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Abstract

Mutations in the L1 gene cause severe brain malformations and mental retardation.
We investigated the potential roles of L1 in the regulation of choline acetyltrans-
ferase (ChAT) and in the development of septal cholinergic neurons, which are
known to project to the hippocampus and play key roles in cognitive functions. Us-
ing stereological approaches, we detected significantly fewer ChAT-positive cholin-
ergic neurons in the medial septum and vertical limb of the diagonal band of
Broca (MS/VDB) of 2-week-old L1-deficient mice compared to wild-type litter-
mates (1644 £ 137 vs. 2051 = 165, P = 0.038). ChAT protein levels in the septum
were 53% lower in 2-week-old L1-deficient mice compared to wild-type litter-
mates. ChAT activity in the septum was significantly reduced in L1-deficient mice
compared to wild-type littermates at 1 (34%) and 2 (40%) weeks of age. In vitro,
increasing doses of L1-Fc induced ChAT activity in septal neurons with a significant
linear trend (*P = 0.0065). At 4 weeks of age in the septum and at all time points
investigated in the caudate-putamen (CPu), the number of ChAT-positive neurons
and the levels of ChAT activity were not statistically different between L1-deficient
mice and wild-type littermates. The total number of cells positive for the neuronal
nuclear antigen (NeuN) in the MS/VDB and CPu was not statistically different in
L1-deficient mice compared to wild-type littermates, and comparable expression
of the cell cycle marker Ki67 was observed. Our results indicate that L1 is required
for the timely maturation of septal cholinergic neurons and that L1 promotes the
expression and activity of ChAT in septal neurons.
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Introduction

The cell adhesion molecule L1 is a member of the im-
munoglobulin superfamily, and it is predominantly expressed
by postmitotic neurons of the central nervous system (Rath-
jen and Schachner 1984; Maness and Schachner 2007). By
activating diverse mechanisms such as homophilic and het-
erophilic adhesion, as well as signal transduction, L1 plays
key roles in cell adhesion, neuronal migration and survival,
neurite outgrowth, axonal fasciculation, synaptic plasticity,
and cognitive function (Sandi 2004; Maness and Schachner
2007).

In humans, mutations in the L1 gene cause obvious mal-
formations to the brain, including ventricular dilatation and
the abnormal formation of major axonal tracts (e.g., corti-
cospinal tract, corpus callosum) (Brimmendorf et al. 1998;
Kamiguchi et al. 1998). In vitro, L1 mutations influence neu-
rite outgrowth (Moulding et al. 2000; Cheng and Lemmon
2004) and L1-deficient mice have brain anomalies similar to
those described in humans with L1 mutations. L1-null mice
also have impaired distribution of tyrosine hydroxylase posi-
tive neurons in areas of the mesencephalon and diencephalon,
mapping of retinal ganglion cell axons to the superior collicu-
lus, and fasciculation of thalamocortical and corticothalamic
fibers (Cohen et al. 1997; Dahmé et al. 1997; Fransen et al.
1998; Demyanenko et al. 1999, 2001; Rolf et al. 2001; Demya-
nenko and Maness 2003; Ohyama et al. 2004).

L1 mutations are associated with some types of mental re-
tardation in humans and it is has been demonstrated that
L1 influences hippocampal function and behavior in ro-
dents (Wong et al. 1995; Arami et al. 1996; Law et al. 2003;
Sandi 2004; Maness and Schachner 2007). A clear relationship
between L1 expression and the alteration of neurotransmit-
ter systems critical to cognitive functions has yet to be es-
tablished. Gamma-aminobutyric acid (GABA)-ergic neuro-
transmission is reduced in the hippocampus of L1-deficient
mice and this may have functional consequences in vivo
(Saghatelyan etal. 2004). Septal cholinergic innervation to the
hippocampus is known to be essential to cognitive functions
(Sarter and Parikh 2005). Here, we investigated whether the
acetylcholine-synthesizing enzyme choline acetyltransferase
(ChAT) and the development of septal cholinergic neurons
are regulated by L1.

We focus on septal cholinergic neurons for several rea-
sons, including the report on septal malformations in L1-
deficient mice (Demyanenko et al. 1999) and the delayed
growth of the medial septum in acallosal mice (Wahlsten and
Bulman-Fleming 1994). Furthermore, we previously found
that L1 is strongly expressed by developing septal neurons
in vitro (Frappé et al. 2004) and by regenerating choliner-
gic septohippocampal axons in vivo (Aubert et al. 1998).
L1-deficient mice have a reduced number of pyramidal and
granular cells in the hippocampus (Demyanenko et al. 1999),
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which are normally innervated by septal cholinergic axons
(Frotscher and Leranth 1985). Taken together, these studies
suggest that L1 could be involved in the proper development
of septal cholinergic neurons and that an abnormal matura-
tion of these neurons may contribute to the known defective
development of hippocampal neurons in L1-deficient mice.

