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N-CAM Binding Inhibits the Proliferation of Hippocampal Progenitor
Cells and Promotes Their Differentiation to a Neuronal Phenotype
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Cell adhesion molecules (CAMs) play important roles during the
development of the nervous system. On the basis of our pre-
vious observations that binding of the neural CAM (N-CAM)
inhibits astrocyte proliferation and alters gene expression, we
hypothesized that N-CAM may influence the balance between
the proliferation and the differentiation of neural progenitor
cells. Rat and mouse hippocampal progenitor cells were cul-
tured and showed dependence on basic FGF for proliferation,
immunoreactivity for nestin, the presence of limited numbers of
differentiated cells, and the ability to generate glial cells and
neurons under different culture conditions. Addition of soluble
N-CAM reduced cell proliferation in a dose-dependent manner
with no evidence of apoptosis. The inhibition of proliferation by

N-CAM was accompanied by an induction of differentiation to
the neuronal lineage, as indicated by a twofold increase in the
percentage of microtubule-associated protein 2-positive cells
even in the presence of mitogenic growth factors. Experiments
using hippocampal cells from N-CAM knock-out mice indicated
that N-CAM on the cell surface is not required for these effects,
suggesting the existence of heterophilic signaling. These re-
sults support a role for N-CAM and N-CAM ligands in the
inhibition of proliferation and the induction of neural differenti-
ation of hippocampal neural progenitor cells.
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Neural stem cells have been the object of increasing attention for
their potential use in cell replacement or gene therapy (Pincus et
al.,, 1998). Extensive neurogenesis occurs throughout develop-
ment, but only recently has it been demonstrated that the adult
brain of vertebrates also contains a source of proliferative stem
cells (Richards et al., 1992; Barnea and Nottebohm, 1996; Kem-
permann et al., 1997, 1998a,b; Palmer et al., 1997). Attempts to
define a neural stem cell have been made, but the lack of appro-
priately specific markers and the pace of new discoveries
(Doetsch et al., 1999; Johansson et al., 1999) leave only two
unambiguous criteria: self-renewal and multipotentiality. Cells
from different regions of the CNS of primates and rodents have
been isolated and shown to proliferate in the presence of growth
factors (Reynolds and Weiss, 1992, 1996; Reynolds et al., 1992;
Ray and Gage, 1994; Williams and Price, 1995; Gritti et al., 1996).
The cells can generate cells of glial and neuronal lineages in vitro
in the presence of particular neurotrophic factors (Ahmed et al.,
1995; Ghosh and Greenberg, 1995; Temple and Qian, 1995;
Vicario-Abejon et al., 1995; Kahn et al., 1997; Williams et al.,
1997; Arsenijevic and Weiss, 1998; Koblar et al., 1998; Zigova et
al., 1998) or in vivo after transplantation (Chuah et al., 1991;
Campbell et al., 1995; Craig et al., 1996; Carpenter et al., 1997;
Winkler et al., 1998). The role of cell surface molecules other
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than receptors for neurotrophic factors and growth factors re-
mains an important subject for study.

The neural cell adhesion molecule (N-CAM) is one of many
CAMs and extracellular matrix (ECM) proteins that mediate cell
interactions and modulate developmental processes including
neuronal migration, neurite extension, and gene expression.
CAMs also participate in neural regeneration, neurite fascicula-
tion, and synaptogenesis in the mature nervous system (for re-
view, see Edelman and Crossin, 1991; Lynch et al., 1991; Doherty
and Walsh, 1996). N-CAM may be important in neural stem cell
biology on the basis of recent studies of the rostral migratory
pathway, in which neural stem cells migrate to populate the
olfactory bulb. Polysialic acid (PSA), a large, negatively charged
sugar moiety carried by N-CAM that reduces its adhesive efficacy
(Seki and Arai, 1991), N-CAM, and laminin are abundantly
expressed along this pathway from the subventricular zone to the
olfactory bulb (Key and Akeson, 1991; Lois and Alvarez-Buylla,
1994; Lois et al., 1996; Thomas et al., 1996), suggesting that the
place-dependent expression of these molecules may contribute to
neural stem cell migration and differentiation. Indeed, the PSA-
rich rostral migratory pathway has been proposed to promote
neural stem cell migration to the olfactory bulb (Rousselot et al.,
1995). Various N-CAM knock-out mouse models (Tomasiewicz
et al., 1993; Cremer et al., 1994; Holst et al., 1998) and a PSA-
depleted mouse model (Ono et al., 1994) present a similar phe-
notype that includes a reduced olfactory bulb, which has been
attributed to decreased migration of the subventricular zone cells
to their target. PSA-N-CAM is also found in other areas where
neural proliferation occurs, such as the hippocampus (Seki and
Arai, 1991), raising the possibility that the decreased membrane
contacts in the presence of PSA-N-CAM (Rutishauser et al.,
1988; Acheson et al., 1991) are favorable to neurogenesis.

The involvement of neural CAMs in the control of neural stem
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cell proliferation and differentiation has not been studied directly.
We reported previously that N-CAM binding inhibits astrocyte
proliferation in vitro and in vivo after a lesion (Krushel et al., 1995,
1998; Sporns et al., 1995) and decreases the proliferation of other
N-CAM-expressing cell lines (Krushel et al., 1998). We hypoth-
esized that N-CAM, acting in conjunction with growth factors,
may play a role in influencing the balance between proliferation
and differentiation of neural stem cells. The present study inves-
tigated the effect of N-CAM on hippocampal progenitor cell
proliferation and differentiation. The findings suggest that
N-CAM and its ligands play a role in controlling the proliferation
of neural progenitor cells and directing their differentiation to-
ward a neuronal lineage.

