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Abstract

 

Results of investigations with animal models of fetal alcohol syndrome (FAS) seem to indicate that neuronal vulnerability to ethanol-
induced cell death may be correlated with specific developmental events. In the present study, we sought to test this observation in a cell
culture model of neuronal development in which morphogenesis as well as survival could be assessed. Using embryonic rat hippocampal
pyramidal neurons in primary cultures, we compared the sensitivity of neurons to ethanol added, at 400 mg/dl, to the medium at different
times relative to the development of axons and dendrites. Quantitative morphometric analysis was performed by using phase contrast at
12 h (0.5 day) and 24 h (1 day), or fluorescence microscopy after microtubule-associated protein-2 (MAP2) immunostaining at 6 and 14
days. Survival was assessed by counting the number of neurons per unit area of the substrate at 14 days. Addition of ethanol 1 day after
plating, when most neurons had developed an axon, had no effect on survival up to 14 days in vitro, but resulted in significantly shorter,
less branched dendrites than observed when ethanol was added 2 h after plating. Despite the shorter duration of ethanol exposure, the
addition of ethanol on day 6, after rapid growth of dendrites and synapses had begun, resulted in loss of all but about one third of the neu-
rons by 14 days. This supports the suggestion that increased neuronal vulnerability to the morphoregulatory effects of ethanol is corre-
lated with the establishment of polarity, but that the sensitivity of neurons to the cytotoxic effects of ethanol occurs later, when dendrites
and synapses are rapidly forming. © 2002 Elsevier Science Inc. All rights reserved.
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1. Introduction

 

Neuronal differentiation is a complex phenomenon char-
acterized by the outgrowth and molecular specialization of
axons and dendrites, the timing of which is critical for the
formation of normal neural circuitry. Key neuropathologic
features of fetal alcohol syndrome (FAS) include reduced
numbers of neurons and abnormal neuronal form and syn-
aptic connectivity in the hippocampus and other brain re-
gions [reviewed in Berman & Hannigan (2000); Pentney &
Miller (1992); Stratton et al. (1996)]. However, not all neu-
rons are equally susceptible to ethanol-induced damage,
even within the same brain region. Results of several studies
with rodent models of FAS support the long-held idea that
there are transient periods during postmitotic development
of particular neuronal populations when they may be espe-
cially sensitive to the cytotoxic or proapoptotic effects of
ethanol. For example, Bonthius and West (1990) showed

that Purkinje cells of the developing rat cerebellum that
were most vulnerable to ethanol-induced loss were the most
mature at the time of ethanol exposure. In contrast, cerebel-
lar granule cells were relatively immature when ethanol ex-
posure reduced their numbers (Pierce et al., 1989). Al-
though there have been numerous studies whose findings
have confirmed that ethanol is particularly damaging to pro-
liferating neural cells [reviewed in Luo & Miller (1998)],
relatively few studies have explored the determinants of
postmitotic neuronal susceptibility to ethanol-induced
death. In a recent study, Ikonomidou et al. (2000) showed
that neurons from various brain regions of the developing
rat may be more vulnerable to ethanol-induced damage at a
stage of rapid synaptogenesis than neurons at earlier or later
stages of development.

The possibility that there are similar “windows of vulner-
ability” for the effects of ethanol on the morphologic devel-
opment of neurons has not been explored, but it seems
likely in view of the differential expression of signaling sys-
tems and receptors involved in axonal and dendritic out-
growth and their sensitivity to disruption by ethanol. For ex-
ample, in addition to their involvement in excitotoxicity,
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extension and branching in various neuronal cell cultures
(Brewer & Cotman, 1989; Pearce et al., 1987), and ethanol
inhibits NMDA-activated Ca

 

2

 

�

 

 currents (Hoffman et al.,
1989; Lovinger et al., 1989).

