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Abstract
In utero alcohol exposure can lead to fetal alcohol spectrum disorders, characterized by cognitive
and behavioral deficits. In vivo and in vitro studies have shown that ethanol alters neuronal
development. We have recently shown that stimulation of M3 muscarinic receptors in astrocytes
increases the synthesis and release of fibronectin, laminin, and plasminogen activator inhibitor-1,
causing neurite outgrowth in hippocampal neurons. As M3 muscarinic receptor signaling in
astroglial cells is strongly inhibited by ethanol, we hypothesized that ethanol may also inhibit
neuritogenesis in hippocampal neurons induced by carbachol-stimulated astrocytes. In the present
study we report that the effect of carbachol-stimulated astrocytes on hippocampal neuron neurite
outgrowth was inhibited in a concentration-dependent manner (25–100 mM) by ethanol. This
effect was due to the inhibition of the release of fibronectin, laminin, and plasminogen activator
inhibitor-1. Similar effects on neuritogenesis and on the release of astrocyte extracellular proteins
were observed after the incubation of astrocytes with carbachol in the presence of 1-butanol,
another short-chain alcohol that, like ethanol, is a competitive substrate for phospholipase D, but
not by tert-butanol, its analogue that is not a substrate for this enzyme. This study identifies a
potential novel mechanism involved in the developmental effects of ethanol mediated by the
interaction of ethanol with cell signaling in astrocytes, leading to an impairment in neuron-
astrocyte communication.
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Introduction
In utero alcohol exposure can lead to Fetal Alcohol Spectrum Disorders (FASD),
characterized by growth retardation, birth defects, and neurodevelopmental abnormalities,
leading to long-lasting cognitive and behavioral deficits (Bertrand et al. 2005; Jones and
Smith 1975). The neurodevelopmental effects of ethanol are considered the most severe
consequence of in utero alcohol exposure. Prenatal alcohol exposure has been shown to
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affect the development of different brain regions including the hippocampus, whose role in
learning and memory is well characterized (Berman and Hannigan 2000; Mattson et al.
2001). The mechanisms involved in the cognitive and behavioral effects of ethanol exposure
during gestation remain elusive; their understanding may lead to the development of novel
strategies for the treatment and prevention of FASD.

Alcohol exposure affects neuronal development both in vivo and in vitro, although opposite
effects of ethanol have been reported, with some studies indicating that ethanol increases the
elongation of neuritis, and others showing an inhibitory effect (Bearer et al. 1999; Bingham
et al. 2004; Messing et al. 1991; Miller 1997; Miller and al-Rabiai 1994; Saunders et al.
1995). Neurite outgrowth occurs in a strictly regulated fashion and is orchestrated by
molecules present in the extracellular space such as extracellular matrix proteins, cell
adhesion molecules, and soluble factors, that can promote or inhibit the growth of the
neurite; many of these factors are produced by glial cells (Kiryushko et al. 2004).

Glial cells exert a profound effect on neuronal development (Booth et al. 2000; Chotard and
Salecker 2004; Pfrieger and Barres 1997; Richards 2002); it has also been recently reported
that ethanol may interfere with the ability of astrocytes to induce neurite outgrowth (Chen
and Charness 2008; Pascual and Guerri 2007).

There is substantial evidence that acetylcholine may play an important role in brain
development. Components of the cholinergic system, including choline acetyltransferase and
acetylcholine receptors, are present prenatally long before the appearance of synapses
(Armstrong et al. 1987; Daubas et al. 1990; Schambra et al. 1989). Acetylcholine may have
non-transmitter effects during development, as it can regulate morphogenic cell movements
during gastrulation (Buznikov 1984; Laasberg 1990; Schmidt 1981), glial cell proliferation
(Lauder and Schambra 1999; Weiss et al. 1998), and neuronal differentiation and survival in
the developing central nervous system (Lipton and Kater 1989; Nguyen et al. 2001).
Furthermore, acetylcholine levels are high in the neonatal rat brain (80–90% of adult-
values), and muscarinic receptor-activated signal transduction systems [notably
phospholipase C and D (PLD)] are greatly enhanced in the neonatal rat brain compared to
adults, despite a lower receptor density (Balduini et al. 1987). Developing neurons may fire
action potentials and trigger acetylcholine secretion from the axonal growth cone while the
axon is still growing; neuron-released acetylcholine contributes to further axonal growth and
formation of synaptic contacts (Xie and Poo 1986; Yao et al. 2000). Astrocytes may be
another possible source of acetylcholine in the developing brain, as it has been shown that,
in culture, astrocytes indeed release acetylcholine (Wessler et al. 1997).

