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Abstract

Inhibition of the functions of L1 cell adhesion molecule (L1) by

ethanol has been implicated in the pathogenesis of the neu-

rodevelopmental aspects of the fetal alcohol syndrome (FAS).

Ethanol at pharmacological concentrations has been shown to

inhibit L1-mediated neurite outgrowth of rat post-natal day 6

cerebellar granule cells (CGN). Extracellular signal-related

kinases (ERK) 1/2 activation occurs following L1 clustering.

Reduction in phosphoERK1/2 by inhibition of mitogen-activa-

ted protein kinase kinase (MEK) reduces neurite outgrowth of

cerebellar neurons. Here, we examine the effects of ethanol

on L1 activation of ERK1/2, and whether this activation occurs

via activation of fibroblast growth factor receptor 1 (FGFR1).

Ethanol at 25 mM markedly inhibited ERK1/2 activation by

both clustering L1 with cross-linked monoclonal antibodies, or

by L1-Fc chimeric proteins. Clustering L1 with subsequent

ERK1/2 activation did not result in tyrosine phosphorylation of

the FGFR1. In addition, inhibition of FGFR1 tyrosine kinase

blocked basic fibroblast growth factor (bFGF) activation of

ERK1/2, but did not affect activation of ERK1/2 by clustered

L1. We conclude that ethanol disrupts the signaling pathway

between L1 clustering and ERK1/2 activation, and that this

occurs independently of the FGFR1 pathway in cerebellar

granule cells.
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Heavy drinking during pregnancy is the cause of fetal alcohol
syndrome (FAS), the leading known cause of mental retarda-
tion (Abel and Sokol 1991). Drinking during pregnancy can
also result in a spectrum of effects known as alcohol-related
developmental disorder, which range from severe cognitive
and behavioral impairment without the classic facial dysmor-
phology to relatively subtle neurobehavioral deficits (Stratton
et al. 1996). It is estimated that 1% of all newborns are affected
by prenatal ethanol exposure (Sampson et al. 1997). The L1
cell adhesion molecule (L1) has been implicated in the
pathogenesis of FAS as a result of an extensive overlap of
neuroanatomic features (Bearer 2001). In vitro studies have
suggested that ethanol decreases L1-mediated cell adhesion
(Ramanathan et al. 1996; Wilkemeyer et al. 2003). In other
systems, L1 adhesivity is unaffected by ethanol (Vallejo et al.
1997; Bearer et al. 1999b). Ethanol has been shown to inhibit
L1-mediated neurite outgrowth of cerebellar granule cells
(Bearer et al. 1999b; Watanabe et al. 2004). We hypothesize
that one mechanism of alcohol teratogenesis is the inhibition
of L1 function via inhibition of L1 signaling cascades.

L1 is a 220-kDa member of the immunoglobulin (Ig)
superfamily of cell adhesion molecules (Lindner et al. 1983),
whose functions include cell adhesion, neurite outgrowth,
axon fascicle formation, and neural migration (Lindner et al.
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1983; Wong et al. 1995; Kamiguchi 2003). L1 is a cell
surface glycoprotein and is expressed on post-mitotic
neurons. L1 binds homophilically or heterophilically to itself
or a number of other binding partners, both in cis and in trans
(Lemmon et al. 1989; Kuhn et al. 1991; Brummendorf et al.
1993; Felsenfeld et al. 1994; Milev et al. 1996; Malhotra
et al. 1998; Castellani et al. 2000). Initially, adhesion
molecules were thought to influence axonal growth, based
on their ability to mediate adhesive interactions. However, a
number of experiments have shown that the response of a
neurite to naturally occurring substrates such as fibronectin,
laminin, or L1 cannot be predicted based on the adhesiveness
of the neurite–substrate interactions (Lemmon et al. 1992;
Zheng et al. 1994). Instead, the neurite responses are because
of the activation of signaling cascades and endocytosis
following binding of the adhesion molecule (Schuch et al.
1989; Von Bohlen Und Halbach et al. 1992; Williams et al.
1992; Kamiguchi and Yoshihara 2001; Long et al. 2001).

There is evidence for two signaling pathways for L1. In
one signaling pathway, L1 is endocytosed (Schaefer et al.
1999), leading to the activation of P13 kinase, Rac1,
mitogen-activated protein kinase kinase (MEK) and extra-
cellular signal-regulated kinases (ERK1/2) (Schmid et al.
2000). Inhibition of this pathway by inhibition of ERK1/2
activation reduced mean neurite length of mouse cerebellar
granule cells (CGN) by 56% (Schmid et al. 2000). The
second pathway proposes a cascade common to the neurite
promoting activity of several cell adhesion molecules (for
review, see Doherty and Walsh (1996). The fibroblast growth
factor receptor 1 (FGFR1) tyrosine kinase has been reported
to be activated by L1, neural cell adhesion molecule
(NCAM) and N-cadherin as well as basic fibroblast growth
factor (bFGF). Binding of L1 increases the phosphorylation
of FGFR1. Phosphorylation activates the FGFR1 tyrosine
kinase which initiates a cascade of events leading to
arachidonic acid release and resulting in neurite outgrowth.

In this study, we investigate the effect of ethanol on
L1-mediated activation of ERK1/2, and whether L1 activates
ERK1/2 via the FGFR1. Here, we have identified the ERK1/
2 pathway as a target for ethanol inhibition of neurite
outgrowth, and provided evidence that one of the two
proposed L1 pathways mediates this inhibition in a simple,
well-characterized cell system.

