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Abstract

Humans exposed prenatally to ethanol can exhibit brain abnormalities and cognitive impairment
similar to those seen in patients expressing mutant forms of the cell adhesion molecule LLCAM. The
resemblance suggests that LLCAM may be a target for ethanol, and consistent with this idea, ethanol
can inhibit LILCAM adhesion in cell lines and LLCAM-mediated outgrowth and signaling in
cerebellar granule neurons. However, it is not known whether ethanol inhibits LLCAM function in
other neuron types known to require LLCAM for appropriate development. Here we asked whether
ethanol alters LLCAM function in neurons of the cerebral cortex. We find that ethanol does not alter
axonal polarization, LLCAM-dependent axon outgrowth or branching, or LLCAM recycling in
axonal growth cones. Thus, ethanol inhibition of LLCAM is highly dependent on neuronal context.
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Introduction

Prenatal exposure to ethanol can produce a variety of central nervous system abnormalities
resulting in a broad spectrum of cognitive and behavioral impairments known as fetal alcohol
syndrome (FAS) and fetal alcohol spectrum disorder (FASD) (Jones and Smith, 1973, Bertrand
et al., 2004). The underlying anatomical substrates have been the subject of intensive
investigation. Magnetic resonance imaging (MRI) and postmortem studies in humans exposed
prenatally to alcohol (Jones, 1975, Riley et al., 1995., Sowell et al., 2001) and studies in
experimental animal models have identified several common anatomical abnormalities that
serve to highlight brain regions, areas, and epochs that are vulnerable to the effects of ethanol
during development (e.g. Miller, 1986, West et al., 1986, Maier et al., 1997, Miller, 1997,
Gabriel et al., 2002, Qiang et al., 2002). Far less is known about the molecular targets and
cellular processes that lead to ethanol's deleterious actions. A growing body of work supports
that ethanol can mediate broad effects in cells via its intercalation within the plasmalemma
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(Mrak, 1992, Laev et al., 1996), but can also act as a more typical pharmacological agent by
engaging particular receptor populations (Hanchar et al., 2006), such as the cell adhesion
molecule LICAM (Arevalo et al., 2008).

L1CAM is a member of the immunoglobulin (Ig) superfamily that is expressed mainly in the
developing nervous system and functions in a number of processes, including axon outgrowth
(Lagenaur and Lemmon, 1987), fasciculation (Stallcup and Beasley, 1985), and branching
(Cheng and Lemmon, 2004). The extracellular domain of LLCAM can bind in trans to itself,
other LLCAM family members, integrins, extracellular matrix proteins, and neuropilin
(Castellani et al., 2002, Haspel and Grumet, 2003), while the cytoplasmic domain of LLCAM
binds intracellular signaling, and cytoskeletal anchoring proteins (Davis et al., 1993, Schaefer
etal., 1999, Schmid et al., 2000, Dickson et al., 2002). In this way, LLCAM is able to adhere
and transduce signals bi-directionally across the plasma membrane. Mutations in the human
L1CAM gene can result in neurological syndromes that share characteristics with FAS,
including hydrocephalus, mental retardation, and agenesis of the corpus callosum (Wong et
al., 1995, Kenwrick et al., 2000). Based on these similarities, it has been hypothesized that
ethanol targets LLCAM extracellular ligand-binding and/or intracellular signal-transducing
functions (Ramanathan et al., 1996, Bearer et al., 1999, Tang et al., 2006, Arevalo et al.,
2008).

Several studies have tested aspects of this hypothesis. Levels of ethanol consistent with social
drinking were found to inhibit clustering in neuroblastoma/glioma cells that is mediated in part
by LICAM (Charness et al., 1994). Ethanol can inhibit cell-cell adhesion in certain mouse
fibroblast lines transfected with human L1CAM, as well as heterotypic adhesion between rat
cerebellar granule cells and LLCAM expressing NIH/3T3 cells (Charness et al., 1994,
Ramanathan et al., 1996, Wilkemeyer and Charness, 1998). Low concentrations of ethanol can
also inhibit neurite extension in cerebellar granule cells grown on LLCAM, but not on laminin
or N-cadherin, suggesting that ethanol specifically disrupts LLCAM-mediated outgrowth
(Bearer et al., 1999, Watanabe et al., 2004).