We have recently reported that the stimulation of muscarinic receptors in astrocytes induces
neuritogenesis in hippocampal neurons (Guizzetti et al. 2008). This effect is due to the
stimulation of M3 muscarinic receptors and is mediated by the release, by astrocytes, of
fibronectin and laminin, two extracellular matrix proteins involved in neuronal development,
and of plasminogen activator inhibitor 1 (PAI-1), a component of the plasminogen activator
system which inhibits the formation of plasmin, a potent proteolytic enzyme involved in the
degradation of several extracellular matrix proteins, including fibronectin and laminin
(Irigoyen et al. 1999).

Our previous work characterized the signaling pathways activated by M3 muscarinic
receptors in astrocytes (Costa et al. 2004). Furthermore, we found that muscarinic signaling
is strongly inhibited by relevant concentrations (25–100 mM) of ethanol; ethanol interferes
with phospholipase D (PLD) signaling, leading to inhibition in the production of the PLD
product phosphatidic acid (PA), and down-stream activation of PKC ζ, p70S6 kinase and
NF-κB (Costa et al. 2004).
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As ethanol potently inhibits muscarinic receptor signaling in astrocytes, we hypothesized
that it may also inhibit carbachol-stimulated astrocyte-induced neuritogenesis in
hippocampal pyramidal neurons by inhibiting the release of fibronectin, laminin, and PAI-1,
and that this effect may be mediated by the inhibition of PLD signaling in astrocytes. This
hypothesis was confirmed by our finding presented in this paper.

Inhibition of neuronal development by ethanol through the inhibition of the release of
neuritogenic factors by astrocytes represents a novel mechanism that may contribute to the
deleterious effects of ethanol in the developing brain.

Materials and methods
Materials

Transmembrane inserts and tissue cultures vessels were from Corning (Acton, MA) or BD
Bioscience (Bedford, MA); βIII-tubulin antibody was from Chemicon International
(Tamecula, CA). The ELISA kit for the determination of PAI-1 in the culture medium was
purchased from DiaPharma (West Chester, OH). Glass coverslips were from Fisher
Scientific (Federal Way, WA). Alexa fluor-594 and Alexa fluor-555 secondary antibodies,
Hoechst 33342, tissue culture media, serum, and B27 supplements were from Invitrogen
(Carlsbad, CA), while kits for ethanol determination were purchased from r-Biopharm
(Marshall, MI). All other chemicals and antibodies were from Sigma Chemical Co. (St.
Louis, MO). Time-pregnant Sprague-Dawley rats were purchased from Charles River
(Wilmington, MA).

Hippocampal neuron cultures
Hippocampal neurons from rat E21 fetuses were prepared as previously described (Guizzetti
et al. 2008). For quantitative morphological analysis of neurite outgrowth, neurons (1×104

cells/coverslip) were plated in glass coverslips, coated overnight with 100 μg/ml poly-D-
lysine to support neuron attachment, to which 3–4 beads of paraffin were previously affixed.
After neuron attachment, the glass coverslips were inverted in 24-well plates above the
astrocyte monolayer (the paraffin drops preventing neuron-astrocyte contact), as previously
described (Guizzetti et al. 2008).

Astrocyte cultures
Cortical astrocyte cultures from rat E21 fetuses were prepared as previously described
(Guizzetti et al. 1996). After nine days in culture, astrocytes were plated in 24 well plates for
astrocyte-neuron co-culture experiments and for ELISA assays (2.5×105cells/well), on glass
coverslips (2.5×105 cells/coverslip) for immunocytochemistry experiments, or in 100 mm
dishes for Western blot analysis (2×106 cells/dish); 4 days later, cells were serum-deprived
for 24 h followed by treatments.