Materials and methods

Antibodies

Antibodies used in this research were the following: rabbit

polyclonal antibody against the cytoplasmic domain of L1 (Schaefer

et al. 1999) (anti-L1CD), rabbit polyclonal antibody against dually

phosphorylated, activated ERK1/2 (New England Biolabs, Ipswich,

MA, USA; anti-phosphoERK1/2), rabbit polyclonal antibodies

against ERK2 (anti-ERK2) and a peptide of FGFR1 (anti-flg

sc-121), as well as the peptide itself which is used to block the

binding of the antibody to FGFR1 (anti-flg blocking peptide sc-

121 P) (Santa Cruz Biotechnology, Santa Cruz, CA, USA), rabbit

polyclonal antibodies to FGFR1 (Upstate Biotechnology, Lake

Placid, NY, USA), mouse monoclonal antibody to phosphotyrosine

(PY20) (Sigma, St Louis, MO, USA), goat anti-mouse IgG

conjugated to Oregon Green (Molecular Probes, Eugene, OR,

USA), human IgG (Fc), rabbit polyclonal antibody to mouse IgG,

rabbit polyclonal antibody to mouse IgG (H+L) conjugated to

hydrogen peroxidase, and goat polyclonal antibodies to rabbit IgG

(H+L) conjugated to hydrogen peroxidase (all from Jackson

Immuno-Research, West Grove, PA, USA).

Mouse monoclonal antibody to rat L1 (ASCS4) was produced

from a hybridoma cell line developed by P. H. Patterson and

obtained from the Developmental Studies Hybridoma Bank which

was developed under the auspices of the National Institute of Child

Health and Development and maintained by The University of Iowa,

Department of Biological Sciences, Iowa City, IA, USA. The cells

were grown in Iscove’s modified Dulbecco’s medium, 20% fetal

bovine serum (FBS) with penicillin/streptomycin, then seeded into

the CELLMAX system (Cellco Inc., Rancho Dominguez, CA,

USA). The serum content of the media was gradually decreased.

Media was harvested weekly, and antibody was affinity purified

using Protein-G sepharose. ASCS4 has not been previously

characterized for its binding site on L1.

Preparation of L1-Fc

L1-Fc containing plasmid was prepared as previously described

(Bearer et al. 1999b). The plasmid was stably expressed in NIH 3T3

cells using lipofectamine. Cells were co-transfected with the

neomycin-resistant plasmid, pMAMneo (ratio 1 : 9) (a gift from

Susann Brady-Kalnay, Case Western Reserve University, Cleveland,

OH, USA). Transfected cells were selected with G418 (Gibco,

Rockville, MD, USA) at 0.9 mg/mL. Clones were selected and

subcloned by limiting dilution. Supernatants were assayed for

L1-Fc. A stably transfected clone expressing L1-Fc was propagated

using the CELLMAX system (Cellco Inc.) using the manufacturer’s

instructions. Serum in the media in the CELLMAX system was

gradually removed. L1-Fc was purified from the harvested serum-

free media by modification of the method of Sakurai et al. (1998).
Briefly, proteins were ammonium sulfate precipitated, then

re-suspended in 17 mM NaH2PO4, pH 6.3 (Buffer A), and dialyzed

overnight at 4�C. Twenty milliliters of 50% DE52 slurry in Buffer A

was added to the dialysate, and rocked at 4�C overnight. The DE52

slurry was centrifuged, and washed three times with Buffer A.

L1-Fc was eluted with Buffer A containing 0.4 M KCl and the

protein concentration of the eluant was determined. Protein A-

conjugated sepharose beads at 0.1 mL/mg protein were added, the

pH adjusted with 0.1 mL 1 M HEPES, pH 8.0 per ml of eluant and

Na azide added to give a final concentration of 0.01%. The slurry is

rocked overnight and stored at 4�C until use. To determine purity

and L1-Fc content, an aliquot of the L1-Fc-bound sepharose beads

was washed with phosphate-buffered saline, and L1-Fc was eluted

with 50 mM glycine, pH 2.80 into test tubes containing 1 M HEPES,

pH 8.0 to neutralize the pH. Protein concentration was determined

by the bicinchoninic acid assay (Pierce, Rockford, IL, USA). The

purity and immunoreactivity of remaining eluted L1-Fc was

determined by polyacrylamide electrophoresis and, either silver

stained for protein, or by western blot using anti-Fc antibodies for
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immunoreactivity. For each experiment, the appropriate amount of

L1-Fc-containing protein A-sepharose slurry was eluted for L1-Fc

as described. Following elution, an aliquot of L1-Fc was taken for

protein determination, and 1% bovine serum albumin (BSA) was

added to each fraction. Soluble L1-Fc prepared in this manner was

added to cell cultures within 1 h of elution.

Preparation of CGN cells

Rat CGN were obtained from post-natal day 6 Sprague–Dawley rat

pups (Zivic–Miller) as previously described (Bearer et al. 1999b).
To minimize pain and discomfort, pups were rapidly decapitated as

approved by the Institutional Animal Care and Use Committee at

Case Western Reserve University and guidelines from the US Public

Health Service. Viability was assessed with trypan blue and was

> 90%. These cells have been extensively characterized as > 90%

CGN (Hockberger et al. 1987; Beattie and Siegel 1993; Nakai and

Kamiguchi 2002).

Immunofluorescence

CGN grown overnight on poly L-lysine coated 8-well Lab-Tek

slides in DMEM/10% FBS (HyClone, Logan, UT, USA) were

placed on ice. Affinity-purified ASCS4 (30 lg) was added to the

wells, and incubated for 1 h. Cells were fixed with 4% paraformal-

dehyde at 4�C, then stained with fluorescent secondary antibodies,

equilibrated in Slow-Fade, and observed using a Nikon Optiphot-2

fluorescent microscope at · 20.