We report that L1 is critical for the timely maturation of
septal cholinergic neurons and ChAT expression and activity
in vivo. We also provide direct evidence that L1 stimulates
ChAT activity in vitro. The absence of L1 in transgenic mice
did not influence the number or size of total neurons in the
septum and CPu, or the cholinergic development of stri-
atal neurons. The role of L1 in the regulation of ChAT may
be of significance in cognitive impairments observed in L1-
deficient cases and in the design of strategies aiming to treat
mental retardation and disorders with cholinergic deficits,
such as Alzheimer’s disease.

Materials and Methods
Animals and tissue preparation

All experimental procedures were approved by the Animal
Care Committee of Sunnybrook Research Institute and con-
formed to the guidelines set by the Canadian Council on
Animal Care and the Animals for Research Act of Ontario.

L1-deficient mice

L1 expression in mutant mice was abolished by the insertion
of a tetracycline-controlled transactivator in the second exon
ofthe L1 gene (L1/tTA knock-in) (Rolfetal. 2001; Dihné et al.
2003; Ohyama et al. 2004; Saghatelyan et al. 2004; Bernreuther
etal. 2006). L1-deficient males (L17/7), heterozygous females
(L17/7),and wild-type littermates were generated by crossing
heterozygous female mice (L17/~) on a C57BL/6]/129Sv] ge-
netic background with wild-type 129X1/Sv] male mice (JAX
mice, ME).

Genotyping was performed by polymerase chain reaction
(PCR). Briefly, genomic tail DNA was isolated and the L1
mutant allele was detected by a 454 base pair DNA fragment
generated by PCR using a 5 primer that anneals to the tTA
sequence (5'-TAC ATG CCA ATA CAA TGT AGG CTG Q)
and a 3’ primer in the L1 sequence (5'-GGA ATT TGG AGT
TCC AAA CAA GGT GAT C). The wild-type L1 allele was
detected by a 351 base pair PCR product generated using the
primers 5’ (5'-AGA GGC CACACG TACCGCAGCATC) and
3’ (5-GGA ATT TGG AGT TCC AAA CAA GGT GAT C) in
the L1 sequence. PCR results were confirmed by immunoblot
and immunocytochemistry analyses in brain tissue, assuring
that L1 is abolished in L1-deficient mice.

L1-deficient mice and their wild-type littermates were used
at the following postnatal ages: 1 day and 1, 2, 4, and 8
weeks. As reported by other groups, L1-deficient mice were
significantly smaller than their wild-type littermates, and had

© 2011 The Authors. Published by Wiley Periodicals, Inc.
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Figure 1. Body weight of L1-deficient and wild-type mice during postna-
tal development. L1-deficient mice have significantly lower body weight
compared to wild-type mice at 1 day (*P = 0.021, n = 5), 1 week
(***P < 0.001, n = 5), 2 weeks (***P < 0.001, n = 8), and 4 weeks
(***P < 0.001, n = 11) of age. No statistical difference was observed at
8 weeks of age.

significantly lower body weight at 1 day and at 1, 2, and 4
weeks (but not at 8 weeks) postnatally (Fig. 1).

At 1 day and at 1, 2, 4, and 8 weeks postnatally, mice were
deeply anesthetized with a mixture of ketamine (150 mg/kg)
and xylazine (10 mg/kg) and perfused intracardially with
saline for 1 min. For ChAT activity (all time points) and im-
munoblot analyses (2- and 4-week-old mice), the brain was
quickly removed from the skull and the septum and caudate-
putamen (CPu) were dissected on ice. The isolated tissue
was frozen in liquid nitrogen and stored at —70°C. Tissues
were homogenized in 1:10 wet w/v ice-cold lysis buffer (20
mM Tris-Cl, 0.25 M sucrose, 1 mM EDTA, 1 mM EGTA, pH
7.4) containing a protease inhibitor cocktail (Calbiochem, La
Jolla, CA). The homogenates were centrifuged at 12,000 g for
15 min at4°C, and the supernatant was used for ChAT activity
assays and western blot analyses. The protein concentration
was determined using the Bio-Rad Protein Assay (Bio-Rad,
Heracles, CA). For immunohistochemistry and stereological
analyses, deeply anesthetized mice at 2 and 4 weeks were per-
fused intracardially with saline, followed by a fixative com-
posed of 12.5% picricacid and 2% paraformaldehydein 0.1 M
phosphate buffer. Brains were removed, postfixed overnight,
and cryoprotected in a 30% sucrose solution.