In vitro models of this stage-specific vulnerability of de-
veloping neurons to ethanol are needed to facilitate investi-
gations focused on the mechanisms underlying these effects
by overcoming some of the difficulties of cellular analyses
in the complex milieu of the intact developing brain. To
model the effects of ethanol on neuronal development in our
laboratory, we use low-density cultures of fetal rat hippoc-
ampal pyramidal neurons in which the morphogenesis of
axons and dendrites of individual neurons can be readily ex-
amined. Like their counterparts in vivo, neurons in these
cultures develop axons and dendrites in a stereotyped se-
quence of events and form synapses with one another (Gos-
lin et al., 1998). Neurons attach to the substrate within 1–2 h
after plating. Within about 12 h, most of the neurons de-
velop several short neurites lacking definitive axonal or
dendritic characteristics, and by about 24 h one process ex-
tends rapidly and becomes the axon of the cell. Several days
later, the remaining short neurites elongate and acquire the
taper and molecular characteristics of dendrites, and syn-
apses rapidly form at axodendritic and axosomatic contacts
(Dotti et al., 1988; Fletcher et al., 1991).

We have previously shown that continuous exposure to
ethanol at 200–400 mg/dl, in medium, beginning about 2 h
after plating, differentially affects the development of axons
and dendrites of pyramidal neurons in these cultures, in-
creasing the proportion of neurons with axons 1 day after
plating and inhibiting the growth of dendrites, without af-
fecting their survival for up to 6 days (Clamp & Lindsley,
1998; Yanni & Lindsley, 2000). In the current study, we in-
vestigated whether the timing of ethanol exposure, relative
to the development of axons and dendrites, would alter the
effects of ethanol on axonal or dendritic outgrowth or on
neuronal survival in this model system of neuronal develop-
ment.

 

2. Materials and methods

 

2.1. Preparation of neuronal cultures

 

Hippocampal pyramidal neuron cultures were prepared
from hippocampi of fetal Sprague–Dawley rats at gesta-
tional day 19, essentially as described by Goslin et al.
(1998). Briefly, a pregnant dam was deeply anesthetized
with halothane, and the uterine horns were removed by us-
ing a protocol approved by the Institutional Animal Care
and Use Committee of the Animal Resources Facility of Al-
bany Medical College. The Animal Resources Facility is ac-
credited by the Association for Assessment and Accredita-
tion of Laboratory Animal Care (AAALAC). Fetuses were
removed and decapitated. The hippocampi were dissected
from the cerebral hemispheres and dissociated in 0.25%
trypsin for 15 min at 37
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C, triturated, and plated at 2,600

cells/cm

 

2

 

 on poly-D-lysine–coated glass coverslips in mini-
mum essential medium (MEM) with 10% heat-inactivated
horse serum. After 2 h, neurons adherent to the coverslips
were transferred into dishes containing a monolayer of rat
cortical astrocytes in serum-free MEM with N2 supple-
ments, 0.1% ovalbumin and 0.1 mM pyruvate, and oriented
so that they faced the glia but did not contact them. Some
dishes of astrocytes received ethanol just before transfer of
the coverslips (see below). Cytosine arabinoside (ara-C, 5 

 

�

 

10

 

–6

 

 M) was added 2 days after plating the neurons to in-
hibit the proliferation of nonneuronal cells on the cover-
slips, which otherwise interfere with morphologic analysis.
Ara-C is not toxic to the nearly confluent monolayer of as-
trocytes, which proliferate very slowly, nor to the postmi-
totic neurons added at plating, both of which survive well
for up to 4 weeks under control conditions after the addition
of ara-C to the medium. Results of a pilot study, conducted
to determine whether ara-C altered neuronal response to
ethanol, showed no differences in the effect of ethanol,
added 6 days after plating, on neuron survival at 14 days in
cultures with ara-C compared with findings for cultures
without ara-C. However, a full analysis of the effect of ara-
C on neuronal development in medium containing ethanol
has not been performed.