However, ethanol does not inhibit LICAM-mediated adhesion in Drosophila S2 cells
expressing either the Drosophila homolog of LLCAM (neuroglian) or human LICAM (Vallejo
etal., 1997) or in mouse myeloma cells expressing human LICAM (Bearer et al., 1999). Thus,
while there is evidence to support that LLCAM can adopt a binding interface that interacts
directly with ethanol, data from cell lines suggest this interaction will be highly sensitive to
cellular context (Wilkemeyer and Charness, 1998). A variety of neuron types express LICAM
during development, but it is not known whether ethanol's effects on LLCAM are unique to
cerebellar granule neurons (Bearer et al., 1999, Watanabe et al., 2004) or whether they can be
generalized to other neurons expressing LICAM.

Since the development of the cerebral cortex is known to be vulnerable to alcohol and to
mutations in LLCAM, we asked whether neural differentiation and several LLCAM-mediated
functions in neurons of the cerebral cortex are sensitive to ethanol. We find that the
development of neural polarity, and LICAM-dependent axon extension and branching are
resistant to a wide range of ethanol concentrations. Thus, ethanol does not similarly antagonize
L1CAM-mediated outcomes in all neurons, and direct interactions between L1CAM and
ethanol are unlikely to account for the abnormal cortical development observed in FAS. Our
findings support the idea that LLCAM sensitivity to ethanol is highly dependent on cellular
context.
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Experimental Procedures

Cell Culture

Substrates

All protocols were carried out in accordance with guidelines set by the Mount Sinai School of
Medicine Institutional Animal Care and Use Committee and in accordance with the National
Institutes of Health guidelines for care and use of laboratory animals. Cultures of cortical
neurons were prepared from embryonic day 18 Sprague Dawley rats as described previously
(Mintz et al, 2008). Neurons were taken from somatosensory cortex, dissociated, and plated
on glass coverslips or glass bottomed dishes (MatTek, Ashland, MA) coated with poly-L-lysine
and L1CAM-Fc or Ncad-Fc (see below). Neurons were maintained in Neurobasal (Invitrogen,
Carlsbad, CA) in the absence of glia. For cultures of cerebellar granule neurons, we used a
protocol described by Hatten and colleagues (1998) (Hatten et al., 1998). Cerebella were
dissected from P6 rat brains in calcium and magnesium free phosphate buffered saline (pH
7.4), dissociated by trituration following an incubation in trypsin (10mg/ml) and DNAse (1mg/
ml), and plated in glass bottom dishes in Basal Media Eagle (Invitrogen) supplemented with
glucose, penicillin-streptomycin, glutamine, and 10% horse serum. At P6, the vast majority of
cerebellar neurons are granule cells. For both granule cell and cortical cultures, four hours
following plating, ethanol was added at the concentrations indicated: 0, 12.5, 25, 50 and
100mM, with the highest concentration being near the maximum of physiologically observed
levels (Majchrowicz and Mendelson, 1970, Pauly et al., 1999). Two different paradigms were
employed. In the first method, glass bottomed dishes were made into sealed chambers by the
addition of a glass cloning ring topped with a second coverslip using vacuum grease. In the
second method, ethanol was added to 6 mLs medium in conventional 60 mm petris dishes and
maintained in an incubator having the same concentration of ethanol in the water pan (Bearer
et al., 1999). Ethanol concentrations were measured using UV absorbance and an enzymatic
ethanol level determination kit (Roche, Basel) as per the manufacturer's instructions. After 12,
24, and 48h ethanol concentrations were = 55.3mM, = 44.3mM, and = 42.8mM respectively.

