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Alcohol exposure during pregnancy disrupts the development of the brain and produces
long lasting behavioral and cognitive impairments collectively known as Fetal Alcohol
Spectrum Disorders (FASDs). FASDs are characterized by alterations in learning,
working memory, social behavior and executive function. A large body of literature
using preclinical prenatal alcohol exposure models reports alcohol-induced changes
in architecture and activity in specific brain regions affecting cognition. While multiple
putative mechanisms of alcohol’s long-lasting effects on morphology and behavior have
been investigated, an area that has received less attention is the effect of alcohol on
cell adhesion molecules (CAMs). The embryo/fetal development represents a crucial
period for Central Nervous System (CNS) development during which the cell-cell
interaction plays an important role. CAMs play a critical role in neuronal migration and
differentiation, synaptic organization and function which may be disrupted by alcohol. In
this review, we summarize the physiological structure and role of CAMs involved in brain
development, review the current literature on prenatal alcohol exposure effects on CAM
function in different experimental models and pinpoint areas needed for future study to
better understand how CAMs may mediate the morphological, sensory and behavioral
outcomes in FASDs.

Keywords: prenatal alcohol exposure (PAE), fetal alcohol spectrum disorder (FASD), cell adhesion molecule
(CAM), central nervous system development, cell interaction

INTRODUCTION

Maternal alcohol consumption during pregnancy is well recognized as an important public health
concern. In the United States, 1 in 9 pregnant women drink alcohol (May et al., 2009; Tan et al.,
2015; Fontaine et al., 2016; Popova et al., 2017), while almost 16% of European women consume
alcohol during pregnancy (Mårdby et al., 2017). Approximately 20 years ago, the term Fetal Alcohol
Spectrum Disorders (FASDs) was introduced to recognize the broad range of effects induced by
maternal alcohol exposure (Koren et al., 2003; Sokol et al., 2003; Chudley et al., 2005; Cook et al.,
2016). FASDs are characterized by impairments in working memory, response inhibition, and
behavioral flexibility (Streissguth et al., 1991; Mattson et al., 1999; Green et al., 2009; Marquardt
et al., 2020).
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Fetal Alcohol Spectrum Disorder
Symptoms
The symptoms of FASDs are classified into three categories
including craniofacial malformations, sensory and cognitive
abnormalities, and brain structure anomalies. Both clinical and
preclinical studies have demonstrated that prenatal alcohol
exposure (PAE) can induce craniofacial anomalies including
a flat nasal bridge, an upturned and short nose, thin upper
lip, a smooth philtrum, and micrognathia (Moore et al., 2002,
2007; Wattendorf and Muenke, 2005). Moreover, FASD infants
commonly exhibit low body weight, short height and smaller
head size (Murawski et al., 2015).

Abnormalities in sensory processing including taste, smell and
tactile sensitivity are reported after PAE (Franklin et al., 2008;
Bower et al., 2013). In addition, vision and auditory processes
can be affected, including symptoms such as microphthalmia
with reduced palpebral fissure length, convergent strabismus and
low visual acuity (Strömland and Pinazo-Duran, 2002; Strömland
et al., 2015) and hearing loss (Tesche et al., 2014; Yoshida et al.,
2018). While both changes in morphology and sensory systems
are commonly seen when level of exposure is high, if has become
increasingly clear that impairments in executive functioning,
memory and attention can be present even without the hallmark
physical changes seen in Fetal Alcohol Syndrome (FAS) (Mattson
et al., 1997, 2011; Bertrand et al., 2005).

In the last decade, studies have reported fine and gross motor
deficits, poorer manual coordination and balance problems in
children with FASD (Doney et al., 2014; Taggart et al., 2017).
Moreover, neuroimaging studies have revealed several changes in
brain structure including hypoplasia of the corpus callosum and
cerebellum (Chen et al., 2012; Colby et al., 2012; Yang et al., 2012;
Boronat et al., 2017), and reduction in overall cortical volume in
those with FASD (Rajaprakash et al., 2014).

In addition to commonly reported alterations in brain
morphology in PAE, studies have also described correlations
between alcohol consumption during pregnancy and anomalies
in other organs including heart, kidney, liver, and endocrine
system (Caputo et al., 2016). Congenital heart defects,
structural anomalies of the heart and great vessels have
also been observed in children with FASD (Yang et al.,
2015). The correlation between PAE, kidney, and liver is still
not well understood, as studies performed have generally
reported non-specific anomalies with FASD such as kidney
hypoplasia and hydronephrosis and liver hyperbilirubinemia
(Hofer and Burd, 2009).

Alcohol Consumption During Pregnancy
The global prevalence of FASDs is∼1% of the general population
(Popova et al., 2016; Lange et al., 2017), with rates in the US of
∼2–5% (May et al., 2009, 2013, 2014, 2015), and an estimated
prevalence in Europe of ∼2% (Lange et al., 2017). The highest
numbers of FASD cases reflect the high alcohol consumption, in
fact the 7.3% of pregnancies are alcohol-exposed (Green et al.,
2016), considering that the 45% of pregnancies are unplanned
and/or unrecognized during the first days (Finer and Zolna, 2016;
Wozniak et al., 2019).

The amount, pattern and the timing of alcohol consumption
during the pregnancy are critical factors in determining the
impact of PAE on development. Data from animal models
demonstrate a clear correlation between drinking pattern and
the effects of PAE on brain size and volume. Bonthius and
West conducted a study comparing different drinking patterns
in which three groups of newborn rats were exposed to alcohol
during the early postnatal period (PND 4–10). The first group
was exposed to 4.5 g/kg/day for 4 h per day, while the second
received the same dose, but for 8 h per day. The last group
received a higher dose of alcohol (6.6 g/kg/day) for 24 h.
Interestingly, the results showed that a lower daily dose was
more dangerous than a higher consumed in 24 h, as brain
weights from the first experimental group were significantly
lower than the third group (Bonthius and West, 1990). Human
studies support these conclusions as maternal binge drinking
during the month prior to pregnancy recognition has been
found to correlate with neurobehavioral deficits in attention,
memory and in cognitive flexibility in children at age 7.5
(Streissguth et al., 1990).

Recent neuroimaging studies have also shown that children
and adolescents exposed to heavy alcohol consumption in
utero (more than seven drinks/week) have anomalies in cortical
thickness and reductions in brain volume (Donald et al., 2015;
Robertson et al., 2016; Hendrickson et al., 2018; Treit and
Beaulieu, 2018; Zhou et al., 2018). A recent population study
utilizing functional MRI data found that children (9–10 years
old) exposed to heavy alcohol doses (around 90 drinks consumed
during pregnancy) had lower volume and surface area in parietal
and temporal lobes compared with children exposed to lighter
alcohol doses (around 40 drinks consumed during pregnancy).
Strikingly, even the light prenatal alcohol exposure still induced
abnormalities in size of brain areas and psychological and
behavioral problems (Lees et al., 2020).

Timing of consumption or exposure during pregnancy also
plays a role in the symptomology seen in offspring. Alcohol
exposure during the first trimester in human pregnancy
(gestational day GD 1–10 in rodents) affects the gastrulation
and neurulation stages and is associated with characteristic
craniofacial dismorphology of FAS, specifically a wider
interorbital distance, shorter midface and cranium width.
In addition, alterations in cortical volume and alterations in
white matter tracts have been seen (Sulik and Johnston, 1983;
Lipinski et al., 2012; Parnell et al., 2013; Cao et al., 2014; Petrelli
et al., 2018). PAE during the second trimester (GD 11–21 in
rodents) leads to midfacial dysmorphologies, smaller skull
volume and circumference, and reduction in frontal, parietal
and occipital areas (Anthony et al., 2010; Coleman et al., 2012;
Kajimoto et al., 2013; Shen et al., 2013). In addition, significant
reduction in olfactory bulb and hippocampus volumes has been
reported in rodent model (Akers et al., 2011; Petrelli et al., 2018).

The effects observed after alcohol exposure during the
third trimester (postnatal day PND 1–10 in rodents) include
impairments of the developing visual system, reduction in total
brain volume and in total neurons and interneurons number
(Dursun et al., 2011, 2013; Coleman et al., 2012). Additionally,
neurodevelopmental disorders including cognitive impairments
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in learning and memory have been reported following third-
trimester equivalent exposure (Wilson et al., 2016).

In summary, PAE during gestation alters many crucial and
important developmental processes, including neurogenesis,
neuronal differentiation and migration (Miller, 1992; Goodlett
and Horn, 2001; Guerri et al., 2001, 2009; Olney et al., 2002;
Guizzetti et al., 2014). While there is currently a consensus
that no amount of alcohol during pregnancy is “safe,” the
mechanisms of these alterations seen across development are still
not fully understood.

Cell-Adhesion Molecules: A Possible
Target of Alcohol During Development
The Central Nervous System (CNS) is a complex network
of interconnected neurons whose efficient structure and
functionality requires the establishment of cell-cell interactions
both for efficient migration and synaptogenesis (Goodlett and
Horn, 2001). These cell-cell interactions are a selective process
that requires the presence and function of a class of cell adhesion
molecules (CAMs). CAMs may be a critical target of alcohol
during development considering the crucial role played in the
brain development and in the formation of functional synaptic
connections (Washbourne et al., 2004; Li et al., 2017). Astrocytes
are now recognized as an essential component of synapses and
their interactions with neurons have been shown to be mediated
by CAMs. Evidence also suggest that alcohol exposure during
development affects neuron-glia interactions (Guerri and Renau
Piqueras, 1997; Ullian et al., 2001; Fields and Stevens-Graham,
2002; Yang et al., 2003; Guizzetti et al., 2008; Wilhelm and
Guizzetti, 2016; Tan and Eroglu, 2021).

In this review we provide an overview of structures and
roles of different types of CAMs involved in CNS development.
In addition, we will discuss experimental evidence that PAE
impacts CAMs and how these affects may be involved in
the sensory, morphological and behavioral features of FASD
previously described. The principal aim of the review is to provide
a better understanding of how alcohol affects CAMs following
PAE, and to identify gaps in the existing literature related to
these molecular targets that will further our understanding of
how alcohol alters the developing brain.

ANIMAL AND IN VITRO EXPERIMENTAL
MODELS USED FOR FETAL ALCOHOL
SPECTRUM DISORDERS

Studies in animal models of PAE have been an essential
tool as the characterization of molecular mechanisms and
behavioral alterations associated with FASD are difficult to
carry out given the complexity in controlling and measuring
variables such as maternal health and nutrition, volume and
timing of alcohol exposure during the pregnancy. In order to
avoid those limitations, numerous animal and in vitro models
have been developed.

Rodents are the most widely models used in this field and have
demonstrated a high utility in characterizing the PAE effects in
the brain and in the complex behaviors. However, the long-lasting

developmental, neurobiological and neurobehavioral changes in
offspring induced by PAE vary largely depending on the specifics
of the model studied (Jones and Smith, 1973; Jones, 1975; Sokol
et al., 2003; Chudley et al., 2005; Bird et al., 2015; Marquardt
et al., 2020; Licheri et al., 2021). Rodent models have a short
gestational period and a large number of offspring (Almeida et al.,
2020). In addition, they are useful for investigating the molecular
mechanism altered by PAE in relation to exposure time, pattern
of exposure and dosage (Almeida et al., 2020). Despite data
showing the several similarities in brain architectures and
functions between rodent and human brains, rodent models
all have limitations. Rodent pregnancy is shorter compared
to human pregnancy, and the third trimester equivalent to
human gestational period occurs postnatally. Considering the
overall size differences across species, in the translational studies
it is critical to consider and acknowledge differences in the
processes of alcohol administration, distribution, metabolism
and elimination.

Several in vitro studies have been useful for identifying the
molecular mechanisms affected by prenatal alcohol exposure
(Lussier et al., 2017). Most of the studies were performed
using neural progenitor cells and ex vivo primary cell culture
(Balaraman et al., 2012; Veazey et al., 2013; Tunc-Ozcan
et al., 2016). The in vitro models show numerous advantages
including the low cost, large number of experimental groups,
controlled environments. At the same time with this model
is impossible to perform study on alcohol metabolism and on
tissue. Recently human cerebral organoids have been developed
using induced pluripotent cells grown in Matrigel, a scaffold
resembling the extracellular matrix (Lancaster et al., 2013).
A newly developed approach, cerebral organoids, which are
similar to fetal brains in the aspects of development and
structure have also been utilized to examine the role of
alcohol on development. For example, recent studies were
performed using this model for studying the alcohol effects,
in particular the neural pathology phenotypes and signaling
pathways (Arzua et al., 2020), including alterations in CAMs
(Zhu et al., 2017).

A more recently adopted model of PAE on neural
development is the zebrafish (Danio rerio). Although in
this model embryonic development is outside of the body, and
the probability of alcohol penetration can vary in relation to the
concentrations administered (Ali et al., 2011; Meyers, 2018), the
short development period and a large amount of offspring have
made the zebrafish an important tool in the study of the effects of
alcohol on development (Facciol and Gerlai, 2020). Importantly,
it has shown strong utility and has yielded important results
regarding the effects of PAE on CAMs.

ROLE OF CELL-ADHESION MOLECULES
IN CENTRAL NERVOUS SYSTEM
DEVELOPMENT

During the last 50 years various families of CAMs have been
described (Rutishauser et al., 1976) and their role in development
of brain structures explored (Franco and Müller, 2013;
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de Agustín-Durán et al., 2021). CAMs play a pivotal role
in neural migration, axon growth, and synaptogenesis
(Hirano and Takeichi, 2012; Hippenmeyer, 2013; Mandai
et al., 2015; Martinez-Garay, 2020). Typically, CAMs are
transmembrane proteins with an extracellular domain mediating
the interaction with the extracellular matrix (ECM) or other
CAMs. The intracellular domain is responsible for the binding
to cytoskeleton proteins and for interaction with signal
transduction (Chotia and Jones, 1997; Leshchyns’ka and
Sytnyk, 2016; Figure 1). Some CAMs are anchored to the
plasma membrane through a glycosylphosphatidylinositol
(GPI) anchor, called GPI-anchored CAMs. Despite GPI-CAMs
do not show the typical intracellular domain, they interact
with signal transducer and synapse regulators (Tan et al.,
2017). Furthermore, CAMs are classified by whether they are
calcium-dependent or calcium-independent; most CAMs are
traditionally divided into four groups: the immunoglobulin
superfamily (IgSF), the cadherins, the integrins and the selectins
(Shapiro et al., 2007). We will briefly review the structure
and function of three major classes of CAMs, Neural Cell
adhesion Molecules, Cadherins and Integrins, and then discuss
evidence that these classes of CAMs are a target of alcohol
during development.

NEURAL CELL ADHESION MOLECULE:
STRUCTURE AND FUNCTION

Neural cell adhesion molecule (NCAM) is a membrane-bound
cell recognition molecule belonging to immunoglobulin (Ig)
superfamily (Sytnyk et al., 2017). Its cytoplasmic domain is
composed of 110 amino acids, while the extracellular region
has five Ig-like and two fibronectin 3 (FN3) domains (Table 1;
Grumet, 1997; Kiselyov et al., 2005; Shapiro et al., 2007; Homrich
et al., 2015). The Ig-like domains are responsible for homophilic

FIGURE 1 | Schematic structure of CAMs. CAMs have an intracellular domain
(a), a transmembrane domain (b), and an extracellular domain (c) responsible
for the binding to ligands (d). Created with BioRender.com.

binding (Shapiro et al., 2007), while Ig1 and Ig2 only or all five
domains are involved in trans-homophilic binding. The NCAM
cis-homophilic binding is mediated by Ig1 and Ig2, and Ig1 and
Ig3 domains (Frei et al., 1992; Ranheim et al., 1996; Atkins
et al., 2004). The homophilic interaction is involved in the cell
adhesion between the same molecules on membranes of adjacent
cells; furthermore, NCAMs can also interact heterophilically with
other cell adhesion molecules and proteins of the extracellular
matrix (Leshchyns’ka and Sytnyk, 2016).