MATERIALS AND METHODS

Hippocampal progenitor cell culture. Hippocampi were dissected from
embryonic day 17 (E17) to E18 rat embryos or E16 to E17 mouse
embryos into HBSS without calcium or magnesium and containing pen-
icillin (50 U/ml), streptomycin (100 ug/ml), and glutamine (2 mm) (Life
Technologies, Gaithersburg, MD). The tissue was collected by centrifu-
gation for 2 min at 500 X g, and the buffer was removed. To dissociate the
tissue into single cells, we incubated it for 20 min at 37°C in 0.15%
trypsin, 1 mm EDTA (Life Technologies), and 0.1 mg/ml DNase I
(Sigma, St. Louis, MO). A mixture of HBSS, BSA (0.1%), trypsin
inhibitor (0.025 mg/ml; Sigma), and DNase I (0.1 mg/ml) was added
before pelleting the tissue for 5 min at 500 X g. The dissociated tissue
was incubated in this same mixture for 1 min and triturated with glass
Pasteur pipettes of narrowing diameter. The resulting dissociated cells
were centrifuged and resuspended in Neurobasal medium supplemented
with penicillin, streptomycin, glutamine, and the synthetic mixture B27
(Life Technologies) (NB/B27), in the presence of 20 ng/ml basic FGF
(bFGF; Sigma). The cells were plated on a poly-L-lysine and laminin
substrate for proliferation as well as differentiation assays.

Preparation of N-CAM, extracellular N-CAM, and recombinant N-CAM
domains. N-CAM was purified from early postnatal rat brains or chicken
brains as described previously (Hoffman et al., 1982; Sporns et al., 1995)
and was shown to contain the polysialic acid characteristic of N-CAM
from young brain tissue. Extracellular N-CAM was obtained by digestion
of chicken brain membranes with the Staphylococcus aureus V8 protease
as described previously (Cunningham et al., 1983) and subsequently
subjected to immunoaffinity purification using an antibody specific to the
extracellular part of N-CAM. The various N-CAM recombinant proteins
were produced in Escherichia coli and purified as reported previously
(Ranheim et al., 1996).

Proliferation assay. Hippocampal cells were plated at a density of
20,000 cells/ml; 100 ul per well was seeded in 96-well plates (Packard,
Meridian, CT) coated with poly-L-lysine and laminin (Sigma). After 2 d
in NB/B27 supplemented with 20 ng/ml bFGF, the cells were treated
with various N-CAM protein reagents for 48 hr. During the last 24 hr of
this period, 5-bromo-2'-deoxyuridine (BrdU; 10 um) was added. At the
end of the 48 hr, cells were fixed in 4% paraformaldehyde (PFA) for 30
min. BrdU was quantified using the chemiluminescence cell proliferation
ELISA-BrdU kit (Boehringer Mannheim, Indianapolis, IN) according to
the protocol provided by the manufacturer. In some experiments, cells
were pretreated (1 hr) with heparin, heparinase, chondroitin sulfate,
glycosidases [N-glycosidase endo F and O-glycosidase (Boehringer
Mannheim)], or an anti-FGF receptor (Upstate Biotechnology, Lake
Placid, NY).

Apoptosis assay. Hippocampal cells were plated at a density of 20,000
cells/ml on eight-chamber glass slides coated with poly-L-lysine and
laminin in NB/B27 medium containing 20 ng/ml bFGF for 2 d (0.25 ml
per well). After 48 hr of treatment with N-CAM (10 ng/ml), cells were
fixed with 4% PFA (Sigma). The TUNEL assay was used to assess
apoptosis. Briefly, fragmented DNA was extended by the terminal de-
oxynucleotide transferase (250 U/ml; Boehringer Mannheim) that incor-
porated chromatide bodipy-FL-14-dUTP (5 um; Molecular Probes, Eu-
gene, OR). To reveal nuclear DNA, the cells were counterstained with
4,6-diamidino-2-phenylindole (DAPI) (Sigma) applied at 1 ug/ml for 2
min at room temperature. The nuclei of healthy cells (blue) and the
nuclei of apoptotic cells (green) were counted using a fluorescence
microscope.

Immunocytochemistry for BrdU, microtubule-associated protein 2,
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GFAP, and nestin. For all antibody staining, cells were fixed with 4%
PFA. For BrdU immunostaining, fixed cells were treated for 5 min with
0.05N NaOH. Nonspecific binding sites were blocked with 5% goat serum
in PBS, and the cells were permeabilized with 1% Triton X-100 (Sigma).
All steps were performed at room temperature. Nestin monoclonal
antibody (PharMingen, San Diego, CA) and microtubule-associated pro-
tein 2 (M AP2) monoclonal antibody (Sigma) were diluted 1:1000. BrdU
monoclonal antibody (Dako, Carpinteria, CA) was diluted 1:20. For
GFAP staining, polyclonal anti-GFAP (Dako) was applied at a dilution
of 1:2000. MAP2 and GFAP antibodies were applied simultaneously.
Primary antibodies were incubated with the cells for 1 hr. After washing
three times for 10 min with 0.1% Triton X-100, the secondary antibodies
[Texas Red-anti-mouse for MAP2 (1:500) and FITC-anti-rabbit for
GFAP (1:500); both from Molecular Probes] were applied and incubated
for 1 hr, and the slides were washed as described above. Nestin and BrdU
antibodies were revealed using the biotin—avidin-horseradish peroxi-
dase vectastain system (Vector Laboratories, Burlingame, CA) and DAB
in tablets as a substrate (Sigma). BrdU- and nestin-positive cells were
observed in bright field. For MAP2 and GFAP labeling, cell nuclei were
counterstained with DAPI, and the microscope slides were mounted with
Slowfade-mounting media (Molecular Probes) and observed by fluores-
cence microscopy.