Treatments of astrocyte/neuron co-cultures
Astrocytes were treated with carbachol, ethanol, and/or butanols for 24 hours. After
treatment washed out, neurons were added to the astrocyte monolayer for an additional 24 h.
Each plate was treated with only one concentration of ethanol, and cells treated with
different alcohols or without alcohols (controls) were plated in separate plates as alcohol
redistributes uniformly in all the wells within the same plate over the course of the
incubation. To minimize alcohol evaporation from 24-well plates, water containing the same
alcohol concentration present in the treatments was added in the inter-well spaces and to all
empty wells, and Parafilm was wrapped around the two long sides of the plates closing part
of the space between the lid and the dish without stopping the air exchange. We found that
in these conditions ethanol loss does not exceed 15%, cells do not suffer from lack of
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oxygen, and no pH changes occur. In our hands, this method of ethanol exposure is
comparable to the use of sealed chambers (also in use in our laboratory) for treatments up to
24 h (Guizzetti and Costa 1996; 2002; VanDeMark et al. 2009). Ethanol concentrations at
the beginning and the end of the incubation were determined in some experiments using a
commercially available kit.

Assay for neurite protein quantification
Neurite extension was assessed spectrophotometrically following a previously described
method (Guizzetti et al. 2008). Hippocampal neurons were plated on inserts with a 3 μm
pore membrane at their base fitting the wells of 24-well plates (2.5×105 cells/coverslip). The
inserts were coated with poly-D-lysine and placed into wells containing a monolayer of
astrocytes. During the following 24 h incubation, neurons extended their neurites through
the microporous membrane to the lower chamber. At the end of the incubation, membrane
inserts were then removed, neurons were fixed in methanol and neurites were stained with a
cresyl violet solution (0.09%). Cell bodies were removed from the top of the membrane
using a cotton swab, and the dye was extracted from the neurites in the underside of the
porous inserts and quantified at 562 nm on a spectrophotometer using a SPECTRAmax®
PLUS microplate spectrophotometer. Because cell bodies are separated from neurites by the
porous membrane, they are easily removed from the top of the membrane while leaving
undisturbed the neurites on the lower side of the membrane.

Quantitative morphological analysis of neurite outgrowth
At the end of each incubation, neurons plated in coverslips were fixed in 4% formaldehyde,
permeabilized in 0.2% Triton X-100, labeled with an anti-βIII-tubulin antibody followed by
a Alexa fluor-555 secondary antibody, and mounted on microscope slides. The analysis was
carried out blind. Neurons whose processes were intermingled with those of neighboring
cells were excluded from the analysis. Neurite length was measured from the point of
emergence at the cell body to the tip of each segment. In each experiment, three coverslips
per treatment were analyzed. Only pyramidal neurons (i.e. neurons with an oval or
pyramidal cell body and a multipolar morphology) were selected for analysis. Images were
obtained with a NIKON Labphot 2A microscope and projected to a Spot RT Slider cooled
CCD digital camera. Quantification of the length of the neurites was carried out using a
MetaMorph 6.1 analysis software as previously reported (Guizzetti et al. 2008). The neurite
had to meet the following requirements: it must emerge from an isolated cell (not a clump of
cells), it must not contact other cells or neurites, and it must be at least as long as the
diameter of the cell body.

Astrocyte Immunocytochemistry
At the end of each incubation, astrocytes, plated on glass coverslips, were fixed in 4%
paraformaldheyde for 3 min without permeabilization, for immunostaining of extracellular
membrane proteins. After blocking non-specific binding sites with 10% goat serum,
astrocytes were incubated with anti-fibronectin or anti-laminin-1 antibodies followed by the
Alexa-Fluor 594 secondary antibody. Nuclei were stained with Hoechst 33342 (5 μg/ml) for
5 min at room temperature. Coverslips were then mounted on microscope slides and
analyzed with a Zeiss Meta confocal microscope (Keck Imaging Center, University of
Washington). Images from 21 plans 0.5 μm thick were acquired per each field; the total
stack size was 11 μm. Fluorescence intensities were quantified using a MetaMorph software
as the sum of the integrated intensities for each plane, as previously reported (Guizzetti et al.
2008).

Guizzetti et al. Page 4

Glia. Author manuscript; available in PMC 2011 September 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



ELISA
Astrocytes plated in 24 well plates (2×105 cells/well) were treated in triplicate; the medium
from the three wells was then pooled and concentrated 10× using iCON centrifuge filter
(Pierce; 9kDa cut-off). The amount of PAI-1 in the concentrated medium was determined by
ELISA using a kit purchased from DiaPharma (West Chester, OH) following the directions
of the manufacturer, as previously described (Guizzetti et al. 2008).

Western Blot Analysis
Western blot analysis of astrocyte-conditioned medium and cell lysate after treatments was
carried out as previously described (Guizzetti et al. 2008).