Three main isoforms have been identified; two are
transmembrane forms NCAM-140 and NCAM-180, while
the third, NCAM-120 is anchored to the cell membrane through
glycosylphosphatidylinositol (GPI) linkage (Cox et al., 2009).
Additionally, there is the polysialylated form of the neural cell
adhesion molecule called PSA-NCAM; it is well documented
that during CNS development, the PSA-NCAM is involved in
precursor migration and in neuronal differentiation (Hu et al.,
1996; Petridis et al., 2004; Bonfanti, 2006; Rutishauser, 2008;
Schuster et al., 2020), and also in the regulation of synaptic
plasticity in adult brain (Seki and Arai, 1993; Muller et al., 2000;
Saini et al., 2020).

NCAM-140 and NCAM-180 are highly expressed during fetal
and postnatal development, respectively (Chuong and Edelman,
1984; Gennarini et al., 1986; Oltmann-Norden et al., 2008), in fact
NCAM-140 is localized to growth cones and axon of developing
neurons (Sytnyk et al., 2006; Cox et al., 2009). While, NCAM-
180 can be found in the postsynaptic membrane of mature
neurons (Sytnyk et al., 2006). NCAM-120 is the predominant
CAM expressed in glia (Noble et al., 1985), and shows high
levels during adult life (Gennarini et al., 1986; Brennaman and
Maness, 2008). NCAMs are involved in cell migration and neurite
outgrowth through FN3 domains (Schachner, 1997; Crossin and
Krushel, 2000; Rønn et al., 2000; Sytnyk et al., 2017; Huang et al.,
2020). It has also been shown that NCAMs regulate the synaptic
development and plasticity (Muller et al., 2000; Stoenica et al.,
2006; Sytnyk et al., 2017; Cameron and McAllister, 2018; Duncan
et al., 2021).

Another CAM belonging to immunoglobulin (Ig) superfamily
is L1. Similar to NCAM, L1 has an extracellular region composed
of six Ig ad five FN3 domains, followed by a transmembrane
and an intracellular region containing a specific motif mediating
the binding to cytoskeleton (Table 1; Bennett and Baines,
2001; Bian, 2012). The Ig-1 domain mediates the homophilic
interactions (Jacob et al., 2002). L1 can interact with other
Ig superfamily members through homo- or heterophilic
interactions (Jacob et al., 2002; Maness and Schachner, 2007),
and ECM molecules, extracellular signal-regulated kinases
(Erk), cytoplasmic and traffic proteins (Maness and Schachner,
2007; Bian, 2012). L1 plays an important role during extrinsic
signaling transduction regulating cell migration, differentiation,
and axon growth through interaction between ECM molecules
(Maness and Schachner, 2007). Moreover, the cell-adhesion
interactions mediated by NCAM and L1 are calcium-
independent process (Bian, 2012). Additionally, some studies
have shown the involvement of NCAM and L1 in the axon-
fasciculation during early postnatal period (Fischer et al., 1986;
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TABLE 1 | Structure and role of CAMs during central nervous system development.

Family Structure Role

Ig-superfamily (NCAMs, L1) • Cell migration
• Cell differentiation
• Neurite growth
• Axon fasciculation
• Synaptic plasticity

Cadherins (N-cadherins,
E-cadherins)

• Structural integrity of neural tube and
cortical structure
• Cell migration and synapse formation

Integrins • Cell adhesion
• Cell migration
• Synaptogenesis
• Synaptic plasticity

NCAM, neural cell adhesion molecule; N-cadherin, neural cadherin; E-cadherin, epithelial cadherin. FN, fibronectin domain; Ig, immunoglobulin domain; EC, extracellular
cadherin repeat. Created with BioRender.com.

Kamiguchi and Lemmon, 1998; Crossin and Krushel, 2000; Barry
et al., 2010; Frei and Stoeckli, 2017).

Neural Cell Adhesion Molecule and
Prenatal Alcohol Exposure
Exposure to alcohol during development has been shown
to interfere with cell proliferation (Miller, 1996), migration
(Miller, 1993), differentiation (Valles et al., 1996) synaptogenesis
(Lancaster et al., 1989), gliogenesis (Lancaster et al., 1982), and
apoptosis (Liesi, 1997). Common to most of these intrinsic
processes, including gene expression and cell-cell interaction,
is the involvement of CAMs. Specifically, experiments using
ex vivo and in in vivo models have demonstrated that alcohol
exposure during gestational periods affects NCAMs. Almost
30 years ago, it was reported that alcohol exposure (10 mg/50
microliters/day) to chick embryos at embryonic day 1–3 (E1-
3) induced a significant increase of PSA-NCAM expression
measured via Western blot in cerebral hemispheres between
E8 and E10; while no significant change was observed in
cerebellum from E10 to E20 (Kentroti and Vernadakis, 1996).
Moreover, in cortical cultures NCAMs were found to have altered
neuronal growth patterns after alcohol exposure. Neuroblast-
enriched cultures obtained from 3-day-old whole chick embryos
3 h post-plating were treated with 50 mM ethanol from 0 to
4 DIV, and then fixed at 3, 6 or 9 DIV. To characterize the
possible effects after alcohol exposure, cells were double-stained
for NCAM and neurofilament, and the data collected showed
changes in growth patterns of developing neurons and an intense
NCAM staining. Interestingly, the altered NCAM expression
in cerebral hemispheres corresponds temporally with the shift
in neuronal phenotype from cholinergic to catecholaminergic
and GABAergic (Kentroti et al., 1995; Kentroti and Vernadakis,
1996). Taken together, these data suggest the effects of alcohol
on neuronal growth patterns and on NCAM expression might
influence the establishment of neurotransmitter phenotype.

The alterations of NCAM expression have been confirmed
by a study in rat offspring from dams exposed to alcohol
liquid diet [5% (wt/vol) alcohol resulting in 14.3 ± 0.8 g of
ethanol/kg/day] before mating, during gestation and lactation.
The NCAM expression was measured at different postnatal
days using Western blot and it was found that from postnatal
day 5 to 7 (PND5-7) the PSA-NCAM showed higher levels
in cerebral cortex in alcohol-exposed litters. It was also found
that alcohol groups had a delay in the decrease of protein
expression between PND7-30 while in parallel, the levels of
NCAM-140 and NCAM-180 were significantly reduced (Miñana
et al., 2000). In addition, alterations in NCAM isoforms have been
observed in primary cultures of cortical neurons obtained from
16-day-old rat fetuses and treated with alcohol (400 mg/dl) for
48 h. This study also found that alcohol exposure significantly
up-regulated the expression of NCAM-120 and 140, but not
significant modulation of NCAM 180 (Miller and Luo, 2002).

These reported alterations in NCAM expression may
change cell-cell interactions that affect neural migration, glial
development and synaptogenesis. Even given differences in
model, dose and timing of exposure, the findings have shown
a considerable and consistent modulation of NCAM after PAE
in the cortex. Given the role of multiple cortical subregions in
mediating cognitive function, these alterations might mediate
impairments in learning and behavioral flexibility induced by
gestational alcohol exposure. To our knowledge, there are no
studies directly examining the involvement of NCAM in the
cognitive deficits induced by PAE in rodent models. However,
there is evidence that negative modulation of NCAM function
can induce learning and memory deficits (Doyle et al., 1992;
Cremer et al., 1994; Sandi et al., 1995). In contrast to these
cortical effects, PAE models using a alcohol liquid diet (5%(w/v)
ethanol) between gestational days 10 and 21 was shown to alter
the distributions of mossy fibers in dorsal hippocampus from
rat offspring; but these effects were not mediated by NCAMs
(Sakata-Haga et al., 2003).
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Effects of Prenatal Alcohol Exposure on
Specific Neural Cell Adhesion Molecule
Subtypes
In addition to more global effects of PAE on NCAMs and
brain development, several studies have examined the effects of
alcohol on specific NCAMs. In order to characterize the effects
of alcohol on both L1 and NCAM-140, mouse fibroblasts were
transfected with human L1, and treated with 0.3–50 mM of
alcohol for 30 min. The aggregation assay reported a significant
inhibition of cell-cell adhesion mediated by L1 at 1 mM; in
addition, the half-maximal inhibition was observed at 7 mM
concentration, while the concentration of 50 mM completely
blocked cell-cell adhesion (Ramanathan et al., 1996). Considering
that 7 mM is the concentration reached in the blood after
1 or 2 drinks, these data underlying the harmful effects of
maternal alcohol exposure induced by light drinking. In the
same study, the authors investigated if the alcohol was able to
affect the cell-cell adhesion processes also in cerebellar granule
cells obtained from PND8 rats, and clinically concentrations of
alcohol (5, 10, 25, and 50 mM) were added for 90 min. Here,
as well, the authors observed that alcohol inhibited the L1 cell-
adhesion, while had no effect on NCAM-140 (Ramanathan et al.,
1996). Intriguingly, the same experiments performed in mouse
fibroblasts transfected with human NCAM reported that the
alcohol exposure did not affect the cell-cell adhesion mediated by
NCAM (Ramanathan et al., 1996).

Similarly, Bearer and colleagues demonstrated the inhibitory
effect of alcohol at concentration 3–5 mM on L1-mediated
neurite outgrowth of cerebellar granule cells obtained from
PND6 rats within 12 h (Bearer et al., 1999). PAE effects on L1
in cerebellum has also been investigated in vivo. In one study, rat
pups on PND6 received 4.5, 5.25 and 6 g/kg of alcohol divided
into 2 doses 2 h apart, then sacrificed. Analysis found that the
percent of L1 in lipid rafts was significantly increase after alcohol
exposure (6 g/kg/day) (Littner et al., 2013). The inhibitory effect
mediated by alcohol on L1 adhesion, and the resultant disruption
of L1 cell-cell adhesion could justify the accumulation of L1 in the
lipid rafts (Tang et al., 2011).

The molecular mechanism behind this inhibitory effect
mediated by alcohol on L1-adhesion has also been examined.
Cerebellar granule neurons and dorsal root ganglion neurons
were exposed to 100 mM of alcohol. Utilizing confocal
microscopy the authors reported that alcohol exposure did not
affect L1 distribution to the growth cone, while an immunoblot
study revealed that the effect of alcohol on L1 is on its activation
of pp60src (Yeaney et al., 2009). Interestingly, a similar study
performed using cerebellar slices from PND7 rats reported that
the treatment with 20 or 100 mM of alcohol for 4, 24 h and
10 days did not alter L1 expression (Fitzgerald et al., 2011).

Importantly, the alcohol-binding site in the extracellular
domain of L1 has been identified utilizing photolabeling. This
work found that alcohol interacts with this site localized at the
interface between Ig1 and Ig4 domains (Arevalo et al., 2008;
Dou et al., 2011). Furthermore, the alcohol-inhibition of L1
adhesion can be abolished by decreasing the phosphorylation
of serine 1248 (S1248), an Erk2 substrate located to the L1

cytoplasmic domain (Dou et al., 2013). Recently, a study
identified three highly conserved sites on L1 cytoplasmic domain
involved in L1 sensitivity to alcohol; in fact, Dou and colleagues
found that the phosphorylation of L1 cytoplasmic domain
at S1152, S1176, S1181, and S1248 promotes L1 coupling
with ankyrin-G and spectrin-actin cytoskeleton facilitating L1
sensitivity to alcohol (Dou et al., 2018). In order to determine
if there is a correlation between this molecular pathway and
susceptibility to FASD, the authors studied the genes involved
in phosphorylation of L1 cytoplasmic domain. They found
that polymorphisms in genes encoding ankyrin-G and p90rsk,
a kinase that phosphorylates S1152 are associated with facial
anomalies observed in children exposed to heavy maternal
alcohol consumption (Dou et al., 2018).

Taken together, these studies clearly demonstrate that alcohol
exposure in particular during the third trimester of gestation
inhibits the cell adhesion process mediated by L1 without changes
in the protein expression, but through L1-ankyrin G association.
Intriguingly, the inhibitory effect is brain region-specific given
that the L1 association with lipid rafts is only observable in
cerebellum between PND 8–28 (Nakai and Kamiguchi, 2002).

The relation between L1 and FASD is further supported by
studies reporting that neuroprotective peptides are able to block
alcohol-inhibition of L1 adhesion in C57BL6J mouse embryos.
Embryos at gestational day 8 were exposed to alcohol (100 mM),
or in combination with the peptides NAPVSIPQ (NAP) and
SALLRSIPA (SAL). The incubation with alcohol for 20 h induced
neural tube defects, while co-incubation with neuropeptides
rescued these alterations (Chen et al., 2005). A more recent study
performed combining immunoprecipitation, Western blotting
and immunofluorescence in fibroblasts transfected with human
L1 demonstrated the protective effect of NAP. In fact, NAP is
able to stimulate the phosphorylation of the tyrosine-1229 at the
ankyrin binding motif of the L1 cytoplasmic domain, blocking
L1-ankyrin-G and spectrin-actin cytoskeleton association
through the activation of EphB2, a kinase that phosphorylates
L1-Y1229 (Dou et al., 2020). It is already established that the
interaction of EphB2 and L1 plays an important role during brain
development contributing to the signaling during hippocampal
development (Robichaux et al., 2014).

Overall, studies performed in the last 20 years have
characterized not only the inhibitory effect of alcohol on L1
adhesion process, but also the molecular mechanism involved
and the possible rescue processes. These findings might be useful
for future pharmacological approaches. Furthermore, the study
performed by Dou and colleagues, where they identified the
association between polymorphisms in genes encoding ankyrin-
G and FASD facial anomalies, suggests new studies in order to
understand if genetic regulation can alter FASD susceptibility
(Dou et al., 2018).

As previously mentioned, zebrafish have more recently
become utilized as a model of PAE. A study examining the
immersion of zebrafish embryos into 1% alcohol solution
(vol/vol%) at 24 h post-fertilization for 2 h found that this
approach reduced the NCAM expression in different brain
regions (Mahabir et al., 2018; Table 2). Interestingly, these data
could explain the lower serotonin and dopamine levels observed
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in zebrafish embryos after alcohol exposure (Buskea and Gerlaia,
2011), considering previous findings reporting the reduction of
serotonin transporter protein levels in different brain regions of
adult NCAM(-) (/) mice (Aonurm-Helm et al., 2015). Moreover,
it has been shown the involvement of NCAM in the trafficking
of the neurotransmitter receptor dopamine 2 (Xiao et al.,
2009). Taken together these findings demonstrated that different
prenatal alcohol exposure models affect significantly the NCAMs
in brain region-dependent manner, confirming the role of this
class of CAM as like alcohol target during CNS development.

CADHERINS

The cadherins represent a large family of proteins expressed in
simple and complex organisms, many of which participate in
Ca2+-dependent cell-cell adhesion process. There are more than
100 family members divided in four subgroups including classical
cadherins, protocadherins, desmosomal and unconventional
cadherins, which have a similar extracellular Ca2+-binding
region known as extracellular cadherin repeats (ECs) (Table 1;
Nollet et al., 2000; Angst et al., 2001; Shapiro et al., 2007;
Bian, 2012). Structurally, the classical cadherins are single-pass
transmembrane proteins, with a cytoplasmic actin-binding site,
while the extracellular site is composed of five EC domains
(EC1-5) (Shibata-Seki et al., 2020; Table 1). Cadherins mediate
homophilic or heterophilic interaction through a dimer of EC1-
5 (Patel et al., 2006; Brasch et al., 2018). Classical cadherins are
further divided into type I and II based on sequence comparison.
The first group includes neural cadherins (N-cadherins) and
epithelial cadherins (E-cadherins), which have a conserved
histidine-alanine-valine (HAV) amino acid sequence in the
distal EC (EC1), which is important for homophilic adhesion
(Takeichi, 1995; Halbleib and Nelson, 2006). Moreover, type I
class mediates a strong cell adhesion (Paulson et al., 2014). In
contrast, type II classical cadherins do not have a HAV motif, and
consequently are associated with less strong cell-adhesion (Thiery
et al., 2012). Furthermore, the catenins connect N-cadherin to
the actin cytoskeleton mediating the cadherin-mediated cell-
adhesion (Meng and Takeichi, 2009; Takeichi, 2014).