ERK1/2 activation

ERK1/2 was activated by addition of a cross-linked anti-L1

monoclonal antibody as described by Schmid et al. (2000). To

cluster L1 with ASCS4, 6 · 105 cells were plated on poly L-lysine-

coated 60-mm tissue culture dishes in DMEM with 10% FBS and

20 mM HEPES, pH 7.2 and grown overnight. Two hours prior to the

addition of clustering antibody, the media was removed and replaced

with DMEM, 20 mM HEPES, pH 7.2 to reduce background

phosphoERK1/2. To form multimeric complexes, ASCS4 was

cross-linked by mixing with rabbit anti-mouse IgG (1 : 2.5 g/g).

The mixture was incubated for 1 h at 4�C prior to addition to cells.

Mouse IgG was used as control as previously described (Schmid

et al. 2000). Ten minutes after addition of the cross-linked ASCS4

(clASCS4) or mouse IgG, the cells were placed on ice, the media

was removed, the cells were washed with ice-cold Hank’s balanced

salt solution (HBSS), and cell lysates were prepared. For activation

of ERK1/2, 50 ng/mL bFGF was added to the cells. For experiments

to inhibit bFGF activation of ERK1/2, 3-(4-dimethylamino-benzy-

lidenyl)-2-indolinone (DMBI) was added 20 min prior to the

addition of bFGF or clASCS4.

To cluster L1 using L1-Fc, 2 · 105 CGN were plated on poly

L-lysine-coated 35-mm tissue culture dishes in serum-free defined

media consisting of neurobasal media (Gibco) with the following

additions: B27 supplement (Gibco), 20 mM L-glutamine, 6 g/L

glucose, 20 mM HEPES, pH 7.2, penicillin/streptomycin. Serum-

free defined media was used in these experiments to duplicate the

assay conditions where we found the greatest inhibition of ethanol

on L1-mediated neurite outgrowth (Bearer et al. 1999a). Cells were
grown overnight in a humidified 37�C with 10% CO2. Freshly

eluted L1-Fc in 1% BSA or elution buffer with 1% BSA alone was

added to the appropriate dishes. At the indicated times, tissue culture

dishes were placed on ice, the media was removed, the cells were

washed with ice-cold HBSS, and cell lysates were prepared.

Determination of tyrosine-phosphorylated FGFR1

For determination of phosphorylated FGFR1, 7 · 106 CGN were

plated on poly L-lysine-coated 10-cm tissue culture dishes in serum-

free defined media. ClASCS4 prepared as described above, or bFGF

50 ng/mL, were added to the media. At the indicated times, cells

were removed from the incubator, placed on ice, washed with ice-

cold HBSS, and cell lysates were prepared.

Preparation of cell lysates

All procedures were at 4�C. Cells were extracted in lysis buffer

consisting of: 20 mM Tris, pH 7.4, 150 mM NaCl, 1% Triton X-100,

1 mM EDTA, 10% glycerol, 10 mM Na-vanadate, 10 mM NaF, 2 mM

aprotinin, 0.1 mM phenylmethylsulfonyl fluoride, 1 lM leupeptin,

1 lg/mL pepstatin, 10 lg/mL turkey trypsin inhibitor, phosphatase

inhibitor cocktail I (Sigma) and phosphatase inhibitor cocktail II

(Sigma). Cell extracts were incubated for 30 min and then

centrifuged in a microfuge at maximum speed for 10 min.

Immunoprecipitation of proteins

The cell lysate supernatants were transferred to clean microfuge

tubes and pre-cleared with 1 lg rabbit IgG or mouse IgG for 1 h,

then with 30 lL Protein A–agarose for 1 h, followed by low-speed

centrifugation. Supernatants were collected, and 2 lg anti-phospho-

tyrosine antibody was added. After 1 h incubation, 30 lL of

protein A–agarose was added and lysates were incubated overnight.

The tubes were centrifuged in a microfuge at 1000 g for 4 min. In

some cases, the supernatants were saved for phosphoERK1/2

determination. The pellets were washed with lysis buffer, and boiled

for 5 min in sodium dodecyl sulfate – polyacrylamide gel

electrophoresis (SDS–PAGE) sample buffer. The samples were

separated by SDS–PAGE (4–15% gradient gel), transferred to a

polyvinylidene difluoride membrane, and the membrane was

blocked in Tris-buffered saline containing 2% BSA and 0.1%

Tween-20. The membrane was incubated with antibodies to FGFR1,

washed, probed with horseraddish peroxidase (HRP)-goat anti-

rabbit IgG, and reactive proteins were visualized by chemilumines-

cence. In some cases, the blocking peptide sc-121 P was added to

the anti-FGFR1 immunoblotting antibody as per manufacturer’s

instructions prior to addition to the immunoblots.

SDS–PAGE/western blotting for phosphoERK1/2 and ERK2

Proteins were precipitated from cell lysate and immunoprecipitation

supernatants by addition of methanol–chloroform. Precipitants were

dried, washed with lysis buffer, and boiled for 5 min in SDS–PAGE

sample buffer. The samples were separated by SDS–PAGE (12%

gel) and transferred to a PDVF membrane. The membrane was

blocked in Tris-buffered saline containing 2% BSA and 0.1%

Tween-20. The membrane was incubated with antibodies to dually

phosphorylated ERK1/2, washed, probed with HRP-goat anti-rabbit

IgG, and reactive proteins were visualized by chemiluminescence.

