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Original Article

Embryo Developmental Disruption During
Organogenesis Produced by CF-1 Murine
Periconceptional Alcohol Consumption

Tamara A. Coll,! Leticia Perez Tito,! Cristian M.A. Sobarzo,? and Elisa Cebral**

'Laboratorio de Reproduccién y Fisiopatologia Materno-Embrionaria, Instituto de Fisiologia, Biologia Molecular y Neurociencias
(IFIBYNE-CONICET), Departamento de Biodiversidad y Biologia Experimental (DBBE), Facultad de Ciencias Exactas y Naturales
(FCEyN), Universidad de Buenos Aires (UBA), Buenos Aires, Argentina
’Instituto de Investigaciones en Reproduccién, Facultad de Medicina, Universidad de Buenos Aires, Buenos Aires, Argentina

The aim was to study the control females (CF)-1 mouse embryo differentiation, growth, morphology on embryonic
E- and N-cadherin expression at midgestation after periconceptional moderate alcohol ingestion. Adult female mice
were exposed to 10% ethanol in drinking water for 17 days previous to and up to day 10 of gestation (ethanol-exposed
females, EF) and were compared with nonexposed CF. EF presented reduced quantities of E10 to E10.5 embryos, greater
percentage of embryos at stages less than E7.5, reduced implantation site numbers/female, and increased resorptions
compared with CF. EF-embryo growth was significantly affected as evidenced by reduced cephalic and body sizes of E10
and E10.5 embryos (scanning electron microscopy) and decreased protein content of E10.5 embryos vs. CF embryos.
A significantly higher percentage of EF-E10-10.5 embryos presented abnormal neural tube (NT) closure vs. the percentage
of CE. E10 embryos from EF presented elevated tissue disorganization, pyknosis and nuclear condensation in somites,
mesenchymal and neuroepithelial tissue. Immunohistochemical E- and N-cadherin distribution patterns were similar in
organic structures of E10 embryos between groups. However, western blot revealed that E- and N-cadherin expression
levels were significantly increased in EF-derived embryos vs. controls. Perigestational ethanol consumption by CF-1 mice
induced significant damage in the organogenic embryogenesis by producing delayed differentiation, growth deficiencies,
and increasing the frequency of NT defects. Ethanol exposure may disrupt cell-cell adhesion leading
to upregulation of E- and N-cadherin expression suggesting that deregulation of cell adhesion molecules could be
involved in the disruption of embryo development at organogenesis in CF-1 mouse. Birth Defects Res (Part B) 92:560-574,
2011. © 2011 Wiley Periodicals, Inc.
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INTRODUCTION

It is well established that ethanol consumption by the
mother disrupts fetal development in humans and in
several species of experimental animals and constitutes
an important medical issue with public and social
complications (Ceccanti et al.,, 2007, Mancinelli et al.,
2007; Aragén et al, 2008). Prenatal ethanol defects
manifested in infants born with Fetal Alcohol Spectrum

organogenesis) in humans, a developmental period when
neural tube (NT) formation progresses (Cook et al., 1987).

At present, little is known about susceptibility of
outbred mouse strains to gestational alcohol exposure
(Crabbe et al., 1994). Control females (CF)-1 embryo and
fetal developmental response to prolonged ethanol
ingestion was partially investigated by Soltes et al.

Disorders (FASD) (Hanningan and Armant, 2000) have
been linked to craniofacial dysmorphogenesis, abnormal
limb development, microencephaly, low birth weight,
and mental and motor control deficiencies (Sampson
et al., 2000; Hoyme et al., 2005; Mattson and Riley, 2008).
It is well established that teratogenic effects of maternal
ethanol exposure are dependent on several important
variables. A critical gestational period during which
ethanol induces craniofacial defects occurs during the
third and fourth weeks postfertilization (gastrulation and
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(1996) and our group (Cebral et al., 2007). However,
embryo dysmorphogenesis at organogenesis after mod-
erate alcohol exposure by oral administration before
gestation and during early pregnancy in CF-1 strain
remained to be clarified.

The mechanisms by which ethanol produces FASD are
not fully understood and are still subject to debate
(Goodlett and Horn, 2001; Guerri, 2002). However, a
number of different animal models and ethanol adminis-
tration paradigms have been developed to investigate the
mechanisms by which ethanol produces adverse effects
(Dunty et al., 2002; Allan et al., 2003; Cudd, 2005; Rhodes
et al., 2007; Boehm et al., 2009). One of the precise causes of
disturbed embryonic development due to maternal etha-
nol consumption may be alterations of cell adhesion, in
which cadherins play important roles. Cadherins are a
family of dynamic transmembrane multiglycoproteins
involved in proliferation, dissociation-reaggregation,
migration, cell fate, neurite outgrowth, synaptogenesis,
cell polarity, cell migration, and aggregation (Montell,
1999; Tepass et al., 2000), establishing an intimate relation-
ship between junction formation and cell polarity (Nelson,
2003). Cadherins mediate calcium-dependent cell-to-cell
adhesion in solid tissues and are critical for determining
and maintaining the differentiation and architecture of
epithelial tissues (Takeichi, 1991). The classic cadherin
subfamily comprises well-characterized E-, N-, and
P-cadherins that interact intracellularly with p-catenins
and p120°" (p120 catenin; Gumbiner, 2000). Cadherin
isoforms have been identified in a tissue-specific manner
and were shown to regulate morphogenesis through
homophilic binding (Nose et al., 1988; Takeichi, 1990).
E- and N-cadherin are important during embryogenesis
where their expression patterns change spatiotemporally,
whereas their switch has a marked impact on mechanical
adhesion of cells (Wheelock et al., 2008). Altered expres-
sion of E-cadherin is involved in epithelial to mesenchymal
transition and acquisition of a migrating phenotype
(Savagner, 2001). Consequently, loss of E-cadherin is
considered a driving force for epithelial cells to convert
to mesenchymal cells during mesoderm formation.
N-cadherin, the neural cell adhesion molecule, has roles
in neuronal differentiation (Gao et al., 2001), synaptogen-
esis, modulation of dendrite spine shapes (Goda, 2002),
neuronal survival, synaptic plasticity (Susuki et al., 2004),
and somitogenesis (Radice et al., 1997).

At present, to the best of our knowledge, no study
reported effects of perigestational ethanol exposure on
early organogenic embryo cadherin expression. Altered
cadherins could be particularly attractive mechanisms to
explain some neurodevelopmental and growth abnorm-
alities induced by maternal alcohol exposure.