Culture of primary septal neurons

To demonstrate that L1 can increase ChAT activity in a dose-
dependent manner, we used well-characterized rat primary
septal neurons (Burgess and Aubert 2006; Burgess et al. 2009).
Timed-pregnant Sprague Dawley rats were obtained from
Charles River Laboratories (St. Constant, Quebec, Canada).
They were housed individually and received food and water
ad libitum for 2 days prior to embryo retrieval.

© 2011 The Authors. Published by Wiley Periodicals, Inc.
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Embryos at gestation day 17 were retrieved from Sprague
Dawley rats and cells from the septal area of the basal fore-
brain were prepared as detailed previously (Burgess and
Aubert 2006; Burgess et al. 2009), with slight modifications
from Heftietal. (1989) and Pongrac and Rylett (1998). Briefly,
septal cells were plated in 10% serum. After 1 h, the medium
containing unattached cells was removed and replaced by
serum-free medium supplemented with N-2 and containing
L1-Fc [0, 5, 25, 50 uM] (Loers et al. 2005). Cells were main-
tained in culture for 4 days, yielding ~98% pure neuronal
population.

Western blot analysis

Standards and samples (10 pg protein/sample) were sepa-
rated by 10% SDS-PAGE and transferred to a nitrocellulose
membrane. The membrane was blocked in 5% skim milk for
1 h and then incubated for 2 h with a rabbit anti-L1 anti-
body [1:2000] (a generous gift from Dr. Stallcup et al. 1985)
in Tris-buffered saline and tween (TBST). For the detection
of ChAT, the membrane was blocked with 0.1% BSA for 1
h and then incubated overnight with the goat anti-ChAT
antibody [1:2000] (AP144P, Chemicon, Temecula, CA) in
TBST. The membranes were rinsed and incubated for 2 h at
room temperature with the appropriate horseradish peroxi-
dase conjugated antibodies (Jackson ImmunoResearch, West
Grove, PA) directed against rabbit [1:100,000] in 5% skim
milk, or goat [1:20,000] in 0.1% BSA. Immunoreactive sig-
nals were detected using the enhanced chemiluminescence
system (Millipore, Bedford, MA).

To quantify the relative amount of ChAT protein,
the blots were stripped and reprobed with an anti-
body against glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) [1:2000] (Biodesign, Saco, ME) for 1 h, followed by
a horseradish peroxidase conjugated antibody [1:2000]. The
ChAT and GAPDH bands were quantified using the Gene-
tools Analysis Software (Syngene, Cambridge, UK). ChAT
immunoreactivity was normalized to GAPDH and the rel-
ative amount of ChAT protein in L1-deficient mice was ex-
pressed as a percent of ChAT present in wild-type littermates.

ChAT activity

ChAT activity was measured as previously described (Burgess
and Aubert 2006; Burgess et al. 2009), using the method
of Fonnum (1969), modified by Tucek (1978). Briefly, each
sample dissected from septal and striatal regions was ho-
mogenized, diluted, and incubated with ['*C] acetyl CoA
at 37°C for 30 min. Homogenates prepared from septal
cells in vitro were incubated for 50 min. The reaction was
then stopped, and the newly formed [!*C]acetylcholine was
extracted, counted, and expressed as nanomoles of acetyl-
choline produced per milligram of protein per hour (nmol
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ACh/mg prot/h). The final value for each sample represents
an average of duplicates.

Immunostaining

Coronal brain sections were cut at 50 ;um on a freezing mi-
crotome, collected serially in 96-well plates filled with cry-
oprotectant, and stored at —20°C. Sections from L1-deficient
mice and their wild-type littermates were processed simulta-
neously using standard immunostaining procedures for flu-
orescence microscopy (Aubert et al. 1998) and stereology
(Ypsilanti et al. 2008).

For immunofluorescence staining, sections were rinsed in
0.1 M Tris-buffered saline (TBS, pH 7.4) and incubated in
TBS with 5% normal donkey serum and 0.25% Triton X-100
for 1 h at room temperature. For the combined detection of
ChAT and L1, the goat anti-ChAT antibody [1:100] (AB144P,
Chemicon) and the rabbit anti-L1 antibody [1:1000] (a gen-
erous gift from Dr. Stallcup et al. 1985) were used overnight
at 4°C. Sections were rinsed and incubated with donkey anti-
goat and donkey anti-rabbit secondary antibodies [1:200]
(Jackson ImmunoResearch) coupled to biotin and indocar-
bocyanine (Cy3), respectively, for 2 h at room temperature
in the dark. Sections were rinsed and incubated for 2 h in
the dark with streptavidin-Alexa 488 and the nucleic acid
staining cyanine dye monomer TO-PRO-3 iodide (2 uM).
Sections were rinsed and mounted on presubbed slides, al-
lowed to dry briefly, and coverslipped with a 10% solution
of polyvinyl alcohol containing 2.5% 1,4-diazabicyclo-2,2,2-
octane (PVA/DABCO, both from Sigma, St. Louis, MO).