Blots were stripped and re-probed with anti-ERK2 antibodies to

assess protein loading. The relative intensity of the bands was

quantified using transmittance densitometry using Kodak 1D

software. The phosphoERK1/2 band densities were normalized for

the amount of total ERK2 protein for all quantitative analyses.
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Results

L1 activation of the ERK1/2 pathway was investigated in
primary cultures of rat post-natal day 6 CGN. Dimerization
has been shown to initiate signaling by members of the Ig
superfamily such as NCAM, integrins and some receptor
tyrosine kinases (Heldin 1995). Clustering of L1 in mouse
CGN by addition of cross-linked monoclonal antibodies to
mouse L1 resulted in significant increases in phosphoERK1/
2 (Schmid et al. 2000). We first sought to characterize a
monoclonal antibody ASCS4 (Yamazaki et al. 1997) to rat
L1, and then to determine if ASCS4 could activate ERK1/2
in rat cerebellar granule neurons. On living CGN, uncross-
linked ASCS4 bound to the cell surface (Fig. 1a), suggesting
that ASCS4 recognized a site on the extracellular domain of
L1.

In addition, western blot analysis of whole rat brain lysate
showed distinct bands when immunoblotted with ASCS4
versus rabbit anti-L1CD, an antibody to the cytoplasmic
domain of L1 (Schaefer et al. 1999) (Fig. 1b). Both
antibodies recognize the full-length L1 at 220 kDa. In
addition, rabbit anti-L1CD recognizes the 85-kDa fragment
of L1 which contains the fourth and fifth fibronectin
domains, the transmembrane domain and the cytoplasmic
domain (Sadoul et al. 1988; Silletti et al. 2000). The lack of
binding of ASCS4 to the 85 kDa polypeptide fragment
indicates that the antibody’s binding site is on the NH2

terminal extracellular domain before the plasmin-sensitive
dibasic sequences beginning at amino acid 840 (Silletti et al.
2000).

Using clASCS4 to induce clustering of L1, we found a
significant increase in phosphoERK1/2 at 10 min. ASCS4
was first cross-linked by the addition of rabbit anti-mouse
IgG, and then added to CGN. PhosphoERK1/2 was not
significantly increased at 2 min. However, a significant
activation of ERK1/2 was found at 10 min following the
addition of antibody (Figs 1c and d) consistent with the
findings of Schmid et al. (2000).

Fig. 1 (a) ASCS4 binds to the surface of living cells. Cerebellar

granule cells grown in the presence of 10% FBS were cooled to 4�C.
Affinity-purified ASCS4 (not clustered, a monoclonal antibody to L1)

was added to the media, and incubated for 1 h. Cells were subse-

quently fixed, and probed with fluorescent secondary antibodies. (i) No

ASCS4 was added to cells; (ii) patchy distribution of ASCS4 staining is

seen. (b) ASCS4 recognizes an extracellular epitope. Western blots of

rat whole brain lysate were probed with a polyclonal antibody to the

cytoplasmic domain of L1 (L1CD) or with ASCS4. The blots were

probed with HRP-conjugated secondary antibodies, and reactive

proteins visualized by chemiluminesence. L1CD recognizes the

220 kDa full-length L1 protein as well as the 85-kDa fragment which

represents the carboxy terminal protein following cleavage in the third

fibronectin domain. In contrast, ASCS4 only recognizes the 220-kDa

full-length L1. (c) ERK1/2 is activated by cross-linked ASCS4 which is

inhibited by ethanol. Serum-starved cerebellar granule cells were

treated with 25 mM ethanol for 1 h, then either mouse IgG, or clASCS4

was added for 2 or 10 min. ERK1/2 activation was assayed by western

blot analysis. Western blots showed that addition of cross-linked

ASCS4 increased activation of ERK1/2 (phosphoERK1/2) at 10 min

and a marked inhibition of ASCS4 mediated ERK1/2 activation in

ethanol pretreated cells (one of seven representative blots shown). (d)

PhosphoERK1/2 is significantly increased at 10 min following addition

of cross-linked ASCS4. Pretreatment (1 h) with 25 mM ethanol signi-

ficantly reduces phosphoERK1/2. Densitometric quantification of

ERK1/2 phosphorylation corrected for total ERK1/2 shown in (c) is

plotted as relative densitometric units relative to the MsIgG control.

The values of seven separate experiments are shown. The bar indi-

cates the mean of the values ± SE. *A statistically significant increase

in ERK1/2 activation at 10 min following addition of cross-linked

ASCS4 versus 2 min (p < 0.003, paired t-test); **a statistically signi-

ficant decrease in ERK1/2 activation following alcohol pretreatment

(p < 0.02, paired t-test).
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Next, we investigated the effect of ethanol on L1-mediated
activation of ERK1/2. We have previously shown that
ethanol inhibits L1-mediated neurite outgrowth with a
maximal effect at a concentration of 25 mM (Bearer et al.
1999b). We have found increased inhibition of L1-mediated
neurite outgrowth with a 1 h pre-incubation of neurons in
25 mM ethanol prior to addition of L1-Fc to promote neurite
outgrowth (unpublished observations). Schmid et al. (2000)
showed that inhibition of ERK1/2 activation using the MEK
specific inhibitors PD98059 or U0125 inhibited neurite
outgrowth on L1. To determine whether ethanol might inhibit
L1-mediated neurite outgrowth by inhibiting L1 activation of

ERK1/2, 25 mM ethanol was added to CGN for 1 h, then
clASCS4 was added, and the phosphorylation status of
ERK1/2 was determined at 2 and 10 min. The amount of
phosphoERK1/2 was significantly reduced in the presence of
ethanol both at 2 and 10 min following addition of clASCS4
(Figs 1c and d). The inhibition at 2 min in the absence of
L1-related ERK1/2 activation may indicate that ethanol
inhibits other factors from activating ERK1/2 which are not
directly being tested in this system.