Statistical Analysis
Each experiment was carried out at least three times. In the morphometric analyses at least
twenty cells per treatment were analyzed in each experiment and results from 2 or 3
experiments were pooled. At least 60 cells per treatment were measured (n ≥ 60). All
statistical tests were carried out using KaleidaGraph 4.0. Unless otherwise stated, for
comparing multiple treatments to controls, one–way ANOVA followed by Dunnett's test
was used to determine significant differences. Values are expressed as mean ± S.E.M.

Results
We have previously reported that stimulation of muscarinic receptors in astrocytes induces
neurite outgrowth in hippocampal pyramidal neurons (Guizzetti et al. 2008). As ethanol
inhibits muscarinic receptor signaling in astrocytes (Costa et al. 2004), we hypothesized that
this may result in inhibition of neurite outgrowth induced by carbachol-stimulated
astrocytes. To verify this hypothesis, rat cortical astrocytes were treated with the cholinergic
agonist carbachol in the presence and in the absence of 25–100 mM ethanol for 24h,
followed by treatment washout. Fetal hippocampal neurons were plated in porous transwell
cell culture inserts and placed into the 24-well plates containing untreated or carbachol- and/
or ethanol-pre-treated astrocytes for 24 h. Proteins from the neurites growing on the
underside of the porous membrane were quantified spectrophotometrically as previously
described (Guizzetti et al. 2008). The co-incubation of astrocytes with carbachol and ethanol
resulted in a concentration-dependent inhibition of neuritogenesis induced by carbachol-
stimulated astrocytes (Fig. 1 A).

Since the described method does not provide information about neuronal morphology,
further morphometric studies were carried out, to characterize the effect of carbachol- and
ethanol-treated astrocytes on neurite outgrowth (see Methods). The length of the longest
neurite (the axon or the extension that is going to develop into an axon) and the length of
minor neuritis were measured in βIII-tubulin-immunolabeled neurons using Metamorph
analysis software. We have previously reported that carbachol-treated astrocytes induce a
three-fold increase in the length of the longest neurite, and a two-fold increase in minor
neurite length (Guizzetti et al. 2008). Ethanol, starting at 25 mM, inhibited carbachol-treated
astrocyte-induced longest neurite and minor neurites' length (Fig. 1 B, C). Carbachol also
increased the number of neurites per cell, and ethanol inhibited also this effect in a
concentration-dependent manner (Fig. 1 D). Fig. 1 E, F, G shows representative neurons
exposed to control, carbachol-, and carbachol plus 50 mM ethanol-treated astrocytes,
respectively.

Neurite outgrowth in CNS neurons is primarily dependent on extracellular matrix proteins
that are produced and released by glial cells. Two of these proteins, fibronectin and laminin,
play a pivotal role in neuronal differentiation mediated by astrocytes (Martinez and Gomes
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2002; Tom et al. 2004). We have previously shown that carbachol stimulation increases the
levels and release of these extracellular matrix proteins in astrocytes, and that the
upregulation of fibronectin and, to a lesser extent laminin, is involved in the neuritogenic
effect of carbachol-stimulated astrocytes (Guizzetti et al. 2008).

To determine whether ethanol inhibits fibronectin and laminin release from astrocytes, after
treatment with 1 mM carbachol and/or ethanol (25–75 mM) for 24 h, astrocytes were fixed,
but not permeabilized, and fibronectin and laminin-1 in the extracellular matrix were
immunolabeled and visualized using fluorescence confocal microscopy. Fields containing a
similar number of cells were quantified for fibronectin and laminin fluorescence and
normalized for cell number. Ethanol alone did not affect the basal levels of laminin or
fibronectin, while it inhibited the effect of carbachol on the release of both proteins in a
concentration-dependent manner (Figs. 2 A, 3 A). Representative fields of extracellular
fibronectin and laminin levels in control, ethanol-, carbachol-, and carbachol plus ethanol-
treated astrocytes are shown in Figs. 2 B, C, D, E and 3 B, C, D, E respectively. Inset
pictures show the cell nuclei (stained by cell-permeable Hoechst) in each field.

We also found that ethanol inhibited carbachol-induced increase in fibronectin and laminin
levels and release by Western blot analysis of astrocyte lysate and astrocyte-condioned
medium (Figs. 2 F, G, H, I; 3 F, G, H, I). The levels of fibronectin and laminin-1 present in
astrocyte-conditioned medium were normalized for biglycan, a proteoglycan whose release
by astrocytes is not affected by carbachol and ethanol treatments (Guizzetti et al. 2008).