N-cadherin plays an important role in maintaining the
structural integrity of the neural tube and cortical structure
during development (Radice et al., 1997; Kadowaki et al., 2007;
Punovuori et al., 2021). The complexity of the CNS depends on
key role played by N-cadherin, which controls cell migration,
synapse formation and maintenance of progenitor pool (Togashi
et al., 2002; Bekirov et al., 2008; Rieger et al., 2009; Camand et al.,
2012; de Agustín-Durán et al., 2021). For this reason N-cadherin
levels are tightly regulated, and upregulation and downregulation
can lead to significant alterations during CNS development.
The overexpression of N-cadherin inhibits the differentiation of
neural progenitors, while downregulation induces a premature
differentiation (Barami et al., 1994: Rousso et al., 2012).

Additionally, E-cadherins are required for cell movement
during gastrulation (Babb and Marrs, 2004; Kane et al., 2005;
Solnica-Krezel, 2006; Morita and Heisenberg, 2013; Song et al.,
2013), and for developmental signaling pathways, including

including non-canonical Wnt (Ulrich et al., 2005), heterotrimeric
G-protein (Lin et al., 2009) and Pou5f1/Oct4 signaling pathways
(Song et al., 2013).

Numerous studies have demonstrated the pivotal role played
by Type I and Type II cadherins in the formation of specific
synaptic connections, in fact they are localized in both pre-
and post-synaptic terminals (Bekirov et al., 2002; Arikkath and
Reichardt, 2008; Williams et al., 2011; Basu et al., 2015). A recent
study described the important role of cadherins in developing
CNS including the organization into layers and the formation of
neuronal circuits (Polanco et al., 2021).

Prenatal Alcohol Exposure Affects
Cadherin Expression and Interactions
During CNS development, cadherin 8 is expressed in frontal and
motor cortices (Dye et al., 2011), and prenatal alcohol exposure
is able to alter the protein level of this CAM. Cadherin 8 is
a classical type II cadherin (Kido et al., 1998), and during the
perinatal and postnatal period it shows a restricted expression
patterns in specific brain regions including cortex, hippocampus
and striatum (Medina et al., 2004; Lefkovics et al., 2012). To
evaluate the effect of prenatal alcohol exposure on cadherin 8,
El Shawa and colleague exposed mouse dams to alcohol (25%
v/v) for the entire gestational period (GD 0.5-GD 19.5). Pups
were sacrificed at postnatal day 0, and in situ RNA hybridization
showed a significant increase of cadherin 8 expression in cortex
(El Shawa et al., 2013). The upregulation of N-cadherin induced
by alcohol exposure was further supported in a study where dams
mice were exposed to alcohol 10% solution for 17 days before and
up to day 10 of gestation (Coll et al., 2011). Western blotting data
showed a significant increase of E-and N-cadherins levels in E10
embryos coming from dams exposed to alcohol (Coll et al., 2011).

Disruptions in cadherins have also been shown in zebrafish
models. Zebrafish embryos exposed to 100 mM (0.6% vol/vol)
alcohol from to 2 to 8 h post-fertilization (hpf), and it was
shown that following 4.5 of exposure alcohol affected yolk cell
microtubule and E-cadherin distribution (Sarmah et al., 2013).
Alcohol effects on cell adhesion process were still observed
at 8 hpf (mid-gastrulation) and microarray analysis showed a
reduction in gene expression of protocadherin-18a (Pcdh-18a),
suggesting that alcohol exposure continued to affect cell-cell
communication in treated embryos (Sarmah et al., 2013).

Approximately 30 years ago, the class of protocadherin
was identified and described similar to cadherins, but with
the difference that they show six or seven ECs (Sano et al.,
1993). Despite this structural difference, similar to cadherins, the
protocadherin expression is regulated during CNS development,
and they play an important role during the specification of
neuronal identity (Pancho et al., 2020). Recently, a study
performed using chick embryos as experimental model reported
that alcohol exposure (2% alcohol) once every 1.5 days for 11 days
upregulated the N-cadherin and cadherin 6B expression, and
downregulated cadherin 7 in dorsal neural tube (Zhang et al.,
2017). These alterations in the protein expression may inhibit
neural crest cells migration leading to the craniofacial defects
(Zhang et al., 2017; Table 2).
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Despite the different experimental models used, the data
collected clearly demonstrated that alcohol exposure modulates
cadherin expression during early development. Overall, the data
suggest that abnormal regulation of cadherin expression could
explain the abnormalities observed in the neural tube following
developmental alcohol exposure.

INTEGRINS

Integrins are a class of CAMs that are major mediators of cell-
cell adhesion and cell-ECM interactions (Barczyk et al., 2010;
Ringer et al., 2017). Integrins are heterodimeric transmembrane
proteins consisting of α and β subunits, and electron microscopy
studies show that this class of CAMs has a globular head and
two leg regions (one formed by α subunits and the other by β

subunits; each region is subdivided in lower and upper leg) into
the plasma membrane (Table 1; Srichai and Zent, 2010). Each
subunit has an extracellular domain, a transmembrane domain,
and a cytoplasmic tail (Srichai and Zent, 2010). The α subunits
are responsible for ligand binding, while both α and β subunits
mediate the cell signal transduction (Srichai and Zent, 2010; Pan
et al., 2016). The integrin α subunits can be further divided
according to the presence of an I-domain, a crucial motif for
ligand binding. The extracellular domains of integrin α subunits
have a “metal-ion-dependent adhesive site” (MIDAS) that is able
to bind divalent metal cations, while the transmembrane domains
through 5 common amino acid sequences “GFFKR” regulate
integrin affinity by mediating an alpha-beta subunit cytoplasmic
tail interaction (Pan et al., 2016).

The structure of integrin β subunits is well described as an
I-like domain similar to I-domain characterized in α subunits.
This I-domain is a highly conserved region composed of 240
residues, and it contains two additional sections that either

are responsible for ligand binding (Huang et al., 2000; Xiong
et al., 2002). Moreover, they show a large extracellular domain,
a single-spanning transmembrane domain and a cytoplasmic tail
(Pan et al., 2016).

Importantly, integrins are expressed in brain areas heavily
involved in learning, memory and cognition including the
hippocampus, cerebellum, thalamus and cortex (Pinkstaff et al.,
1999; Clegg et al., 2003). There is strong evidence that these
proteins mediate the adhesion and migration of neuronal cells
during the developing of CNS (Galileo et al., 1992; Zhang and
Galileo, 1998; Anton et al., 1999; Clegg et al., 2003). Interestingly,
it has been reported that the neuronal migration during CNS
development is modulated also by the interaction with integrins
and the L1 (Silletti et al., 2000; Thelen et al., 2002).

Several integrin α and β subunits are highly expressed in
growth cones and synapses (Wu and Reddy, 2012; Park and
Goda, 2016), and it is well established their role in building and
maintain synaptic structure during the phases of the development
(Benson et al., 2000). In vitro studies have also shown that the
integrins are able to stabilize long term potentiation (LTP) after
induction (Stäubli et al., 1998; Babayan et al., 2012; Kerrisk et al.,
2014), therefore, integrins may be another CAM target of alcohol
considering their role during brain development.

Integrins and Prenatal Alcohol Exposure
Effects
Similarly to its CAM family members, there is some evidence that
integrins are affected by alcohol exposure during development.
Pharmacological concentrations of alcohol (1, 10, and 100 mM)
added to cultures of neural progenitor cells for 3 days modulate
the mRNA levels of genes involved in the cell adhesion pathways.
In particular, the expression of α integrin 5 and β integrin 3 was
significantly increased, while the β integrin 2 was downregulated

TABLE 2 | Prenatal alcohol exposure modulates CAMs expression in ex vivo and in vivo experimental models.

CAM Experimental model Doses/treatment Time of exposure Effect

PSA-NCAM Chick embryos 10 mg/50µl/day E1-5 Increase of protein expression

PSA-NCAM Rats 5% wt/vol Before mating, during gestation
and lactation

Increase of protein expression

NCAM-140, NCAM-180 Rats 5% wt/vol Before mating, during gestation
and lactation

Reduction of protein expression

NCAM-140, NCAM-180 Cultures of cortical neurons (16
day old fetuses)

400 mg/dl 48 h Reduction of protein expression

L1 Cultures of cerebellar granule
cells (PND8 rats)

5, 10, 25, 50 mM 90 min Inhibition L1 cell-adhesion

L1 Cultures of cerebellar granule
cells (PND6 rats)

3–5 mM 12 h Inhibition L1- mediated neurite
outgrowth

L1 Rats 6 g/kg/day PND6 Increase in lipid rafts

NCAMs Zebrafish 1% (vol/vol) 1 day after post-fertilization for
2 h

Reduction of protein expression

Cadherin-8 Mice 25% vol/vol Gestation Increase of protein expression

N-cadherin Chick embryos 2% vol/vol 3 days Increase of protein expression

N-cadherin Mice 10% (w/vol) 17 days previous and up to day
10 of gestation

Increase of protein expression

α-integrins and β-integrin 3 Neural progenitor cells 1, 10, 100 mM 3 days Increase of protein expression

β-integrin 2 Neural progenitor cells 1, 10, 100 mM 3 days Decrease of protein expression
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(Vangipuram et al., 2008). Considering that integrins play a
pivotal role in cell proliferation and migration during brain
development (Schmid and Anton, 2003), another experimental
investigation focused its attention on the integrin protein levels
in fetal cortices. The dams were exposed to alcohol (from
6 to 17 gestational days) using a liquid diet with increasing
concentrations of alcohol (v/v), precisely during GD 6 and 7 the
concentration was 2.2%, then increased to 4.5% during GD 8,
9 and 10, and 6.7% during GD 11 to 19. The offspring cortices
analyzed at gestational day 18 showed a significant increase of β

integrin 1, while a reduction for α integrin 3 (Rout and Dhossche,
2010; Table 2). These results could explain PAE’s effects on
thickness of cortical areas measured in mouse offspring (Abbott
et al., 2016), confirming the involvement of integrins in the
formation of cell layers in cortex.

While there is some evidence that integrins may be altered
by PAE, less work has focused on this class of CAMs than
either the NCAMs or cadherins. Considering the important
role by this class of cell adhesion molecules plays not only
during CNS development but also in learning and memory
processes, further investigation is needed in order to evaluate
the possible involvement of integrins in the cognitive deficits
observed in FASDs.

AREAS OF FUTURE FOCUS

In the last 50 years, the impact of alcohol consumption
during pregnancy has been extensively investigated, but the
molecular mechanisms underlining abnormalities observed in
PAE offspring are still not understood. Given the evidence
reviewed, it can be well established that alcohol also effects on
cell-cell interaction, in particular on cell adhesion molecules.
However, several areas are identified that need more focus to
understand how PAE affects these molecules.

Effects of Prenatal Alcohol Exposure
Variables
Despite CAMs being expressed throughout the brain, the
literature to date suggests that PAE modulates the protein
level expression in a region-specific manner. NCAMs expressed
in cortex are most consistently affected by alcohol exposure,
although the dosage, duration and gestational timing of PAE
models used all impact these effects. Since few studies have been
performed so far, future investigation will be needed to evaluate
the PAE’s effects in rodent model using different doses, time of
exposure and routes of administration. To date, the literature
specific to dose and model suggests that both low, moderate
and high alcohol exposure paradigms in rodent models lead
to significant alterations in the protein expression of different
CAMs, in particular NCAMs and N-cadherins. Given that recent
studies have identified gestational day (G12) as a vulnerable stage
during fetal development, especially for anxiety-like behavior in
offspring (Rouzer et al., 2017), it would be interesting and useful
to evaluate the impact on CAMs after a single day of alcohol
exposure in rodent models, considering the limits described in
the section about in vitro studies. Moreover, it is well established

that single P7 alcohol exposure reduces total brain volume in
adult animals P80 (Coleman et al., 2012). Considering these
interesting experimental findings and the role played by the
CAMs during the development, it would be appropriate to
evaluate the possible PAE effects in relation to the time exposure.

Interactions of Sex and Prenatal Alcohol
Exposure on Cell Adhesion Molecules
The collected data to date reveal an important gap present in
literature concerning the role of sex on PAE effects on NCAMs,
cadherins and integrins. At the time of this review none of
the studies performed in rodent models discussed here have
investigated the possible sex differences in expression of CAMs
following PAE. Recent focus on sex specific effects in PAE models
have revealed it to be a critical biological variable in several
widely utilized exposure models. For example, in a model of
third-trimester exposure (two injections of alcohol (20% w/v) 2 h
apart on P7) adult hippocampal neurogenesis was shown to be
altered in a sex-specific manner (Coleman et al., 2012). Similarly,
“drinking in the dark exposure” during first and second trimester
equivalent was found to impair visuospatial discrimination
robustly in females, but not in males (Kenton et al., 2020).
That same exposure model was recently shown to alter evoked
N-methyl-D-aspartate (NMDA) currents in orbital frontal cortex
pyramidal neurons in a sex specific manner (Licheri et al.,
2021). Considering the important role played by CAMs in
synaptogenesis, it might be possible that this sex-specific effect
could be mediated by molecular mechanisms involving this
class of molecules. Interestingly, recent studies describe sex-
related changes in dendritic and synaptic architecture during
human brain development (Duerden et al., 2020). In addition, sex
differences were seen in the gene expression levels of postsynaptic
cell-adhesion in rats between P5 and P7 days (Srancikova et al.,
2021). Together, these studies underline the importance of
investigating the role of sex in the effects of alcohol on cell-
adhesion molecules in morphological, sensory and cognitive
effects in FASD.

CONCLUSION

There is strong evidence across several preclinical models,
and from limited clinical studies, for the involvement of
CAMs in the development of neurobiological abnormalities and
behavioral effects following PAE. While more work needs to
be done to disentangle the role of specific CAMs in these
processes, the potential for this class of proteins for developing
pharmacological therapies makes this an important area of
research focus going forward.

AUTHOR CONTRIBUTIONS

VL performed literature search and outline, and wrote the review.
JLB contributed to the final draft. Both authors revised the final
draft for important intellectual content.

Frontiers in Molecular Neuroscience | www.frontiersin.org 9 December 2021 | Volume 14 | Article 753537

https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/molecular-neuroscience#articles


fnmol-14-753537 December 9, 2021 Time: 17:24 # 10

Licheri and Brigman Cell Adhesion Alterations in FASDs

REFERENCES
Abbott, C. W., Kozanian, O. O., Kanaan, J., Wendel, K. M., and Huffman, K. J.

(2016). The Impact of Prenatal Ethanol Exposure on Neuroanatomical and
Behavioral Development in Mice. Alcohol. Clin. Exp. Res. 40, 122–133. doi:
10.1111/acer.12936

Akers, K. G., Kushner, S. A., Leslie, A. T., Clarke, L., van der Kooy, D., Lerch,
J. P., et al. (2011). Fetal alcohol exposure leads to abnormal olfactory bulb
development and impaired odor discrimination in adult mice. Mol. Brain 4:29.
doi: 10.1186/1756-6606-4-29

Ali, S., Mil, H. G. J. V., and Richardson, M. K. (2011). Large-Scale Assessment of
the Zebrafish Embryo as a Possible Predictive Model in Toxicity Testing. PLoS
One 6:e21076. doi: 10.1371/journal.pone.0021076

Almeida, L., Andreu-Fernández, V., Navarro-Tapia, E., Aras-López, R., Serra-
Delgado, M., Martínez, L., et al. (2020). Murine Models for the Study of Fetal
Alcohol Spectrum Disorders: An Overview. Front. Pediatr. 8:359. doi: 10.3389/
fped.2020.00359

Angst, B. D., Marcozzi, C., and Magee, A. I. (2001). The cadherin superfamily:
diversity in form and function. J. Cell Sci. 114(Pt 4), 629–641.