To evaluate possible postnatal cell proliferation and the
level of neuronal maturity in the MS/VDB and CPu of
L1-null and wild-type mice at 2 and 4 weeks, brain sec-
tions were processed for immunostaining with Ki67 and the
neuronal nuclear antigen (NeuN). Sections were incubated
overnight at 4°C with the following primary antibodies: rab-
bit anti-Ki67 [1:1000] (Novocrasta, Newcastle, UK), mouse
anti-NeuN [1:100] (Chemicon), and goat anti-ChAT anti-
body [1:100] (AB144P, Chemicon). Sections were rinsed and
incubated for 2 h at room temperature in the dark with
the appropriate secondary antibodies [1:200] from Jack-
son ImmunoResearch: donkey anti-rabbit-Cy3, donkey anti-
mouse-indodicarbocyanine (Cy5), and donkey anti-goat-
biotin followed by streptavidin-Alexa 488 [1:200] for 2 h
at room temperature in the dark. Sections were rinsed and
mounted as described above.

For brightfield and stereological analyses, sections were in-
cubated in 0.6% hydrogen peroxide for 20 min and blocked
for 1 h. For ChAT staining, the blocking buffer and solution
to dilute the primary antibody contained 5% donkey serum
and 0.25% TritonX-100. For NeuN staining, these solutions
contained 5% donkey serum, 1% BSA, and 0.1% TritonX-
100. Following an overnight incubation at 4°C with the
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goat anti-ChAT antibody AB144P [1:200] (Chemicon) and
mouse anti-NeuN antibody [1:400] (Chemicon), sections
were treated with a biotinylated secondary antibody [1:250]
(Jackson ImmunoResearch Laboratory) for 2 h followed by
the avidin-biotin complex (ABC Elite kit, Vector Labora-
tories, Burlingame, CA). Sections were then treated with
a solution containing 3,3’-diaminobenzidine (DAB; Sigma
and Vector Laboratories), 0.01% nickel ammonium sulfate,
and 0.005% hydrogen peroxide until a brown reaction devel-
oped. The reaction was stopped and sections were mounted
on gelatin-coated slides, dehydrated, and coverslipped with
Pro-texx (Lerner Laboraories, Pittsburgh, PA).

Confocal microscopy, image analysis, and
presentation of the results

Fluorescent labeling was detected with a confocal microscope
equipped with argon and helium/neon lasers with excitation
wavelength of 488, 543, and 633 nm (Zeiss Axiovert 100M,
LSM510; Carl Zeiss, Don Mills, Canada).

Brightfield labeling was captured with a Zeiss Axioplan
2 microscope coupled to a DEI-750 CE video camera (Op-
tronics, Goleta, CA), a software-driven Ludl X-Y-Z motor-
ized stage (Ludl Electronic products, Hawthorne, NY), and
a stereology system using the software Stereo Investigator
5.05.4 (optical fractionator and vertical nucleator probes)
and the Virtual Slice module (MBF Bioscience, Williston,
VT).

Montages of the figures were made in Adobe Photoshop
CS5 (Adobe Systems Inc., San Jose, CA). GraphPad Prism 5
(GraphPad Software, San Diego, CA) was used for the pre-
sentation of scatter plots and bar graphs.

Stereological analyses in the septum
(MS/VDB) and CPu

The rostro-caudal span of sections included in the stereolog-
ical analyses of ChAT-positive and NeuN-positive neurons
started at the appearance of the lateral ventricle and ended
at the midline crossing of the anterior commissure. These
boundaries covered the entire MS/VDB and the correspond-
ing portion of the CPu analyzed.