We have also previously shown that the upregulation of fibronectin and laminin by
carbachol is in part mediated by the inhibition of their degradation. Indeed, the release by
astrocytes of Plasminogen Activator Inhibitor-1 (PAI-1), which inhibits the generation of the
proteolytic enzyme plasmin (Irigoyen et al. 1999), was increased by carbachol treatment
(Guizzetti et al. 2008). We found that ethanol (25–75 mM) also inhibited the release of
PAI-1 from astrocytes induced by carbachol (Fig. 4).

Carbachol activates PLD in astrocytes and ethanol, a competitive substrate for PLD, inhibits
the formation of PA, the physiological product of PLD (Guizzetti et al. 2004). The inhibition
of PLD signaling is not unique to ethanol, as other short-chains primary alcohols (namely 1-
butanol and 1-propanol), but not their secondary or tertiary analogues, are also competitive
substrates for PLD. We tested the effect of 1-butanol and its tertiary analogue tert-butanol
on carbachol-induced neurite outgrowth, and laminin, fibronectin and PAI-1 upregulation. 1-
Butanol, but not tert-butanol, inhibited longest and minor neurite outgrowth and the increase
in the number of processes per neuron induced by carbachol-stimulated astrocytes (Fig. 5 A,
B, C). In addition, 1-butanol, but not tert-butanol, also inhibited carbachol-induced
fibronectin (Fig. 6 A), laminin (Fig. 6 B) and PAI-1 (Fig. 6 C) release, suggesting that
ethanol-induced inhibition of PLD signaling may be the mechanism involved in the
inhibition of carbachol-induced neuritogenesis. To further test the hypothesis that ethanol,
by inhibiting PLD-mediated PA formation, inhibits the release of neuritogenic factors from
astrocytes, we investigated the effect of exogenous PA (200 μM) and ethanol on laminin
levels in astrocytes by Western blot analysis. Indeed, PA upregulated laminin levels 2.21
(±0.25) folds above control; ethanol (75 mM) alone did not affect laminin levels (1.077 ±
0.28 of the control levels); when ethanol and PA were co-incubated, ethanol did not inhibit
the effect of PA (3.1 folds above control ± 0.63), supporting the hypothesis that ethanol's
primary target is upstream of PA.

Fig. 7 summarizes our findings; we have previously shown that acetylcholine, which is
present in the developing brain before synapses are formed, stimulates M3 muscarinic
receptors in astrocytes and triggers the release of fibronectin, laminin, and PAI-1, which
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accelerate neuronal development (Fig. 7 A) (Guizzetti et al. 2008). Ethanol, by inhibiting
muscarinic signaling, prevents and astrocyte-mediated neuritogenesis (Fig. 7 B).

Discussion
Maternal alcohol consumption during pregnancy can produce a variety of central nervous
system abnormalities resulting in a broad spectrum of cognitive and behavioral impairments
that constitute the most severe and long-lasting effects observed in FASD (Kelly et al. 2000;
Mattson and Riley 1998; Streissguth et al. 1980).

A plethora of studies aimed at exploring the mechanisms by which ethanol alters brain
development have focused on neuronal susceptibility. While it is generally accepted that
alcohol exposure affects neuronal development in vivo, a review of the literature reveals that
contradictory effects of ethanol have been reported, with some studies indicating that
ethanol increases the elongation of neuritis, and other showing an inhibitory effect of
alcohol. For instance, an increase in axonal growth in the corpus callosum (an area
consisting mostly of axonal projections) was observed in non-human primates (Miller et al.
1999). In contrast, other in vivo animal models have shown decreased callosal size with
prenatal ethanol exposure (Moreland et al. 2002), similarly to what has been observed
clinically in Fetal Alcohol Syndrome (FAS) children (Coulter et al. 1993; Riley et al. 1995;
Sowell et al. 2001).

The effect of ethanol on neurite outgrowth has been investigated also in several in vitro
systems and again, both inhibitory and stimulatory effects have been reported (Bearer et al.
1999; Bingham et al. 2004; Messing et al. 1991; Saunders et al. 1995). It is likely that the
conflicting results reported in different studies reflect the heterogeneity of brain regions, as
suggested by the observation that ethanol inhibits neurite outgrowth stimulated by L1CAM
in cerebellar granule neurons but not in cortical neurons (Bearer et al. 1999; Hoffman et al.
2008). Furthermore, the developing brain undergoes continuous and rapid changes;
therefore, the timing of ethanol exposure plays a pivotal role in the type of response ethanol
may trigger.