The morphogenic susceptibility of CF-1 embryo to a
moderate concentration of ethanol intake before gesta-
tion and up to organogenesis has not been studied. If
adverse effects after ethanol exposure can be established
in this outbred mouse strain, some important mechan-
isms of alcohol-induced teratogenesis could be eluci-
dated with confidence. The aim of this work was to
ascertain effects of oral ethanol perigestational exposure
on CF-1 embryo differentiation, growth, and morphology
in the organogenic period. We also addressed defects on
embryonic cadherins in order to evaluate a possible
relation to embryo dysmorphogenesis after moderate
periconceptional alcohol ingestion.
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MATERIALS AND METHODS
Animal Model

Outbred CF-1 sexually mature mice (Mus musculus)
from the colony of the Facultad de Ciencias Exactas y
Naturales (FCEyN) [School of Exact and Natural
Sciences] of the University of Buenos Aires, (Buenos
Aires, Argentina) were housed in groups of three to five
mice in separate same-sex communal cages and kept in
controlled room temperature (22°C) and light cycle (14 hr
light: 10 hr dark). They were fed commercial mouse chow
(Alimento “Balanceado Cooperacién Rata-Ratén,” from
the “Asociacion Cooperativa de Alimentos,” S.A. Buenos
Aires, Argentina) ad libitum and tap water. Sterile wood
shavings were used as bedding and the air in habitats
was renewed eight times a day. CF-1 female mice were 60
days old, and average body weight was between 27 and
30g at the outset of ethanol treatment.

Experimental Ethanol Exposure

Experiments were carried out in accordance with the
guidelines of the National Institute of Health and the
FCEyN (Res CD 140/00) for the Care and Use of
Laboratory Animals.

Adult female mice were orally exposed to 10% (w/v)
ethanol in drinking water ad libitum for a total of
27 days, and the ethanol solution was replaced every
2 days. In each CF-1 female, the estrous cycle was
evaluated daily throughout the first 15 days of 10%
ethanol treatment, previous to fertilization. Since we
observed that ethanol ingestion produced anestrous and
continuous diestrum beginning on day 7 of ethanol
exposure in about 80% of CF-1-treated females, on day 15
of ethanol administration females were superovulated.
They were intraperitoneally injected with 5 IU of
Pregnant Mare’s Serum Gonadotropin (PMSG; Sigma
Chemical Company, St Louis, MO) at 13:00 hr, and 48 hr
later (on day 17 of ethanol treatment) 5 IU of Human
Chorionic Gonadotrophin (hCG; Sigma Chemical Com-
pany) was applied. At the moment of hCG injection, one
CF-1 female was placed with a mature fertile CF-1 male.
The next day morning, mating was confirmed by
observation of vaginal plug (day 1 of gestation) and
CF-1-mated females were housed again with adminis-
tration of 10% ethanol up to day 10 of gestation. CF
received ethanol-free drinking water ad libitum and were
superovulated with 5 IU/female PMSG/hCG, mated and
allowed to continue gestation up to day 10. Pregnant
control (C) and ethanol-treated female mice (T) were
weighed at the beginning, throughout and at the end of
treatment to record changes in body weight. On the
morning of day 10 of gestation (day 27 of treatment),
C and T mice were killed by cervical dislocation to study
the differentiation, viability, growth, and morphology of
embryos exposed to ethanol consumption. A total of 36
females for the control group and 38 females for the
ethanol-treated group were used.

In separate trials, eight pregnant mice were treated
with ethanol 10% for 17 days previous to gestation,
superovulated and mated, and then continued to be
administered ethanol solution in drinking water up to
day 10 of gestation, as described above. On day 10 of
gestation (day 27 of ethanol treatment), they were
decapitated at 6:00 AM (time point corresponding to
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the end of the dark period of the light-dark cycle) and
trunk blood was collected into heparinized Eppendorf
tubes. The same procedures were carried out on five CF.
Samples were held at 4°C for blood ethanol measurement
within 4hr of collection to obtain supernatant for
NAD/NADH enzymatic assays by a commercial kit
(sensibility = 0.1 mg/dl).

Embryo Collection at Organogenic Period

In the morning of day 10 of gestation, control and
periconceptionally ethanol-treated females were killed
by cervical dislocation. Abdominal cavities were surgi-
cally opened, and uteri were quickly removed and
placed in Petri dishes with Krebs-Ringer Bicarbonate
solution (KRB): 11.0mM glucose, 145 mM Na', 2.2mM
Ca™, 12mM Mg*", 127mM Cl°, 25mM HCO®",
1.2mM SO~ and 1.2mM PO; . Under a stereomicro-
scope (Wild Heerbrugo Photomakroskop M400, 2 x),
implantation sites (IS) were isolated to be immediately
fixed in paraformaldehyde 4% for embryo histopatholo-
gical analysis and immunohistochemistry. Myometrial
and decidual tissues were removed to release the
conceptuses and then embryos were dissected from their
extra-embryonic membranes to analyze organogenic
development (differentiation, resorption rate, vitality,
morphology, and growth). Immediately they were fixed
for scanning electron microscopy or immunohistochem-
ical assays or stored at —70°C for western blot.

CF-1 Embryo Differentiation Staging on Day 10
of Gestation

Isolated embryos were observed under stereomicroscopy
and classified by their differentiation status. Classification
and indexation of embryo differentiation stages was
performed according to the Theiler system (TS: Theiler
stage scale) described for (C57/BL x CBA) F1 hybrid mice
(Kaufman and Bard, 1999). It is based on external
appearance (NT, body flexure, forelimb buds, number of
branchial arches, and number of somites. Considering that
mating takes place at the mid-dark point, the first stage of
embryo differentiation (E1) was established when vaginal
plug appeared on the following morning.

We evaluated mean percentages of embryo differentia-
tion of the total number of IS derived from each female
(embryo variations within litters), the mean embryo
number per female (variations between litters), and the
total embryo number of IS recovered (frequency [%] of
embryo stages).

Organogenic Embryo Viability Evaluation

Vitality of the embryo was evaluated by the presence
or absence of heartbeat, when beating was first observed
at the E9.5 stage. Viability was calculated as the mean
number of live embryos staged at E9.5 to E10.5 of the
total IS or of the number of females analyzed (variations
within and between litters, respectively).

External Organogenic Morphological
Stereomicroscopic Evaluation

The morphology of embryos staged at E9.5 to E10.5
was studied under a stereomicroscope (Wild Heerbrugo
Photomakroskop M400). Principal observations carried
out were neural fold formation, closure of NT, and

turning of the embryo. Numbers and percentages (%) of
abnormal embryos in E9.5 to E10.5 stages were calculated
by considering the number of IS per female or the
number of females analyzed in each group. The mean
embryo percentage of the number of IS for each female
represented variations within litters and the mean
embryo number of the number of females represented
variations between litters. The frequency of total abnor-
mal embryos or abnormal types of the number of IS
containing E9.5 to E10.5 embryos was also recorded.