 

2.2. Ethanol treatments

 

Absolute 

 

USP

 

 ethanol was added directly to the medium
in dishes containing neurons and astroglia at the time of
transferring coverslips (0 days), or at 12 h (0.5 days), 24 h
(1 day), or 6 days after plating, to achieve a final concentra-
tion of 400 mg/dl. This concentration of ethanol was used
because it is commonly achieved in the blood of pregnant,
alcohol-dependent women and their fetuses (Deitrich &
Harris, 1996), and our previous study results have shown
this concentration of ethanol alters axonal and dendritic
growth in these cultures when added within 2 h of plating
the neurons onto coverslips (Clamp & Lindsley, 1998;
Yanni & Lindsley, 2000). Controls received no ethanol.
Control and ethanol-treated cultures were maintained in
modular incubator chambers at 37
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C in 5% CO
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 saturated
with water or water/ethanol at 400 mg/dl, which we have
shown attenuates the evaporation of ethanol from the me-
dium over time (Yanni & Lindsley, 2000).

 

2.3. Quantitative morphometric analysis of neurons 0.5 and
1 day after plating

 

For morphometric analysis of early developmental stages
with the use of phase contrast microscopy, neurons were
fixed either 0.5 or 1 day after plating on the coverslips for
15 min at 37

 

�

 

C with 4% paraformaldehyde in phosphate-
buffered saline (PBS) containing 0.12 M sucrose; rinsed in
PBS; and mounted on slides in Aquamount (Shandon Lip-
shaw, Pittsburgh, PA). Coverslips were coded and subse-
quent analyses were performed blind to treatment. Cells for
analysis were randomly selected by using a predetermined
sampling pattern, and nonpyramidal neurons and neurons
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whose processes intermingled with those of neighboring
cells were excluded. Pyramidal neurons account for about
90%–94% of the cells on the coverslips, the rest being non-
pyramidal neurons and nonneuronal cells (Goslin et al.,
1998). The criteria we used to distinguish pyramidal neu-
rons from nonpyramidal neurons and nonneuronal cells have
been previously described in detail (Clamp & Lindsley,
1998; Dotti et al., 1988) and can be summarized as follows.
Pyramidal neurons had a phase-dark, oval or pyramidal cell
body with a diameter of 15–20 

 

�

 

m, numerous vacuoles, and
one or two prominent nucleoli. Nonpyramidal neurons had
spindle-shaped cell bodies of 8–10 

 

�

 

m in diameter and two
or three short, thick processes. Nonneuronal cells were flat-
tened, had poor phase contrast, and lacked distinct pro-
cesses. The following morphometric parameters were mea-
sured at 0.5 and 1 day in each treatment group: (1) number
of minor processes per cell, (2) number of axons per cell,
and (3) proportion of neurons in each stage of development
(stages 1–3). As defined previously (Dotti et al., 1988),
stage 1 pyramidal neurons had lamellipodia encircling the
cell body and no processes. Stage 2 was defined by the pres-
ence of at least one minor process (typically about 15–20 

 

�

 

m
long), with or without lamellipodia, and the absence of any
process that exceeded 40 

 

�

 

m (the length equivalent of one
grid unit superimposed on the field by a reticle in the eye-
piece). Stage 3 was defined by the presence of at least one
process that could be identified unequivocally as an axon by
its length being 

 

�

 

 40 

 

�

 

m.

 

2.4. Quantitative morphometric analysis of microtubule-
associated protein-2 (MAP2)–immunostained neurons 6
and 14 days after plating

 

For morphometric analysis at later stages of develop-
ment, neurons were fixed 6 or 14 days after plating (as de-
scribed above), subsequently permeabilized in 0.3% Triton
X-100 for 4 min at room temperature, and, finally, rinsed in
PBS. Cells were incubated with 5% fetal bovine serum and
5% normal goat serum in PBS (blocking solution) for 1 h at
37

 

�

 

C, followed by AP20, a mouse monoclonal anti-MAP2
antibody (1:250, Cat. No. MAB3418, Chemicon Interna-
tional, Temecula, CA) diluted in blocking solution, over-
night at 4

 

�

 