Differentiation assay. Hippocampal cells were grown on poly-L-lysine-
and laminin-coated eight-chamber glass slides (Becton Dickinson, Bed-
ford, MA) in NB/B27 medium in the presence of bFGF (20 ng/ml), at a
density of 5000 cells per well for 4 d. At that time, the medium was
changed, and the cells were treated for 3 additional days with N-CAM or
with various N-CAM fragments, BDNF, neurotrophin-3 (NT-3), PDGF,
insulin-like growth factor (IGF-I), CNTF, or FCS in NB/B27 with bFGF
and at the concentrations indicated in the figure legends. As a control,
BDNF was also added in the absence of bFGF to stimulate neuronal
differentiation under the conditions reported previously (Vicario-Abejon
et al., 1995). At the end of the seventh day, cells were fixed and processed
for MAP2 and GFAP immunocytochemistry as described above. All the
cells were counterstained with DAPI to reveal cell nuclei. For each
treatment, five fields were counted for total cells (DAPI), neuronal cells
(MAP2"), and astrocytes (GFAP ™). The results of the five fields were
averaged and corresponded to a minimum number of 200 cells. The
percentage of MAP2* or GFAP * cells was then calculated.

Binding of N-CAM and N-CAM fragments in vitro to live progenitor cells
from N-CAM knock-out mice. Hippocampal cells from N-CAM knock-
out (KO) mouse embryos (Holst et al., 1998) were grown on poly-L-lysine
and laminin substrate in glass multichamber slides (Becton Dickinson)
for 1-2 d in NB/B27 medium in the presence of bFGF (20 ng/ml). They
were treated with various N-CAM protein reagents for 2 hr at 37°C. The
cells were washed with PBS, fixed with 4% PFA, and processed using
immunocytochemistry for the binding of N-CAM and N-CAM frag-
ments. A rabbit polyclonal antibody directed against the extracellular
domain of N-CAM that recognizes both rat and chicken N-CAM (anti-
N-CAM 527) was used at 3 ug/ml. Specific antibodies for each N-CAM
domain were used at 10 pg/ml (Ranheim et al., 1996). The secondary
antibody was an FITC-anti-rabbit antibody (Molecular Probes) (1:500).
In some instances, cells were pretreated (1 hr) with heparin, heparinase,
chondroitin sulfate, or glycosidases (N-glycosidase endo F and
O-glycosidase) (all from Boehringer Mannheim).

RESULTS

Characterization of the rat hippocampal progenitor cell
culture system

As described in the introductory remarks, several studies have
provided culture conditions that support the growth and expan-
sion of hippocampal neural progenitors. These conditions were
adapted for the present study, and the resulting cultures were
characterized. Four hours after plating rat hippocampal cells in
bFGF-supplemented medium, some cells either formed “neuro-
spheres” in the absence of a substrate that supported adhesion or
formed colonies in the presence of a substrate that supported
adhesion. After 4 d on a poly-L-lysine and laminin substrate, the
cells grew in loose colonies of individually identifiable cells (Fig.
1A). At this time, ~70% of the cells incorporated BrdU over 24
hr (Fig. 1B). bFGF or a combination of both epidermal growth
factor (EGF) and bFGF supported cell proliferation, whereas
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EGF alone was an effective but less potent mitogen (data not
shown). The cells were unipolar or bipolar with short extensions
(Fig. 14), and 95% of the cells expressed nestin, an intermediate
filament protein present in neural stem cells and progenitors
(Lendhal et al., 1990) (Fig. 1C). These cells could be subcultured
for up to 6 months in the presence of bFGF.

To stimulate differentiation, cells grown for 4 d in medium with
bFGF were shifted to medium without bFGF and grown for an
additional 2 d. Following the convention established in other
studies (Ghosh and Greenberg, 1995; Arsenijevic and Weiss,
1998), cells of the neuronal lineage were identified by M AP2
expression, and cells of the astrocyte lineage were identified by
GFAP expression. Immunostaining for MAP2 and GFAP re-
vealed many cells expressing each differentiation marker (Fig.
1D; 25% GFAP ™ and 70% MAP2 ™). S100 antibodies stained all
GFAP ™" cells and no others. Approximately 1% of the cells
expressed the oligodendrocyte marker 04 (data not shown). In the
later-passage cells, cell phenotypes stimulated by growth factor
removal were in approximately the same proportion as those in
primary cultures. These observations suggest that the proliferat-
ing cells present in the original culture correspond to multipo-
tential neural progenitor cells.

Inhibition of rat progenitor cell proliferation by N-CAM
and an extracellular N-CAM fragment

We found previously that N-CAM inhibited astrocyte prolifera-
tion in vitro and in vivo after a lesion and that the third immuno-
globulin domain of N-CAM (Ig III) was effective at reducing
astrocyte proliferation (Krushel et al., 1995, 1998; Sporns et al.,
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Figure 1. Characterization of primary E17-E18
rat hippocampal progenitor cells. A, Bright-field
view of proliferating rat hippocampal cells cul-
tured on poly-L-lysine- and laminin-coated sub-
strates in NB/B27 medium in the presence of 20
ng/ml bFGF after 4 d in culture. B, C, BrdU
incorporation (B) and immunolabeling (C) of the
intermediate filament protein nestin. D, Pheno-
type of cells cultured for 4 d in NB/B27 + 20
ng/ml bFGF followed by 2 d of culture in the same
medium without bFGF to stimulate differentia-
tion. Cells were double-labeled for GFAP (FITC;
green) and MAP2 (Texas Red; red) and counter-
stained with the nuclear stain DAPI (blue). Mag-
nification: 4, 10X; B—D, 40X.