Scanning Electron Microscopy and Morphometric
Analysis

Embryos at organogenic stages were removed from
extraembryonic membranes, classified as E10 and E10.5
stage, and separated for fixation in 2.5% glutaraldehyde
(Sigma Chemical Co.) in phosphate buffer saline (PBS,
1 x) (pH 7.4) for at least 24 hr at 4°C. Following fixation,
embryos were rinsed in PBS and deionized water,
dehydrated in acetone (30-50-70-90 and 100%), and
dried in acetone: hexamethyl disilizane (Sigma Chemical
Co.) (1:1) for 30min. Embryos were mounted on
aluminum stubs, then sputter coated with silver palla-
dium (Bal-Tec-SCD-050), viewed and photographed at
15kV with a JEOL-SSM 35CI scanning electron micro-
scope. Embryo morphometry was performed on lateral
digitalized embryo images and processed by Image-Pro
Plus. The following embryonic measurements (im) were
made: Length 1 (L1): crown-rump length; L2: lateral
cephalic (craniofacial) length (prosencephalic-rhomben-
cephalic rims); L3: mesencephalic—first branchial arch
length; L4: rhombencephalic rim-first branchial arch
length; L5: mesencephalic-nasal prosencephalic length.
Relative growth of the cephalic region in relation to the
body was analyzed as length of cephalic size (L2) over
L1. Morphometric analyses were performed on 5 litters
(dams) of control and ethanol-treated groups.

Organogenic Embryonic Protein Mass
Determination

The growth of organogenic embryos staged at E9, E10,
and E10.5 was evaluated by direct measurement of
protein content. Briefly, each embryo was separated from
yolk sac and sonicated in 500ul of 0.5M NaOH,
refrigerated and assayed by the method of Lowry et al.
(1951). Data were expressed as pg protein/embryo.

Histology

For embryo histological analysis, IS were fixed in 4%
paraformaldehyde/PBS for 3hr at 4°C, dehydrated and
embedded in Paraplast. Transverse central sections of the
IS containing a whole embryo in the cavity were
performed by cutting (7um thick) perpendicularly to
the longitudinal axis of the uterus so as to include the
largest area of decidua. Slices were deparaffinated in
xylene, hydrated through decreasing concentrations of
ethanol, and stained with Hematoxylin and Eosin (H-E)
according to standard protocols. Specimens were ana-
lyzed and photographed using an Axiophot Zeiss
microscope (Carl Zeiss, Inc. Oberkochen, Germany)
equipped with a video camera on line with a Nikon
image analyzer. General embryo histopathology, cephalic
NT, somites, and mesodermal tissues were evaluated.
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At least two IS containing an E10 to E10.5 embryo from
each female were analyzed in a total of five females for
each group.

Hoechst 33,342 Staining

Deparaffinated sections of IS with E10 to E10.5
embryos from control and ethanol-treated groups were
rinsed three times in PBS and incubated in a Hoechst
33,342 solution (0.5 pg/ml in PBS). After further rinses in
PBS, sections were coverslipped with a solution contain-
ing glycerol 30% in PBS and photographed with an
Axiophot Zeiss microscope (Carl Zeiss, Inc.). Normal
and/or abnormal nuclei were identified on the basis of
morphologic pattern.

Immunohistochemistry

Immunohistological analyses were performed to detect
N- and E-cadherin expression on organogenic E10
embryos. Tissue paraffined sections were deparaffinated
and rehydrated through a graded series of ethanol
solutions and finally washed three times in PBS for
5min each. Then slices were heated in 10 mM sodium
citrate in PBS, pH 6.0 in microwave (5 min at 370 W) and
cooled in PBS. Sections were permeabilized with PBS-
Triton 0.25% for 15 min. After washing in PBS (3 x 5 min),
endogenous peroxidase activity was blocked in 3%
hydrogen peroxide/PBS for 30 min at room temperature
(RT). Then sections were washed (PBS, 3 x 5min) and
incubated in normal horse serum (NHS) (1:40) in PBS at
RT in a humid chamber for 1hr. They were incubated
with primary antibodies against N-or E-cadherin (1:100)
(mouse monoclonal antibodies; BD Pharmingen,
San Diego, CA) and diluted in NHS (1:40) overnight at
4°C. After three washes (5min each), sections were
incubated with biotinylated horse monoclonal antibodies
against mouse IgG (1:100) (Vector Laboratories, Burlin-
game, CA) in NHS (1:40) for 1hr at RT. They were
washed (3 x 5min) and the reaction was enhanced with
streptoavidin, horseradish peroxidase-conjugated (Che-
micon International Inc., Temecula, CA) (1:300) in NHS
(1:40) for 1hr incubation at RT. Finally, samples were
washed (3 x5min) and treated for 2min with 3-3'-
diaminobenzidine in chromogen solution (Dako kit).
Slides were counterstained with hematoxylin and
mounted in DPX. They were observed and photographed
with an Axiophot Zeiss light microscope (Carl Zeiss, Inc.)
equipped with a video camera on line with a Nikon
image analyzer. Specificity of staining was determined
by incubating sections with NHS (1:40) in the absence of
the first antibody.

Embryonic Protein Extraction for Western Blot

To evaluate cadherin expression on organogenic
embryos by western blot, —70°C-stored E10 embryos
were prepared as follows. Protein from six to eight
embryos per sample was extracted by homogenization in
100 pl of ice-cold Lysis Buffer containing 50 mM Tris—-HCl
(pH 7.4), 1% NP-40, 1mM EDTA, and 1pl of protease
inhibitor cocktail (Sigma Chemical Company). Samples
were placed on ice for 30min and then crude homo-
genates were centrifuged at 13,000 rpm for 15 min at 4°C.
The supernatant was stored at —70°C. Protein content

Birth Defects Research (Part B) 92:560-574, 2011

was determined by the Bradford assay (Bio-Rad,
Hercules, CA).

Western Blot

Extracts were dissolved with sample buffer (500 uM
Tris-HCl, pH 6.8, 10% SDS, 30% glycerol, 0.5%
B-mercaptoethanol, and 0.5% bromophenol blue), boiled
for 5min, and immediately placed on ice. Equal amounts
of proteins (~40pg/lane) under reducing conditions
were resolved on 10% SDS-polyacrylamide gel (SDS-
PAGE) (10% acrylamide/bisacrylamide for the resolving
gel and 5% acrylamide/bisacrylamide for the stacking
gel) in Mini Protean Cell (Bio-Rad). After SDS-PAGE,
they were equilibrated in transfer buffer for 15min and
electrotransferred at 150 V for 90 min at constant voltage
onto nitrocellulose membranes (Sigma Chemical Co.)
using a mini trans-blot cell (Bio-Rad). Transfer was
monitored by Ponceau red staining and membranes were
blocked with 5% nonfat dry milk in PBS-Tris containing
0.1% Tween 20 (PBS-T) for 90 min. For immunoblotting,
we used mouse anti N-cadherin (BD) (1:1000), mouse
anti E-cadherin (BD) (1:500) and as load control, rabbit
anti-p-actin (Sigma Chemical Co.) (1:4000) diluted in
blocking buffer. They were incubated for 20hr at 4°C.
Blots were washed and incubated with secondary
biotinylated-horse antimouse and secondary biotinylated
goat antirabbit (Vector Laboratories) (1:6000) for 2 h at RT.
After washing (PBS-T), the reaction was enhanced with
streptoavidin, horseradish ~ peroxidase-conjugated
(1:7000) (Chemicon International Inc.) for 1 hr incubation.
Blots were revealed by the chemiluminescence system
using ECL Western blotting system (GE Healthcare,
Uppsala, Sweden). Prestained protein standards (Bio-
Rad) with a molecular weight range of approximately
199.7 to 6.7kDa were used. Autoradiographic band
intensities were quantified by densitometry (Scn Image
Program). As negative control, normal IgG primary
antibody was omitted. Western blots were performed at
least three times on a total of seven control and six
experimental embryonic samples. The intensity of each
N- and E-cadherin band was relativized to the actin band
and expressed as mean protein arbitrary units (AU) (+SD).