Cholinergic cell number and size (ChAT-positive
neurons)

A systematic series of one in three sections was randomly
selected, totaling on average of eight sections per animal.
Histological slides were coded and the sterological analysis
was done blindly with regard to the identity of the animals.
The number of cholinergic (ChAT-positive) neurons (N) was
estimated with the optical fractionator probe (Stereo Investi-
gator, MBF Bioscience) (West 1993) and based on the num-
ber of cell bodies (cell tops) counted using a 100x objective,

© 2011 The Authors. Published by Wiley Periodicals, Inc.
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according to the equation

t 1 1
N= TX X — x —
ZQ thasfxssf

where ) Q~ is the number of particles counted, ¢ is the
section thickness calculated by the software at each sampling
site, h is the counting frame height (h = 17 pum), asf is the
area sampling fraction (asf = area of counting frame/area of
sampling grid = 50 um x 50 ©m/80 um x 80 pwm), and ssf
is the section sampling fraction (ssf = 1/3). On average, 158
septal and 171 striatal ChAT-positive neurons were counted
per animal. The cells marked for counting had a stochastic
pattern within the disector height (z-axis), as visualized with
the software. The coefficient of error (CE Gundersen) for
the estimations of cholinergic cell numbers was similar in
L1-deficient mice and their wild-type littermates, averaging
0.077 in the MS/VDB and 0.078 in the CPu.

The vertical nucleator probe (Stereo Investigator, MBF Bio-
science) was used to estimate the largest cross-sectional pro-
file area of each ChAT-positive neuron whose cell top fulfilled
the three-dimensional counting rules of the optical fraction-
ator. Briefly, at the largest cross-sectional profile of the cell, a
set of four rays is extended from a point within the cell and
radiate with a random orientation in four opposite directions
toward the edge of the profile. The four intersections with the
cell boundary are marked. The area of the profiles (A) was
estimated according to the equation A = 7 x I?, where [; is
the average of the lengths of the intercepts.

Total cell number (NeuN-positive neurons)

The number of total number of NeuN-positive neurons (N)
in the septum and CPu was assessed as described above for
ChAT-positive neurons but with the following parameters:
number of particles (NeuN-positive nuclei) counted (> _Q™),
the section thickness (), the counting frame height (h = 17
um), the area sampling fraction (asf = area of counting
frame/area of sampling grid = 50 um x 50 ©m/250 um X
250 pum for MS/VDB, 40 um x 40 pm /350 um x 350 um
for CPu), and the section sampling fraction (ssf = 1/6). On
average, 330 septal and 634 striatal neurons were counted
per animal. The coefficient of error (CE Gundersen) for the
estimations of NeuN-positive cell numbers was similar in
L1-deficient mice and their wild-type littermates, averaging
0.0675 in the MS/VDB and 0.0517 in the CPu.

Statistical Analysis

Statistical analyses were done with GraphPad Prism 5 (Graph-
Pad Software). Data in bar graphs are given as the mean *
SEM. Comparisons within one age group were made with
paired f-tests, matching L1-null mice with respective wild-
type littermates. Significance was noted at P < 0.05. One-way
ANOVA was used to compare the mean values of ChAT ac-

© 2011 The Authors. Published by Wiley Periodicals, Inc.
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tivity in response to increasing doses of L1-Fc followed by a
Tukey’s multiple comparison test and a linear trend posttest.

Results

Evaluation of L1’'s expression in the brain of
wild-type and L1-deficient mice

Protein extracts from the brain of wild-type mice revealed
the typical L1 bands at 140 and 200-220 kDa, which were
absent in L1-deficient mice (Fig. 2A). Cholinergic neurons,
immunoreactive for ChAT (red), were found in the MS/VDB
of L1-expressing (green) 2-week-old wild-type mice (Fig. 2B
and C). L1 immunostaining was not detected in L1-deficient
mice (Fig. 2D).

ChAT-positive neurons in the MS/VDB and
CPu of L1-deficient mice

ChAT-positive neurons of the MS/VDB and the CPu were
easily detectable and of similar appearance in L1-deficient
compared to wild-type mice at 2 (Figs. 3A-D) and 4 (not
shown) weeks of age. Most L1-deficient mice had enlarged
lateral ventricles (Fig. 3C) compared to wild-type littermates
(Fig. 3A) but the appearance of the MS/VDB and CPu was
not strikingly different between L1-deficient and wild-type
mice.

Estimated by the optical fractionator probe, the total num-
ber of ChAT-positive neurons in the MS/VDB of 2-week-old
L1-deficient mice was 20% lower than in wild-type littermates
(Fig. 3E,*P=0.038, n=4). In contrast, the number of ChAT-
positive neurons in the CPu of 2-week-old L1-deficient mice
and wild-type littermates was not statistically different (P =
0.590, n = 3) (Fig. 3F). At 4 weeks, the number of ChAT-
positive neurons was not statistically different in L1-deficient
mice compared to wild-type littermates in the MS/VDB (P
= 0.604, n = 5, Fig. 3E) and in the CPu (P = 0.440, n =4
Fig. 3F).