Anthony, B., Vinci-Booher, S., Wetherill, L., Ward, R., Goodlett, C., and Zhou,
F. C. (2010). Alcohol-induced facial dysmorphology in C57BL/6 mouse models
of fetal alcohol spectrum disorder. Alcohol. 44, 659–671. doi: 10.1016/j.alcohol.
2010.04.002

Anton, E. S., Kreidberg, J. A., and Rakic, P. (1999). Distinct functions of alpha3 and
alpha(v) integrin receptors in neuronal migration and laminar organization of
the cerebral cortex. Neuron 22, 277–289. doi: 10.1016/s0896-6273(00)81089-2

Aonurm-Helm, A., Anier, K., Zharkovsky, T., Castrén, E., Rantamäki, T., and
Stepanov, V. (2015). NCAM-deficient mice show prominent abnormalities in
serotonergic and BDNF systems in brain - Restoration by chronic amitriptyline.
Eur. Neuropsychopharmacol. 25, 2394–2403. doi: 10.1016/j.euroneuro.2015.10.
001

Arevalo, E., Shanmugasundararaj, S., Wilkemeyer, M. F., Dou, X., Chen, S.,
Charness, M. E., et al. (2008). An alcohol binding site on the neural cell adhesion
molecule L1. Proc. Natl. Acad. Sci. U S A. 105, 371–375. doi: 10.1073/pnas.
0707815105

Arikkath, J., and Reichardt, L. F. (2008). Cadherins and catenins at synapses:
roles in synaptogenesis and synaptic plasticity. Trends Neurosci. 31, 487–494.
doi: 10.1016/j.tins.2008.07.001

Arzua, T., Yan, Y., Jiang, C., Logan, S., Allison, R. L., and Wells, C. M. (2020).
Modeling alcohol-induced neurotoxicity using human induced pluripotent
stem cell-derived three-dimensional cerebral organoids. Transl. Psychiatry
10:347. doi: 10.1038/s41398-020-01029-4

Atkins, A. R., Gallin, W. J., Owens, G. C., Edelman, G. M., and Cunningham,
B. A. (2004). Neural cell adhesion molecule (N-CAM) homophilic binding
mediated by the two N-terminal Ig domains is influenced by intramolecular
domain-domain interactions. J. Biol. Chem. 279, 49633–49643. doi: 10.1074/jbc.
M409159200

Babayan, A. H., Kramár, E. A., Barrett, R. M., Jafari, M., Häettig, J., Chen,
L. Y., et al. (2012). Integrin dynamics produce a delayed stage of long-term
potentiation and memory consolidation. J. Neurosci. 32, 12854–12861. doi:
10.1523/JNEUROSCI.2024-12.2012

Babb, S. G., and Marrs, J. A. (2004). E-cadherin regulates cell movements and tissue
formation in early zebrafish embryos. Dev. Dyn. 230, 263–277. doi: 10.1002/
dvdy.20057

Balaraman, S., Winzer-Serhan, U. H., and Miranda, R. C. (2012). Opposing actions
of ethanol and nicotine on microRNAs are mediated by nicotinic acetylcholine
receptors in fetal cerebral cortical-derived neural progenitor cells. Alcohol. Clin.
Exp. Res. 36, 1669–1677. doi: 10.1111/j.1530-0277.2012.01793.x

Barami, K., Kirschenbaum, B., Lemmon, V., and Goldman, S. A. (1994). N-
cadherin and Ng-CAM/8D9 are involved serially in the migration of newly
generated neurons into the adult songbird brain. Neuron 13, 567–582. doi:
10.1016/0896-6273(94)90026-4

Barczyk, M., Carracedo, S., and Gullberg, D. (2010). Integrins. Cell Tissue Res. 339,
269–280. doi: 10.1007/s00441-009-0834-6

Barry, J., Gu, Y., and Gu, C. (2010). Polarized targeting of L1-CAM regulates
axonal and dendritic bundling in vitro. Eur. J. Neurosci. 10, 1618–1631. doi:
10.1111/j.1460-9568.2010.07447.x

Basu, R., Taylor, M. R., and Williams, M. E. (2015). The classic cadherins in synaptic
specificity. Cell Adh. Migr. 9, 193–201. doi: 10.1080/19336918.2014.1000072

Bearer, C. F., Swick, A. R., O’Riordan, M. A., and Cheng, G. (1999). Ethanol inhibits
L1CAM-mediated neurite outgrowth in postnatal rat cerebellar granule cells.
J. Biol. Chem. 274, 13264–13270.

Bekirov, H., Needleman, L. A., Zhang, W., and Benson, D. L. (2002). Identification
and localization of multiple classic cadherins in developing rat limbic system.
Neuroscience 115, 213–227. doi: 10.1016/s0306-4522(02)00375-5

Bekirov, I. H., Nagy, V., Svoronos, A., Huntley, G. W., and Benson, D. L.
(2008). Cadherin-8 and N-cadherin differentially regulate pre- and postsynaptic
development of the hippocampal mossy fiber pathway. Hippocampus 18, 349–
363. doi: 10.1002/hipo.20395

Bennett, V., and Baines, A. J. (2001). Spectrin and ankyrin-based pathways:
metazoan inventions for integrating cells into tissues. Physiol. Rev. 81, 1353–
1392. doi: 10.1152/physrev.2001.81.3.1353

Benson, D. L., Schnapp, L. M., Shapiro, L., and Huntley, G. W. (2000). Making
memories stick: cell-adhesion molecules in synaptic plasticity. Trends Cell Biol.
10, 473–482. doi: 10.1016/s0962-8924(00)01838-9

Bertrand, J., Floyd, L. L., and Weber, M. K. (2005). Fetal Alcohol Syndrome
Prevention Team, Division of Birth Defects and Developmental Disabilities,
National Center on Birth Defects and Developmental Disabilities, Centers
for Disease Control and Prevention (CDC). Guidelines for identifying and
referring persons with fetal alcohol syndrome. MMWR Recomm. Rep. 54,
1–14.

Bian, S. (2012). Cell adhesion molecules in neural stem cell and stem cell-based
therapy for neural disorders. Neural. Stem Cells-New Perspect. 2012:55136. doi:
10.5772/55136

Bird, C. W., Candelaria-Cook, F. T., Magcalas, C. M., Davies, S., Valenzuela, C. F.,
Savage, D. D., et al. (2015). Moderate prenatal alcohol exposure enhances
GluN2B containing NMDA receptor binding and ifenprodil sensitivity in rat
agranular insular cortex. PLoS One 10:e0118721. doi: 10.1371/journal.pone.
0118721

Bonfanti, L. (2006). PSA-NCAM in mammalian structural plasticity and
neurogenesis. Prog Neurobiol. 80, 129–164. doi: 10.1016/j.pneurobio.2006.08.
003

Bonthius, D. J., and West, J. R. (1990). Alcohol-induced neuronal loss in developing
rats: increased brain damage with binge exposure. Alcohol Clin. Exp. Res. 14,
107–118. doi: 10.1111/j.1530-0277.1990.tb00455.x

Boronat, S., Sánchez-Montañez, A., Gómez-Barros, N., Jacas, C., Martínez-Ribot,
L., Vázquez, E., et al. (2017). Correlation between morphological MRI findings
and specific diagnostic categories in fetal alcohol spectrum disorders. Eur. J.
Med. Genet. 1, 65–71. doi: 10.1016/j.ejmg.2016.09.003

Bower, E., Szajer, J., Mattson, S. N., Riley, E. P., and Murphy, C. (2013). Impaired
odor identification in children with histories of heavy prenatal alcohol exposure.
Alcohol. 47, 275–278. doi: 10.1016/j.alcohol.2013.03.002

Brasch, J., Katsamba, P. S., Harrison, O. J., Ahlsén, G., Troyanovsky, R. B., Indra,
I., et al. (2018). Homophilic and Heterophilic Interactions of Type II Cadherins
Identify Specificity Groups Underlying Cell-Adhesive Behavior. Cell Rep. 23,
1840–1852. doi: 10.1016/j.celrep.2018.04.012

Brennaman, L. H., and Maness, P. F. (2008). Developmental regulation of
GABAergic interneuron branching and synaptic development in the prefrontal
cortex by soluble neural cell adhesion molecule. Mol. Cell Neurosci. 37, 781–793.
doi: 10.1016/j.mcn.2008.01.006

Buskea, C., and Gerlaia, R. (2011). Early embryonic ethanol exposure
impairs shoaling and the dopaminergic and serotoninergic systems in
adult zebrafish. Neurotoxicol. Teratol. 33, 698–707. doi: 10.1016/j.ntt.2011.
05.009

Camand, E., Peglion, F., Osmani, N., Sanson, M., and Etienne-Manneville, S.
(2012). N-cadherin expression level modulates integrin-mediated polarity and
strongly impacts on the speed and directionality of glial cell migration. J. Cell
Sci. 125(Pt 4), 844–857. doi: 10.1242/jcs.087668

Cameron, S., and McAllister, A. K. (2018). Immunoglobulin-Like Receptors and
Their Impact on Wiring of Brain Synapses. Annu. Rev. Genet. 52, 567–590.
doi: 10.1146/annurev-genet-120417-031513

Cao, W., Li, W., Han, H., O’Leary-Moore, S. K., Sulik, K. K., Allan Johnson, G.,
et al. (2014). Prenatal alcohol exposure reduces magnetic susceptibility contrast
and anisotropy in the white matter of mouse brains. NeuroImage 102, 748–755.
doi: 10.1016/j.neuroimage.2014.08.035

Caputo, C., Wood, E., and Jabbour, L. (2016). Impact of fetal alcohol exposure on
body systems: A systematic review. Birth Defects Res. C. Embryo Today 108,
174–180. doi: 10.1002/bdrc.21129

Frontiers in Molecular Neuroscience | www.frontiersin.org 10 December 2021 | Volume 14 | Article 753537

https://doi.org/10.1111/acer.12936
https://doi.org/10.1111/acer.12936
https://doi.org/10.1186/1756-6606-4-29
https://doi.org/10.1371/journal.pone.0021076
https://doi.org/10.3389/fped.2020.00359
https://doi.org/10.3389/fped.2020.00359
https://doi.org/10.1016/j.alcohol.2010.04.002
https://doi.org/10.1016/j.alcohol.2010.04.002
https://doi.org/10.1016/s0896-6273(00)81089-2
https://doi.org/10.1016/j.euroneuro.2015.10.001
https://doi.org/10.1016/j.euroneuro.2015.10.001
https://doi.org/10.1073/pnas.0707815105
https://doi.org/10.1073/pnas.0707815105
https://doi.org/10.1016/j.tins.2008.07.001
https://doi.org/10.1038/s41398-020-01029-4
https://doi.org/10.1074/jbc.M409159200
https://doi.org/10.1074/jbc.M409159200
https://doi.org/10.1523/JNEUROSCI.2024-12.2012
https://doi.org/10.1523/JNEUROSCI.2024-12.2012
https://doi.org/10.1002/dvdy.20057
https://doi.org/10.1002/dvdy.20057
https://doi.org/10.1111/j.1530-0277.2012.01793.x
https://doi.org/10.1016/0896-6273(94)90026-4
https://doi.org/10.1016/0896-6273(94)90026-4
https://doi.org/10.1007/s00441-009-0834-6
https://doi.org/10.1111/j.1460-9568.2010.07447.x
https://doi.org/10.1111/j.1460-9568.2010.07447.x
https://doi.org/10.1080/19336918.2014.1000072
https://doi.org/10.1016/s0306-4522(02)00375-5
https://doi.org/10.1002/hipo.20395
https://doi.org/10.1152/physrev.2001.81.3.1353
https://doi.org/10.1016/s0962-8924(00)01838-9
https://doi.org/10.5772/55136
https://doi.org/10.5772/55136
https://doi.org/10.1371/journal.pone.0118721
https://doi.org/10.1371/journal.pone.0118721
https://doi.org/10.1016/j.pneurobio.2006.08.003
https://doi.org/10.1016/j.pneurobio.2006.08.003
https://doi.org/10.1111/j.1530-0277.1990.tb00455.x
https://doi.org/10.1016/j.ejmg.2016.09.003
https://doi.org/10.1016/j.alcohol.2013.03.002
https://doi.org/10.1016/j.celrep.2018.04.012
https://doi.org/10.1016/j.mcn.2008.01.006
https://doi.org/10.1016/j.ntt.2011.05.009
https://doi.org/10.1016/j.ntt.2011.05.009
https://doi.org/10.1242/jcs.087668
https://doi.org/10.1146/annurev-genet-120417-031513
https://doi.org/10.1016/j.neuroimage.2014.08.035
https://doi.org/10.1002/bdrc.21129
https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/molecular-neuroscience#articles


fnmol-14-753537 December 9, 2021 Time: 17:24 # 11

Licheri and Brigman Cell Adhesion Alterations in FASDs

Chen, S. Y., Charness, M. E., Wilkemeyer, M. F., and Sulik, K. K. (2005). Peptide-
mediated protection from ethanol-induced neural tube defects. Dev. Neurosci.
27, 13–19. doi: 10.1159/000084528

Chen, X., Coles, C. D., Lynch, M. E., and Hu, X. (2012). Understanding specific
effects of prenatal alcohol exposure on brain structure in young adults. Hum.
Brain Mapp. 33, 1663–1676. doi: 10.1002/hbm.21313

Chotia, C., and Jones, E. Y. (1997). The molecular structure of cell adhesion
molecules. Annu Rev. Biochem. 66, 823–862. doi: 10.1146/annurev.biochem.66.
1.823

Chudley, A. E., Conry, J., Cook, J. L., Loock, C., Rosales, T., and LeBlanc, N. (2005).
Fetal alcohol spectrum disorder: Canadian guidelines for diagnosis. CMAJ.
172(5 Suppl.), S1–S21. doi: 10.1503/cmaj.1040302

Chuong, C. M., and Edelman, G. M. (1984). Alterations in neural cell adhesion
molecules during development of different regions of the nervous system.
J. Neurosci. 4, 2354–2368. doi: 10.1523/JNEUROSCI.04-09-02354.1984

Clegg, D. O., Wingerd, K. L., Hikita, S. T., and Tolhurst, E. C. (2003). Integrins in
the development, function and dysfunction of the nervous system. Front. Biosci.
8:d723–d750. doi: 10.2741/1020

Colby, J. B., Smith, L., O’Connor, M. J., Bookheimer, S. Y., Van Horn, J. D., and
Sowell, E. R. (2012). White matter microstructural alterations in children with
prenatal methamphetamine/polydrug exposure. Psychiatry Res. 204, 140–148.
doi: 10.1016/j.pscychresns.2012.04.017

Coleman, L. G. Jr, Oguz, I., Lee, J., Styner, M., and Crews, F. T. (2012). Postnatal day
7 ethanol treatment causes persistent reductions in adult mouse brain volume
and cortical neurons with sex specific effects on neurogenesis. Alcohol. 46,
603–612. doi: 10.1016/j.alcohol.2012.01.003

Coll, T. A., Perez Tito, L., Sobarzo, C. M. A., and Cebral, E. (2011). Embryo
developmental disruption during organogenesis produced by CF-1 murine
periconceptional alcohol consumption. Birth Defects Res. B Dev. Reprod Toxicol.
92, 560–574. doi: 10.1002/bdrb.20329

Cook, J. L., Green, C. R., Lilley, C. M., Anderson, S. M., Baldwin, M. E., Chudley,
A. E., et al. (2016). Fetal alcohol spectrum disorder: a guideline for diagnosis
across the lifespan. CMAJ. 188, 191–197. doi: 10.1503/cmaj.141593

Cox, E. T., Brennaman, L. H., Gable, K. L., Hamer, R. M., Glantz, L. A.,
Lamantia, A. S., et al. (2009). Developmental regulation of neural cell adhesion
molecule in human prefrontal cortex. Neuroscience 162, 96–105. doi: 10.1016/j.
neuroscience.2009.04.037

Cremer, H., Lange, R., Christoph, A., Plomann, M., Vopper, G., Roes, J., et al.
(1994). Inactivation of the N-CAM gene in mice results in size reduction of
the olfactory bulb and deficits in spatial learning. Nature 367, 455–459. doi:
10.1038/367455a0