1995). We therefore asked whether this effect occurred in other
proliferative cells of the nervous system, including neural progen-
itor cells, which have been demonstrated to express N-CAM
(Rousselot et al., 1995; Mayer-Proschel et al., 1997) (M.-C. Amo-
reaux and K. L. Crossin, unpublished observations). Purified
N-CAM inhibited neural progenitor cell proliferation stimulated
by bFGF in a dose-dependent manner, reaching a maximum of
94% at a dose of 10 ug/ml (Fig. 24). A concentration of
N-CAM > 1.25 pg/ml was necessary to obtain measurable inhi-
bition, and the IC5, was determined to be ~1.5 ug/ml. Preab-
sorption of the N-CAM solution with beads coated with mono-
clonal antibody against N-CAM abolished the inhibitory activity
(Fig. 2B), indicating that the effect was specifically caused by
N-CAM. The inhibitory activity of N-CAM was also observed
when N-CAM was coated onto the dish in addition to the poly-
lysine and/or laminin substrate (data not shown). N-CAM (10
pg/ml) could also inhibit EGF-stimulated progenitor prolifera-
tion by 72 = 16%, indicating that the effect of N-CAM is not
attributable to a particular mitogen. Recombinant N-CAM Ig III
fragment and an extracellular fragment of native N-CAM puri-
fied from V8 protease-treated brain membranes (Cunningham et
al., 1983) were also tested in this assay (Fig. 2B). The native
extracellular domain inhibited cell proliferation, whereas the re-
combinant Ig III domain did not. It was surprising that neither Ig
III (Fig. 2B) nor an antibody against N-CAM (data not shown)
inhibited proliferation, because both of these reagents were ef-
fective in inhibiting astrocyte proliferation (Sporns et al., 1995;
Krushel et al., 1998). In the absence of bFGF, BrdU incorpora-
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Figure 2. Inhibition of rat hippocampal progenitor cell proliferation by
N-CAM. A4, Dose response of the effect of N-CAM on rat hippocampal
progenitor cell proliferation measured by BrdU incorporation stimulated
by 20 ng/ml bFGF. The values indicated on the graph represent the
relative BrdU incorporation compared with that of untreated cultures.
Values represent the average = SD of a minimum of two experiments. B,
BrdU incorporation stimulated by 20 ng/ml bFGF measured after treat-
ment with N-CAM, the extracellular domain of N-CAM, the recombinant
Ig IIT domain of N-CAM, or N-CAM preabsorbed on an N-CAM mono-
clonal antibody as described in Materials and Methods. The values are
normalized to the BrdU incorporation in untreated cultures. Each value
represents the average = SEM of a minimum of three experiments
(***p < 0.001; Student’s ¢ test).

tion was very low after 2 d and was unaffected by N-CAM
treatment (data not shown).

N-CAM does not induce cell death

A possible explanation for the decrease in BrdU incorporation is
that N-CAM reagents induced cell death. Indeed, a previous
study suggested that N-CAM cross-linking induced by the appli-
cation of an N-CAM antibody resulted in apoptosis of cortical
neurons in vitro (Azizeh et al., 1998). Apoptosis was measured by
TUNEL labeling with fluorescent nucleotides with or without
N-CAM treatment for 2 d (Fig. 3). The percentage of TUNEL-
positive cells was measured as a fraction of the total cells revealed
by the DAPI nuclear stain. Few cells underwent apoptosis in
either condition: 5.4% (= 4.6%) for untreated and 8.0% (= 3.0%)
for N-CAM-treated cultures. Moreover, no pyknotic nuclei were
observed in either condition. Therefore the large decrease in
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Figure 3. Absence of apoptotic cell death after N-CAM treatment.
Hippocampal cells were plated in NB/B27 with 20 ng/ml bFGF for 48 hr
and treated for 2 additional days with 10 ug/ml N-CAM. Apoptosis was
assessed using the TUNEL method as described in Materials and Meth-
ods. Green fluorescent nuclei correspond to apoptotic cells in which the
terminal transferase has incorporated fluorescent dUTP (Bodipy-dUTP)
into fragmented DNA. All the cells were counterstained with the nuclear
stain DAPI shown in blue. A minimum of 10 independent fields was used
to assess the percentage of apoptotic cells (see Results).

BrdU incorporation in the presence of N-CAM could not be
explained by an increase in cell death.

N-CAM binding leads to increased progenitor

cell differentiation

Because proliferation was altered by N-CAM binding, we hypoth-
esized that neural progenitor differentiation might also be af-
fected. To address this possibility, we quantified the number of
differentiated cells by immunocytochemistry using antibodies to
MAP2 and GFAP (see Fig. 1D). bFGF was maintained in the
medium (NB/B27) to preserve the conditions under which
N-CAM affected proliferation. When N-CAM was added (10
pg/ml) to rat hippocampal progenitor cells, ~85% of the cells
expressed MAP2, a 2.3 (*+ 0.3)-fold (n = 7) increase over control
cells. N-CAM treatment also resulted in a reduction in the num-
ber of GFAP-expressing cells from 12 to 2% of the total cells (Fig.
4A). This effect on differentiation could not be mimicked with any
recombinant Ig N-CAM domains (Ig I-II, Ig III, Ig IV, or Ig V
domains) applied at concentrations up to 50 ug/ml (data not
shown).