Recently, increasing attention has been devoted to the susceptibility of glial cells to ethanol
(Guerri et al. 2001). Several studies have shown that ethanol, both in vivo and in vitro, can
significantly affect glial cells. Abnormalities in glial cell development are indeed suspected
of contributing to the adverse effects of ethanol on the developing brain. Evidence exists of
abnormal glial migration in humans with FAS, as well as in primates and rats exposed to
ethanol during development (Miller and Robertson 1993). A reduction in glial cell number
has been reported in rat models of FAS (Miller and Potempa 1990; Perez-Torrero et al.
1997). Hypoplasia of the corpus callosum and anterior commissure in FAS may indeed be
ascribed to an effect of ethanol on glia, as neuroglial cells are involved in the formation of
these two areas (Riley et al. 1995). The finding that microencephaly is strongly associated
with ethanol exposure during the brain growth spurt (Samson 1986), a period characterized
by rapid glial cell proliferation and maturation, also suggests a potential effect of ethanol on
the proliferation, growth and maturation of glia.

The question of how ethanol, by affecting glial cells, may affect neuronal development has
only recently been raised. Two recent studies have investigated the effect of ethanol on
astrocyte-or astrocyte-released factor-induced neuritogenesis, and have reported that
neuritogenesis is inhibited in cortical neurons grown in the presence of astrocytes prepared
from rats prenatally exposed to ethanol (Pascual and Guerri 2007), and that ethanol inhibits
axonal growth of cerebellar neurons induced by the active fragment of the astrocyte-released
activity-dependent neuroprotective protein (Chen and Charness 2008).
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We and others have been pursuing the hypothesis that acetylcholine, through the activation
of muscarinic receptors, may play an important role in brain development, and particularly
in neuronal maturation (Costa 1993; Lauder and Schambra 1999). We have recently
identified a novel mechanism of glia-neuron communication involved in brain development:
activation of muscarinic receptors in astrocytes induces neuritogenesis in neurons through
the release of extracellular matrix proteins and modulators of protease activity (Guizzetti et
al. 2008; Moore et al. 2009). A role for acetylcholine during development is suggested by
the presence of choline acetyltransferase and acetylcholine receptors long before
synaptogenesis (Armstrong et al. 1987; Daubas et al. 1990; Schambra et al. 1989; Schlumpf
et al. 1991). The direct release of acetylcholine from growing axons during brain
development was demonstrated in Xenopus laevis and Drosphila melanogaster (Sun and
Poo 1987; Xie and Poo 1986; Yao et al. 2000); acetylcholine can be released by the same
astrocytes in vitro (Wessler et al. 1997); furthermore, cultured rat motoneurons synthesize
and release acetylcholine even in the absence of a synaptic contact with a muscular target
(Limozin et al. 1997). We therefore hypothesized that autocrine and paracrine acetylcholine
may signal astrocytes to secrete factors promoting further neuronal development.

Previous research in our laboratory had shown that the signaling activated by muscarinic
receptors in astrocytes is inhibited by ethanol (Costa et al. 2004); the hypothesis investigated
in this study was thus that ethanol may inhibit neuronal development by interfering with
muscarinic receptor signaling in astrocytes.

Ethanol was found to inhibit the effect of carbachol-stimulated astrocytes on hippocampal
neuron neurite outgrowth in a concentration-dependent manner. Similar effects were also
observed after the incubation of astrocytes with carbachol in the presence of 1-butanol, but
not tert-butanol, suggesting that inhibition of muscarinic signaling by ethanol at the level of
PLD is responsible for ethanol-induced inhibition of astrocyte-mediated neuritogenesis.
Indeed, ethanol and other short-chain primary alcohols, such as 1-butanol, are known to
compete with water as substrates for PLD, whereby PA production is inhibited and
phosphatidylethanol or phosphatidyl 1-butanol are formed instead by a
transphosphatidylation reaction; in contrast, secondary or tertiary alcohols (such as tert-
butanol) are poor substrates for PLD (Gustavsson 1995; Seidler et al. 1996). We had
previously shown that in an astrocytoma cell line, ethanol and 1-butanol reduce the
formation of PA and increase the formation of phosphatidylethanol and phosphatidyl 1-
butanol, respectively, at concentrations similar to those used in this study (Guizzetti et al.
2004). The incubation of astrocytes with exogenous PA increased laminin levels and this
effect was not inhibited by ethanol, further confirming that ethanol may inhibit the
formation of PA stimulated by muscarinic receptors, and that this effect may be involved in
the inhibition of the secretion of neuritogenic factors.