To determine if other means of clustering L1 and
activating ERK1/2 are also sensitive to ethanol, we inves-
tigated the effect of the addition of L1-Fc on activation of
ERK1/2. L1-Fc contains disulfide bonds within the Fc region
and hence is composed of two L1 extracellular domains. In
addition, multimerization of L1-Fc into trimeric and higher
order complexes may occur through interactions of the third
fibronectin repeat (Silletti et al. 2000). Thus, binding of
L1-Fc to cell surface L1 would be expected to dimerize and/
or multimerize the cell surface L1 and activate ERK1/2.
L1-Fc increased the phosphorylation of ERK1/2 with a
maximum attained at 10 min, corrected for protein loading
by measuring total ERK2 (data not shown). This finding was
consistent with findings by Schaefer et al. (1999) and
Schmid et al. (2000). Both 10 and 20 lg/mL of L1-Fc
added to the media increased the phosphorylation of ERK1/2
at 10 min (Figs 2a and b). As a control, human Fc was added
to the cells at 20 lg/mL, and ERK1/2 was assayed after
10 min. No activation of ERK1/2 was seen above that of
vehicle alone (Figs 2c and d), while L1-Fc significantly
increased phosphoERK1/2 (Figs 2c and d).

Next, we determined the effect of ethanol on L1-Fc
activation of ERK1/2. As shown in Fig. 3(a and b), ethanol

Fig. 2 (a) L1-Fc activates ERK1/2. ERK1/2 activation (phosphoERK1/

2) was seen with increasing amounts of L1-Fc added to the media,

assayed at 10 min following addition. Vehicle alone is denoted as

0 lg/mL, first lane. (b) L1-Fc significantly increases phosphoERK1/2

at 10 and 20 lg/mL. Densitometric quantification of ERK1/2 phos-

phorylation corrected for total ERK2 shown in (a) is plotted as relative

densitometric units relative to the vehicle alone control. The values of

five separate experiments are shown. L1-Fc (2 lg/mL) was not sig-

nificantly different than vehicle alone. However, both 10 and 20 lg/mL

significantly increased phosphoERK1/2 (*p < 0.005, paired t-test), and

activation with 20 lg/mL was significantly greater than that with 10 lg/

mL (**p < 0.01, paired t-test). (c) As a control, 20 lg/mL human Fc

was added to cells, and assayed for ERK1/2 activation at 10 min. One

of three representative western blots is shown. (d) Densitometric

quantification of ERK1/2 phosphorylation corrected for total ERK2 as

shown in (c) is plotted as relative densitometric units relative to the

vehicle alone control. The values from three separate experiments are

shown. The bar indicates the mean ± SE. The asterisk indicates a

statistically significant increase in ERK1/2 activation in the presence of

20 lg/mL of L1-Fc versus Fc (p < 0.02, paired t-test). There was no

significant increase with Fc alone.
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significantly reduced phosphoERK1/2 following addition of
either vehicle alone or 20 lg/mL L1-Fc. Thus, both clAS-
CS4 and L1-Fc dimer activation of ERK1/2 are significantly
inhibited by ethanol. These results indicate that the mech-
anism of inhibition is most likely to involve the cell surface
L1, and not be an effect of ethanol on the cross-linked
antibody or L1-Fc.

It has been proposed that L1 promotes neurite outgrowth
by signaling via the FGFR1 (Doherty and Walsh 1996).
Binding of bFGF to FGFR1 also activates ERK1/2 (Jung
et al. 2003). To determine the site of ethanol inhibition, we
sought to determine if L1 activation of ERK1/2 in CGN was
dependent on the activation of FGFR1. The FGFR1 was
identified in anti-phosphotyrosine immunoprecipitates of
CGN stimulated with 50 ng/mL bFGF by showing that the

immunoreactivity of a band with the expected molecular
weight of 123 kDa was absent when a specific peptide
inhibitor of the primary antibody was added to the immu-
noblotting solution (Fig. 4a). Addition of bFGF to culture
media resulted in a rapid tyrosine phosphorylation of the
FGFR1 in CGN. Tyrosine phosphorylation of FGFR1
occurred 2 min following the addition of the growth factor,
and was reduced or absent at 10 min post-addition (Figs 4b
and c). Tyrosine phosphorylation of FGFR1 was examined at
2 and 10 min following L1 clustering to coincide with both
the phosphorylation of FGFR1 and ERK1/2 activation. No
increase in tyrosine phosphorylation of the FGFR1 was seen
at 2 or 10 min following the addition of clASCS4 (Figs 4b
and c). An increase in the activation of ERK1/2 at 10 min
after addition of either bFGF or clASCS4 occurred (Figs 4d
and e). The increase of phosphoERK1/2 and no tyrosine
phosphorylation of FGFR1 after addition of clASCS4
indicates that signaling via L1 was occurring in the absence
of FGFR1 activation.