Statistical Analysis

Reported values represent the mean+standard error
(SE) or standard deviation (SD) of control and ethanol-
treated groups. Differences between the means of groups
were statistically analyzed by one-way analysis of
variance (ANOVA) and Mann-Whitney test. Values of
frequency were compared by Fisher’s exact test. When
appropriate, a two-tailed Student’s f-test was performed
for each pair of results. For statistical analysis, we used
the GraphPad Instat v2.05a (GraphPAD software Inc.,
San Diego, CA). Statistical significance was p <0.05.

RESULT

Mouse Weight, Food and Liquid Consumption,
and Blood Ethanol Concentration

There were no weight differences between the groups
before and after ethanol exposure. At the beginning of
the ethanol administration period, mice weighed
28.5+1.2 and 27.1+0.8 g for control and ethanol-treated
group, respectively. By the end of the periconceptional
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period, weights were 29.5+1.2g for control and
29.14+0.8 g for ethanol-treated group. During the ethanol
exposure period (27 days), ethanol-treated mice drank a
mean of 185.7+10.6 ml/kg/day (5.2+0.3 ml/mouse/day)
of ethanol. This represents an ethanol-derived calorie
(EDCQ) intake of approximately 131.8+7.4kcal/kg/day,
which constituted 18.0% EDC of total daily calorie
intake. There were no differences in the daily pattern
of food intake between the two groups. Total
calorie intake in control and ethanol-treated groups was
similar:  693.3+64.3 and 729.2+69.7 kcal/kg/day,
respectively.

Blood alcohol concentration (BAC) in ethanol-treated
females varied between 16 and 40mg/dl at the end of
exposure. The mean BAC value on day 27 of exposure to
10% ethanol intake was 24.5+5.04mg/dl. In control
animals, BAC was undetectable.

CF-1 Mouse Embryo Differentiation and Viability
After Periconceptional Ethanol Exposure

The embryonic stages of differentiation found on day
10 of gestation in both control and ethanol-treated
females are shown in Figure 1. The E7 to E7.5 gastrulat-
ing embryo has an incipient neural plate (Fig. 1A). At E8
to E8.5 stage, the embryo presents the neural plate that
develops into neural folds at the anterior part (Fig. 1B),
and at E9 stage, the unturned embryo have one to seven
somites and a nonbeating heart (Fig. 1C). At E9.5 stage (8
to 10 somites), the neural folds begin to fuse and a
beating cardiac tube is evident (Fig. 1D). At E9.75 stage
(11 to 13 somites), the NT has expanded (Fig. 1E),
whereas at E10 stage the turned embryo (14 to 20
somites) has the cephalic NT closed or in apposition but
not at the posterior neuropore. The forelimb buds and
the first and second branchial arches become evident
(Fig. 1F).

The embryo stages of differentiation reached at day 10
of gestation were quantified in the control and ethanol-
exposed group. In control CF-1 mice, the highest
quantities of embryos were found at E10 and E10.5
stages, both within and between litters (Table 1). In
ethanol-exposed females (EF), the mean percentage or
number and frequency of E10to E10.5 embryos was
significantly lower compared with controls (p<0.01,
p<0.001) (Table 1). Although the frequencies of E8 to
E9.75 embryos from EF were significantly higher
compared with controls, the mean percentage or number
of embryos within litters or between females was not
different from controls (Table 1).

Reabsorbed IS contained retarded embryos staged
at E7 to E8.5 with necrotic and/or hemorrhagic tropho-
blast-decidual tissue. A very significantly increased
resorption percentage was found in the ethanol-exposed
group compared with controls (p<0.05, Mann-Whitney
test, p<0.001, Fisher’s test, Table 2) while the mean
quantities of delayed embryos (unturned E9 plus E9.5
embryos with 8-10 somites) were significantly higher in
the exposed group (p<0.05, Mann-Whitney test; p<
0.001, Fisher’s test, Table 2). The embryo viability (the
number of embryos with positive heartbeat) resulted
significantly lower in the ethanol-exposed group com-
pared with the percentage of the control group (p<0.001;
Table 2).

Fig. 1. Embryo differentiation on day 10 of gestation in CF-1
control and ethanol-exposed mice. At organogenic period of
gestation, different stages of differentiation (E) in the two groups
studied. Stereomicroscope micrographs of staged embryos are
presented for anatomical references. (A) E7 to E7.5, (B) E8 to
E8.5, (O), B9, (D) E9.5, (E) E9.75, and (F) E10. *Trophoblast
tissue, arrowhead: anterior ectoderm (neural plate in E7 and
neural fold in E8). ee, extraembryonic ectoderm. In E9, white
arrowhead: cephalic neural fold, black arrowhead: posterior NT
(open neuropore), thin arrowhead: prosencephalon, and thick
arrowhead: heart. In E9.5, ep: epibranchial placode (optic
vesicle), tt: turning tail. I: first branchial arch. Heart and
prosencephalon are indicated by arrows. In E9.75, m: mesence-
phalon. In E10, p: prosencephalon, m: mesencephalon, r:
rhombencephalon, ep: epibranchial placode, I: first branchial
arch, II: second branchial arch, arrow: otic pit, short arrow:
forelimb bud. Scale bar A, B, C, D: 100 um, scale bar E and F:
200 um. NT, neural tube.

Effect of Periconceptional Ethanol Exposure on
Embryo Growth in the Organogenic Period

We studied the organogenic (E10-E10.5) embryo
growth by the measurement of E10 embryo size
by scanning image analysis. The body length (crown-
rump length, L1) and length sizes (L2-L5) of cephalic
region were shown in Figure 2A and B. The crown-rump
and L2 to L5 lengths of ethanol-exposed E10 and E10.5
embryos were significantly reduced compared with
that of control-derived embryos (p<0.01 and p<0.001,
respectively) (Table 3A and B). After length size
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Table 1
Embryo Differentiation on Day 10 of Gestation in CF-1 Murine Strain

Group E<75 E8-8.5 E9 E9.5-9.75 E10-10.5
Control Female Nr 36
Total IS Nr 491
Mean IS/Fem (Nr) 13.64+0.9
Mean Emb/IS (%) 8.0+1.1 3.1+2.0 5.0+1.0 10.042.0 72.2+2.6
Mean Emb/Fem (Nr) 1.0+0.2 0.1+0.07 0.74+0.2 1.22+0.3 104+1.1
Total Emb Nr 37 6 24 44 374
Total Emb (%) 7.5 1.2 4.8 8.9 76.1
Ethanol treated Female Nr 38
Total IS Nr 429
Mean IS/Fem (Nr) 11.34+0.6™
Mean Emb/IS (%) 21.1+4.0* 21+1.0 10.14+2.0 13.142.1 52.3+3.0%*
Mean Emb/Fem (Nr) 22+404* 0.2+0.1 1.2+0.3 1.640.3 5.9+0.7**
Total Emb Nr 84 9 46 62 227
Total Emb (%) 19.5%%* 2.1 10.7%** 14.47%H%* 52.9%**

Embryos from control (n=36) and ethanol-exposed (n=38) females were dissected on day 10 of gestation and classified for
differentiation stages as described in materials and methods. We evaluated the total Nr of IS, the mean IS Nr per female (+standard
error (SE), the mean embryo percentage over the total IS Nr in each female (£SE) (variations within litters), the mean embryo Nr per
female (+SE) (variations between litters), and the frequency of embryos over the total IS Nr from control and treated group (%).
*p<0.05, **p<0.01 vs. control group, Mann-Whitney test. ***p<0.001, ****p<0.01, vs control group, Fisher’s exact test. Nr, number;
IS, implantation sites.