To generate substrates, plasmids encoding LLCAM-Fc (gift of Martin Grumet) or N-cadherin-
Fc (gift of Takeshi Sakurai) fusion proteins were transiently transfected into HEK293 cells,
and secreted proteins were harvested after 3-5 days of incubation in low IgG media. Fc proteins
were purified using a Protein A Sepharose column (Pharmacia/Amersham, Pittsburgh, PA)
(Fransen et al., 1998, Sakurai et al., 1998). Identity was confirmed by Western blot, and purity
was assessed by Coomassie staining. Protein concentration was determined using a Bradford
Assay (BioRad, Hercules, CA). PLL-coated coverslips were incubated with goat anti-rabbit
Fc-specific antibodies, then with 1000 ng of purified LICAM-Fc or Ncad-Fc, a concentration
that is saturating for cortical neurite outgrowth (determined by dilution series) and within the
range used for other neuron types (e.g. (Kamiguchi and Yoshihara, 2001). Following
recommendations of Kamiguchi and Yoshihara, 2001, culture supernatants of transfected
HEK?293 cells were used for most experiments instead of affinity purified fusion proteins,
because the supernatant proved to contain 1-3ug/ml of Fc fusion protein—a saturating
concentration for neural growth—and was a more stable environment for the fusion protein.

Immunocytochemistry and Microscopy

Unless otherwise noted, neurons were fixed with 4% paraformaldehyde/4% sucrose solution,
permeabilized with 0.25% Triton-X, and incubated overnight at 4°C with mouse anti- 3-tubulin
TuJ1 antibody (1/2000, Millipore, Billerica, MA). Labeling was visualized with anti-mouse
fluorescence tagged secondary antibodies (Jackson ImmunoResearch, West Grove, PA). F-
actin was visualized using fluorescence tagged phalloidin (Invitrogen). For LICAM
immunolabeling, mouse anti-rat LICAM (ASCS4, Developmental Studies Hybridoma Bank,
lowa City, 1A) was added to unpermeabilized neurons.
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In order to determine axon lengths and branching patterns, an observer blinded to the conditions
mapped axonal arbors using a Zeiss Axiophot microscope equipped with a cooled CCD camera
(Dage Corp, Stanford, CT) and a Ludl automated stage driven by Neurolucida software
(MicroBrightfield Inc., Williston, VT). Axons were defined as the process exceeding the length
of all others by at least 10pm (Goslin and Banker, 1989). At 48h, minor processes are commonly
quite short (30um or less) and axon lengths commonly exceed those of minor processes by
several tens of microns (Goslin and Banker, 1989, Goslin et al., 1990, Esch et al., 1999). Axon
length was determined by NeuroExplorer software (MicroBrightfield) as the sum of all
segments. The branch number represents the total number of discrete segments comprising an
axonal tree, with segments less than 5 um excluded. Nodes are the points at which branches
form (a node gives rise to two branches at least 5 um in length). Raw data were analyzed in
Excel (Microsoft, Redmond, WA) using one- or two-way ANOVA or t-test, and graphs for
figures were generated in Prism (GraphPad, San Diego, CA). In all experiments, at least ten
neurons were analyzed per group, and experiments were repeated in separate cultures at least
two times. Images for figures were imported into Photoshop (Adobe Inc., San Jose, CA) for
figure preparation.

L1CAM Endocytosis

Results

Ethanol and

Neurons were incubated live in anti-LLCAM (ASCS4) diluted in home media for 15 minutes,
37°C, and then fixed as described above. Sur face epitopes were blocked with an unlabeled
anti-mouse secondary antibody and the cells were then fixed and permebilized as described
above. Internalized ASCS4 was labeled with anti-mouse Rhodamine Red (Vector) and F-actin
was labeled using Oregon Green 488 phalloidin (Invitrogen). Neurons were imaged using a
Nikon Diaphot 300 with a 60x 1.4 N.A. objective and analyzed using MetaMorph (Molecular
Devices, Downington, PA). Growth cones were visualized and traced using actin staining.
L1CAM signal in growth cones was then thresholded and data were exported into Excel.
Statistical analysis was also performed using Excel 2003 (Microsoft).