Using the nucleator probe on the same ChAT-positive neu-
rons that were counted with the optical fractionator, the max-
imal cross-sectional area of ChAT-positive neurons was not
statistically different in L1-deficient mice compared to wild-
type littermates in the septum at 2 (P = 0.737) and 4 weeks
(P = 0.424) (Fig. 3E) and in the CPu at 2 (P = 0.589) and 4
weeks (P = 0.432) (Fig. 3F).

Regulation of ChAT by L1

To further investigate the role of L1 in the regulation of a
cholinergic phenotype, we measured the levels of ChAT ac-
tivity and ChAT protein in L1-deficient mice at postnatal day
1 and at 1, 2, 4, and 8 weeks of age compared to wild-type
littermates (Figs. 4A—C). We also tested whether ChAT activ-
ity can be induced by increasing doses of L1-Fc in primary
septal neurons (Fig. 4D).
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Figure 2. Evaluation of L1's expression in the brain of wild-type and L1-deficient mice. (A) Western blot analysis of whole-brain extracts from 2-week-
old wild-type littermates and L1-deficient mice, confirming the lack of the typical 140, 200-220 kDa bands in L1-deficient mice. Glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) immunoreactivity controlled for the amount of total protein loaded in wild-type and L1-deficient mice. (B, C)
Choline acetyltransferase (ChAT)-positive neurons (red), located in the L1-rich (green) medial septal nucleus and the vertical limb of diagonal band of
Broca (MS/VDB) of 2-week-old wild-type mice. (D) ChAT-positive neurons (red) in the MS/VDB of 2-week-old L1-deficient mice, which are null for L1
immunoreactivity (absence of green). The nuclear dye TO-PRO-3 iodide (blue) was used as a counterstain (B-D). Scale bars, B = 20 um, C and D =

200 pm.

ChAT activity was reduced by 34% (**P = 0.004, n =
5) and 40% (**P = 0.0003, n = 9) in the septum of 1-
and 2-week-old L1-deficient mice compared to wild-type
littermates (Fig. 4A). ChAT activity in the septum of L1-
deficient mice recovered over time and it was not significantly
different compared to wild-type littermates at 4 weeks (P =
0.066, n = 6) and 8 weeks of age (P = 0.240, n = 4). In
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the CPu, ChAT activity was not statistically different in L1-
deficient mice compared to wild-type mice at 1 day (P =
0.334, n=15), 1 week (P =10.789, n=15), 2 weeks (P = 0.941,
n=>5), 4 weeks (P = 0.854, n = 3), and 8 weeks (P =0.127,
n=4) of age (Fig. 4B).

Western blot analyses revealed that the levels of ChAT
protein in the septum of 2-week-old L1-deficient mice are

© 2011 The Authors. Published by Wiley Periodicals, Inc.
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Figure 3. ChAT-positive neurons in L1-deficient mice. (A-D) ChAT-positive cells are observed in the medial septal nuclei and the vertical limb of the
diagonal band (MS/VDB) and in the caudate-putamen (CPu) of wild-type (A, B) and L1-deficient (C, D) mice at 2 weeks of age. Most L1-deficient mice
(e.g., C) had enlarged lateral ventricles (LV). Scale bars: A and C = 1 mm; B and D = 10 um. (E-H) Stereological estimations of ChAT-positive cell
number and size in the MS/VDB and CPu in L1-deficient mice and wild-type littermates at 2 and 4 weeks of age. (E) A significantly lower number of
ChAT-positive neurons was found in the MS/VDB of 2-week-old L1-deficient mice compared to their littermate controls (*P = 0.038). (F) The number
of ChAT-positive neurons in the CPu was not statistically different in L1-deficient mice compared to their littermate controls. (G, H) The mean profile
area of cholinergic neurons in the MS/VDB (G) and CPu (H) was not statistically different in L1-deficient mice compared to their littermate controls.
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53% lower than in wild-type littermates (Fig. 4C, *P =
0.028, n = 3). In the CPu, the amount of ChAT protein
was not statistically different in L1-deficient mice compared
to wild-type littermates at 2 weeks of age (Fig. 4C, P = 0.381,
n=>3).

To test whether the presence of L1 can activate ChAT, a
range of L1-Fc concentrations [5, 25, and 50 £M] was applied
to primary septal neurons in culture (Fig. 5D). Our analysis
indicates a significant linear trend between ChAT activity and
increasing doses of L1-Fc (P = 0.0065). A significant increase
in ChAT activity was found at 50 uM compared to 0 uM
L1-Fc (Fig. 4D, *P = 0.039, n = 6).