To further determine if FGFR1 activity is required for L1
activation of ERK1/2, FGFR1 tyrosine kinase activity was
inhibited and the effect on L1 activation of ERK1/2 was
investigated. FGFR1 tyrosine kinase is inhibited by DMBI, a
novel inhibitor of FGFR1 as well as platelet-derived growth
factor receptor (Zaman et al. 1999). First, the concentration
of DMBI that completely inhibited bFGF activation of
ERK1/2 without reducing total amounts of ERK2 was
determined to be 60 lM, similar to that previously reported
(Fig. 5a) (Zaman et al. 1999). Dimethylsulfoxide (DMSO),
the vehicle for DMBI, had no effect on baseline phospho-
ERK1/2 (Figs 5a–c). Addition of 60 lM DMBI had no effect
on clASCS4 activation of ERK1/2, while in the same
experiment significantly inhibited ERK1/2 activation by
bFGF (Figs 5b and c). These results suggest that, in cultured
CGN, L1 signaling to ERK1/2 occurs independently of
FGFR1. Therefore, ethanol must inhibit L1-mediated neurite
outgrowth by an effect on the events downstream of L1
clustering, such as signal transduction or protein trafficking.

Discussion

The present study sheds new light on the mechanism of
ethanol inhibition of L1-mediated neurite outgrowth by
showing (i) that the signal transduction pathway activated by
clustering of L1 is inhibited by ethanol, and (ii) that, in this
system, L1 does not cause a measurable activation of
FGFR1, nor does inhibition of FGFR1 tyrosine kinase inhibit
L1 activation of ERK1/2. Therefore, L1 probably does not
activate ERK1/2 via FGFR1 in this cell type. Thus, in this
simple, well-characterized system, ethanol inhibits L1-medi-
ated neurite outgrowth by disrupting the downstream events
following L1 activation that lead to activation of ERK1/2.

The effect of ethanol on L1-mediated ERK1/2 activation
was robust. The effect was not dependent on the method of

†

††

‡

Fig. 3 (a) Ethanol inhibits L1-Fc activation of ERK1/2. Cerebellar

granule cells grown in serum-free defined media were treated with or

without 25 mM ethanol for 1 h prior to addition of L1-Fc at increasing

concentrations. ERK1/2 activation (phosphoERK1/2) was assayed by

western blot analysis after addition of L1-Fc or vehicle alone. A rep-

resentative blot of four experiments is shown. (b) Ethanol significantly

inhibits L1-Fc activation of ERK1/2. Densitometric quantification of

ERK1/2 phosphorylation corrected for total ERK2 shown in (a) is

plotted as relative densitometric units relative to the vehicle alone

control. The values of four separate experiments are shown. The bar

indicates the mean of the values ± SE. Addition of 20 lg/mL of L1-Fc

significantly increased phosphoERK1/2 above both addition of vehicle

alone (*p < 0.005, paired t-test) and 2 lg/mL L1-Fc (**p < 0.002,

paired t-test). Ethanol pretreatment of 25 mM for 1 h prior to addition

of L1-Fc significantly reduced phosphoERK1/2 both in the vehicle

alone (�p < 0.001, paired t-test) and 20 lg/mL L1-Fc-added cells

(��p < 0.0004, paired t-test). PhosphoERK1/2 was significantly

greater in the 20 lg/mL L1-Fc + ethanol cells compared with the

vehicle alone + ethanol cells (�p < 0.024, paired t-test).
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L1 activation, either using cross-linked monoclonal antibod-
ies or L1-Fc chimeras. In addition, the activation was
reduced by 60–70%, similar to the 75% inhibition with the
MEK inhibitor, PD98059 reported by Schmid et al. (2000).
Thus, the ethanol effect was equivalent to that seen with
inhibition of MEK which resulted in a 50% reduction in
neurite length (Schmid et al. 2000), similar to our previous
findings (Bearer et al. 1999b).

One limitation of this study is relating these observations
to our previous work showing the ethanol inhibition of
neurite outgrowth. To promote neurite outgrowth, L1 is
postulated to undergo a continuous recycling pathway in the
growth cone with subsequent activation/deactivation of ERK
(Kamiguchi and Lemmon 2000a). Ethanol effects on L1
activation of ERK1/2 would be difficult to interpret in
extending neurites because of the ongoing activation/deac-
tivation of ERK. In order to measure the effect of ethanol on
L1 activation of ERK, we used an assay system where the
recycling pathway of L1 does not occur. Ethanol pre-
incubation would simulate the conditions within the neuron

during neurite outgrowth in the presence of ethanol. L1 is
‘triggered’ by clustering to generate a burst of ERK
activation which can then be detected by western blot. We
anticipate that ethanol continues to inhibit L1 activation of
ERK1/2 during the course of the neurite outgrowth assay.
However, inhibition of ERK1/2 activation may alter gene
expression in the neuron (Schmid et al. 2000), which may
then influence overall neurite outgrowth, independent of any
further effect on ERK1/2.

Our failure to find an activation of FGFR1 during
L1-mediated activation of ERK1/2 was not surprising. The
molecular structure of FGFR1 has the putative binding site
for L1 buried within the molecule and not accessible for
binding (Plotnikov et al. 1999), as is the putative binding site
for FGFR1 in the L1 molecule (Bateman et al. 1996). In
addition, the strongest evidence implicating FGFR1 in the
downstream signaling cascade of L1 is the inhibition of