Crossin, K. L., and Krushel, L. A. (2000). Cellular signaling by neural cell adhesion
molecules of the immunoglobulin superfamily. Dev. Dyn. 218, 260–279. doi:
10.1002/(SICI)1097-0177(200006)218:2<260::AID-DVDY3<3.0.CO;2-9

de Agustín-Durán, D., Mateos-White, I., Fabra-Beser, J., and Gil-Sanz, C. (2021).
Stick around: Cell-Cell Adhesion Molecules during Neocortical Development.
Cells 10:118. doi: 10.3390/cells10010118

Donald, K. A., Eastman, E., Howells, F. M., Adnams, C., Riley, E. P., Woods,
R. P., et al. (2015). Neuroimaging effects of prenatal alcohol exposure on
the developing human brain: a magnetic resonance imaging review. Acta
Neuropsychiatr. 27, 251–269. doi: 10.1017/neu.2015.12

Doney, R., Lucas, B. R., Jones, T., Howat, P., Sauer, K., and Elliott, E. J. (2014).
Fine motor skills in children with prenatal alcohol exposure or fetal alcohol
spectrum disorder. J. Dev. Behav. Pediatr. 35, 598–609. doi: 10.1097/DBP.
0000000000000107

Dou, X., Lee, J. Y., and Charness, M. E. (2020). Neuroprotective Peptide
NAPVSIPQ Antagonizes Ethanol Inhibition of L1 Adhesion by Promoting the
Dissociation of L1 and Ankyrin-G. Biol. Psychiatry 87, 656–665. doi: 10.1016/j.
biopsych.2019.08.020

Dou, X., Menkari, C., Mitsuyama, R., Foroud, T., Wetherill, L., and Hammond, P.
(2018). L1 coupling to ankyrin and the spectrin-actin cytoskeleton modulates
ethanol inhibition of L1 adhesion and ethanol teratogenesis. FASEB J. 32,
1364–1374. doi: 10.1096/fj.201700970

Dou, X., Menkari, C. E., Shanmugasundararaj, S., Miller, K. W., and Charness, M. E.
(2011). Two alcohol binding residues interact across a domain interface of the
L1 neural cell adhesion molecule and regulate cell adhesion. J. Biol. Chem. 286,
16131–16139. doi: 10.1074/jbc.M110.209254

Dou, X., Wilkemeyer, M. F., Menkari, C. E., Parnell, S. E., Sulik, K. K., and
Charness, M. E. (2013). Mitogen-activated protein kinase modulates ethanol
inhibition of cell adhesion mediated by the L1 neural cell adhesion molecule.
Proc. Natl. Acad. Sci. U S A. 110, 5683–5688. doi: 10.1073/pnas.1221386110

Doyle, E., Nolan, P. M., Bell, R., and Regan, C. M. (1992). Intraventricular infusions
of anti-neural cell adhesion molecules in a discrete posttraining period impair
consolidation of a passive avoidance response in the rat. J. Neurochem. 59,
1570–1573. doi: 10.1111/j.1471-4159.1992.tb08477.x

Duerden, E. G., Chakravarty, M. M., Lerch, J. P., and Taylor, M. J. (2020). Sex-Based
Differences in Cortical and Subcortical Development in 436 Individuals Aged
4-54 Years. Cereb. Cortex. 30, 2854–2866. doi: 10.1093/cercor/bhz279

Duncan, B. W., Murphy, K. E., and Maness, P. F. (2021). Molecular Mechanisms
of L1 and NCAM Adhesion Molecules in Synaptic Pruning, Plasticity,
and Stabilization. Front. Cell Dev. Biol. 9:625340. doi: 10.3389/fcell.2021.62
5340

Dursun, I., Jakubowska-Dog, E., Elibol-Can, B., van der List, D., Chapman, B., Qi,
L., et al. (2013). Effects of early postnatal alcohol exposure on the developing
retinogeniculate projections in C57BL/6 mice. Alcohol 47, 173–179. doi: 10.
1016/j.alcohol.2012.12.013

Dursun, I., Jakubowska-Dog, E., van der List, D., Leits, L. C., Coombs, J. L.,
and Berman, R. F. (2011). Effects of early postnatal exposure to ethanol on
retinal ganglion cell morphology and numbers of neurons in the dorsolateral
geniculate in mice. Alcohol. Clin. Exp. Res. 35, 2063–2074. doi: 10.1111/j.1530-
0277.2011.01557.x

Dye, C. A., El Shawa, H., and Huffman, K. J. (2011). A lifespan analysis of
intraneocortical connections and gene expression in the mouse I. Cereb Cortex
21, 1311–1330. doi: 10.1093/cercor/bhq212

El Shawa, H. E., Abbott, C. W., and Huffman, K. J. (2013). Prenatal ethanol
exposure disrupts intraneocortical circuitry, cortical gene expression, and
behavior in a mouse model of FASD. J. Neurosci. 33, 18893–18905. doi: 10.1523/
JNEUROSCI.3721-13.2013

Facciol, A., and Gerlai, R. (2020). Zebrafish Shoaling, Its Behavioral and
Neurobiological Mechanisms, and Its Alteration by Embryonic Alcohol
Exposure: A Review. Front Behav. Neurosci. 14:572175. doi: 10.3389/fnbeh.
2020.572175

Fields, R. D., and Stevens-Graham, B. (2002). New insights into neuron-glia
communication. Science 298, 556–562. doi: 10.1126/science.298.5593.556

Finer, L. B., and Zolna, M. R. (2016). Declines in Unintended Pregnancy in
the United States, 2008-2011. N. Engl. J. Med. 374, 843–852. doi: 10.1056/
NEJMsa1506575

Fischer, G., Künemund, V., and Schachner, M. (1986). Neurite outgrowth patterns
in cerebellar microexplant cultures are affected by antibodies to the cell surface
glycoprotein L1. J. Neurosci. 6, 605–612. doi: 10.1523/JNEUROSCI.06-02-
00605.1986

Fitzgerald, D. M., Charness, M. E., Leite-Morris, K. A., and Chen, S. (2011).
Effects of ethanol and NAP on cerebellar expression of the neural cell adhesion
molecule L1. PLoS One 6:e24364. doi: 10.1371/journal.pone.0024364

Fontaine, C. J., Patten, A. R., Sickmann, H. M., Helfer, J. L., and Christie, B. R.
(2016). Effects of pre-natal alcohol exposure on hippocampal synaptic plasticity:
Sex, age and methodological considerations. Neurosci. Biobehav. Rev. 64, 12–34.
doi: 10.1016/j.neubiorev.2016.02.014

Franco, S. J., and Müller, U. (2013). Shaping our minds: stem and progenitor
cell diversity in the mammalian neocortex. Neuron 77, 19–34. doi: 10.1016/j.
neuron.2012.12.022

Franklin, L., Deitz, J., Jirikowic, T., and Astley, S. (2008). Children with fetal alcohol
spectrum disorders: problem behaviors and sensory processing. Am. J. Occup.
Ther. 62, 265–273. doi: 10.5014/ajot.62.3.265

Frei, J. A., and Stoeckli, E. T. (2017). SynCAMs - From axon guidance to
neurodevelopmental disorders. Mol. Cell Neurosci. 81, 41–48. doi: 10.1016/j.
mcn.2016.08.012

Frei, T., von Bohlen und Halbach, F., Wille, W., and Schachner, M. (1992).
Different extracellular domains of the neural cell adhesion molecule (N-CAM)
are involved in different functions. J. Cell Biol. 118, 177–194. doi: 10.1083/jcb.
118.1.177

Galileo, D. S., Majors, J., Horwitz, A. F., and Sanes, J. R. (1992). Retrovirally
introduced antisense integrin RNA inhibits neuroblast migration in vivo.
Neuron 9, 1117–1131. doi: 10.1016/0896-6273(92)90070-t

Frontiers in Molecular Neuroscience | www.frontiersin.org 11 December 2021 | Volume 14 | Article 753537

https://doi.org/10.1159/000084528
https://doi.org/10.1002/hbm.21313
https://doi.org/10.1146/annurev.biochem.66.1.823
https://doi.org/10.1146/annurev.biochem.66.1.823
https://doi.org/10.1503/cmaj.1040302
https://doi.org/10.1523/JNEUROSCI.04-09-02354.1984
https://doi.org/10.2741/1020
https://doi.org/10.1016/j.pscychresns.2012.04.017
https://doi.org/10.1016/j.alcohol.2012.01.003
https://doi.org/10.1002/bdrb.20329
https://doi.org/10.1503/cmaj.141593
https://doi.org/10.1016/j.neuroscience.2009.04.037
https://doi.org/10.1016/j.neuroscience.2009.04.037
https://doi.org/10.1038/367455a0
https://doi.org/10.1038/367455a0
https://doi.org/10.1002/(SICI)1097-0177(200006)218:2<260::AID-DVDY3<3.0.CO;2-9
https://doi.org/10.1002/(SICI)1097-0177(200006)218:2<260::AID-DVDY3<3.0.CO;2-9
https://doi.org/10.3390/cells10010118
https://doi.org/10.1017/neu.2015.12
https://doi.org/10.1097/DBP.0000000000000107
https://doi.org/10.1097/DBP.0000000000000107
https://doi.org/10.1016/j.biopsych.2019.08.020
https://doi.org/10.1016/j.biopsych.2019.08.020
https://doi.org/10.1096/fj.201700970
https://doi.org/10.1074/jbc.M110.209254
https://doi.org/10.1073/pnas.1221386110
https://doi.org/10.1111/j.1471-4159.1992.tb08477.x
https://doi.org/10.1093/cercor/bhz279
https://doi.org/10.3389/fcell.2021.625340
https://doi.org/10.3389/fcell.2021.625340
https://doi.org/10.1016/j.alcohol.2012.12.013
https://doi.org/10.1016/j.alcohol.2012.12.013
https://doi.org/10.1111/j.1530-0277.2011.01557.x
https://doi.org/10.1111/j.1530-0277.2011.01557.x
https://doi.org/10.1093/cercor/bhq212
https://doi.org/10.1523/JNEUROSCI.3721-13.2013
https://doi.org/10.1523/JNEUROSCI.3721-13.2013
https://doi.org/10.3389/fnbeh.2020.572175
https://doi.org/10.3389/fnbeh.2020.572175
https://doi.org/10.1126/science.298.5593.556
https://doi.org/10.1056/NEJMsa1506575
https://doi.org/10.1056/NEJMsa1506575
https://doi.org/10.1523/JNEUROSCI.06-02-00605.1986
https://doi.org/10.1523/JNEUROSCI.06-02-00605.1986
https://doi.org/10.1371/journal.pone.0024364
https://doi.org/10.1016/j.neubiorev.2016.02.014
https://doi.org/10.1016/j.neuron.2012.12.022
https://doi.org/10.1016/j.neuron.2012.12.022
https://doi.org/10.5014/ajot.62.3.265
https://doi.org/10.1016/j.mcn.2016.08.012
https://doi.org/10.1016/j.mcn.2016.08.012
https://doi.org/10.1083/jcb.118.1.177
https://doi.org/10.1083/jcb.118.1.177
https://doi.org/10.1016/0896-6273(92)90070-t
https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/molecular-neuroscience#articles


fnmol-14-753537 December 9, 2021 Time: 17:24 # 12

Licheri and Brigman Cell Adhesion Alterations in FASDs

Gennarini, G., Hirsch, M. R., He, H. T., Hirn, M., Finne, J., and Goridis, C.
(1986). Differential expression of mouse neural cell-adhesion molecule (N-
CAM) mRNA species during brain development and in neural cell lines.
J. Neurosci. 6, 1983–1990. doi: 10.1523/JNEUROSCI.06-07-01983.1986

Goodlett, C. R., and Horn, K. H. (2001). Mechanism of alcohol-induced damage to
the developing nervous system. Alcohol Res. Health. 25, 175–184.

Green, C. R., Mihic, A. M., Nikkel, S. M., Stade, B. C., Rasmussen, C., Munoz, D. P.,
et al. (2009). Executive function deficits in children with fetal alcohol spectrum
disorders (FASD) measured using the Cambridge Neuropsychological Tests
Automated Battery (CANTAB). J. Child Psychol. Psychiatry Allied Disc. 50,
688–697. doi: 10.1111/j.1469-7610.2008.01990.x

Green, P. P., McKnight-Eily, L. R., Tan, C. H., Mejia, R., and Denny, C. H. (2016).
Vital Signs: Alcohol-Exposed Pregnancies–United States, 2011-2013. MMWR
Morb. Mortal. Wkly Rep. 65, 91–97. doi: 10.15585/mmwr.mm6504a6

Grumet, M. (1997). A cell adhesion molecule with ligand and receptor functions.
Cell Tissue Res. 290, 423–428. doi: 10.1007/s004410050949

Guerri, C., Bazinet, A., and Riley, E. P. (2009). Foetal Alcohol Spectrum Disorders
and Alterations in Brain and Behaviour. Alcohol. Alcoholism. 44, 108–114.
doi: 10.1093/alcalc/agn105

Guerri, C., Pascual, M., and Renau-Piqueras, J. (2001). Glia and fetal alcohol
syndrome. Neurotoxicology 22, 593–599. doi: 10.1016/s0161-813x(01)00037-7

Guerri, C., and Renau Piqueras, J. (1997). Alcohol, astroglia and brain
development. Mol. Neurobiol. 15, 65–81. doi: 10.1007/BF02740616

Guizzetti, M., Moore, N. H., Giordano, G., and Costa, L. G. (2008). Modulation
of neuritogenesis by astrocyte muscarinic receptors. J.Biol.Chem. 283, 31884–
31897. doi: 10.1074/jbc.M801316200

Guizzetti, M., Zhang, X., Goeke, C., and Gavin, D. P. (2014). Glia and
neurodevelopment: focus on fetal alcohol spectrum disorders. Front. Pediatr.
2:123. doi: 10.3389/fped.2014.00123

Halbleib, J. M., and Nelson, W. J. (2006). Cadherins in development: cell adhesion,
sorting, and tissue morphogenesis. Genes Dev. 20, 3199–3214. doi: 10.1101/gad.
1486806

Hendrickson, T. J., Mueller, B. A., Sowell, E. R., Mattson, S. N., Coles, C. D., Kable,
J. A., et al. (2018). Two-year cortical trajectories are abnormal in children and
adolescents with prenatal alcohol exposure. Dev. Cogn. Neurosci. 30, 123–133.
doi: 10.1016/j.dcn.2018.02.008

Hippenmeyer, S. (2013). Cellular and Molecular Control of Neuronal Migration.
Adv. Exp. Med. Biol. 800, 1–24. doi: 10.1007/978-94-007-7687-6_1

Hirano, S., and Takeichi, M. (2012). Cadherins in brain morphogenesis and wiring.
Physiol. Rev. 92, 597–634. doi: 10.1152/physrev.00014.2011

Hofer, R., and Burd, L. (2009). Review of published studies of kidney, liver, and
gastrointestinal birth defects in fetal alcohol spectrum disorders. Birth Defects
Res. A Clin. Mol. Teratol. 85, 179–183. doi: 10.1002/bdra.20562

Homrich, M., Gotthard, I., Wobst, H., and Diestel, S. (2015). Cell Adhesion
Molecules and Ubiquitination-Functions and Significance. Biology 5:1. doi: 10.
3390/biology5010001

Hu, H., Tomasiewicz, H., Magnuson, T., and Rutishauser, U. (1996). The role
of polysialic acid in migration of olfactory bulb interneuron precursors in
the subventricular zone. Neuron. 16, 735–743. doi: 10.1016/s0896-6273(00)80
094-x

Huang, R., Yuan, D. J., Li, S., Liang, X. S., Gao, Y., Lan, X. Y., et al. (2020). NCAM
regulates temporal specification of neural progenitor cells via profilin2 during
corticogenesis. J. Cell Biol. 219:e201902164. doi: 10.1083/jcb.201902164

Huang, X. Z., Wu, J. F., Ferrando, R., Lee, J. H., Wang, Y. L., Farese, R. V. Jr., et al.
(2000). Fatal bilateral chylothorax in mice lacking the integrin alpha9beta1. Mol.
Cell Biol. 20, 5208–5215. doi: 10.1128/mcb.20.14.5208-5215.2000