We have previously reported that the stimulation of neuritogenesis by carbachol-stimulated
astrocytes is mediated, at least in part, by the release by astrocytes of factors involved in
neuronal development, namely fibronectin, laminin, and PAI-1 (Guizzetti et al. 2008).
Ethanol, as well as 1-butanol, but not tert-butanol, inhibited the extracellular levels of
fibronectin, laminin, and PAI-1; this is consistent with our hypothesis that ethanol, by
inhibiting PLD signaling, inhibits the upregulation of astrocyte-secreted proteins involved in
neuronal development.

The alcohol concentrations used in this study (25, 50, 75, and 100 mM) corresponding to
0.115, 0.23, 0.35, and 0.46 g/dl, respectively, are found in the blood of individuals after
moderate to high ethanol intake, and are in the range of concentrations recommended for in
vitro studies (Deitrich and Harris 1996).
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Altogether, our previous results suggested that cholinergic stimulation of astrocytes enacts a
cascade of events that culminates with the release of factors, including laminin, fibronectin
and PAI-1, that contribute to the creation of an extracellular environment favorable to
neuronal development, leading to neurite outgrowth and axonal differentiation in
hippocampal neurons (Guizzetti et al. 2008) (Fig. 7 A). By inhibiting muscarinic signaling
in astrocytes, ethanol prevents the release of these factors, and thus prevents neuronal
differentiation and neurite elongation (Fig. 7 B). This newly identified mechanism may be
involved in some of the neurodevelopmental effects that constitute the most severe and long-
lasting consequences of in utero alcohol exposure. The involvement of the cholinergic
system and of PLD in this effect may also provide a mechanistic explanation for the
observation that the administration of choline (a precursor of acetylcholine and
phosphatidylcholine) appears to improve some of the learning deficits associated with in
utero alcohol exposure (Ryan et al. 2008).
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Figure 1. Effect of ethanol on carbachol-treated astrocyte-induced hippocampal neuron neurite
outgrowth
A: Hippocampal neurons were incubated in the presence of astrocytes previously treated
with 1 mM carbachol and/or 25, 50, or 100 mM ethanol. (A): Neurite proteins were
quantified spectrophotometrically as described in Methods (n=6). (B, C, D): Morphometric
analysis was carried out in hippocampal neurons immunostained with a neuron-specific βIII-
tubulin antibody. Pictures were taken with a digital camera attached to a fluorescence
microscope. Quantifications of the length of the longest neurite (A) and the length of minor
neurites (B) were carried out using the software MetaMorph. C: number of processes per
cell. The results (mean +/− S.E.) derive from the measurements of 60–80 cells per treatment.
Representative fields of hippocampal neurons co-cultured with control (D), carbachol-
treated (E) or carbachol- and 50 mM ethanol-treated (F) astrocytes are also shown.
*: p<0.05 vs control; #: p<0.05 vs carbachol by the Dunnett post-hoc test.
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Figure 2. Effect of ethanol on carbachol-induced increase in extracellular fibronectin
A: Astrocytes were stimulated for 24 h with 1 mM carbachol alone or in the presence of 25,
50, or 75 mM ethanol. After immunolabeling with a fibronectin antibody, cells were
analyzed by confocal microscopy. Average fibronectin immunofluorescence per cell was
quantified as described in “Methods”. *: p<0.05, vs. control; #: p<0.05 vs. carbachol by the
Dunnett post hoc test (n=6). Representative fields of astrocytes treated with serum-free
medium (Control; B); 50 mM ethanol (C); 1 mM carbachol (D); and 1 mM carbachol in the
presence of 50 mM ethanol (E) are shown.
(F, G,): Western blot analysis was carried out in the cell lysate of astrocytes treated for 24 h
with 1 mM carbachol in the presence or absence of 50 mM ethanol. After protein transfer,
membranes were labeled with a fibronectin (F, upper blot) or β-actin (F, lower blot)
antibody. (G): Densitometric analysis of cellular levels of fibronectin normalized to β-actin
is shown. (H, I): Proteins present in astrocyte-conditioned medium were separated by