C. After incubation with the primary antibody,
the cells were rinsed in PBS, and an Avidin/Biotin Blocking
Kit (Vector Laboratories, Burlingame, CA) was used to pre-
vent nonspecific binding of Biotin-Avidin System reagents
to biotin present in the blocking solution. The cells were in-
cubated with Avidin D solution for 15 min at room tempera-
ture, rinsed with PBS, incubated with Biotin solution for 15
min at room temperature, and rinsed again with PBS. The
cells were subsequently incubated with biotin-SP-conju-
gated affinity-purified goat anti-mouse IgG (1:100; Jackson
ImmunoResearch Laboratories, West Grove, PA) in 3% bo-
vine serum albumin for 2 h at room temperature. After rins-
ing with PBS, the cells were incubated with rhodamine-con-
jugated Avidin D (1:200; Vector laboratories) for 30 min at
room temperature, rinsed in PBS, and mounted on slides in

Aquamount (Shandon Lipshaw, Pittsburgh, PA) containing
2.5% DABCO. Morphometric analysis was performed with
the use of Image-Pro Plus software (MediaCybernetics, Des
Moines, IA) and digital images of MAP2 immunofluores-
cent neurons.

Coverslips were coded so that the investigator was blind
to the treatment group during all subsequent analyses. Be-
tween 60 and 70 cells per treatment group were selected at
random for analysis by using a predetermined sampling pat-
tern, and a digital image of the MAP2 fluorescence of each
cell was captured with a CCD camera attached to the micro-
scope. Nonpyramidal neurons and cells whose processes in-
termingled with those of neighboring cells were excluded.
As previously described in detail (Benson et al., 1994; Gos-
lin et al., 1998), pyramidal neurons at this stage of develop-
ment have a phase-dark, oval or pyramidal cell body with a
diameter of 15–20 

 

�

 

m, and between one and seven tapering
dendrites. Nonpyramidal GABAergic neurons, which ac-
count for fewer than 7% of cells in the cultures, were also
excluded from the analysis. These cells were readily identi-
fied by their 8- to 10-

 

�

 

m diameter, fusiform-shaped cell
bodies, and two or three nonspiny dendrites. The very few
nonneuronal cells in these cultures were flattened, had poor
phase contrast, and lacked distinct processes.

From the MAP2 immunostaining we determined (1) length
of each dendrite (including the length of any branches origi-
nating from it), (2) number of dendrites per cell, and (3)
number of branches per cell. A dendrite was defined as a ta-
pering, MAP2-stained process that was greater than 20 

 

�

 

m
in length. This length criterion was chosen because axon
hillocks and minor processes, which are generally less than
20 

 

�

 

m in length (Dotti et al., 1988; Goslin & Banker, 1989),
can stain lightly with anti-MAP2. Dendritic length was
measured from its emergence at the cell body to the tip of
each dendritic segment, without retracing any portion, by
using the freehand line tool in Image-Pro Plus software
(MediaCybernetics, Des Moines, IA). The total length of
the dendritic arbor per cell was also calculated as the sum of
the cell’s dendrite lengths.

 

2.5. Analysis of neuron survival

 

Because fewer than 1% of the neurons in these cultures
divide (Dotti et al., 1988), changes in neuronal number over
time are indicative only of cell loss, which is minimal under
control conditions for up to 4 weeks. Therefore, the survival
of neurons at 14 days in each treatment group was deter-
mined by comparing the mean number of neurons per unit
area of substrate. Cells on coverslips from each treatment
group were fixed on day 14, mounted on slides, and coded
as described above. Neurons were visualized by phase con-
trast and counted in 20 microscope fields at predetermined
stage coordinates on each of three coverslips per treatment.
Field boundaries were defined by a grid superimposed on
the image by an eyepiece reticle. Only pyramidal neurons
whose cell bodies were entirely located within the grid were
counted. Pyramidal neurons were distinguished from non-
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pyramidal neurons and nonneuronal cells as described
above. Most dead or dying cells float off the coverslips into
the medium or during fixation. The few that remained were
readily identified by their pyknotic somata and varicose
processes and were not counted.

 

2.6. Statistical analyses

 

Three separate experiments were performed and showed
comparable results. All data were normally distributed. Data
on cell survival, as well as comparisons between morpho-
metric parameters in 6- and 14-day-old neurons in each
treatment group, were analyzed by using a one-way analysis
of variance (ANOVA) and Scheffé post hoc test. The chi-
square test was used to compare the proportions of neurons in
each of the three stages of early development at 0.5 and 1 day.