Cell proliferation and numbers of mature
neurons in the MS/VDB and CPu of L1-null
mice

Immunostaining for the cell cycle marker Ki67 revealed the
typical labeling of proliferating cells in subventricular zone
of wild-type and L1-deficient mice at 2 (Fig. 5) and 4 (not
shown) weeks of age. Cells in the MS/VDB and CPu were
negative for Ki67 (Fig. 5C and L), indicating that cell division
no longer occurs in these regions by 2 weeks of age in wild-
type and L1-deficient mice.

NeuN-positive cells in the MS/VDB and CPu (Figs. 5D, H,
M, Q, and 6A-D) were quantified in L1-deficient mice and
wild-type littermates at 2 and 4 weeks of age (Fig. 6E and
F). The number of NeuN-positive neurons in the MS/VDB
and CPu was not statistically different in L1-deficient mice
compared to wild-type littermates (Fig. 6E and F).

Discussion

The present study reveals a novel role for L1 in the tem-
poral maturation of septal cholinergic neurons and in the
regulation of ChAT. Specifically, L1-deficient mice had sig-
nificantly less (20%) ChAT-positive neurons in the MS/VDB
compared to their littermate controls at 2 weeks of age. Sig-
nificant reductions in the levels of ChAT protein (53%) and
ChAT activity (40%) in the MS/VDB of L1-deficient mice
compared to wild-type littermates at 2 weeks of age were
also found. Using stereological analyses, all ChAT-positive
cells are counted regardless of the levels of ChAT protein or
enzyme activity, which likely explains the smaller difference
found in the number of ChAT-positive neurons (20%) com-
pared to the 53% reduction in total ChAT protein and the
40% reduction of active ChAT in 2-week-old L1-deficient
mice compared to wild-type littermates.

By 4 weeks of age, the number of ChAT-positive neurons
and levels of ChAT activity in the MS/VDB were no longer sta-
tistically different in L1-deficient compared to control mice,
suggesting that L1 is involved in the maturation of a choliner-
gic phenotype and not in the survival of cholinergic neurons,
a role which is attributed to nerve growth factor (NGF) and
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brain-derived neurotrophic factor (BDNF) (Chen et al. 1997;
Ward and Hagg 2000). Much remains to be investigated to
elucidate the full impact of L1 on the development, mat-
uration, and function of the cholinergic septohippocampal
system. For example, given the fact that less septal cholin-
ergic neurons and lower levels of ChAT protein and activity
are detected in 2-week-old L1-deficient mice, along with the
well-characterized role of L1 in axonal growth, guidance, and
synaptic plasticity (Maness and Schachner 2007), there is a
strong possibility that septohippocampal axonal projections
will not develop and mature normally in absence of L1. This
could ultimately result in deficits in cholinergic neurotrans-
mission in the hippocampus, explaining some learning and
memory impairments detected in adult L1-deficient mice
Maness and Schachner 2007.

The absence of the cell cycle marker in the septum at 2
and 4 weeks of age ruled out the possibility of abnormal cell
division in the MS/VDB in L1-deficient mice. It remains to be
established whether the lower number of ChAT-positive cells
estimated in the MS/VDB of 2-week-old L1-deficient mice
compared to wild-type littermates reflects a lower detection
of the ChAT protein rather than less cholinergic neurons
per se. This could be solved by repeating the stereological
analysis in the MS/VDB with other cholinergic markers, for
example, vesicular acetylcholine transporter, choline uptake
transporter, tropomyosin tyrosine kinase A (TrkA), and the
p75 neurotrophin receptor (p75NTR)—provided that the
expression level of these proteins is not influenced by LI,
which remains to be established.

The cholinergic development of striatal neurons was not
affected in L1-deficient mice. Septal and striatal cholinergic
neurons are generated at similar embryonic stages, but tem-
poral differences in their phenotypic maturation exist during
the postnatal period (Semba and Fibiger 1988; Phelps et al.
1989; Gould et al. 1991) and may contribute to their different
response to L1 during development. A detailed evaluation of
the spatiotemporal pattern of L1’s expression in relation to
the phenotypic cholinergic maturation of septal and striatal
neurons may explain why septal and not striatal neurons have
cholinergic deficiencies in 2-week-old L1-deficient mice. Fur-
thermore, in vitro studies demonstrated that L1 transiently
regulates the differentiation of neural precursor cells derived
from the lateral and medial ganglionic eminences, which give
rise to striatal neurons (Dihné et al. 2003). Therefore, it re-
mains possible that the analyses of L1-deficient and wild-type
mice at other time points during development would reveal
differences in the status of striatal cholinergic neurons.