To control for possible species differences in neural progenitors
(Kempermann et al., 1998a) as well as to characterize a mouse
progenitor culture that could be used with cells from genetically
altered animals, we assessed the effect of N-CAM on the differ-
entiation of mouse progenitor cells (Figs. 4B, 5). In medium
supplemented with bFGF, many cells were MAP2 ™" (~40%), but
in contrast to rat progenitor cells cultured under identical condi-
tions, few mouse cells expressed GFAP (12% in rat vs 0.33% in
mouse) (Figs. 4B, 5). However, in agreement with the findings
using rat cultures, N-CAM treatment significantly increased the
percentage of MAP2™ cells (Figs. 4B, 5). Although N-CAM did
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Figure 4. Stimulation of differentiation of rat and mouse hippocampal
neural progenitor cells toward a neuronal phenotype by N-CAM. A4,
Quantitation of differentiation of rat hippocampal progenitor cells. Cells
were grown for 4 d on poly-L-lysine- and laminin-coated glass multicham-
ber slides in NB/B27 media in the presence of bFGF alone (20 ng/ml) and
then treated for 3 d with N-CAM (10 pg/ml) or left untreated. In each
experiment, the number of MAP2 ™" cells and GFAP " cells is shown as a
percentage of the total number of cells. A minimum of 200 cells in five
different fields per condition were counted. The values are expressed as
the average = SD from a representative experiment. B, Immunocyto-
chemistry for MAP2 (Texas Red) and GFAP (FITC) showing N-CAM
induction of MAP2 ™" cells and CNTF or FCS induction of GFAP " cells
in mouse progenitor cell culture after treatment for 3 d with N-CAM (10
png/ml), CNTF (100 ng/ml), or FCS (10%). Cells were counterstained
with DAPL

bFGF+FCS

not affect the percentage of astrocytes from mouse progenitor cell
cultures (Fig. 54), a GFAP " population could be induced by the
addition of CN'TF or FCS (Figs. 4B, 54). In the mouse cultures,
it is clear that the increase of MAP2™ cells cannot be caused by
an effect on astrocyte proliferation, because this number of
GFAP ™ cells was low and did not vary after treatment with
N-CAM. When either CNTF or FCS was added 2 d after
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Figure 5. Comparison of the effect of N-CAM, BDNF, NT-3, IGF-I,
PDGF, and CNTF on the differentiation of hippocampal progenitor cells.
A, The protocol was exactly the same as that used in Figure 4. BDNF,
NT-3, IGF-I, PDGF, and CNTF were used at 100 ng/ml, N-CAM was
used at 10 pg/ml, and factors were added in the presence of bFGF (20
ng/ml) after 4 d of culture of mouse hippocampal progenitor cells (***p <
0.001; *p < 0.05; Student’s ¢ test). B, Cells were cultured for 4 d in the
presence of bFGF, after which BDNF (100 ng/ml) or N-CAM (10 ug/ml)
was added without bFGF and the cultures were grown for an additional
3 d. The counting was also done as described in Figure 4, and the values
represent the average = SD from a representative experiment (**p <
0.01; *p < 0.05; Student’s ¢ test).

N-CAM, the number of astrocytes increased (78-fold by CNTF,
from 0.33 to 26%, and 69-fold by FCS, from 0.33 to 23%), but the
number of MAP2™" cells was the same as when N-CAM was
added alone (data not shown). These findings suggest that
MAP2 * cells induced by N-CAM did not dedifferentiate and that
N-CAM and CNTF or FCS may act on separate populations.
Together the experiments on mouse and rat cultures indicate that
N-CAM increases the differentiation of progenitor cells to a
neuronal lineage in addition to its ability to reduce astrocyte
proliferation.

Comparison of the effects of N-CAM and growth
factors on the differentiation of mouse and rat
hippocampal neural progenitor cells

The effect of N-CAM on the differentiation of hippocampal
progenitor cells was compared with that of growth factors re-
ported to stimulate the differentiation of neural progenitor cells
toward specific lineages. In the presence of bFGF (Fig. 54), the
separate addition of either BDNF, NT-3, PDGF, or IGF-I did not
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Figure 6. Inhibition of proliferation of hippocampal progenitor cells
from N-CAM heterozygous (+/—) and knock-out (—/—) mice. Neural
progenitor cells were prepared from the hippocampi of N-CAM heterozy-
gous (+/—) or N-CAM knock-out (—/—) mice and incubated with 10
ng/ml N-CAM, Ig I-11, or Ig IIIL, after 2 d in culture as described in
Materials and Methods. BrdU incorporation was measured over the last
24 hr of treatment. Each value represents the average = SEM of a
minimum of three experiments (***p < (0.001; Student’s ¢ test).

significantly enhance neuronal differentiation of the hippocampal
progenitor cells over that seen in untreated cultures, but N-CAM
treatment resulted in significant differentiation. In contrast, in the
absence of bFGF (Fig. 5B), the addition of BDNF alone in-
creased the number of MAP2™ cells, consistent with previous
reports (Ahmed et al., 1995; Vicario-Abejon et al., 1995). There-
fore, in the presence of the mitogen bFGF, N-CAM is at least as
potent an inducer of neuronal differentiation as the growth fac-
tors reported previously to affect stem cell differentiation in the
absence of bFGF.

N-CAM affects the proliferation and differentiation of
progenitor cells lacking N-CAM

We investigated whether N-CAM homophilic binding was re-
quired for N-CAM to affect the proliferation and differentiation
of neural progenitor cells using cell cultures derived from mice
lacking N-CAM (Holst et al., 1998). Cells were prepared from
E16 to E17 heterozygous (+/—) and homozygous (—/—) N-CAM
KO mice. Cells from N-CAM +/— animals expressed N-CAM at
their surface, whereas those from N-CAM —/— animals did not
(data not shown), and cells from either origin incorporated BrdU
after multiple passages, indicating that they could be subcultured
and remain proliferative. They were further characterized as
described below.