 

3. Results

 

3.1. Neuron survival at 14 days

 

To determine the effect of varying the timing and dura-
tion of ethanol exposure during development on the survival
of neurons in culture, we compared the number of neurons
per field on coverslips at 14 days after the addition of etha-
nol, at 400 mg/dl, at the times shown in Fig. 1. Continuous
exposure to ethanol at 400 mg/dl, beginning 2 h after plat-
ing, had no significant effect on the mean number of neu-
rons per field at 14 days compared with findings for control
cultures without ethanol. This confirms our observation that
this treatment is not overtly cytotoxic for up to 6 days
(Yanni & Lindsley, 2000) and extends this observation to
include continued development under these conditions for
up to 2 weeks. Delay of the addition of ethanol—until either
0.5 days after plating, when most neurons have extended
three to five short, undifferentiated neurites, or 1 day after
plating, when most neurons have extended an axon—also
had no effect on neuron survival. However, delay of the ad-
dition of ethanol to the cultures until 6 days after plating,
when most neurons had developed dendrites and synapses,
significantly decreased the number of neurons surviving at
14 days when compared with findings for controls or for ad-
dition of ethanol at the earlier time points. Only about one
quarter of the number of neurons in control cultures were
still present at 14 days after the addition of ethanol begin-
ning at 6 days. The overall appearance of surviving neurons
supported the suggestion that they were unhealthy, with nu-
merous varicosities along their axons and irregularly shaped
cell bodies (data not shown).

 

3.2. Effect of delayed addition of ethanol on early events in
neuronal development

 

To determine whether the timing of ethanol exposure rel-
ative to initial outgrowth of the axon, which establishes po-
larity of the neuron, influenced the effect of ethanol on
progress of the neurons through early stages of process out-
growth, we compared the morphologic characteristics of

neurons 1 day after plating in control cultures with cultures
to which ethanol was added either shortly after plating, be-
fore the emergence of the first neuritic processes, or after
0.5 days, when most of the neurons have extended three to
five neurites but before elongation of an axon. As previ-
ously observed (Clamp & Lindsley, 1998), the addition of
ethanol beginning soon after plating resulted in a significant
increase in the proportion of neurons with axons at 1 day,
and delay of the addition of ethanol until 0.5 days did not
significantly alter this effect (data not shown). This seems to
indicate that the effects of ethanol on these early events in
the establishment of polarity can occur regardless of
whether the neuron has initiated process outgrowth when it
is first exposed to ethanol.

 

3.3. Effect of delayed addition of ethanol on dendritic
development

 

Morphologic analyses were performed on 6-day-old neu-
rons in each treatment group (Fig. 2). In agreement with our
previous observations, the addition of ethanol at 400 mg/dl,
2 h after plating, significantly decreased the total dendrite
length per cell at 6 days (Yanni & Lindsley, 2000). How-
ever, delay of the addition of ethanol until 1 day after plat-
ing, when cells have formed an axon and several dendritic
precursor processes, resulted in significantly greater inhibi-
tion of total dendrite length per cell, despite the 1 day
shorter duration of exposure to ethanol (Fig. 2A). Similarly,
the number of dendritic branch points per cell at 6 days was
decreased by the addition of ethanol at 400 mg/dl, 2 h after
plating, and delay of the addition of ethanol until 1 day after
plating resulted in significantly fewer dendritic branches
(Fig. 2B). The number of dendrites per cell at 6 days was