electrophoresis, transferred to PVDF membranes, and labeled with a fibronectin (H, upper
blot) of byglican (H, lower blot) antibody and detected by Western blot. (I): Densitometric
analysis of fibronectin in astrocyte-conditioned medium normalized to byglican is shown. *,
p<0.05 vs. control; #, p<0.05 vs. carbachol (n=3).
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Figure 3. Effect of ethanol on carbachol-induced increase in extracellular laminin
A: Astrocytes were stimulated for 24 h with 1 mM carbachol alone or in the presence of 25,
50, or 75 mM ethanol. After immunolabeling with a laminin-1 antibody, cells were analyzed
by confocal microscopy. Average laminin immunofluorescence per cell was quantified as
described in “Methods”. *: p<0.05, vs. control; #: p<0.05 vs. carbachol by the Dunnett post
hoc test (n=6). Representative fields of astrocytes treated with serum-free medium (Control;
B); 50 mM ethanol (C); 1 mM carbachol (D); and 1 mM carbachol in the presence of 50
mM ethanol (E) are shown. (F, G,): Western blot analysis was carried out in the cell lysate
of astrocytes treated for 24 h with 1 mM carbachol in the presence or absence of 50 mM
ethanol. After protein transfer, membranes were labeled with a laminin (F, upper blot) or β-
actin (F, lower blot) antibody. (G): Densitometric analysis of cellular levels of laminin
normalized to β-actin is shown. (H, I): Proteins present in astrocyte-conditioned medium
were separated by electrophoresis, transferred to PVDF membranes, and labeled with a
laminin (H, upper blot) of byglican (H, lower blot) antibody and detected by Western blot.
(I): Densitometric analysis of laminin in astrocyte-conditioned medium normalized to
byglican is shown. *, p<0.05 vs. control; #, p<0.05 vs. carbachol (n=3).
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Figure 4. Effect of ethanol on the release of PAI-1 from carbachol-treated astrocytes
Media from astrocytes stimulated with 1 mM carbachol alone or in the presence of 25, 50, or
75 mM ethanol were collected and analyzed for PAI-1 levels by ELISA. *: p<0.05 vs.
control; #: p<0.05 vs. carbachol by the Dunnett post hoc test; n=6.
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Figure 5. Effect of 1-butanol and tert-butanol on carbachol-treated astrocytes-induced
hippocampal neuron neuritogenesis
Hippocampal neurons were incubated in the presence of astrocytes previously treated with 1
mM carbachol, 1-butanol (5 mM), and/or tert-butanol (5 mM) for 24 h. Morphometric
analysis was carried out in neurons fixed and immunostained with a neuron-specific βIII-
tubulin antibody. Pictures were taken with a digital camera attached to a fluorescence
microscope. Quantifications of the length of the longest neurite (A) and the length of minor
neurites (B) were carried out using the software MetaMorph. C: number of processes per
cell. The results (mean +/− S.E.) derive from the measurements of 50–70 cells per treatment.
*: p<0.05 vs control; #: p<0.05 vs carbachol by the Dunnett post-hoc test.
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Figure 6. Effect of 1-butanol and tert-butanol on carbachol-induced increase in extracellular
fibronectin, laminin and PAI-1
Astrocytes were stimulated for 24 h with 1 mM carbachol alone or in the presence of 1-
butanol (5 mM) or tert-butanol (5 mM). After 24 h, astrocytes were fixed and
immunolabeled with a fibronectin (A) or a laminin (B) antibodies followed by a fluorescent
secondary antibody and analyzed by confocal microscopy. A: Average fibronectin
immunofluorescence per cell. B: Average laminin immunofluorescence per cell. C: Media
from astrocytes stimulated with 1 mM carbachol alone or in the presence of 1-butanol (5
mM) or tert-butanol (5 mM) were collected and analyzed for PAI-1 levels by ELISA. *:
p<0.05, vs. control; #: p<0.05 vs. carbachol by the Dunnett post hoc test (n=6).
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Figure 7. Proposed model for astrocyte-neuron interaction and its inhibition by ethanol
Acetylcholine, present in the developing brain, stimulates M3 muscrinic receptors in
astrocytes causing the release of factors that trigger neuritogenesis (A). Ethanol, by
inhibiting muscarinic signaling, inhibits the release of factors from astrocytes and,
consequently, prevents neurite outgrowth (B).
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