cortical neuron differentiation

L1CAM and N-cadherin both promote neurite extension from cerebellar granule cells, but
ethanol abrogates the enhanced growth on LICAM at very low concentrations and modulates
N-cadherin-mediated growth only at concentrations exceeding physiological levels (Bearer et
al., 1999). Since LICAM and N-cadherin are expressed at high levels on the surface of most
axons in the developing cortex (Mintz et al, 2003, Huntley and Benson, 1999), we asked
whether ethanol also selectively inhibits LICAM-mediated cortical axon extension. Cortical
neurons were dissociated and plated in glass chambers on a substrate of either LLCAM or N-
cadherin, both of which promote cortical axon growth (Castellani et al, 2000(Castellani et al.,
2000), Poskanzer et al, 2003). After neurons had attached (4h after plating), a range of ethanol
concentrations was added (final concentration 12.5 — 100 mM), and the chambers were sealed.
After 48h, neurons were fixed and double-labeled to visualize actin filaments and neuronal
tubulin (Fig. 1), and an observer blinded to the exposure conditions traced the entire axonal
arbor using Neurolucida.

When neurons first begin to differentiate, they have multiple, short neurites any of which can
become the axon. Between 12 and 48h in culture, most neurons polarize: one process extends
more rapidly and reaches a length 5 or more um greater than its neighbors. This fast-growing
process rapidly acquires the characteristics of an axon. The remaining neurites subsequently
differentiate into dendrites. Given the close relationship between rapid growth and the
acquisition of neural polarity, we first asked whether neurons grown on LLCAM or N-cadherin
and exposed to ethanol were polarized by 48h. At all ethanol concentrations and on either
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L1CAM or N-cadherin substrates, more than 80% of the neurons were polarized (see Methods;
Figure 2A). Neither substrate nor ethanol altered the percentage of neurons that developed an
axon.

We next asked whether there were detectable differences in overall neuronal morphology
defined by the microtubule network and actin cytoskeleton. In both control and ethanol exposed
neurons, F-actin filaments revealed well-defined axons and minor processes studded with
filopodia (A-E; K-O). Tubulin staining varied in intensity from neuron to neuron, but showed
no systematic variation corresponding to ethanol concentration or substrate (Fig. 1F-J; P-T).
Actin and tubulin together revealed a variety of growth cone morphologies, but on both N-
cadherin and L1CAM and under all exposure conditions, growth cones having well defined
lamellipodia and filopodia were common (Fig. 1F-J; P-T).

Effects of ethanol on cortical axon outgrowth and branching

We determined whether ethanol alters axon extension by first assessing the average lengths of
cortical axons and all of their branches. Axons were significantly longer on LICAM than on

N-cadherin (similar to what is observed in hippocampal neurons, Esch et al, 2000), but there
were no differences in either group that could be attributed to their exposure to ethanol (Fig.

2B). As apositive control, we measured axon outgrowth from cerebellar granule neurons grown
on L1CAM and exposed to various concentrations of ethanol for 12h. Consistent with previous
work, ethanol significantly inhibits granule cell axon extension (Fig. 2C) (Bearer et al, 1999;
Watanabe et al, 2004).

L1CAM can also promote axonal branching (Cheng and Lemmon, 2004), and consistent with
this, the numbers of branch nodes for cortical axons grown on LLCAM were significantly
greater than for those on N-cadherin (Fig. 2D), but at no concentration did ethanol alter axon
branching on LLCAM (Fig. 2D, E). At 25mM, however, ethanol significantly decreased
numbers of branch nodes in axons grown on N-cadherin. This decrease appears to rest
principally with a loss of the most distal branches (Fig.2D, F).