Table 2
Embryo Resorptions, Delayed Development, and Vitality

Control group Ethanol-treated group

Female Nr 36 38
Total IS Nr 491 429
Mean resorptions/IS (%) 9.6+2.0 235+4.3*
Mean resorptions/Fem (Nr) 1.24+0.2 2.5+04*
Nr resorptions 43 93

% Resorptions 8.7% 21.6%**
Mean delayed Emb/IS (%) 8.2+24 14.14+3.3%
Mean delayed Emb/Fem (Nr) 0.940.2 1.8+0.2*
Nr delayed Emb 34 66

% Delayed Emb 6.9% 15.3%**
Mean viable Emb/IS (%) 81.1+0.3 59.240.5%**
Mean viable Emb/Fem (Nr) 11.3+1.0 6.7 +0.6%***

Nr viable Emb 409 258
% Viable Emb 83.2% 60.1%**

Embryo resorptions were assessed as the total Nr of embryos at stages E6 to 8.5. Delayed and nonviable embryos were E9 plus abnormal
E9.5 ones with 8to 10 somites, open neural tube. Viable embryos were recorded from E9.5 to 10.5 stages, with positive heartbeat. Means
embryo % or Nr (£SE) (variations within or between litters, respectively) and total embryo Nr over total IS Nr were recorded in control
and ethanol treated groups. *p<0.05, ***p<0.01, ****p<0.001 vs. control group, Non-parametric analysis, Mann-Whitney test.
**p<0.001 vs. control group, Fisher’s exact test. Nr, number; IS, implantation sites.

normalization respect to the control value ones, all length
sizes of E10 or E10.5 embryos of the ethanol-exposed
group resulted diminished (Fig. 3). The proportion of
brain size (L2) vs. body size (L1) was evaluated.
Although at E10 stage the ethanol-exposed embryos
did not show changed in cephalic proportion as
compared with the control ones (51.8+1.5 vs. 52.0+4.0,
respectively), the ethanol-treated derived embryos at
E10.5 stage had significantly reduced proportional
cephalic size vs. controls (44.5+1.6 vs. 51.0+2.1, respec-
tively, p<0.05).

Protein content (a degree of embryo growth) of control-
derived embryos was linearly progressive and increased
with the somite number, according to the development of
the embryonic stages (E9: 28.7+3.8; E9.5-E9.75: 39.4+4.1;
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E10: 629+43.3; E10.5: 91.1+4.7ug protein/embryo).
Although ethanol-exposed derived embryos showed a
similar linear pattern of protein levels up to E10 stage, the
E10.5 embryos had significantly reduced protein content
compared with the E10.5 embryos of the control group
(81,5+3.1 vs. 91,1+4.7, p<0.05).

Effects of Periconceptional Ethanol Exposure on
Organogenic Embryo Morphological Parameters

Figure 4A showed normal apposed/closed NT with
visible first and second branchial arches. The main gross
abnormalities found in turned embryos were abnormal
closure of cephalic NT, observed as asymmetrically fused
neural folds in the prosencephalic-mesencephalic region
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Fig. 2. Scanning morphological analysis of organogenic E10 to E10.5 embryos. Scanning electron micrographs of whole E10 embryo (A)
and embryo external craniofacial region (B) are provided for anatomical reference. (A) Illustration of a lateral view of control mouse
embryo indicates location of crown-rump length (L1) and craniofacial length (prosencephalic-rhombencephalic rims) (L2). (B) Lateral
view of cephalic region indicating the different lengths: L3: mesencephalic—first branchial arch length; L4: rhombencephalic rim—first
branchial arch length; L5: mesencephalic—nasal prosencephalic length. (C) Lateral view of control E10 embryo. (D) Lateral view of
ethanol-exposed E10 embryo. Note difference of body size vs. control embryo. Scale bar: 100 pm.

Table 3
Embryonic Growth Analysis in E10 Organogenic Embryos

Group L1 L2 L3 L4 L5
A. E10 embryo stage

Control 1201.2+31.2 598.4+31.5 555.3+25.5 471.2+18.8 537.5+21.3

Ethanol-treated 712.8+62.1%* 352.94+32.6%* 355.8+26.7** 281.5+28.5%* 323.3+24.8%*
B. E10.5 embryo stage

Control 1693.0+105.5 933.5+65.6 799.8+21.5 740.0+29.4 754.3+35.1

Ethanol-treated 853.5+19.9%** 378.5+14.9%** 412.848.7*** 301.2423.1%** 335.64+24.1%**

Embryo growth was assessed by evaluation of different embryonic lengths (L) as described in materials and methods. Data
represent the mean length Nr/litter (um)+SE (five animals in each group). **p<0.01, ***p<0.001 vs. control group,
Student’s t-test.
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Fig. 3. Relative growth of ethanol-exposed embryos vs. control embryos. The percentages of reduction of lengths (L) of ethanol-exposed
embryos were normalized to control embryo sizes and analyzed in E10 and E10.5 embryo stages. L1: crown-rump length, L2:
prosencephalic-rhombencephalic rims length, L3: mesencephalic—first branchial arch length, L4: rhombencephalic rim—first branchial
arch length, L5: mesencephalic—nasal prosencephalic length.
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(Fig. 4B), as fully open NT (Fig. 4C) or partially open NT
at the rhombencephalon (Fig. 4D) or at the prosencepha-
lon (Fig. 4E).

Fig. 4. Morphology of cephalic NT in E10 to E10.5 embryos.
Scanning electron (A, D, and E) and stereomicroscopic (B and C)
micrographs of cephalic NT closure (arrows) of organogenic
staged embryos. (A) Normally closed cephalic NT. (B) Abnor-
mally closed NT. (C) Severely open NT. (D) Partially open NT at
rhombencephalon. (E) Partially open NT at prosencephalon.
Scale bar: 100 um. NT, neural tube.

The frequency, mean percentage, or mean number of
morphologically abnormal organogenic embryos was
significantly higher in the ethanol-exposed group com-
pared with controls (Table 4). The mean percentage or
number of abnormal E10 to E10.5 embryos was sig-
nificantly elevated in the ethanol-exposed group com-
pared with controls (p<0.001 and p<0.01, respectively),
although the proportion of different types of abnormal
E10 to E10.5 embryos (referring to open or abnormally
closed NT) was similar in two groups (Table 4).