N-CAM and recombinant N-CAM fragments were added to
the culture medium containing bFGF (20 ng/ml), and prolifera-
tion was measured by BrdU incorporation. N-CAM strongly
reduced the proliferation of progenitor cells derived from
N-CAM +/— mice or N-CAM —/— mice (Fig. 6). N-CAM
recombinant fragments (Fig. 6) or a polyclonal antibody against
N-CAM (data not shown) had little effect, in contrast to studies
on astrocytes in which N-CAM fragments and antibodies all
reduced cell proliferation (Sporns et al., 1995; Krushel et al.,
1998). N-CAM also effectively induced the differentiation of
N-CAM KO hippocampal progenitor cells to the same extent as
in N-CAM wild-type or rat cell cultures. The percentage of
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Figure 7. Binding of N-CAM and extracellular N-CAM to live hip-
pocampal progenitor cells from N-CAM knock-out mice. Cells were
treated with N-CAM, the extracellular domain of N-CAM, and the
recombinant Ig IIT domain (10 ug/ml) for 2 hr at 37°C. The cells were
washed with PBS, fixed with 4% PFA, and processed for immunocyto-
chemistry using antibodies for N-CAM and N-CAM domains and FITC-
labeled secondary antibodies as described in Materials and Methods.
Nuclei were revealed by counterstaining with DAPI.

MAP2* cells was increased from 18 = 7.0 to 51 + 7.5%. These
data strongly support the involvement of a heterophilic ligand in
the effects of N-CAM on neural progenitor cell proliferation and
differentiation.

Mechanism of action of N-CAM: evidence of a
heterophilic ligand
To establish an assay for evaluating heterophilic binding, N-CAM
and recombinant domains of N-CAM were allowed to bind to live
cells lacking N-CAM. The bound molecules were revealed after
fixation and detection with specific antibodies (Ranheim et al.,
1996) (Fig. 7). N-CAM and the extracellular domain of N-CAM
bound to the KO cells in vitro, whereas Ig III showed no binding
(Fig. 7). Preabsorption of the N-CAM solution with N-CAM
antibodies linked to beads removed the binding molecules (Fig.
7). The proteins were revealed without permeabilization of the
cells, indicating that they were bound to the cell surface. Addition
of 0.02% sodium azide, which blocks internalization processes,
did not alter the pattern of N-CAM binding, further suggesting
that N-CAM-positive staining is located at the cell surface.
Because heparin, heparan sulfate proteoglycans (HSPG), and
chondroitin sulfate proteoglycans (CSPG) have been shown to
interact with N-CAM (Cole et al., 1986; Friedlander et al., 1994),
heparin and chondroitin sulfate were tested as competitors for
N-CAM binding to the surface of live KO cells. Heparinase was
also used to prevent possible interactions of exogenously added
N-CAM with HSPG present on the cell surface. Cells were
preincubated with heparin, heparinase, or chondroitin sulfate
before N-CAM treatment. None of the treatments prevented
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O+N glycosidases Heparin

Chondroitin sulfate
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Figure 8. Saccharides and saccharide-modifying enzymes do not affect
N-CAM binding to knock-out progenitor cells. Cells were pretreated (1
hr) with heparin (0.01 mg/ml), chondroitin sulfate (0.01 mg/ml), hepari-
nase (0.01 U/ml), or glycosidases (4 U/ml; N-glycosidase endo F and
O-glycosidase) and then treated with N-CAM (10 ug/ml) for 2 hr at 37°C.
The cells were washed with PBS, fixed with 4% PFA, and processed for
immunocytochemistry for N-CAM, as described in Materials and
Methods.

N-CAM binding (Fig. 8). Oligosaccharides were used to test
whether carbohydrate binding was involved as has been suggested
for N-CAM and L1 interactions (Horstkorte et al., 1993). Pre-
treatment of N-CAM KO cells with N- and O-glycosidases had no
effect on subsequent N-CAM binding (Fig. 8).

To confirm that N-CAM was not interacting with heparin,
HSPG, or CSPG to affect proliferation, the same reagents used in
the binding experiments were used in the proliferation assays
(Fig. 9). None of these molecules was able to reduce the inhibi-
tory activity of N-CAM on progenitor cell proliferation (Fig. 9).
Consistent with the inability of heparin or heparan sulfate to
affect proliferation, Ig I-II, which contains the Ig II domain
responsible for the interaction of N-CAM with HSPG (Cole and
Akeson, 1989), was inactive (Fig. 6). These findings suggest that
heparan sulfate or chondroitin sulfate proteoglycans or cell sur-
face oligosaccharides were not involved in the binding of N-CAM
to the cell surface, further supporting the presence of a novel
N-CAM heterophile.

We also excluded the possibility that N-CAM could bind either
of the mitogens bFGF or EGF and thereby influence cell prolif-
eration. Preincubation of the culture medium with beads coated
with N-CAM followed by treatment of the cells with the eluate
showed no reduction in basal proliferation or in the ability of
N-CAM to inhibit proliferation, suggesting that N-CAM was not
interacting with and therefore depleting bFGF or EGF from the
medium (data not shown). N-CAM has been reported to interact
with the FGF receptor (Williams et al., 1994; Doherty and Walsh,
1996). An antibody against the FGF receptor that was shown in
these studies to block the N-CAM effect on neurite outgrowth
(Williams et al., 1994; Doherty and Walsh, 1996) was used to test
the possible interaction of the FGF receptor with N-CAM. The

J. Neurosci., May 15, 2000, 20(10):3631-3640 3637

BrdU incorporation (%)