Fig. 1. Effect of timing of ethanol addition to medium of dissociated E19
rat hippocampal cultures on the survival of pyramidal neurons, as indicated
by number per field at 14 days. Exposure to ethanol at 400 mg/dl, begin-
ning either 2 h after plating (0 day) or 24 h later (1 day), did not signifi-
cantly affect pyramidal neuron survival. However, delay of the addition of
ethanol until 6 days after plating resulted in significantly fewer pyramidal
neurons per field at 14 days, compared with findings for control cultures
and compared with findings with addition of ethanol 2 h after plating. Data
from one of three experiments with comparable results are presented as the
mean and S.E.M. (*P � .001, n � 60 fields per treatment.)
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not significantly different from the number in control cul-
tures in which ethanol was added at 400 mg/dl just 2 h after
plating, or after 0.5 or 1 day (Fig. 2C). Similar results were
observed at 14 days. However, the extensive overlapping of
dendrites in the cultures at this age in culture limited the
sample numbers under all conditions except the one in
which ethanol was added at 6 days, in which poor survival
at 14 days prevented analysis.

These results confirmed our previous finding that ethanol
at 400 mg/dl, added soon after plating before initial process
outgrowth, inhibits the development of hippocampal pyra-
midal neuron dendrites observed at 6 days, without affect-
ing survival (Clamp & Lindsley, 1998) and extended these
findings by showing that dendritic branching is also de-
creased under these conditions. The effects of ethanol added
soon after plating, or at 0.5 or 1 day after plating, on the
morphologic characteristics of later-developing dendrites
could not be accounted for by a selective loss of a subpopu-
lation of larger neurons because there was no decrease in
neuron survival for up to 14 days under any of these condi-
tions. Taken together, these results support the suggestion
that the dendrites of neurons exposed to ethanol after early
events in process outgrowth have occurred, but before the
elongation of dendritic precursors has begun, are more se-
verely inhibited in their subsequent development in the
presence of ethanol than when ethanol is present beginning
before initial stages of process development.

 

4. Discussion

 

It has long been supposed that there is a relation between
severity of ethanol-induced brain damage and the timing of
exposure (Bauer-Moffett & Altman, 1977), but the molecu-
lar mechanisms underlying this heightened sensitivity have
yet to be fully clarified. The results of the current study are
the first to show that the timing of ethanol exposure relative
to neuronal developmental events influences the effects of
ethanol on morphologic development, as well as its cyto-
toxic effects. This observation, that “windows of vulnerabil-
ity” to the effects of ethanol on both dendritic development
and neuronal survival are different, seems to indicate that
multiple mechanisms may be involved.

The sensitivity of rat pheochromocytoma cells (PC12) in
vitro to the neurotoxic effects of ethanol differs depending
on whether the cells are undifferentiated or differentiated by
nerve growth factor (NGF) (Oberdoerster & Rabin, 1999).
The novel finding of the current study was that increased
neuronal vulnerability to the effects of ethanol on dendritic
development was correlated with exposure beginning when
neurons first became polarized by the outgrowth of a defini-
tive axon compared with effects after exposure at earlier or
later stages of development. The mechanisms by which eth-
anol exposure at this particular time may more severely in-
hibit subsequent growth and branching of dendrites are un-
known, but they may involve developmentally regulated

Fig. 2. Quantitative morphometric data on the dendrites of 6-day-old hippo-
campal pyramidal neurons that were maintained in control medium or exposed
to ethanol at 400 mg/dl, beginning 2 h (0 day), 12 h (0.5 days), or 24 h (1 day)
after plating. Dendrites were visualized by microtubule-associated protein-2
(MAP2) immunofluorescent staining and measured by using the free-hand line
tool of Image-Pro Plus software (MediaCybernetics, Des Moines, IA). Total
dendrite length per cell (A) and number of dendritic branches per cell (B) were
significantly decreased by the addition of ethanol to the medium beginning 2 h
after plating. Both were decreased significantly more by delay of the addition
of ethanol until 1 day after plating. Ethanol had no effect on number of den-
drites per cell, regardless of the timing of its addition to the medium (C).
Data from one of three experiments with comparable results are presented as
the mean and S.E.M. (*P � .01, **P � .001, n � 70 cells per treatment.)
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expression, function of certain receptors, or both. Calcium
signaling is well known to communicate growth-related sig-
nals to cytoskeletal and vesicular apparatus responsible for
controlling axon and dendrite morphogenesis (Clapham, 1995;
Neely & Nicholls, 1995), and ethanol can alter voltage-
dependent Ca

 

2

 

�

 

 channel expression and function in neural
cells (Bergamaschi et al., 1993; Leslie et al., 1990). More-
over, the effects of ethanol on L- versus N-type Ca

 

2

 

�

 

 chan-
nels may not be constant during neuronal differentiation
(Bergamaschi et al., 1995), supporting the suggestion of a
mechanism for differential sensitivity to these effects during
neuronal development.