Fig. 4 (a) FGFR1 is present in cerebellar granule cells. FGFR1 was

detected by immunoblot in immunoprecipitates of cerebellar granule

cells using anti-phosphotryosine as the immunoprecipitating antibody

(left panel). To confirm the identity of the band at 123 kDa, the

blocking peptide for the anti-FGFR1 antibody was added to the pri-

mary antibody solution (1 lL blocking peptide: 4 lL antibody, both

200 lg/mL) before incubation with the blot. The blocking peptide

eliminated FGFR1 immunoreactivity (right panel). (b) Activation of the

L1 signaling cascade does not increase phosphorylation of the

FGFR1. Cerebellar granule cells grown in serum-free defined media

were treated with either bFGF or cross-linked ASCS4 (ASCS4). Cells

were lysed at indicated times. Lysates containing equal amounts of

protein were immunoprecipitated for phosphotyrosine-containing pro-

teins. A representative immunoblot of four separate experiments is

shown. Tyrosine phosphorylated FGFR1 was found maximally at

2 min following addition of bFGF. (c) Densitometric quantification of

phosphorylated FGFR1 shown in (b) is plotted as relative densito-

metric units relative to the maximal amount found at 2 min of added

bFGF. The values of four separate experiments are shown. The bar

indicates the mean of the values ± SE. Tyrosine phosphorylated

bFGFR1 was significantly increased above control only after 2 min of

added bFGF (*p < 0.026, paired t-test). (d) Activation of L1 or FGFR1

increases phosphoERK1/2 at 10 min. The supernatant from immu-

noprecipitates obtained from experiments in (b) above were analyzed

for ERK1/2 activation with anti-phosphoERK1/2 antibodies. To assess

for the amount of protein in cell lysates, the phosphoERK blots were

stripped and probed for ERK2. The blot shown is representative of four

experiments. (e) Both activation of L1 or FGFR1 significantly increa-

ses phosphoERK1/2 at 10 min. Immunoblots obtained for phospho-

ERK1/2 analysis were scanned and the ratio of phosphoERK1/2 to

total ERK2 was calculated for each lane. Each ratio was normalized to

the ‘nothing-added’ lane to give the relative densitometric units. The

mean ± SE are represented for four experiments. The asterisks indi-

cate a significant increase from 2 to 10 min following addition of cross-

linked antibodies or bFGF (*p < 0.025, **p < 0.01, paired t-test). Both

the 2- and 10-min time points were also significantly increased over

‘nothing added’ (ASCS4, p < 0.04 and 0.005; bFGF, p < 0.02 and

0.007, respectively, paired t-test).
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L1-mediated neurite outgrowth when cells over express a
dominant negative form of FGFR1 (Saffell et al. 1997).
However, an alternative explanation for this result is the
sequestration of a common docking/signaling component by

the dominant negative construct required for ERK1/2
activation (Kamiguchi and Lemmon 2000b).

There are several possible sites of action for the inhibition
of L1 activation of ERK1/2 by ethanol, including (i)
inhibition of endocytosis, (ii) inhibition of L1 clustering
and subsequent protein–protein interactions, (iii) inhibition
of L1 phosphorylation/dephosphorylation, and (iv) inhibition
of the signal cascade between L1 and ERK1/2.

Endocytosis of L1 following homophilic binding has been
shown to be a prerequisite of ERK1/2 activation (Schaefer
et al. 1999; Schmid et al. 2000). Transfection of cells with a
dominant–negative form of dynamin (K44A) inhibits clath-
rin-mediated endocytosis (van der Bliek et al. 1993; Damke
et al. 1994). Transfection of K44A dynamin into L1-trans-
fected 3T3 cells inhibits L1 endocytosis by over 80%
(Kamiguchi et al. 1998). Crosslinking L1 with anti-L1
polyclonal antibodies activates ERK1/2 in L1-transfected
3T3 cells, but is almost completely inhibited in L1-trans-
fected cells co-transfected with dynamin K44A (Schaefer
et al. 1999). Thus, ethanol could potentially inhibit endo-
cytosis, resulting in inhibition of L1-mediated ERK1/2
activation. The effects of ethanol on endocytosis have been
studied in different systems with mixed results. Ethanol
impairs endocytosis of both the asialoglycoprotein receptor
in hepatocytes (Dalton et al. 2003) and formaldehyde-
modified albumin in liver endothelial cells (Duryee et al.
2003). In contrast, chronic ethanol exposure was associated
with an enhanced endocytosis of the a1 subunit of GABAA

receptors in the cerebral cortex (Kumar et al. 2003). If
ethanol inhibits L1 endocytosis in this model, then the
amount of L1 on the cell surface would increase, and, one
would expect, cell adhesion would increase (Long et al.
2001). However, while ethanol has been shown to either
inhibit (Wilkemeyer and Charness 1998; Wilkemeyer et al.
2000; Wilkemeyer et al. 2003), or have no effect on (Vallejo
et al. 1997; Bearer et al. 1999b), L1-mediated cell adhesion/
aggregation, it has never been reported to increase cell
adhesion. Hence, ethanol inhibition of L1 endocytosis is
unlikely to be the underlying mechanism.

A second possibility is that ethanol disrupts the multime-
rization in cis of L1 which is required for activation of the
signaling cascade. Activation of ERK1/2 requires multivalent
binding of L1 with either cross-linking antibodies or
divalent/multivalent L1-Fc as shown here and by Schmid
et al. (2000) and Schaefer et al. (1999). Artificially trimer-
ized full-length L1 is significantly better at promoting cell
adhesion and neurite outgrowth (Hall et al. 2000). In
addition, clustering of L1 appears to promote cis interaction
with other proteins, such as integrins (Silletti et al. 2000).
Clustering of the palmitoylated Ig superfamily member,
NCAM, has been shown to activate the tyrosine kinase fyn
via its incorporation into lipid rafts (Niethammer et al. 2002).
While palmitoylation of L1 has not yet been described, a
close family member, neurofascin, is palmitoylated on a

Fig. 5 (a) DMBI inhibits bFGF activation of ERK1/2. Serum-starved

cerebellar granule cells were treated with or without increasing con-

centrations of DMBI for 20 min prior to addition of 50 ng/mL bFGF.