Given the overall lack of an effect of ethanol on LLCAM-mediated cortical axon outgrowth
and branching, we asked whether a ramped exposure to ethanol, in which ethanol
concentrations diminish over time as they would be expected to in vivo, might yield different
outcomes. Four hours after plating we added 100mM ethanol to neurons in a standard tissue
culture dish containing a total volume of 6mls as well as to the water supply in the tissue culture
incubator (as has been described previously, Bearer et al., 1999). Under these conditions,
ethanol concentration decreases to about 40% the start value over 24h (see Experimental
Procedures). Similar to what we observe following a sustained exposure, total axon length per
neuron is not affected by ethanol (Fig. 3A). However, this diminishing ramped exposure to
ethanol induces a significant increase in branch numbers (Fig. 3B). This increase appears to
be spread throughout the axonal arbor, as numerical increases are seen at every level in the
propensity for a given branch order to generate a branch (Fig. 3C). However, the increase is
quite modest as it is not accompanied by increased outgrowth or correspondingly diminished
branch segment lengths (Fig. 3D).

When hippocampal neurons are grown on poly-L-lysine and exposed to ethanol, their rates of
axon extension differ over time such that axon initiation is delayed relative to unexposed
neurons, but later axon growth is more rapid and can compensate (Lindsley et al., 2003). To
determine whether there was an early effect on LLCAM-mediated axon extension in cortical
neurons that was no longer evident at 48h, we compared total axon length in control and ethanol
exposed groups after 12, 24 and 48h, but we observed no significant differences (Fig. 3E).

Neuroscience. Author manuscript; available in PMC 2009 December 2.
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Effects of ethanol on LLCAM localization and endocytosis

L1CAM is polarized to axons, and changes in LLCAM polarization would be predicted to
influence its function. In neurons plated on LICAM, we asked whether exposure to ethanol
altered this pattern. We find LICAM is distributed evenly among all processes at 12h and
becomes polarized to nearly all axons within 48h. There were no differences between neurons
exposed to 0 or 100mM ethanol (Fig. 4).

In addition to its functions as an adhesion protein, LLCAM is also a signaling protein. Its
contributions to axon growth are due in part to its internalization and initiation of MAP kinase
signaling cascades (Schaefer et al., 1999, Schmid et al., 2000). In neurons grown on L1CAM
substrates, LLCAM is internalized in the central domain of growth cones where it can initiate
signaling and then is recycled and re-inserted in the growth cone periphery (Kamiguchi and
Lemmon, 2000). While there is no effect of ethanol on LLCAM-mediated axon extension, we
asked whether ethanol might alter LLCAM recycling and the initiation of signaling in growth
cones. To test this, we stimulated LLCAM internalization by incubating neurons with anti-
L1CAM for 15 minutes at 37°C (Kamiguchi and Lemmon, 2000, Schmid et al., 2000) and
asked whether previous exposure to 100mM ethanol for 24h altered the ability of growth cones
to internalize LLCAM. After fixation, surface epitopes were adsorbed with an excess of
unlabeled secondary antibody, and the internalized pool of LLCAM was labeled with a tagged
secondary following mild permeabilization (Kamiguchi and Lemmon, 2000). Similar to dorsal
root ganglion growth cones, cortical neurons internalize LLCAM in the central domain of
growth cones (Kamiguchi and Lemmon, 2000, Mintz et al., 2008) (Fig. 5A-C). To ensure the
specificity of the assay LLCAM internalization on LICAM was compared to that on poly-L-
lysine (PLL). Consistent with previous work (Kamiguchi and Lemmon, 2000), the area of
internalized LLCAM in growth cones on LICAM substrates greatly exceeds that on PLL (1
0.25vs. 2.6 £ 0.4, t-test, p = 0.03). We find that 24h exposure to ethanol alters neither the area
nor intensity of internalized LLCAM in growth cones (Fig. 5D-H). Extending the ethanol
exposure to 72h yielded similar outcomes. These data indicate that like LICAM-mediated
outgrowth and branching, neither LLCAM localization nor LLCAM internalization is notably
disrupted by sustained exposure to ethanol.