Jacob, J., Haspel, J., Kane-Goldsmith, N., and Grumet, M. (2002). L1 mediated
homophilic binding and neurite outgrowth are modulated by alternative
splicing of exon 2. J. Neurobiol. 51, 177–189. doi: 10-1002/neu.10052

Jones, K. L. (1975). The fetal alcohol syndrome. Addict. Dis. 2, 79–88.
Jones, K. L., and Smith, D. W. (1973). Recognition of the fetal alcohol syndrome in

early infancy. Lancet 302, 999–1001. doi: 10.1016/s0140-6736(73)91092-1
Kadowaki, M., Nakamura, S., Machon, O., Krauss, S., Radice, G. L., and Takeichi,

M. (2007). N-cadherin mediates cortical organization in the mouse brain. Dev.
Biol. 304, 22–33. doi: 10.1016/j.ydbio.2006.12.014

Kajimoto, K., Allan, A., and Cunningham, L. A. (2013). Fate analysis of adult
hippocampal progenitors in a murine model of fetal alcohol spectrum disorder
(FASD). PLoS One 8:e73788. doi: 10.1371/journal.pone.0073788

Kamiguchi, H., and Lemmon, V. (1998). A neuronal form of the cell adhesion
molecule L1 contains a tyrosine-based signal required for sorting to the axonal
growth cone. J. Neurosci. 18, 3749–3756. doi: 10.1523/JNEUROSCI.18-10-
03749.1998

Kane, D. A., McFarland, K. N., and Warga, R. M. (2005). Mutations in half baked/E-
cadherin block cell behaviors that are necessary for teleost epiboly. Development
132, 1105–1116. doi: 10.1242/dev.01668

Kenton, J. A., Castillo, V. K., Kehrer, P. E., and Brigman, J. L. (2020).
Moderate Prenatal Alcohol Exposure Impairs Visual-Spatial Discrimination
in a Sex-Specific Manner: Effects of Testing Order and Difficulty
on Learning Performance. Alcohol. Clin. Exp. Res. 44, 2008–2018.
doi: 10.1111/acer.14426

Kentroti, S., Rahman, H., Grove, J., and Vernardakis, A. (1995). Ethanol
neurotoxicity in the embryonic chick brain in ovo and in culture:interaction of
the neural cell adhesion molecule (NCAM). Int. J. Dev. Neurosci. 13, 859–870.
doi: 10.1016/0736-5748(95)00065-8

Kentroti, S., and Vernadakis, A. (1996). Ethanol neurotoxicity in culture: selective
loss of cholinergic neurons. J. Neurosci. Res. 44, 577–585. doi: 10.1002/(SICI)
1097-4547(19960615)44:6<577::AID-JNR8<3.0.CO;2-8

Kerrisk, M. E., Cingolani, L. A., and Koleske, A. J. (2014). ECM receptors in
neuronal structure, synaptic plasticity, and behavior. Prog. Brain Res. 214,
101–131. doi: 10.1016/B978-0-444-63486-3.00005-0

Kido, M., Obata, S., Tanihara, H., Rochelle, J. M., Seldin, M. F., Taketani, S.,
et al. (1998). Molecular properties and chromosomal location of cadherin-8.
Genomics 48, 186–194. doi: 10.1006/geno.1997.5152

Kiselyov, V. V., Soroka, V., Berezin, V., and Bock, E. (2005). Structural biology
of NCAM hemophilic binding and activation of FGFR. J. Neurochem. 94,
1169–1179. doi: 10.1111/j.1471-4159.2005.03284.x

Koren, G., Nulman, I., Chudley, A. E., and Loocke, C. (2003). Fetal alcohol
spectrum disorder. CMAJ. 169, 1181–1185.

Lancaster, F., Delaney, C., and Samorajski, T. (1989). Synaptic density of caudate-
putamen and visual cortex following exposure to ethanol in utero. Int. J. Dev.
Neurosci. 7, 581–589. doi: 10.1016/0736-5748(89)90017-8

Lancaster, F. E., Mayur, B. K., Patsalos, P. N., Samorajski, T., and Wiggins, R. C.
(1982). The synthesis of myelin and brain subcellular membrane proteins in
the offspring of rats fed ethanol during pregnancy. Brain Res. 235, 105–113.
doi: 10.1016/0006-8993(82)90199-8

Lancaster, M. A., Renner, M., Martin, C. A., Wenzel, D., Bicknell, L. S., Hurles,
M. E., et al. (2013). Cerebral organoids model human brain development and
microcephaly. Nature 501, 373–379. doi: 10.1038/nature12517

Lange, S., Probst, C., Gmel, G., Rehm, J., Burd, L., and Popova, S. (2017). Global
prevalence of Fetal Alcohol Spectrum Disorder among children and youth: a
systematic review and meta-analysis. JAMA Pediatr. 171, 948–956. doi: 10.1001/
jamapediatrics.2017.1919

Lees, B., Mewton, L., Jacobus, J., Valadez, E. A., Stapinski, L. A., Teesson, M.,
et al. (2020). Association of Prenatal Alcohol Exposure With Psychological,
Behavioral, and Neurodevelopmental Outcomes in Children From the
Adolescent Brain Cognitive Development Study. Am. J. Psychiatry 177, 1060–
1072. doi: 10.1176/appi.ajp.2020.20010086

Lefkovics, K., Mayer, M., Bercsényi, K., Szabó, G., and Lele, Z. (2012). Comparative
analysis of type II classic cadherin mRNA distribution patterns in the
developing and adult mouse somatosensory cortex and hippocampus suggests
significant functional redundancy. J. Comp. Neurol. 520, 1387–1405. doi: 10.
1002/cne.22801

Leshchyns’ka, I., and Sytnyk, V. (2016). Reciprocal Interactions between Cell
Adhesion Molecules of the Immunoglobulin Superfamily and the Cytoskeleton
in Neurons. Front. Cell Dev. Biol. 4:9. doi: 10.3389/fcell.2016.00009

Li, M.-Y., Miao, W.-Y., Wu, Q.-Z., He, S.-J., Yan, G., Yang, Y., et al. (2017). Critical
Role of Presynaptic Cadherin/Catenin/p140Cap Complexes in Stabilizing
Spines and Functional Synapses in the Neocortex. Neuron 94, 1155.e–1172.e.
doi: 10.1016/j.neuron.2017.05.022

Licheri, V., Chandrasekaran, J., Bird, C. W., Valenzuela, C. F., and Brigman,
J. L. (2021). Sex-Specific Effect of Prenatal Alcohol Exposure on N-Methyl-
D-Aspartate Receptor Function in Orbitofrontal Cortex Pyramidal Neurons of
mice. Alcohol. Clin. Exp. Res. 2021:14697. doi: 10.1111/acer.14697

Liesi, P. (1997). Ethanol-exposed central neurons fail to migrate and
undergo apoptosis. J. Neurosci. Res. 48, 439–448. doi: 10.1002/(SICI)1097-
4547(19970601)48:5<439::AID-JNR5<3.0.CO;2-F

Frontiers in Molecular Neuroscience | www.frontiersin.org 12 December 2021 | Volume 14 | Article 753537

https://doi.org/10.1523/JNEUROSCI.06-07-01983.1986
https://doi.org/10.1111/j.1469-7610.2008.01990.x
https://doi.org/10.15585/mmwr.mm6504a6
https://doi.org/10.1007/s004410050949
https://doi.org/10.1093/alcalc/agn105
https://doi.org/10.1016/s0161-813x(01)00037-7
https://doi.org/10.1007/BF02740616
https://doi.org/10.1074/jbc.M801316200
https://doi.org/10.3389/fped.2014.00123
https://doi.org/10.1101/gad.1486806
https://doi.org/10.1101/gad.1486806
https://doi.org/10.1016/j.dcn.2018.02.008
https://doi.org/10.1007/978-94-007-7687-6_1
https://doi.org/10.1152/physrev.00014.2011
https://doi.org/10.1002/bdra.20562
https://doi.org/10.3390/biology5010001
https://doi.org/10.3390/biology5010001
https://doi.org/10.1016/s0896-6273(00)80094-x
https://doi.org/10.1016/s0896-6273(00)80094-x
https://doi.org/10.1083/jcb.201902164
https://doi.org/10.1128/mcb.20.14.5208-5215.2000
https://doi.org/10-1002/neu.10052
https://doi.org/10.1016/s0140-6736(73)91092-1
https://doi.org/10.1016/j.ydbio.2006.12.014
https://doi.org/10.1371/journal.pone.0073788
https://doi.org/10.1523/JNEUROSCI.18-10-03749.1998
https://doi.org/10.1523/JNEUROSCI.18-10-03749.1998
https://doi.org/10.1242/dev.01668
https://doi.org/10.1111/acer.14426
https://doi.org/10.1016/0736-5748(95)00065-8
https://doi.org/10.1002/(SICI)1097-4547(19960615)44:6<577::AID-JNR8<3.0.CO;2-8
https://doi.org/10.1002/(SICI)1097-4547(19960615)44:6<577::AID-JNR8<3.0.CO;2-8
https://doi.org/10.1016/B978-0-444-63486-3.00005-0
https://doi.org/10.1006/geno.1997.5152
https://doi.org/10.1111/j.1471-4159.2005.03284.x
https://doi.org/10.1016/0736-5748(89)90017-8
https://doi.org/10.1016/0006-8993(82)90199-8
https://doi.org/10.1038/nature12517
https://doi.org/10.1001/jamapediatrics.2017.1919
https://doi.org/10.1001/jamapediatrics.2017.1919
https://doi.org/10.1176/appi.ajp.2020.20010086
https://doi.org/10.1002/cne.22801
https://doi.org/10.1002/cne.22801
https://doi.org/10.3389/fcell.2016.00009
https://doi.org/10.1016/j.neuron.2017.05.022
https://doi.org/10.1111/acer.14697
https://doi.org/10.1002/(SICI)1097-4547(19970601)48:5<439::AID-JNR5<3.0.CO;2-F
https://doi.org/10.1002/(SICI)1097-4547(19970601)48:5<439::AID-JNR5<3.0.CO;2-F
https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/molecular-neuroscience#articles


fnmol-14-753537 December 9, 2021 Time: 17:24 # 13

Licheri and Brigman Cell Adhesion Alterations in FASDs

Lin, F., Chen, S., Sepich, D. S., Panizzi, J. R., Clendenon, S. G., Marrs, J. A.,
et al. (2009). Galpha12/13 regulate epiboly by inhibiting E-cadherin activity and
modulating the actin cytoskeleton. J. Cell Biol. 184, 909–921. doi: 10.1083/jcb.
200805148

Lipinski, R. J., Hammond, P., O’Leary-Moore, S. K., Ament, J. J., Pecevich, S. J.,
Jiang, Y., et al. (2012). Ethanol-induced face-brain dysmorphology patterns are
correlative and exposure-stage dependent. PLoS One 7:e43067. doi: 10.1371/
journal.pone.0043067

Littner, Y., Tang, N., He, M., and Bearer, C. F. (2013). L1 cell adhesion molecule
signaling is inhibited by ethanol in vivo. Alcohol. Clin. Exp. Res. 37, 383–389.
doi: 10.1111/j.1530-0277.2012.01944.x

Lussier, A. A., Weinberg, J., and Kobor, M. S. (2017). Epigenetics studies of fetal
alcohol spectrum disorder: where are we now? Epigenomics 9, 291–311. doi:
10.2217/epi-2016-0163

Mahabir, S., Chatterjee, D., Misquitta, K., Chatterjee, D., and Gerlai, R.
(2018). Lasting changes induced by mild alcohol exposure during embryonic
development in BDNF, NCAM and synaptophysin-positive neurons quantified
in adult zebrafish. Eur. J. Neurosci. 47, 1457–1473. doi: 10.1111/ejn.13975

Mandai, K., Rikitake, Y., Mori, M., and Takai, Y. (2015). Nectins and nectin-like
molecuels in development and disease. Curr. Top. Dev. Biol. 112, 197–231.
doi: 10.1016/bs.ctdb.2014.11.019

Maness, P. F., and Schachner, M. (2007). Neural recognition molecules of the
immunoglobulin superfamily: signaling transducers of axon guidance and
neuronal migration. Nat. Neurosci. 10, 19–26. doi: 10.1038/nn1827

Mårdby, A., Lupattelli, A., Hensing, G., and Nordeng, H. (2017). Consumption of
alcohol during pregnancy - A multinational European study. Women Birth 30,
e207–e213. doi: 10.1016/j.wombi.2017.01.003

Marquardt, K., Cavanagh, J. F., and Brigman, J. L. (2020). Alcohol exposure in
utero disrupts cortico-striatal coordination required for behavioral flexibility.
Neuropharmacology 162:107832. doi: 10.1016/j.neuropharm.2019.107832

Martinez-Garay, I. (2020). Molecular Mechanism of Cadherin Fuction During
Cortical Migration. Front. Cell Dev. Biol. 8:588152. doi: 10.3389/fcell.2020.
588152

Mattson, S. N., Crocker, N., and Nguyen, T. T. (2011). Fetal alcohol spectrum
disorders: neuropsychological and behavioral features. Neuropsychol. Rev. 21,
81–101. doi: 10.1007/s11065-011-9167-9

Mattson, S. N., Goodman, A. M., Caine, C., Delis, D. C., and Riley, E. P.
(1999). Executive functioning in children with heavy prenatal alcohol exposure.
Alcoholism: Clin. Exp. Res. 23, 1808–1815.

Mattson, S. N., Riley, E. P., Gramling, L., Delis, D. C., and Jones, K. L. (1997). Heavy
prenatal alcohol exposure with or without physical features of fetal alcohol
syndrome leads to IQ deficits. J. Pediatr. 131, 718–721. doi: 10.1016/s0022-
3476(97)70099-4

May, P. A., Baete, A., Russo, J., Elliot, A. J., Blankenship, J., Kalberg, M. A., et al.
(2014). Prevalence and Characteristics of Fetal Alcohol Spectrum Disorders.
Pediatrics 134, 855–866. doi: 10.1542/peds.2013-3319

May, P. A., Blankenship, J., Marais, A. S., Gossage, J. P., Kalberg, W. O., Joubert, B.,
et al. (2013). Maternal alcohol consumption producing fetal alcohol spectrum
disorders (FASD): quantity, frequency, and timing of drinking. Drug Alcohol.
Depend. 133, 502–512. doi: 10.1016/j.drugalcdep.2013.07.013

May, P. A., Gossage, J. P., Kalberg, W. O., Robinson, L. K., Buckley, D., Manning,
M., et al. (2009). Prevalence and epidemiologic characteristics of FASD from
various research methods with an emphasis on recent in-school studies. Dev.
Disabil. Res. Rev. 15, 176–192. doi: 10.1002/ddrr.68

May, P. A., Keaster, C., Bozeman, R., Goodover, J., Blankenship, J., Kalberg, W. O.,
et al. (2015). Prevalence and characteristics of fetal alcohol syndrome and
partial fetal alcohol syndrome in a Rocky Mountain Region City. Drug Alcohol.
Depend. 155, 229–127. doi: 10.1016/j.drugalcdep.2015.08.006

Medina, L., Legaz, I., González, G., De Castro, F., Rubenstein, J. L., and Puelles,
L. (2004). Expression of Dbx1, Neurogenin 2, Semaphorin 5A, Cadherin 8,
and Emx1 distinguish ventral and lateral pallial histogenetic divisions in the
developing mouse claustroamygdaloid complex. J. Comp. Neurol. 474, 504–523.
doi: 10.1002/cne.20141

Meng, W., and Takeichi, M. (2009). Adherens junction: molecular architecture
and regulation. Cold Spring Harb. Perspect. Biol. 1:a002899. doi: 10.1101/
cshperspect.a002899

Meyers, J. R. (2018). Zebrafish: development of a vertebrate model organism. Curr.
Prot. 2018:19. doi: 10.1002/cpet.19

Miller, M. (1992). The effects of prenatal exposure to ethanol on cell proliferation
and neuronal migration. In Development of the central nervous system: effects of
alcohol and opiates. New York, NY: Wiley-Liss, 47–69.

