the degree of ensheathment.
(a) not ensheathed; (b) partially ensheathed; (c) completely ensheathed.
H) The percentage of completely ensheathed unmyelinated axons was almost identical
between L1CD mutant mice and L1WT mice, while significantly reduced in L1KO mice. * p
<0.01, ** p < 0.005 (B-2).
I) G-ratio averages. There is no significant difference in the average g-ratio of L1CD mice
compared to L1WT mice.
J-M) Distribution of g-ratios. There is no significant difference in the distribution of g-ratio
in L1CD mice compared to L1WT mice, although L1KO mice have a larger proportion of
axons with large g-ratios. *p <0.05, **p <0.01

Nakamura et al. Page 28

J Comp Neurol. Author manuscript; available in PMC 2011 August 19.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 9.
Expression level of L1 mRNA is normal, but L1 protein expression is dramatically reduced
in 7-week-old mice with truncations that remove the ankyrin-binding site. L1 protein
localization using L1ex antibody in hippocampus in postnatal day 7 mice A: L1WT, B:
L1Y1176A, C: L11180, D: L11152. All L1CD mutant mice show similar distribution of L1 in
the hippocampus. Scale bar = 300 μm.
E) Western blot analysis of L1 protein in postnatal day 7 mice using L1ex monoclonal
antibody. All L1CD mutant mice showed L1 bands, although the band density was a lower
in L11180 and L11152 mice compared to L1WT mice. The lower (red) panel shows the
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GAPDH loading control. F) shows the relative amount of L1-200 kD band density
normalized to GAPDH loading control. n=3.*p<0.05.
L1 protein localization using L1ex monoclonal antibody in the hippocampus (G: L1WT, H:
L1Y1176A, I: L11180, J: L11152) and cerebellum (K: L1WT, L: L1Y1176A, M: L11180, N:
L11152) in 7-week-old mice. There was almost no L1 in the hippocampus and cerebellum of
L11180 and L11152 mice, although L1Y1176A mice have similar expression patterns to L1WT

mice. Scale bars = 300 μm.
O) Western blot analysis of L1 protein in 7-week-old mice. The L1 band was detected by
L1ex antibody in L1CD mice, although there was no band in L1KO mice. The band density
of L11180 and L11152 was obviously weaker than L1WT and L1Y1176A mice. The lower (red)
band is the GAPDH loading control. P) shows that the relative amount of L1-200 kD band
density which is normalized to the GAPDH loading control. The bands density was
significantly lower in L11180 and L11152 mice compared to L1WT mice. L1WT n = 3,
L1Y1176A n = 3, L11180 n = 3, L11152 n = 3. *p < 0.01.
Q) Quantitative analysis of L1 mRNA in 7-week-old mice. The L1 mRNA relative amount,
normalized to β-actin, showed no significant difference in L1CD mutant mice compared to
L1WT mice. L1WT n = 3, L1Y1176A n = 3, L11180 n = 3, L11152 n = 3.
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