Discussion

Based on similarities between humans having mutations in the gene encoding LLCAM and
those exposed prenatally to ethanol, it has been hypothesized that ethanol disrupts LLCAM
function during early brain development (Charness et al., 1994, Ramanathan et al., 1996). The
most compelling findings in support of this hypothesis are that ethanol at physiologically
relevant concentrations reduces LICAM-mediated outgrowth in developing cerebellar granule
neurons (Bearer et al., 1999, Watanabe et al., 2004) and that the extracellular domain of
L1CAM can bind to ethanol (Arevalo et al., 2008). These data suggest that LLCAM functions
may be broadly targeted by ethanol in the developing brain. However, we find that in cortical
neurons several LICAM functions including LICAM-dependent axon outgrowth, branching,
and its recycling in growth cones are resistant to physiological concentrations of ethanol. Our
findings suggest that the neuronal context in which LLCAM is expressed greatly influences its
vulnerability to ethanol.

Early exposure to ethanol affects neocortical differentiation and function. Cortical axons
crossing the midline appear to be particularly vulnerable as MRI and postmortem studies in
humans that have been exposed prenatally to ethanol often show agenesis, displacement or
decreased callosal area (Coles, 2006, Fryer et al., 2006). Callosal defects are also common to
many animal models of FAS with reduced area observed in some models (Chernoff, 1977,
Wainwright and Gagnon, 1985, Zimmerberg and Mickus, 1990, Moreland et al., 2002) and
increased axon numbers in others (Miller, 1997, Miller et al., 1999). Callosal defects, and in

Neuroscience. Author manuscript; available in PMC 2009 December 2.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Hoffman et al.

Page 7

particular, agenesis are common to many humans having mutations in LLCAM as well as to
certain strains of mice lacking LLCAM (Dahme et al., 1997). Thus, it would seem to be a strong
possibility that ethanol might inhibit LLCAM function in cortical neurons.

However ethanol, at concentrations ranging from 12.5 - 100mM does not alter axon
morphology or the ability of cortical axons to extend on either LILCAM or N-cadherin. Axons
on L1CAM are longer than those on N-cadherin, similar to what has been observed in
hippocampal neurons (Esch et al., 2000), but this substrate-dependent difference exceeds any
effects that can be attributed to ethanol exposure. These findings are notably distinct from
observations in cerebellar granule cells where as little as 3mM ethanol inhibits LICAM-
dependent neurite extension (Bearer et al., 1999, Watanabe et al., 2004), and suggest that
L1CAM sensitivity to ethanol depends on the neuronal context.

L1CAM may play an even more important role in axon branching than outgrowth. Cerebellar
neurons expressing any one of several LLCAM mutations that are known to be associated with
abnormal brain development show decreased axon branching, while very few of the mutations
show decreased length (Cheng and Lemmon, 2004). Experiments in which LICAM-
cytoskeletal interactions have been altered also show changes in axonal branching (Dickson
etal., 2002, Cheng et al., 2005). Consistent with a role in branching, our results show that
L1CAM promotes axon branching in cortical neurons, as axons grown on LLCAM are more
highly branched than those grown on N-cadherin. However, sustained exposure to ethanol did
not inhibit branching on LLCAM at any concentration. When ethanol concentrations were
allowed to diminish over time, there was a slight increase in branch number throughout the
axonal arbor suggesting a rebound effect, but the lack of a corresponding decrease in individual
axon segment lengths or increase in total length indicates this effect is exceedingly modest.
There was a small, but significant decrease in branching in neurons grown on N-cadherin in
the presence of 25mM ethanol, but this outcome was not observed at any other concentration.

While ethanol does not detectably alter LLCAM-dependent axon growth or branching, it
remains possible that it impacts cortical axon development in ways we would not have detected
in our experiments. For example, hippocampal neurons grown on poly-L-lysine and exposed
to ethanol also show no changes in net axon growth, but exhibit altered growth dynamics
(Lindsley et al., 2003); and septal explants can elaborate axons in the presence of ethanol, but
fail to target hippocampal tissue (Heaton et al., 1994). This latter example may be particularly
relevant as it outlines an alternative means by which ethanol could target LLCAM: Septal fibers
are directed toward the hippocampus in part by their responsiveness to Sema3A (Pascual et
al., 2005), a guidance cue that binds a receptor complex, which can include LLCAM(Castellani
et al., 2000).