The ethanol-treated females had elevated proportions
of embryos with altered cellular density (20%) and tissue
disorganization (70%) (Fig. 5B) compared with the
respective proportions of histological defects of control-
derived embryos (3% or any) (Fig. 5A). Ninety percent of
control-derived embryos had regular mesenchymal cells
(Fig. 5C), whereas only 20% of ethanol-exposed embryos
had normal mesenchymal characteristics. They presented
irregular cell shapes with slightly reduced sizes and
lower cellular mesodermal density (Fig. 5D and 5E vs. C).
The ethanol-exposed embryos had abnormal somite
formation, at the inner cell layers, compared with that
of the control-derived embryos (Fig. 5G-I vs. 5F and H).
Neuroectodermal histopathology of each group is shown
in Figure 6. Ethanol-exposed embryos had reduced
neural lumen and thickened neuroepithelium (Fig. 6B)
compared with control embryos (Fig. 6A). Increased
proportion of spherical neuroepithelial cells, cellular
dispersion, reduced cell adhesion, and tissue disorgani-
zation was found in ethanol-exposed embryos (Fig. 6D
and F) compared with neuroepithelium of control
embryos (Fig. 6A, C, and E). In control embryos,
sufficient neuroepithelial surface of neural fold contacts
(Fig. 6E). In contrast, the apposed NT of ethanol-exposed
embryos had thin neuroepithelial neural folds with
asymmetric growth (Fig. 6F). Nuclear defects, distribu-
tion, organization, and nuclear density were subjected to
nuclear analysis in Hoechst-stained sections. Higher
proportion of pyknotic nuclei (reduced nuclear size and

Table 4
Ethanol Effects on Morphology of E9.5 to E10.5 Embryos

Control group

Ethanol-exposed group

Female (Nr)

IS (Nr)

Mean abnormal Emb (%)

Mean abnormal Emb (Nr)

Total abnormal Emb (Nr)

Total abnormal Emb (%)

Mean abnormal E9.5-E9.75/1S (%)
Mean abnormal E9.5-E9.75/Fem (Nr)
Total abnormal E9.5-E9.75 (Nr)

Total abnormal E9.5-E9.75 (%)

Mean abnormal E10-E10.5/1S (%)
Mean abnormal E10-E10.5/Fem (Nr)
Total abnormal E10-E10.5 (Nr)

Total abnormal E10-E10.5 (%)

Open NT (%)

Abnormal closed NT (%)

27/41 (65.85)
14/41 (34.15)

36 38
418 289
12.38+2.57 45.05+4.41*
1.41+0.29 3.2740.43*
51 124
12.20 42.91**
2.64+1.87 7.67 +3.06
0.27+0.20 0.534+0.24
10 20
2.39 6.92%**
9.74+1.82 37.38+4.59*
1.14+0.23 2.7440.36 ****
41 104
9.81 35.99**

59/104 (56.73)
45/104 (43.27)

Abnormal external morphological characteristics of organogenic embryos, mainly development and closure of the NT, were taken
account in both groups. Abnormal organogenic embryos at E9.5-E9.75 plus E10-E10.5 stages were quantified within litters (% +SE) and
between litters (Nr+SE). Frequency of abnormal embryos (Nr and %) with open NT or abnormally closed NT were also recorded.
rokkE, p<0.01, * p<0.001 vs. control group, Mann-Whitney test. **p<0.001, ***p<0.01 vs. control group, Fisher’s exact test. NT, neural

tube; IS Nr, total implantation site number.
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Fig. 5. Histopathology of E10 organogenic embryos. Effects on mesoderm and somite development. Histological sections of control (A,
C, F, and H) and ethanol-exposed (B, D, E, G, and I) E10 embryos stained with hematoxylin and eosin. Cell adhesion alterations and
tissue disorganization are observed in the whole ethanol-exposed embryo (B) vs. control embryos (A). (C, D, and E) Mesenchymal tissue.
Note the irregular shapes and sizes of mesenchymal cells and altered cell density evident in mesoderm of ethanol-exposed embryos (D
and E) vs. mesodermal tissue of control embryos (C). (F, G, H, and I) Somite development. Details of incomplete somite development in
ethanol-exposed embryos (G) vs. somites of controls (F) are shown in I vs. H, respectively. cNT, cephalic neural tube; ov, optic vesicle; c,
coelom; g, gut; da, dorsal aortae; 1b, limb bud; s, somite; m, mesenchyme; d, dermatome; m, myotome. Arrows: yolk sac; arrowhead:
amnion. Thick arrow: epidermis. Scale bar A and B: 100 um; bar C, D, E, F, G: 50 um; bar H and I: 25 um.

high fluorescence intensity), cells with irregular shape or
nuclear fragmentations, and abnormal density and nuclei
organization were found in mesoderm of ethanol-exposed
embryos, whereas control-derived embryos had homoge-
nously and regularly distributed ovoid—polyhedral meso-
dermal nuclei. The nuclei of somites of control-derived
embryos were interphasic nuclei, whereas ethanol-exposed
embryos presented a larger proportion of morphologically
irregular nuclei with high chromatin condensation and
desorganization. Concerning the nuclei of neuroepithelium,
in contrast to the elongated nuclear shapes and columnar
organization of neuroepithelial tissue of control-derived
embryos, ethanol-exposed embryos had pyknotic nuclei
and displacement of neuroepithelial nuclei from the
ependymal layer toward the marginal layer, producing
increased nuclear density close to mesodermal tissue.

E- and N-cadherin localization and distribution pat-
terns were analyzed in E10 embryos. E-cadherin was
localized in the epithelium of epidermis, oral cavity,
aortic archs, pharynx, and pericardial cavity but not in
mesenchyme, in both control and ethanol-exposed
groups (Fig. 7A and B). E-cadherin was also detected in
heart membranes of ventricle of control (Fig. 7C) and
ethanol-exposed embryos (Fig. 7D). N-cadherin
immunoexpression was detected in heart and NT of
control (Fig. 8A) and ethanol-exposed embryos (Fig. 8B).
The levels of E- and N-cadherin expression
were analyzed by western blotting (Fig. 9). Ethanol-
exposed embryos presented significantly increased
E- and N-cadherin expression compared with the same
molecules of control-derived embryos embryos (p <0.05;
Fig. 9A and B).
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Fig. 6. Histopathological effects on NT of E10 embryos. Histology of cephalic NT of control (A, C, and E) vs. ethanol-exposed (B, D, and
F) embryos was evaluated. Reduced neural lumen and neuroepithelial thickness is observed in ethanol-exposed embryos (B) vs. NT of
control embryos (A). Increased spheric neuroepithelial cells with reduced sizes, decreased adhesion, and neuroepithelial tissue
disorganization, particularly in the marginal layer, are evident in NT of ethanol-exposed embryos (D) vs. NT of controls (C). (E and F)
Detail of neural tissue at the roof level of both hemispheres. It clearly indicated neural tissue growth at roof (arrowheads) and epidermis
(arrows) near the roof plate in NT of control (E) and ethanol-exposed embryos (F). Observe abnormal and partial NT closure with thin
neuroepithelial tissue and pyknotic nuclei (arrows) located at the mantle layer of rhombencephalon (F). In A and B, m: mesenchyme;
my: myolocoel, *neural tissue. Arrow: amnion; arrowhead: notochord. In C and D, ml: mantle layer; arrowheads: marginal layer, arrows:
ependymal layer. In E and F, arrowheads: neural tissue; arrows: epidermis; short arrows: pyknotic nuclei. Scale bar A, B, and F: 50 pm;

scale bar of C, D, and E: 25 pm. NT, neural tube.