Miller, M. W. (1993). Migration of cortical neurons is altered by gestational
exposure to ethanol. Alcohol. Clin. Exp. Res. 17, 304–304. doi: 10.1111/j.1530-
0277.1993.tb00768.x

Miller, M. W. (1996). Limited ethanol exposure selectively alters the proliferation
of precursor cells in the cerebral cortex. Alcohol. Clin. Exp. Res. 20, 139–143.
doi: 10.1111/j.1530-0277.1996.tb01056.x

Miller, M. W., and Luo, J. (2002). Effects of ethanol and transforming growth factor
beta (TGF beta) on neuronal proliferation and nCAM expression. Alcohol. Clin.
Exp. Res. 26, 1281–1125. doi: 10.1111/j.1530-0277.2002.tb02668.x

Miñana, R., Climent, E., Barettino, D., Segui, J. M., Renau-Piqueras, J., and Guerri,
C. (2000). Alcohol exposure alters the expression pattern of neural cell adhesion
molecules during brain development. J. Neurochem. 75, 954–964. doi: 10.1046/
j.1471-4159.2000.0750954.x

Moore, E., Ward, R. E., Jamison, P. L., Morris, C. A., Bader, P. I., and Hall,
B. D. (2002). New perspectives on the face in fetal alcohol syndrome: what
anthropometry tells us. Am. J. Med. Genet. 109, 249–260. doi: 10.1002/ajmg.
10197

Moore, E. S., Ward, R. E., Wetherill, L. F., Rogers, J. L., Autti-Ramo, I., Fagerlund,
A., et al. (2007). Unique facial features distinguish fetal alcohol syndrome
patients and controls in diverse ethnic populations. Alcohol. Clin. Exp. Res. 31,
1707–1713. doi: 10.1111/j.1530-0277.2007.00472.x

Morita, H., and Heisenberg, C. P. (2013). Holding on and letting go: cadherin
turnover in cell intercalation. Dev. Cell. 24, 567–569. doi: 10.1016/j.devcel.2013.
03.007

Muller, D., Djebbara-Hannas, Z., Jourdain, P., Vutskits, L., Durbec, P., Rougon, G.,
et al. (2000). Brain-derived neurotrophic factor restores long-term potentiation
in polysialic acid-neural cell adhesion molecule-deficient hippocampus. Proc.
Natl. Acad. Sci. U S A. 97, 4315–4320. doi: 10.1073/pnas.070022697

Murawski, N. J., Moore, E. M., Thomas, J. D., and Riley, E. P. (2015). Advances in
Diagnosis and Treatment of Fetal Alcohol Spectrum Disorders: From Animal
Models to Human Studies. Alcohol. Res. 37, 97–108.

Nakai, Y., and Kamiguchi, H. (2002). Migration of nerve growth cones requires
detergent-resistant membranes in a spatially defined and substrate-dependent
manner. J. Cell Biol. 159, 1097–1108. doi: 10.1083/jcb.200209077

Noble, M., Albrechtsen, M., Møller, C., Lyles, J., Bock, E., Goridis, C., et al. (1985).
Glial cells express N-CAM/D2-CAM-like polypeptides in vitro. Nature 316,
725–728. doi: 10.1038/316725a0

Nollet, F., Kools, P., and van Roy, F. (2000). Phylogenetic analysis
of the cadherin superfamily allows identification of six major
subfamilies besides several solitary members. J. Mol. Biol. 299, 551–572.
doi: 10.1006/jmbi.2000.3777

Olney, J. W., Tenkova, T., Dikranian, K., Qin, Y., Labruyere, J., and Ikonomidou,
C. (2002). Ethanol-induced apoptotic neurodegeneration in the developing
C57BL/6 mouse brain. Brain Res. Dev. Brain Res. 133, 115–126. doi: 10.1016/
s0165-3806(02)00279-1

Oltmann-Norden, I., Galuska, S. P., Hildebrandt, H., Geyer, R., Gerardy-
Schahn, R., Geyer, H., et al. (2008). Impact of the polysialyltransferases
ST8SiaII and ST8SiaIV on polysialic acid synthesis during postnatal
mouse brain development. J. Biol. Chem. 283, 1463–1471. doi: 10.1074/jbc.
M708463200

Pan, L., Zhao, Y., Yuan, Z., and Qin, G. (2016). Research advances on structure and
biological functions of integrins. SpringerPlus 5:1094. doi: 10.1186/s40064-016-
2502-0

Pancho, A., Aerts, T., Mitsogiannis, M. D., and Seuntjens, E. (2020). Protocadherins
at the Crossroad of Signaling Pathways. Front. Mol. Neurosci. 13:117. doi: 10.
3389/fnmol.2020.00117

Park, Y. K., and Goda, Y. (2016). Integrins in synapse regulation. Nat. Rev.
Neurosci. 17, 745–756. doi: 10.1038/nrn.2016.138

Parnell, S. E., Holloway, H. T., O’Leary-Moore, S. K., Dehart, D. B., Paniaqua,
B., Oguz, I., et al. (2013). Magnetic resonance microscopy-based analyses of
the neuroanatomical effects of gestational day 9 ethanol exposure in mice.
Neurotoxicol. Teratol. 39, 77–83. doi: 10.1016/j.ntt.2013.07.009

Patel, S. D., Ciatto, C., Chen, C. P., Bahna, F., Rajebhosale, M., Arkus, N., et al.
(2006). Type II cadherin ectodomain structures: implications for classical
cadherin specificity. Cell 124, 1255–1268. doi: 10.1016/j.cell.2005.12.046

Frontiers in Molecular Neuroscience | www.frontiersin.org 13 December 2021 | Volume 14 | Article 753537

https://doi.org/10.1083/jcb.200805148
https://doi.org/10.1083/jcb.200805148
https://doi.org/10.1371/journal.pone.0043067
https://doi.org/10.1371/journal.pone.0043067
https://doi.org/10.1111/j.1530-0277.2012.01944.x
https://doi.org/10.2217/epi-2016-0163
https://doi.org/10.2217/epi-2016-0163
https://doi.org/10.1111/ejn.13975
https://doi.org/10.1016/bs.ctdb.2014.11.019
https://doi.org/10.1038/nn1827
https://doi.org/10.1016/j.wombi.2017.01.003
https://doi.org/10.1016/j.neuropharm.2019.107832
https://doi.org/10.3389/fcell.2020.588152
https://doi.org/10.3389/fcell.2020.588152
https://doi.org/10.1007/s11065-011-9167-9
https://doi.org/10.1016/s0022-3476(97)70099-4
https://doi.org/10.1016/s0022-3476(97)70099-4
https://doi.org/10.1542/peds.2013-3319
https://doi.org/10.1016/j.drugalcdep.2013.07.013
https://doi.org/10.1002/ddrr.68
https://doi.org/10.1016/j.drugalcdep.2015.08.006
https://doi.org/10.1002/cne.20141
https://doi.org/10.1101/cshperspect.a002899
https://doi.org/10.1101/cshperspect.a002899
https://doi.org/10.1002/cpet.19
https://doi.org/10.1111/j.1530-0277.1993.tb00768.x
https://doi.org/10.1111/j.1530-0277.1993.tb00768.x
https://doi.org/10.1111/j.1530-0277.1996.tb01056.x
https://doi.org/10.1111/j.1530-0277.2002.tb02668.x
https://doi.org/10.1046/j.1471-4159.2000.0750954.x
https://doi.org/10.1046/j.1471-4159.2000.0750954.x
https://doi.org/10.1002/ajmg.10197
https://doi.org/10.1002/ajmg.10197
https://doi.org/10.1111/j.1530-0277.2007.00472.x
https://doi.org/10.1016/j.devcel.2013.03.007
https://doi.org/10.1016/j.devcel.2013.03.007
https://doi.org/10.1073/pnas.070022697
https://doi.org/10.1083/jcb.200209077
https://doi.org/10.1038/316725a0
https://doi.org/10.1006/jmbi.2000.3777
https://doi.org/10.1016/s0165-3806(02)00279-1
https://doi.org/10.1016/s0165-3806(02)00279-1
https://doi.org/10.1074/jbc.M708463200
https://doi.org/10.1074/jbc.M708463200
https://doi.org/10.1186/s40064-016-2502-0
https://doi.org/10.1186/s40064-016-2502-0
https://doi.org/10.3389/fnmol.2020.00117
https://doi.org/10.3389/fnmol.2020.00117
https://doi.org/10.1038/nrn.2016.138
https://doi.org/10.1016/j.ntt.2013.07.009
https://doi.org/10.1016/j.cell.2005.12.046
https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/molecular-neuroscience#articles


fnmol-14-753537 December 9, 2021 Time: 17:24 # 14

Licheri and Brigman Cell Adhesion Alterations in FASDs

Paulson, A. F., Prasad, M. S., Henke Thuringer, A., and Manzerra, P. (2014).
Regulation of cadherin expression in nervous system development. Cell Adh.
Migr. 8, 19–28. doi: 10.4161/cam.27839

Petrelli, B., Weinberg, J., and Hicks, G. G. (2018). Effects of prenatal alcohol
exposure (PAE): insights into FASD using mouse models of PAE. Biochem. Cell
Biol. 96, 131–147. doi: 10.1139/bcb-2017-0280

Petridis, A. K., El-Maarouf, A., and Rutishauser, U. (2004). Polysialic acid
regulates cell contact-dependent neuronal differentiation of progenitor
cells from the subventricular zone. Dev. Dyn. 230, 675–684. doi: 10.1002/dvdy.
20094

Pinkstaff, J. K., Detterich, J., Lynch, G., and Gall, C. (1999). Integrin subunit gene
expression is regionally differentiated in adult brain. J. Neurosci. 19, 1541–1556.
doi: 10.1523/JNEUROSCI.19-05-01541.1999

Polanco, J., Reyes-Vigil, F., Weisberg, S. D., Dhimitruka, I., and Bruses, J. L.
(2021). Differential Spatiotemporal Expression of Type I and Type II Cadherins
Associated With the Segmentation of the Central Nervous System and
Formation of Brain Nuclei in the Developing Mouse. Front. Mol. Neurosci.
14:633719. doi: 10.3389/fnmol.2021.633719

Popova, S., Lange, S., Probst, C., Gmel, G., and Rehm, J. (2017). Estimation of
national, regional, and global prevalence of alcohol use during pregnancy and
fetal alcohol syndrome: a systematic review and meta-analysis. Lancet Glob.
Health 5, e290–e299. doi: 10.1016/S2214-109X(17)30021-9

Popova, S., Lange, S., Shield, K., Mihic, A., Chudley, A. E., Raja, A. S.,
et al. (2016). Comorbidity of fetal alcohol spectrum disorder: a systematic
review and meta-analysis. Lancet 387, 978–987. doi: 10.1016/S0140-6736(15)01
345-8

Punovuori, K., Malaguti, M., and Lowell, S. (2021). Cadherins in early neural
development. Cell Mol. Life Sci. 78, 4435–4450. doi: 10.1007/s00018-021-
03815-9

Radice, G. L., Rayburn, H., Matsunami, H., Knudsen, K. A., Takeichi, M.,
and Hynes, R. O. (1997). Developmental defects in mouse embryos lacking
N-cadherin. Dev. Biol. 181, 64–78. doi: 10.1006/dbio.1996.8443

Rajaprakash, M., Chakravarty, M. M., Lerch, J. P., and Rovet, J. (2014). Cortical
morphology in children with alcohol-related neurodevelopmental disorder.
Brain Behav. 4, 41–50. doi: 10.1002/brb3.191

Ramanathan, R., Wilkemeyer, M. F., Mittal, B., Perides, G., and Charness, M. E.
(1996). Alcohol inhibits cell-cell adhesion mediated by human L1. J. Cell Biol.
133, 381–390. doi: 10.1083/jcb.133.2.381

Ranheim, T. S., Edelman, G. M., and Cunningham, B. A. (1996). Homophilic
adhesion mediated by the neural cell adhesion molecule involves multiple
immunoglobulin domains. Proc. Natl. Acad. Sci. USA 93, 4071–4075. doi: 10.
1073/pnas.93.9.4071

Rieger, S., Senghaas, N., Walch, A., and Köster, R. W. (2009). Cadherin-2
controls directional chain migration of cerebellar granule neurons. PLoS Biol.
7:e1000240. doi: 10.1371/journal.pbio.1000240

Ringer, P., Colo, G., Fässler, R., and Grashoff, C. (2017). Sensing the mechano-
chemical properties of the extracellular matrix. Matrix Biol. 64, 6–16. doi: 10.
1016/j.matbio.2017.03.004

Robertson, F. C., Narr, K. L., Molteno, C. D., Jacobson, J. L., Jacobson, S. W., and
Meintjes, E. M. (2016). Prenatal Alcohol Exposure is Associated with Regionally
Thinner Cortex During the Preadolescent Period. Cereb Cortex. 26, 3083–3095.
doi: 10.1093/cercor/bhv131

Robichaux, M. A., Chenaux, G., Ho, H. Y., Soskis, M. J., Dravis, C., Kwan, K. Y.,
et al. (2014). EphB receptor forward signaling regulates area-specific reciprocal
thalamic and cortical axon pathfinding. Proc. Natl. Acad. Sci. U S A. 111,
2188–2193. doi: 10.1073/pnas.1324215111

Rønn, L. C., Berezin, V., and Bock, E. (2000). The neural cell adhesion molecule in
synaptic plasticity and ageing. Int. J. Dev. Neurosci. 18, 193–199. doi: 10.1016/
s0736-5748(99)00088-x

Rousso, D. L., Alayne Pearson, C., Gaber, Z. B., Miquelajauregui, A., Li, S., and
Portera-Cailliau, C. (2012). Foxp-mediated suppression of N-cadherin regulates
neuroepithelial character and progenitor maintenance in the CNS. Neuron 74,
314–330. doi: 10.1016/j.neuron.2012.02.024

Rout, U. K., and Dhossche, J. M. (2010). Liquid-diet with alcohol alters maternal,
fetal and placental weights and the expression of molecules involved in integrin
signaling in the fetal cerebral cortex. Int. J. Environ. Res. Public Health 7,
4023–4036. doi: 10.3390/ijerph7114023

Rouzer, S. K., Cole, J. M., Johnson, J. M., Varlinskaya, E. I., and Diaz, M. R. (2017).
Moderate Maternal Alcohol Exposure on Gestational Day 12 Impacts Anxiety-
Like Behavior in Offspring. Front. Behav. Neurosci. 11:183. doi: 10.3389/fnbeh.
2017.00183

Rutishauser, U. (2008). Polysialic acid in the plasticity of the developing and adult
vertebrate nervous system. Nat. Rev. Neurosci. 9, 26–35. doi: 10.1038/nrn2285

Rutishauser, U., Thiery, J. P., Brackenbury, R., Sela, B. A., and Edelman, G. M.
(1976). Mechanisms of adhesion among cells from neural tissues of the chick
embryo. Proc. Natl. Acad. Sci. USA. 73, 577–578. doi: 10.1073/pnas.73.2.577

Saini, V., Kaur, T., Kalotra, S., and Kaur, G. (2020). The neuroplasticity
marker PSA-NCAM: Insights into new therapeutic avenues for promoting
neuroregeneration. Pharmacol. Res. 160:105186. doi: 10.1016/j.phrs.2020.
105186

Sakata-Haga, H., Sawada, K., Ohta, K., Cui, C., Hisano, S., and Fukui, Y. (2003).
Adverse effects of maternal ethanol consumption on development of dorsal
hippocampus in rat offspring. Acta Neuropathol. 105, 30–36. doi: 10.1007/
s00401-002-0606-9

Sandi, C., Woodson, J. C., Haynes, V. F., Park, C. R., Touyarot, K., Lopez-
Fernandez, M. A., et al. (1995). Acute stress-induced impairment of spatial
memory is associated with decreased expression of neural cell adhesion
molecule in the hippocampus and prefrontal cortex. Biol. Psychiatry 57, 856–
864. doi: 10.1016/j.biopsych.2004.12.034

Sano, K., Tanihara, H., Heimark, R. L., Obata, S., Davidson, M., St John, T., et al.
(1993). Protocadherins: a large family of cadherin-related molecules in central
nervous system. EMBO J. 12, 2249–2256.