ERK1/2 activation (phosphoERK1/2) was assayed by western blot

analysis after addition of nothing (control), DMSO, and DMBI in

DMSO. DMBI (60 lM) almost completely inhibited bFGF activation of

ERK1/2 without changing the amount of ERK2. (b) DMBI does not

inhibit L1 activation of ERK1/2. Serum-starved cerebellar granule cells

were treated with nothing (control), DMSO or 60 lM of DMBI in DMSO

for 20 min, then either clASCS4 or bFGF was added for 10 min.

ERK1/2 activation was assayed by western blot analysis. Western

blots showed that addition of clASCS4 increased activation of ERK1/2

(phosphoERK1/2) in the presence or absence of DMBI. In contrast,

DMBI prevented bFGF activation of ERK1/2. (one of three represen-

tative blots shown) (c) Densitometric quantification of ERK1/2 phos-

phorylation corrected for total ERK2 shown in (b) is plotted as relative

densitometric units relative to the ‘nothing-added’ control. The values

of three separate experiments are shown. The bar indicates the mean

of the values ± SE. DMSO did not change baseline phosphoERK1/2.

Addition of 60 lM of DMBI in DMSO did not inhibit clASCS4 activation

of ERK1/2 (*p < 0.05, **p < 0.03, paired t-test). bFGF significantly

increased phosphoERK1/2 (***p < 0.004, paired t-test). However, no

significant increase in phosphoERK1/2 was seen with bFGF and

60 lM DMBI.
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highly conserved cysteine residue in the transmembrane
domain (Ren and Bennett 1998). Neurofascin and neurofa-
scin lacking this cysteine residue localize in distinct fractions
within low-density detergent-resistant membrane fractions
(DRMs) enriched in signaling molecules, suggesting that
native neurofascin is targeted to DRMs. It is expected that L1
would be similarly palmitoylated and targeted to DRMs.
Indeed the presence of L1 in lipid rafts has been recently
described (Nakai and Kamiguchi 2002), and it is known that
L1 is phosphorylated by src family kinases which associate
with DRMs (Schaefer et al. 2003). Disruption of lipid rafts
by depletion of cellular cholesterol or sphingolipids reduces
neurite outgrowth of cerebellar granule cells on L1 and
N-cadherin, but not laminin (Nakai and Kamiguchi 2002).
L1 appears to co-localize in cross-linked lipid rafts. Using a
novel technique where localized DRMs can be disrupted,
DRMs in the P region of the growth cone influenced the rate
of neurite outgrowth, whether in the filopodia or the
lamellipodia (Nakai and Kamiguchi 2002). Ethanol may
inhibit L1 signal transduction by inhibiting the multimeriza-
tion of L1 by a conformational change at the FN3 domain
(Silletti et al. 2000) or by perturbing its association with lipid
rafts. CD14 partitioning into lipid rafts has been shown to be
altered by ethanol (Dai et al. 2005). Ethanol inhibition of L1
cis multimerization would be consistent with its observed
effects on L1-mediated homophilic binding, neurite out-
growth and signal transduction.

A third possibility for the mechanism of ethanol inhibition
of L1 ERK1/2 activation is an effect on the dephosphory-
lation–phosphorylation of tyrosine 1176 in the cytoplasmic
domain of L1. Clustering of L1 induces a rapid dephosph-
orylation of this tyrosine, enabling AP2 to bind to L1 and for
endocytosis to occur (Schaefer et al. 2003). The phosphatase
involved is unknown. Following endocytosis, the non-
receptor tyrosine kinase p60src re-phosphorylates Y1176
(Schaefer et al. 2003). This dephosphorylation–phosphory-
lation cycle appears necessary for L1 activation of ERK1/2.
L1 clustering does not activate ERK1/2 in cerebellar neurons
from src–/– mice (Schmid et al. 2000). While the dephosph-
orylation–phosphorylation of Y1176 is clearly a potential
target for ethanol, other kinases/phosphatases may also be
critical targets. L1 clustering on the cell surface is known to
activate both kinases and phosphatases (Klinz et al. 1995;
Schaefer et al. 1999) and to change the phosphorylation state
of L1 (Buchstaller et al. 1996; Zisch et al. 1997).

Finally, the inhibitory effect of ethanol on L1-mediated
ERK1/2 activation may be an effect on any of the members
of the signal cascade leading from endocytosed L1 to ERK1/
2. This cascade involves P13-knase, Rac1, MEK and ERK1/
2 as elegantly described by Schmid et al. (2000). Not only
may the effect of ethanol be on each enzyme, but it could
also potentially be an effect on scaffolding proteins as well.
In a recent study, phospholipase D2 (PLD2) was activated by
anti-L1 in cerebellar granule neurons (Watanabe et al. 2004).

Inhibition of ERK1/2 activation blocked anti-L1 mediated
activation of PLD2, implying that PLD2 activation is
downstream of ERK1/2. Ethanol at 104 mM specifically
inhibited PLD2 and not PLD1. While PLD2 may be a site for
the inhibitory action of ethanol, our results suggest that it
may be a secondary site. The IC50 for ethanol to inhibit
L1-mediated neurite outgrowth is 3–5 mM (Bearer et al.
1999b). The results presented here show complete inhibition
of L1 activation of ERK1/2 at an ethanol concentration of
25 mM.

Our results implicate ethanol in disrupting events which
occur following L1 homophilic binding that lead to ERK1/2
activation, and that this pathway is independent of the
FGFR1. Additional experiments will be required to explore
these possibilities.
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