DISCUSSION

The findings of this study show that moderate
periconceptional ethanol consumption up to midgesta-
tion in CF-1 mouse exerted deleterious effects on
embryonic differentiation, growth, and morphology.
Concomitantly with morphological embryonic damage
characterized by histological alterations and NT closure
defects, ethanol exposure induced upregulation of E- and
N-cadherin expression. To our knowledge, these results
are the first report on teratogenic effects of periconcep-
tional ethanol exposure to organogenic CF-1 embryos.

In this study, we presented a mouse model for
studying the maternal ethanol effects in which subtle
sequellae of insult during early stages of organogenesis
can be generated with BAC of 24.5mg/dl. It is well
known that the severity of ethanol’s effects and maternal
BAC varies with the route of administration, the dose
and period of ethanol exposure (Simpson et al., 2005). To
better model the human experience in terms of route of
ethanol administration and BACs achieved, an oral
ethanol exposure paradigm was utilized in this study.
Although most reliable measure of fetal or maternal
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exposure to ethanol is BAC, this variable is rarely known
in human studies. However, examination of BACs
achieved in many animal models facilitates some
comparison with human situation. For example, the
peak of BACs in dams consuming about 36% EDC was
between 50 and 100 mg/dl that was generally considered
to correspond to heavy drinking, whereas peak BACs
lower than 50 mg/dl (with 25% EDC) represent moderate
drinking (Simpson et al., 2005). In general, animal models
for acute ethanol exposure, which induces several
embryo-fetal malformations depending of the period of
gestational exposure, produced BAC in the range of 100
to 400mg/dl (Kotch and Sulik, 1992a). Models for
chronic exposure (before mating and during pregnancy
or up to specific embryo stages, and/or during lactation)
usually lead to BACs between 65 and 220 mg/dl (Amini
et al., 1996; Minana et al., 2000; Parnell et al., 2006; Boehm
et al., 2009). Although the cited literature about BAC are
very wide, here we demonstrated that perigestational
moderate ethanol exposure in CF-1 mouse produce low
BAC that is able to induce early abnormal organogenic
embryo development.
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Fig. 7. E-cadherin immunolocalization in E10 to E10.5 embryos. Immunoreactivity for E-cadherin of embryonic organs at E10 stages of
control (A, C, and E) and ethanol-exposed (B, D, and F) embryos is shown in the surface ectoderm (epidermis) (arrowheads) of oral
cavity (oc), in the endocardium of ventricle (v), in the epithelium (arrow) of pericardial cavity (pc) and pharynx (ph). (E and F): Negative
immunohistochemical embryo images of control and ethanol-exposed embryos. References of figures: m: mesenchyme; aa: aortic arch,

ica: internal carotid artery; au: auricle. Scale bar A, B, C, D: 50 pm.

We first studied the vulnerability/sensibility of CF-1
embryos to periconceptional alcohol intake in relation to
embryonic differentiation. This ethanol regimen did
promote increased incidence of delayed embryo differ-
entiation on day 10 of gestation manifested by reduced
quantities of E10 to E10.5 embryos and increased E<7.5
embryo stages. The retarded embryonic differentiation,
the reduced number of IS, and the increased reabsortion
indicates that this ethanol regimen is able to produce
embryo loss at early peri-implantation stages. Chronic
ethanol intake at the time of conception and during
pregnancy in humans has also been associated with
increased risk of spontaneous abortion (Kesmodel et al.,
2002; Herniksen et al., 2004). Although the exact causes
are still unclear, alcohol is known to interfere with the
normal functioning of the reproductive system by
altering estrous cyclicity and prolactin and luteinizing
hormone levels (Sanchis et al., 1985; Canteros et al., 1995;
Cebral et al., 1998a). In another line, a possible cause of
delayed-arrested differentiation of embryos at the orga-
nogenic period might be abnormal preimplantational
embryo development (Wiebold and Becker, 1987). Alco-
hol exposure during preimplantation pregnancy was
previously reported to reduce litter size by killing some
embryos, causing delayed implantation of others and
exerting adverse effects on decidualization in mice
(Checiu and Sandor, 1981, 1982; Hunter et al. 1994).

Ethanol-adverse effects can also be seen by increasing
spontaneous activation of exposed mouse oocytes,
defects that we observed after long-term ethanol ex-
posure around ovulation (Cebral et al., 1998b, 2011). It
was reported that haploid or diploid parthenogenetic
embryos can develop more slowly than normal fertilized
diploid embryos and survive at least up to day 10 of
gestation but fail to reach the limb-bud stage while
monosomic and trisomic embryos are capable of devel-
oping up to the morula stage (Kaufman and Bain,
1984a,b; Henery and Kaufman, 1992; Kaufman, 1997).
In this respect, we think that embryo arrested-delayed
differentiation at day 10 of gestation may be related to
activation of oocytes during the periovulatroy period of
exposure.

After periconceptional ethanol exposure, as organo-
genic development proceeds, the growth deficiency of
the body and cephalic region seems to become more
evident. E10.5 exposed embryos had more markedly
reduced growth compared with E10 exposed embryos,
suggesting that intrauterine growth retardation/restric-
tion is manifested early at organogenesis (Lemoine et al.
1968; Allebeck and Olsen 1998). The reduced head of
E10.5 embryos (the typically microcephaly of FASD) was
presented together with hypoplasia of the first branchial
arch (maxilar/mandibular prominence). These results
seem to be similar to those found with maternal ethanol
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Fig. 8. N-cadherin immunolocalization in E10 to E10.5 embryos. Immunoreactivity for N-cadherin of embryonic organs at E10 stages of
control (A, C, and E) and ethanol-exposed (B, D, and F) embryos is shown. Observe immunoexpression in endocardium of ventricle (v)
and auricle (au) of both control (A) and ethanol-exposed (B) embryos. The neuroepithelium of the NT of ethanol-exposed embryos (D)
showed reduced immunoreactivity vs. control NT (C). (E and F) Negative control sections of control and ethanol-exposed embryos,
respectively. Scale bar: A and C: 20 pm; scale bar B and D: 50 pm. NT, neural tube.

treatment on day 7 or 8 of pregnancy in which median
cleft lip and cleft palate, abnormalities of the eyes, brain,
short palpebral fissures, and other fetal anomalies are
found in other studies (Sulik et al.,, 1984). Alcohol-
induced reduction of brain length and body size as well
as hypoplasticity was also described in Xenopus embryos
(Nakatsuji, 1983; Peng et al., 2004).