L1CAM can also mediate a variety of functions outside of outgrowth and branching that are
initiated by LLCAM internalization in growth cones (Schaefer et al., 1999, Kamiguchi and
Yoshihara, 2001, Mintz et al., 2008). Ligand-induced L1CAM internalization activates the
MAP kinase cascade in endosomes (Schaefer et al., 1999, Schmid et al., 2000) and
significantly, in cerebellar granule cells levels of LLCAM-stimulated ERK1/2 phosphorylation
levels are diminished by ethanol (Tang et al., 2006). However, we find that 24 - 72h pre-
exposure to ethanol does not diminish the ability of neurons to undergo ligand-induced LICAM
internalization. It is possible that neurons recover their ability to internalize LLCAM since
ethanol was removed at the start of the assay, but we have found that LLCAM internalization
in the continuous presence of ethanol yields similar results (Mintz and Benson, unpublished
data).

Together our findings indicate that sustained exposure to a wide range of ethanol concentrations
does not significantly impact a variety of LLCAM-dependent functions in cortical neurons in
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dissociated culture. Thus, with respect to ethanol-mediated inhibition of LLCAM function,
cerebellar neurons are highly sensitive and cortical neurons are resistant, just as LICAM
adhesion produced by the exogenous expression of LICAM is inhibited by ethanol in certain
cell lines, and not others (Ramanathan et al., 1996, Vallejo et al., 1997, Wilkemeyer and
Charness, 1998, Bearer et al., 1999). Why should LICAM respond differently? A likely
possibility is that LLCAM sensitivity to ethanol is highly dependent on cellular context
(Wilkemeyer and Charness, 1998). LICAM can engage a variety of cis-binding partners, such
as neuropilinl, (Castellani et al., 2000, Castellani et al., 2002), FGF receptor (Williams et al.,
1994), and TAG-1/axonin-1 (Buchstaller et al., 1996). Such interactions would be expected to
alter the availability of ethanol binding sites on LICAM by direct competition or by changing
the conformation adopted by L1CAM itself, which appears to be able to bind ethanol in only
one of its two binding conformations (Schurmann et al., 2001, Arevalo et al., 2008). Cis-
interactions could also influence the relative distribution of LLCAM into membrane
microdomains (Nakai and Kamiguchi, 2002, Szabo et al., 2007) or LLCAM intracellular
binding interactions, which would alter the stability of LLCAM in the membrane and its
participation in various signaling networks (Gil et al., 2003, Mintz et al., 2008). Alternately,
the domains of LLCAM that are critical for neuronal development may vary with cell type and
context, thus changing effective targets for ethanol toxicity. While studies in non-neuronal
cells suggest that ethanol may disrupt homophilic binding (Ramanathan et al, 1996), mice
expressing amutant LLCAM incapable of homophilic binding do not display the axon guidance
defects that are prominent in mice lacking LLCAM (Itoh et al., 2004). It is also possible that
other LICAM family members such as CHL1 (Holm et al., 1996, Demyanenko et al., 2004)
compensate for the some of the effects of ethanol on LLCAM functions that we assessed.