In contrast to the vulnerability of neurons to the effects
of ethanol on dendritic development, which correlated with
establishment of polarity, their susceptibility to the cyto-
toxic effects of ethanol was correlated with when dendrites
and synapses are forming rapidly. Although we did not at-
tempt to determine whether neurons died from excitotoxic
or apoptotic mechanisms in these studies, both processes
have been implicated in developing neural cells exposed to
ethanol (Cheema et al., 2000; McAlhany et al., 2000). A
correlation between the period of rapid synaptogenesis and
sensitivity to ethanol-induced neuronal damage has been re-
ported in vivo in the mammalian brain (Ikonomidou et al.,
2000). The findings of the current study are qualitatively
consistent with this correlation, even though the relative
number of cells lost was greater in our cultures. The unique
advantages of this culture model of pyramidal neuron devel-
opment make it a potentially useful system for directly test-
ing certain hypotheses regarding the molecular basis for this
stage-specific vulnerability to ethanol-induced damage. In
particular, it is well established that numerous axonal and
dendritic membrane proteins, including various glutamate
and GABA

 

A

 

 receptors and voltage-dependent calcium chan-
nels, are appropriately compartmentalized in neurons in these
cultures [reviewed in Craig & Banker (1994)], and the tim-
ing of their expression and distribution has been described
(Craig et al., 1993; Killisch et al., 1991; Shitaka et al., 1996;
Verderio et al., 1994).

The correlation between ethanol-induced cell death and
the developmental period of rapid synaptogenesis is in con-
trast with other reports that vulnerability of postmitotic neu-
rons to cell depletion by ethanol in vitro is highest when
they are relatively immature. For example, the number of
postnatal rat cerebellar granule cells in primary culture is
depleted if they are exposed to ethanol soon after plating,
but not if ethanol is added at later times in culture (Pantazis
et al., 1993). There are key differences between cerebellar
granule cell cultures and hippocampal neuron cultures,
other than the obvious fact that they are derived from dis-
tinctly different brain regions. Some of these differences
may influence when neurons developing in these cultures
are most sensitive to the cell-killing effects of ethanol. For
example, in cultures of hippocampal neurons, synapses form
between pyramidal neurons and other pyramidal neurons
and between pyramidal neurons and interneurons (Fletcher

et al., 1991; Goslin et al., 1998), and both are typical of syn-
aptic interactions in the hippocampus in vivo (Swanson et al.,
1987). In contrast, cerebellar granule cell cultures are de-
void of normal afferent mossy fiber innervation under stan-
dard conditions (Hatten et al., 1998). This may be particu-
larly important if, as Olney et al. (2001) have suggested,
relative inactivity of the neurons when they are first estab-
lishing synaptic contacts is the trigger for ethanol-induced
apoptosis.

The presence of nonneuronal cells in these cultures raises
the possibility that the effects of ethanol on the neurons are
indirect, resulting from the effects of ethanol on the astro-
cytes, which release factors that influence neuronal devel-
opment and survival. We recently demonstrated that the in-
hibitory effects of ethanol on dendrites in these cultures do
not require astrocyte response to ethanol (Yanni et al.,
2002), although we have not yet tested the effects of de-
layed addition of ethanol on neuron–astrocyte signaling.
Identifying the variables that influence neuronal vulnerabil-
ity to morphoregulatory as well as cytotoxic effects of etha-
nol is likely to lead to better understanding of the mecha-
nisms of ethanol-induced neuropathologic changes and to
enhance efforts to prevent or reverse these effects in individ-
uals with alcohol-related neurodevelopmental brain damage.
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