Heparinase

[
=]
=3
Q.
[)]
(L]
@D
oc
19
O
sy

Pretreatment -

Chondroitin sulfate

Figure 9. N-CAM inhibitory activity on proliferation is not affected by
known N-CAM heterophiles. The protocol was the same as that used in
Figure 2, with N-CAM applied at 2 pg/ml. Cells were pretreated (1 hr)
with heparin (0.01 mg/ml), chondroitin sulfate (0.01 mg/ml), heparinase
(0.01 U/ml), anti-FGF receptor (1:200), or glycosidases (4 U/ml;
N-glycosidase endo F and O-glycosidase). The values represent the BrdU
incorporation in a representative experiment. Values are expressed as the
average * SD of a minimum of three measurements.

application of the FGF receptor antibody alone reduced cell
proliferation in a dose-dependent manner. When used at a con-
centration that did not dramatically affect proliferation but
showed FGF receptor immunostaining (data not shown), the
inhibition of proliferation by N-CAM was not prevented by the
addition of this FGF receptor antibody (Fig. 9).

DISCUSSION

We have investigated the effect of N-CAM on neural progenitor
cell proliferation and differentiation. In previous studies, we
found that N-CAM affected the proliferation of astrocytes and
NF-«B signaling in both astrocytes and neurons. We therefore
hypothesized that N-CAM might have a significant effect on
neural progenitor cells. The studies reported here support this
idea but indicate that the mechanism of N-CAM action is signif-
icantly different. In astrocytes and neurons, N-CAM apparently
can signal via N-CAM itself by a mechanism that is influenced by
the first three Ig domains. Its effect on neuronal precursors,
however, appears to involve signaling via an as yet unidentified
heterophilic ligand. In the presence of either bFGF or EGF, both
of which favor proliferation of neural progenitor cells, addition of
N-CAM decreased cell proliferation. The inhibition of prolifera-
tion by N-CAM was not restricted to hippocampal progenitor
cells but also occurred in neonatal cerebellar rat progenitor cell
cultures and normal human neural progenitor cells (M.-C. Amo-
reaux and K. L. Crossin, unpublished observations). N-CAM
binding to the surface of several neural cell types can therefore
inhibit their proliferation.

In addition to inhibiting cell proliferation, N-CAM efficiently
promoted neuronal differentiation in the presence of bFGF. Pre-
vious studies have shown that a variety of neurotrophins and
growth factors, including BDNF, NT-3, CNTF, leukemia inhib-
itory factor, IGF-I, and PDGF, enhance neural stem cell differ-
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entiation after bFGF removal (Ahmed et al., 1995; Ghosh and
Greenberg, 1995; Temple and Qian, 1995; Vicario-Abejon et al.,
1995; Kahn et al., 1997, Williams et al., 1997, Arsenijevic and
Weiss, 1998; Koblar et al., 1998; Zigova et al., 1998). However,
the present results demonstrate that these factors had little effect
in the presence of bFGF, in contrast to the robust effect of
N-CAM. One of the reported effects of neurotrophins is to
decrease the amount of apoptosis of cortical progenitors and to
promote neuronal survival in the absence of growth factors (Kir-
schenbaum and Goldman, 1995; Wade et al., 1999). Because little
apoptosis was observed in the presence of bFGF, the possible
effects of N-CAM on cell survival were not measurable in our
experimental paradigm. However, the previously reported ability
of BDNF to enhance neural differentiation in the absence of
bFGF was also observed in this study and might reflect the
survival-promoting activity of BDNF in the absence of bFGF or
the ability of BDNF to enhance differentiation (Ahmed et al.,
1995). Moreover, it has been suggested that different mitogens
promote the proliferation or the survival of particular progenitor
populations (Lillien, 1998). In the case of N-CAM, a specific
mitogen did not seem to be critical, because N-CAM inhibited
both bFGF- and EGF-stimulated proliferation. Moreover,
N-CAM was equally effective in promoting neuronal differentia-
tion in the presence or absence of bFGF. These results indicate
that N-CAM did not achieve its effects on proliferation and
differentiation by acting on a specific subpopulation of progeni-
tors or by influencing particular growth factor receptor signaling
as reported in other in vitro systems (Williams et al., 1994;
Doherty and Walsh, 1996).

The increased number of MAP2™ cells stimulated by the
presence of N-CAM could result from several mechanisms. It is
likely that N-CAM decreased the number of GFAP ™ cells in rat
cell culture at least partially because of its inhibitory effect on
astrocyte proliferation as shown in previous studies (Sporns et al.,
1995; Krushel et al., 1998), although it is possible that N-CAM
treatment could have induced these cells to become MAP2™"
neuroblasts as reported previously for subventricular zone
GFAP " stem cells (Doetsch et al., 1999). In any case, the increase
in the number of MAP2™ cells induced by N-CAM in rat neural
progenitors was much greater than could be accounted for simply
by the decrease in GFAP " cells. The use of mouse progenitor
cells allowed us to verify this conclusion unambiguously. Cultures
of these cells displayed almost no GFAP " cells (0.33%) com-
pared with that in rat hippocampal cells (12%) in the same
culture conditions. The increase of MAP2™ cells after N-CAM
treatment of mouse cells resulted therefore from the differentia-
tion of MAP2 " /GFAP ~ cells that were present. It is also unlikely
that the increase in the ratio of MAP2 ™ cells could have been
caused by a stimulation of the proliferation of the MAP2™"
neuroblast population in view of the dramatic global inhibitory
effect of N-CAM on proliferation. In addition, N-CAM did not
stimulate proliferation in the absence of bFGF. It can therefore
be concluded that N-CAM acts on a stage in the differentiation
process rather than by producing a secondary effect on MAP2™*
or GFAP " cells.