The development of the cerebral cortex is clearly affected by ethanol exposure and while
L1CAM may not be a target in the same way that it is in granule cells, it may contribute
indirectly to altered neuronal responsiveness or over a different time course. Other molecules
may be more sensitive to ethanol in cortical neurons including other adhesion proteins like
NCAM and integrins, as well as neurotrophins, which show altered expression or actions in
the cerebral cortex in response to ethanol (Minana et al., 2000, Siegenthaler and Miller,
2004, Siegenthaler and Miller, 2006). Such cell type specificity undoubtedly contributes to
some of the variability that is observed in neuronal responses to ethanol exposure.
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Fig. 1. Ethanol exposure and neuron morphology

Confocal images of cortical neurons plated on LLCAM (A-J) or N-cadherin (K-T) in sealed
chambers in the presence 0-100mM EtOH. Rhodamine-phalloidin labels the F-actin
cytoskeleton in A-E and K-O; red in F-J and P-T. Neuronal tubulin is shown in green in F-J.
In all concentrations of ethanol and on either substrate, neurons are well-differentiated and
display the normal range of morphologies. Magnification bars (0, T) = 20um.
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Fig. 2. Quantitative effects of ethanol on axon outgrowth and branching

Neurons were plated and grown on either LLCAM or N-cadherin as indicated and exposed to
ethanol at the indicated concentrations for 48h (A, B, D-F) or 12h (C). (A) Similar proportions
of neurons developed an axon on LLCAM (open squares) and N-cadherin (closed circles) at
all concentrations of ethanol. (B) Axons grew significantly longer on LLCAM than on N-
cadherin (2-way ANOVA, **p < 0.0001; *p < 0.05, Bonferroni post-test), but there was no
effect of ethanol on the total length of axons on either substrate (p = 0.1963). (C) In contrast
to cortical neurons, axon outgrowth in cerebellar granule cells grown for 12h on LICAM is
inhibited by ethanol (ANOVA, p = 0.0022; **p < 0.01; *p < 0.05, Bonferoni post test relative
to control) (D) Axon branching, measured by the numbers of nodes is not altered by exposure
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to ethanol in neurons growing on L1CAM, but is reduced at 25mM in neurons growing on N-
cadherin (ANOVA and Dunnet's post hoc test, *p < 0.05). There are also significantly fewer
branches on N-cadherin than on LLCAM (2-way ANOVA, **p=0.01; Bonferroni post-test, p
< 0.05). (E, F) Ethanol exposure did not significantly alter the length of axon branches of a
particular order in neurons grown on LLCAM or N-cadherin, but on the latter, there is a strong
trend toward shorter distal branches at 12.5-50mM.
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Fig. 3. Effects of ramped exposure on LICAM-mediated axon outgrowth and branching
Neurons were plated on LLCAM and grown for 48h under conditions in which the exposure
started at 100mM ethanol and ended at 40mM. Under these conditions, total length was
unchanged (A), but numbers of nodes increased significantly in neurons exposed to ethanol (t-
test, *p < 0.01). The increase in branching is evenly distributed throughout the axonal arbor as
can be seen by an increase in the propensity to form an axonal branch at each order, but this
does not reach significance (2-way ANOVA, p =.0951 for etoh vs. control) (C). Axon length
does not decrease at every level as one might predict supporting the very modest nature of the
branching increase (D). Total axon length was not significantly different in neurons exposed
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to 100mM ethanol and examined at 12h, 24h, or 48h compared to unexposed neurons (2-way
ANOVA, p = .3870 for etoh vs. control) (E).
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Fig. 4. Ethanol does not alter axonal expression of LICAM

Neurons plated on LLCAM were exposed to 0 (A) or 100mM (B) ethanol for 48h. In
unpermeabilized neurons, both show patches of LICAM labeling that are enriched in growth
cones (arrow) and greatly reduced over cell bodies (arrowheads). The pattern and degree of
polarity is similar in both conditions. Magnification bar = 20um.
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Fig. 5. Ethanol does not impact LLCAM internalization

Neurons were plated on LICAM substrates, exposed to 0 (A-C) or 100mM ethanol (D-F) for
24h, and then LLCAM internalization was stimulated using anti-L1CAM (see text). The
internalized LLCAM is shown in A and D, (red in C and F) in relation to phalloidin labeled
axonal growth cones (B, E and green in C, F). The area and intensity of the internalized puncta
were measured and the averages are shown in the bar graphs in G and H + sem (t-tests, p >
0.05; n = 3 experiments, 20 neurons each experiment). Magnification bar = 20um.
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