The number of NeuN-positive cells observed in the sep-
tum and CPu was not statistically different in L1-deficient
compared to wild-type mice at 2 and 4 weeks postnatally.
Therefore, the delay in neuronal maturation in the septum
was observed for ChAT-positive neurons and not for the large
population NeuN-positive neurons.
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Figure 5. Markers of cell proliferation and maturation in 2-week-old mice. Immunostaining for ChAT (green), cell proliferation marker Ki67 (red), and
mature neuronal nuclei antigen (NeuN, blue) in wild-type (A-I) and L1-deficient (J-R) mice at the level of the MS/VDB (enlarged in panels B-E and K-L),
and the suventricular zone (SVZ) adjacent to CPu (enlarged in panels F-I and O-R), with the CPu being to the right of the SVZ. Ki67 staining indicates
the typical cell proliferation in the SVZ of both wild-type and L1-deficient mice. Ki67-positive cells were not found in areas enriched in ChAT-positive
neurons such as the MS/VDB and CPu in wild-type and L1-deficient mice and where NeuN-positive cells were present and quantified in Figure 6. Scale
bars: A and J = 200 um, B-I and K-R = 100 um.

The comparable mean maximal crossed-sectional area of
cholinergic neurons in the MS/VDB and CPu between L1-
deficient and wild-type mice suggests that L1 is not required
for the maintenance of the size of cholinergic neurons de-
tected at 2 and 4 weeks postnatally. Molecules classically
considered to be essential in the development of choliner-
gic neurons belong to the neurotrophin family, for example,
NGF and BDNF (Chen et al. 1997; Ward and Hagg 2000).
NGF and BDNF have well-established actions on choliner-
gic function, for example, by increasing ChAT activity, and
acetylcholine synthesis and release (Alderson et al. 1990;
Nonner et al. 1996; Qosawa et al. 1999; Auld et al. 2001).
Previous studies in NGF- and BDNF-deficient mice reported
that, at given rostro-caudal levels of the brain, the surface
area or the diameter of cholinergic neurons is decreased
compared to wild-type mice (Chen et al. 1997; Ward and
Hagg 2000). Very little is known about how cell adhesion
molecules regulate ChAT and the development of choliner-
gic neurons. The neural cell adhesion molecule (NCAM) was
recently implicated in the development of septohippocampal
cholinergic neurons (Tereshchenko et al. 2011) and previous
work from Acheson and Rutishauser and from our group
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provides evidence that NCAM can stimulate ChAT activ-
ity through cell adhesion (Acheson and Rutishauser 1988),
signaling of the fibroblast growth factor receptor (FGFR)
(Burgess et al. 2009), and potentiation of BDNF binding and
signaling upon removal of polysialic acid (Burgess and Aubert
2006).

L1 was first described as the NGF-inducible large external
glycoprotein (NILE) (Bock et al. 1985; Prince et al. 1991).
L1’s expression is clearly induced by NGF (Salton et al. 1983)
but the mechanisms linking L1, NGF, and ChAT expression
remain to be established. Blocking TrkA or p75NTR is known
to abolish NGF-induced ChAT (Nonner et al. 2000). In con-
trast, NGF-induced L1 expression can occur in absence of
p75NTR (Walsh et al. 1998) or independently of the high-
affinity NGF receptor (Itoh et al. 1995). Our in vitro data
clearly show that L1-Fc induces ChAT activity and future
studies will investigate potential mechanisms. It is possible
that L1’s activation of ChAT is carried out in part through
FGFR (Maness and Schachner 2007), which is known to be a
strong ChAT activator (Grothe et al. 1989), which is similar
to what we have found with C3d, an NCAM mimetic peptide
(Burgess et al. 2009).

© 2011 The Authors. Published by Wiley Periodicals, Inc.
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Figure 6. Quantification of the number of mature
neurons in the MS/VDB and CPu. (A-D) Neurons
stained for the mature NeuN in wild-type (A, B) and
L1-deficient mice (C, D) at 2 weeks of age at the
level of the MS/VDB, CPu, and lateral ventricles (LV).
Scale bars: A .and C = 500 um; Band D = 10 pum.
Stereological estimations of the total number of
NeuN-positive cells in the MS/VDB (E) and CPu (F),
with no statistical difference found between
wild-type and L1-deficient mice at 2 and 4 weeks of
age.
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In conclusion, L1 regulates the expression of ChAT, it influ-
ences levels of ChAT activity, and it is required for the proper
development of septal cholinergic neurons in the first 2 post-
natal weeks. It remains to be established whether improving
cholinergic neurotransmission can rescue cognitive deficits
in mice lacking L1. The promoting effects of L1 on ChAT
activity and on the development of cholinergic neurons are
of significance in the design of therapeutic strategies aiming
to alleviate mental retardation and disorders of cholinergic
deficits, as in Alzheimer’s disease.
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