The relationship between the inhibition of proliferation and the
increase in differentiation observed here requires further study.
There is no clear evidence that the two events, cell cycle arrest
and differentiation, are interdependent in neural stem and pro-
genitor cells, and indeed, evidence to the contrary exists. For
example, the degree of primitivity of a stem cell seems not to be
correlated with its mitotic properties. Some neural stem cells are
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mitotically quiescent, whereas others divide rapidly; intermediary
progenitors proliferate faster than do pluripotent stem cells (Mor-
rison et al., 1997). Interestingly, the same situation is true for
hematopoietic stem cells, in which the most primitive stem cells
are highly quiescent but can be maintained in long-term culture
(Hao et al., 1996). In addition, even though a fraction of the
neural stem cells of the subventricular zone undergoes apoptosis
in vivo (Morshead and van der Kooy, 1992), many neural stem
cells remain quiescent and yet do not differentiate (Morshead et
al., 1994). It is probable that various cell cycle-controlling factors
are involved in a multistep manner to lead a cell to exit the cell
cycle and enter a differentiation program (Robertson and Levitt,
1999; Scheffler et al., 1999). These observations further support
the idea that N-CAM may instructively induce progenitor differ-
entiation, independent of its effect on proliferation.

The present study raises the possibility that N-CAM is an
endogenous regulator of progenitor cell proliferation and differ-
entiation. Membrane-associated factors have been suggested pre-
viously to play a role in the control of progenitor cell prolifera-
tion. For example, stem cells grown as neurospheres seem to
proliferate faster than the same cells plated on a substrate (Reyn-
olds and Weiss, 1996). Other studies indicate that contact with
some cell types favors proliferation whereas interactions with
other cell types are inhibitory to proliferation (Temple and Davis,
1994). Removal of PSA from oligodendrocyte preprogenitors,
which increases cell-cell interactions, has also been reported
recently to increase the differentiation of these cells (Nait-
Oumesmar et al., 1999). Delta and Notch are also cell membrane
proteins (ligand and receptor, respectively) that control progen-
itor differentiation. Their interaction prevents Notch-expressing
cells from differentiating by inhibiting the production of neuro-
genic transcriptional regulators (Ohtsuka et al., 1999). Whether
an increase of neurogenic gene expression in progenitor cells
occurs after N-CAM binding remains to be investigated.

These results indicate that molecular signaling events underly-
ing the cell-cell interaction mediated by N-CAM may participate
in progenitor cell proliferation and differentiation. The mecha-
nism by which N-CAM modulates neural differentiation remains
to be determined. N-CAM may generate intracellular signals
directly by interacting with a heterophilic receptor or may perturb
preexisting endogenous molecular interactions and thereby pre-
vent rather than mimic the normal signaling events generated by
N-CAM interactions. It is possible that N-CAM activates the
same intracellular pathways in progenitor cells as do the neuro-
trophins, which bind to their tyrosine kinase receptors, the Trks
(Lachyankar et al., 1997). Recent studies suggest that N-CAM
signaling involves nonreceptor tyrosine kinase activation (Beggs
et al., 1997; Choi et al., 1999) and that this activation may
influence multiple intracellular signaling cascades. Because
N-CAM counteracts the mitogenic effects of bFGF (Ray and
Gage, 1994; Gritti et al., 1996) (present results), it is also likely
that N-CAM signal pathways alter signaling via the FGF receptor,
which has been reported to interact with N-CAM in other cellular
systems (Doherty and Walsh, 1996). Such a mechanism of antag-
onism of growth factor receptor signals has been suggested in
previous studies (Ghosh and Greenberg, 1995). Distinct signaling
pathways from N-CAM, Trks, and Notch may each influence the
balance between stimulatory and inhibitory signals leading to
differentiation.

Identification of the ligand to which N-CAM binds to exert its
effects on progenitor cells will help to define the mechanism of
N-CAM action. Binding of N-CAM to live cells from N-CAM
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KO mice provides an assay to evaluate cellular extracts for such
heterophiles. Moreover, the tissue from knock-out animals pro-
vides an excellent source of protein to identify heterophiles
without interference from N-CAM homophilic binding. Possible
heterophilic ligands, such as membrane proteins, particularly ho-
mologs of N-CAM such as O-CAM (Schwob and Gottlieb, 1988;
Yoshihara et al., 1997), basement membrane proteins, ECM
proteins, the protein core of proteoglycans, or new peptide li-
gands (Ronn et al., 1999), may bind exogenous N-CAM. How-
ever, we present evidence that the previously proposed hetero-
philic ligands for N-CAM, including the heparan or chondroitin
sulfate part of proteoglycans or FGF receptors at the cell surface
(Cole et al., 1986; Friedlander et al., 1994; Williams et al., 1994;
Doherty and Walsh, 1996), are not the ligands by which N-CAM
alters progenitor cell proliferation or differentiation.

Whether N-CAM binding affects the genesis or differentiation
of neural progenitors in vivo is of critical interest, and resolution
of this issue may suggest mechanisms of controlling stem cell
states during development and in adult animals after transplan-
tation. PSA-N-CAM is present endogenously in neurogenic re-
gions, such as the hippocampus (Seki and Arai, 1991) and sub-
ventricular zone (Key and Akeson, 1991; Thomas et al., 1996).
Limited cell—cell interactions because of the presence of PSA-N-
CAM could, in concert with growth factors, control neural pro-
genitor cell proliferation and differentiation. The specific spatio-
temporal distribution of N-CAM and N-CAM ligands may turn
out to represent significant factors in the genesis of cells of the
nervous system.
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