Retarded growth and dysmorphogenesis of the em-
bryo may be interrelated, although they are not strictly
dependent on each other since normal morphology can
be found in an embryo with a reduced body size. In the
present CF-1 mouse model, the mesodermal tissue of
ethanol-exposed embryos was disorganized and had
irregular mesenchymal cell shapes while ethanol in-
duced alterations in somite development. Perturbation of
cell population by ethanol could result in the cell
condensation/pyknosis and dysmorphogenesis (Aoto
et al., 2002). The NT was the embryonic organ most
affected by ethanol exposure, at least in term of the
quantities of embryos with defects of cephalic NT
closure, as suggested by others (Mooney and Miller,
2007). In our model, one consequence of altered NT
closure and narrow prosencephalon may be abnormal
medial olfactory placode development. Similar to our
results, reduced frontonasal prominence and asymmetric
NT closure were also encountered after 12hr of acute
ethanol exposure of C57Bl1/6] mouse embryos (Kotch and
Sulik, 1992b). The neural lumen and NT closure, the
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neuroepithelial thickness, the tissue organization and the
neural cell adhesion appeared to be negatively affected
by ethanol exposure. At the time of NT closure,
insufficient neuroepithelial surface of neural fold contact
and asymmetric neural fold growth was detected in a
large proportion of ethanol-exposed embryos. Increased
nuclear defects, such us pyknosis, irregular shape, and/
or nuclear fragmentations of ethanol-exposed embryos
with anterior neural folds unclosed, suggested ethanol-
induced neuroepithelial apoptosis. The hypothesis of
excessive cell death particularly at the anterior neural
fold perimeter was suggested to explain face and brain
malformations (Dunty et al., 2001, 2002). It is feasible that
ethanol acted directly on the neuroepithelium during the
organogenic period, as suggested in other studies in
which ethanol exposure during gastrulation stage causes
enhanced cell death in the neuroepithelium and cranio-
facial regions (Kotch and Sulik, 1992a,b; Dunty et al.
2001, 2002; Da Lee et al., 2004). In any case, the window
of vulnerability to ethanol-induced teratogenesis coin-
cides with the time of neuronal generation (Miller, 1986,
2006) in which the lengthening of the cell cycle is one
important adverse effect (Miller and Nowakowski, 1991).

The most common mechanisms proposed to explain
delayed differentiation and dysmorphogenesis may be
direct ethanol and/or acetaldehyde actions (Menegola
et al., 2001; Lee et al., 2005). In neural cell cultures from
18 day-old rat fetuses, ethanol concentrations of
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Fig. 9. E- and N-cadherin expression on organogenic advanced
embryos. Western blot performed on E10 embryo extracts
reacted with antibody to E-cadherin (A) and N-cadherin (B)
found at the expected molecular size. Each band corresponds to
one representative experiment out of three. Each band was
quantified by densitometry using the Scieon Image program and
expressed as AUs (mean +5SD). Graphic shows pooled data from
three independent experiments. A significant increase in
E-cadherin (A) and N-cadherin (B) expression in ethanol-
exposed embryos compared with the control embryos was
observed. **p<0.01, Student’s T-test. AU, arbitary unit.

100 mmol/1 led to DNA alterations (Lamarche et al.,
2004). In vivo ethanol exposure affects signaling gene
cascades and intracellular calcium concentrations (Debelak-
Kragtorp et al., 2003), resulting in dysmorphogenesis and
craniofacial abnormalities (Ahlgren et al., 2002). In this
regard, two doses of 30mg/kg of ethanol on day 7 of
gestation in C75BL/6] mice perturb the expression of
developmental genes inducing midline craniofacial mal-
formations and holoprosencephaly (Higashiyama et al.,
2007). Acetaldehyde, an inducer of DNA damage in
multiple organs, can play an important role in ethanol
neurotoxicity after ethanol exposure on day 7 of gestation
(Kido et al., 2006) by acting directly on the developing
nervous system and on microtubules and microfilaments
of neuroepithelial cell. In spite of the many altered
mechanisms proposed to be induced by alcohol, our
work focused on alterations of cadherin expression
in organogenic embryos after perigestational ethanol
intake, since cadherin adhesion molecules are key
determinants of morphogenesis and tissue architecture
(Tunggal et al., 2005). Regulation of cadherin expression

levels is crucial for the integrity of cell-cell junctions,
tight junction formation, and cell differentiation (George-
Weinstein et al., 1997; Sakamoto et al., 2008), remodeling
and epithelial-mesenchymal transition during early
morphogenesis (Savagner, 2001, Xu et al., 2001). In our
mouse model, ethanol exposure did not affect localiza-
tion or distribution of E- and N-cadherin in E10 embryos.
N-cadherin was strongly expressed in NT and slightly in
the apical side of the foregut and the surface ectoderm,
whereas the expression of E- and N-cadherins was found
in the heart primordium. In spite of similar immunor-
eactivity of E- and N-cadherinsin the two groups,
increased embryonic E- and N-cadherin expression was
detected by immunoblotting in ethanol-exposed em-
bryos. The ethanol action may be due to the disruption
of neuroepithelial and mesodermal cell-cell adhesion
leading to upregulation of cadherin expression in cells.
Previous work (Radice et al., 1997) reported that in
homozygous mutant embryo for N-cadherin, neurulation
and somitogenesis initiated apparently normal.
However, the resulting structures were malformed,
producing small somites with irregular shapes and less
cohesive cells and epithelial organization of somites
partially disrupted. Since the differentiation and migra-
tion of sclerotomal cells coincides with the downregula-
tion of N-cadherin, and that N-and E-cadherin plays a
critical role in early normal organ development as
morphoregulatory molecules for differentiation, segrega-
tion, and migration of embryonic cells, the abnormal
spatiotemporal regulation of cadherin expression can be
the cause for abnormalities of organogenic exposed
embryos. Therefore, it is possible that deregulation or
overexpression of N-cadherin plays an important role in
abnormalities of NT after ethanol exposure. Similarly,
since mice lacking E-cadherin expression in the epidermis
die shortly after birth (Tunggal et al., 2005), we suggest
that a consequence of altered E-cadherin expression may
be the induction of increased risk of organogenic embryo
death. In our experimental model, upregulation of E- and
N-cadherin expression can be proposed as a mechanism
that compensates for the dissociating effects of ethanol on
embryonic cell junctions.

In conclusion, we demonstrated that perigestational
ethanol consumption by CF-1 mice induces severe
damage of embryo development at organogenesis as
revealed by delayed differentiation, growth deficiencies,
and abnormal morphogenesis of the NT. These ethanol
effects may be the induction of cell-cell adhesion
disruption leading to abnormal cadherin expression in
embryonic cells and suggesting that upregulation of cell
adhesion molecules may be a mechanism of reduced
embryo viability, delayed differentiation, and NT defects.
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