Sarmah, S., Muralidharan, P., Curtis, C. L., McClintick, J. N., Buente, B. B.,
Holdgrafer, D. J., et al. (2013). Ethanol exposure disrupts extraembryonic
microtubule cytoskeleton and embryonic blastomere cell adhesion, producing
epiboly and gastrulation defects. Biol. Open. 2, 1013–1021. doi: 10.1242/bio.
20135546

Schachner, M. (1997). Neural recognition molecules and synaptic plasticity. Curr.
Opin. Cell Biol. 9, 627–634. doi: 10.1016/s0955-0674(97)80115-9

Schmid, R. S., and Anton, E. S. (2003). Role of integrins in the development of the
cerebral cortex. Cereb Cortex. 13, 219–224. doi: 10.1093/cercor/13.3.219

Schuster, U. E., Rossdam, C., Rockle, I., Schiff, M., and Hildebrandt, H.
(2020). Cell-autonomous impact of polysialic acid-producing enzyme ST8SIA2
on developmental migration and distribution of cortical interneurons.
J. Neurochem. 152, 333–349. doi: 10.1111/jnc.14896

Seki, T., and Arai, Y. (1993). Distribution and possible roles of the highly
polysialylated neural cell adhesion molecule (NCAM-H) in the developing and
adult central nervous system. Neurosci. Res. 17, 265–290. doi: 10.1016/0168-
0102(93)90111-3

Shapiro, L., Love, J., and Colman, D. R. (2007). Adhesion molecules in the nervous
system: structural insights into function and diversity. Annu. Rev. Neurosci. 30,
451–474. doi: 10.1146/annurev.neuro.29.051605.113034

Shen, L., Ai, H., Liang, Y., Ren, X., Anthony, C. B., Goodlett, C. R., et al. (2013).
Effect of prenatal alcohol exposure on bony craniofacial development: a mouse
MicroCT study. Alcohol. 47, 405–415. doi: 10.1016/j.alcohol.2013.04.005

Shibata-Seki, T., Nagaoka, M., Goto, M., Kobatake, E., and Akaike, T. (2020). Direct
visualization of the extracellular binding structure of E-cadherins in liquid. Sci.
Rep. 10:17044. doi: 10.1038/s41598-020-72517-2

Silletti, S., Mei, F., Sheppard, D., and Montgomery, A. M. (2000). Plasmin-sensitive
dibasic sequences in the third fibronectin-like domain of L1-cell adhesion
molecule (CAM) facilitate homomultimerization and concomitant integrin
recruitment. J. Cell Biol. 149, 1485–1502. doi: 10.1083/jcb.149.7.1485

Sokol, R. J., Delaney-Black, V., and Nordstrom, B. (2003). Fetal alcohol spectrum
disorder. JAMA 290, 2996–2999. doi: 10.1001/jama.290.22.2996

Solnica-Krezel, L. (2006). Gastrulation in zebrafish all just about adhesion? Curr.
Opin. Genet. Dev. 16, 433–441. doi: 10.1016/j.gde.2006.06.009

Song, S., Eckerle, S., Onichtchouk, D., Marrs, J. A., Nitschke, R., and Driever, W.
(2013). Pou5f1-dependent EGF expression controls E-cadherin endocytosis,
cell adhesion, and zebrafish epiboly movements. Dev. Cell 24, 486–501. doi:
10.1016/j.devcel.2013.01.016

Srancikova, A., Mihalj, D., Bacova, Z., and Bakos, J. (2021). The effects of
testosterone on gene expression of cell-adhesion molecules and scaffolding
proteins: The role of sex in early development. Andrologia 53:e14153. doi:
10.1111/and.14153

Frontiers in Molecular Neuroscience | www.frontiersin.org 14 December 2021 | Volume 14 | Article 753537

https://doi.org/10.4161/cam.27839
https://doi.org/10.1139/bcb-2017-0280
https://doi.org/10.1002/dvdy.20094
https://doi.org/10.1002/dvdy.20094
https://doi.org/10.1523/JNEUROSCI.19-05-01541.1999
https://doi.org/10.3389/fnmol.2021.633719
https://doi.org/10.1016/S2214-109X(17)30021-9
https://doi.org/10.1016/S0140-6736(15)01345-8
https://doi.org/10.1016/S0140-6736(15)01345-8
https://doi.org/10.1007/s00018-021-03815-9
https://doi.org/10.1007/s00018-021-03815-9
https://doi.org/10.1006/dbio.1996.8443
https://doi.org/10.1002/brb3.191
https://doi.org/10.1083/jcb.133.2.381
https://doi.org/10.1073/pnas.93.9.4071
https://doi.org/10.1073/pnas.93.9.4071
https://doi.org/10.1371/journal.pbio.1000240
https://doi.org/10.1016/j.matbio.2017.03.004
https://doi.org/10.1016/j.matbio.2017.03.004
https://doi.org/10.1093/cercor/bhv131
https://doi.org/10.1073/pnas.1324215111
https://doi.org/10.1016/s0736-5748(99)00088-x
https://doi.org/10.1016/s0736-5748(99)00088-x
https://doi.org/10.1016/j.neuron.2012.02.024
https://doi.org/10.3390/ijerph7114023
https://doi.org/10.3389/fnbeh.2017.00183
https://doi.org/10.3389/fnbeh.2017.00183
https://doi.org/10.1038/nrn2285
https://doi.org/10.1073/pnas.73.2.577
https://doi.org/10.1016/j.phrs.2020.105186
https://doi.org/10.1016/j.phrs.2020.105186
https://doi.org/10.1007/s00401-002-0606-9
https://doi.org/10.1007/s00401-002-0606-9
https://doi.org/10.1016/j.biopsych.2004.12.034
https://doi.org/10.1242/bio.20135546
https://doi.org/10.1242/bio.20135546
https://doi.org/10.1016/s0955-0674(97)80115-9
https://doi.org/10.1093/cercor/13.3.219
https://doi.org/10.1111/jnc.14896
https://doi.org/10.1016/0168-0102(93)90111-3
https://doi.org/10.1016/0168-0102(93)90111-3
https://doi.org/10.1146/annurev.neuro.29.051605.113034
https://doi.org/10.1016/j.alcohol.2013.04.005
https://doi.org/10.1038/s41598-020-72517-2
https://doi.org/10.1083/jcb.149.7.1485
https://doi.org/10.1001/jama.290.22.2996
https://doi.org/10.1016/j.gde.2006.06.009
https://doi.org/10.1016/j.devcel.2013.01.016
https://doi.org/10.1016/j.devcel.2013.01.016
https://doi.org/10.1111/and.14153
https://doi.org/10.1111/and.14153
https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/molecular-neuroscience#articles


fnmol-14-753537 December 9, 2021 Time: 17:24 # 15

Licheri and Brigman Cell Adhesion Alterations in FASDs

Srichai, M. B., and Zent, R. (2010). “Integrin structure and function,” in Cell-
extracellular matrix interactions in cancer, eds R. Zent and A. Pozzi (New York,
NY: Springer), 19–41.

Stäubli, U., Chun, D., and Lynch, G. (1998). Time-dependent reversal of long-
term potentiation by an integrin antagonist. J. Neurosci. 18, 3460–3469. doi:
10.1523/JNEUROSCI.18-09-03460.1998

Stoenica, L., Senkov, O., Gerardy-Schahn, R., Weinhold, B., Schachner, M., and
Dityatev, A. (2006). In vivo synaptic plasticity in the dentate gyrus of mice
deficient in the neural cell adhesion molecule NCAM or its polysialic acid. Eur.
J. Neurosci. 23, 2255–2264. doi: 10.1111/j.1460-9568.2006.04771.x

Streissguth, A. P., Aase, J. M., Clarren, S. K., Randels, S. P., LaDue, R. A., and
Smith, D. F. (1991). Fetal alcohol syndrome in adolescents and adults. JAMA
265, 1961–1967.

Streissguth, A. P., Barr, H. M., and Sampson, P. D. (1990). Moderate prenatal
alcohol exposure: effects on child IQ and learning problems at age 7 1/2 years.
Alcohol. Clin. Exp. Res. 14, 662–669. doi: 10.1111/j.1530-0277.1990.tb01224.x

Strömland, K., and Pinazo-Duran, M. D. (2002). Ophthalmic involvement in the
fetal alcohol syndrome: clinical and animal model studies. Alcohol. Alcohlism.
37, 2–8. doi: 10.1093/alcalc/37.1.2

Strömland, K., Ventura, L. O., Mirzaei, L., Fontes de Oliveira, K., Marcelino
Bandim, J., Parente Ivo, A., et al. (2015). Fetal alcohol spectrum disorders
among children in a Brazilian orphanage. Birth Defects Res. A Clin. Mol. Teratol.
103, 178–185. doi: 10.1002/bdra.23326

Sulik, K., and Johnston, M. (1983). Sequence of developmental alterations
following acute ethanol exposure in mice: craniofacial features of the fetal
alcohol syndrome. Am. J. Anat. 166, 257–269.

Sytnyk, V., Leshchyns’ka, I., Nikonenko, A. G., and Schachner, M. (2006). NCAM
promotes assembly and activity-dependent remodeling of the postsynaptic
signaling complex. J. Cell Biol. 174, 1071–1085. doi: 10.1083/jcb.20060
4145

Sytnyk, V., Leshchyns’ka, I., and Schachner, M. (2017). Neural Cell Adhesion
Molecules of the Immunoglobulin Superfamily Regulate Synapse Formation,
Maintenance, and Function. Trends Neurosci. 40, 295–308. doi: 10.1016/j.tins.
2017.03.003

Taggart, T. C., Simmons, R. W., Thomas, J. D., and Riley, E. P. (2017). Children
with Heavy Prenatal Alcohol Exposure Exhibit Atypical Gait Characteristics.
Alcohol Clin. Exp. Res. 41, 1648–1655. doi: 10.1111/acer.13450

Takeichi, M. (1995). Morphogenetic roles of classic cadherins. Curr. Opin. Cell Biol.
7, 619–627. doi: 10.1016/0955-0674(95)80102-2

Takeichi, M. (2014). Dynamic contacts: rearranging adherens junctions to drive
epithelial remodelling. Nat. Rev. Mol. Cell Biol. 15, 397–410. doi: 10.1038/
nrm3802

Tan, C. H., Denny, C. H., Cheal, N. E., Sniezek, J. E., and Kanny, D. (2015). Alcohol
use and binge drinking among women of childbearing age - United States, 2011-
2013. MMWR Morb. Mortal. Wkly Rep. 64, 1042–1046. doi: 10.15585/mmwr.
mm6437a3

Tan, C. X., and Eroglu, C. (2021). Cell adhesion molecules regulating astrocyte-
neuron interactions. Curr. Opin. Neurobiol. 69, 170–177. doi: 10.1016/j.conb.
2021.03.015

Tan, R. P. A., Leshchyns’ka, I., and Sytnyk, V. (2017). Glycosylphosphatidylinositol-
Anchored Immunoglobulin Superfamily Cell Adhesion Molecules and Their
Role in Neuronal Development and Synapse Regulation. Front. Mol. Neurosci.
10:378. doi: 10.3389/fnmol.2017.00378

Tang, N., Farah, B., He, M., Fox, S., Malouf, A., Littner, Y., et al.
(2011). Ethanol causes the redistribution of L1 cell adhesion molecule
in lipid rafts. J. Neurochem. 119, 859–867. doi: 10.1111/j.1471-4159.2011.07467.
x

Tesche, C. D., Kodituwakku, P. W., Garcia, C. M., and Houck, J. M. (2014).
Sex-related differences in auditory processing in adolescents with fetal alcohol
spectrum disorder: A magnetoencephalographic study. Neuroimage Clin. 17,
571–587. doi: 10.1016/j.nicl.2014.12.007

Thelen, K., Kedar, V., Panicker, A. K., Schmid, R. S., Midkiff, B. R., and Maness, P. F.
(2002). The neural cell adhesion molecule L1 potentiates integrin-dependent
cell migration to extracellular matrix proteins. J. Neurosci. 22, 4918–4931. doi:
10.1523/JNEUROSCI.22-12-04918.2002

Thiery, J. P., Engl, W., Viasnoff, V., and Dufour, S. (2012). Biochemical and
biophysical origins of cadherin selectivity and adhesion strength. Curr. Opin.
Cell Biol. 24, 614–619. doi: 10.1016/j.ceb.2012.06.007

Togashi, H., Abe, K., Mizoguchi, A., Takaoka, K., Chisaka, O., and Takeichi, M.
(2002). Cadherin regulates dendritic spine morphogenesis. Neuron 35, 77–89.
doi: 10.1016/s0896-6273(02)00748-1

Treit, S., and Beaulieu, C. (2018). “Imaging brain structure in FASD,” in Ethical and
Legal Perspectives in Fetal Alcohol Spectrum Disorders (FASD): Foundational
Issues, eds I. Binnie, S. Clarren, and E. Jonsson (Cham: Springer International
Publishing), 77–93.

Tunc-Ozcan, E., Ferreira, A. B., and Redei, E. E. (2016). Modeling Fetal
Alcohol Spectrum Disorder: Validating an Ex Vivo Primary Hippocampal Cell
Culture System. Alcohol. Clin. Exp. Res. 40, 1273–1282. doi: 10.1111/acer.1
3090

Ullian, E. M., Sapperstein, S. K., Christopherson, K. S., and Barres, B. A. (2001).
Control of synapse number by glia. Science 291, 657–661. doi: 10.1126/science.
291.5504.657

Ulrich, F., Krieg, M., Schötz, E. M., Link, V., Castanon, I., and Schnabel, V. (2005).
Wnt11 functions in gastrulation by controlling cell cohesion through Rab5c and
E-cadherin. Dev. Cell 9, 555–564. doi: 10.1016/j.devcel.2005.08.011

Valles, S., Sancho-Tello, M., Miñana, R., Climent, E., Renau-Piqueras, J., and
Guerri, C. (1996). Glial fibrillary acidc protein expression in rat brain and in
radial glia cuture is delayed by prenatal ethanol exposure. J. Neurochem. 67,
2425–2433. doi: 10.1046/j.1471-4159.1996.67062425

Vangipuram, S. D., Grever, W. E., Parker, G. C., and Lyman, W. D. (2008). Ethanol
increases fetal human neurosphere size and alters adhesion molecule gene
expression. Alcohol. Clin. Exp. Res. 32, 339–347. doi: 10.1111/j.1530-0277.2007.
00568.x

Veazey, K. J., Carnahan, M. N., Muller, D., Miranda, R. C., and Golding, M. C.
(2013). Alcohol-induced epigenetic alterations to developmentally crucial genes
regulating neural stemness and differentiation. Alcohol. Clin. Exp. Res. 37,
1111–1122. doi: 10.1111/acer.12080

Washbourne, P., Dityatev, A., Biederer, T., Weiner, J. A., Christopherson, K. S.,
and El-Husseini, A. (2004). Cell adhesion molecules in synapse formation.
J. Neurosci. 42, 9244–9249. doi: 10.1523/JNEUROSCI.3339-04.2004

Wattendorf, D. J., and Muenke, M. (2005). Fetal alcohol spectrum disorders. Am.
Fam. Physician 27:285.

Wilhelm, C. J., and Guizzetti, M. (2016). Fetal Alcohol Spectrum Disorders: an
overview from the glia perspective. Front. Integr. Neurosci. 11:65. doi: 10.3389/
fnint.2015.00065

Williams, M. E., Wilke, S. A., Daggett, A., Davis, E., Otto, S., Ravi, D., et al.
(2011). Cadherin-9 regulates synapse-specific differentiation in the developing
hippocampus. Neuron 71, 640–655. doi: 10.1016/j.neuron.2011.06.019

Wilson, D. A., Masiello, K., Lewin, M. P., Hui, M., Smiley, J. F., and Saito, M. (2016).
Developmental ethanol exposure-induced sleep fragmentation predicts adult
cognitive impairment. Neuroscience 322, 18–27. doi: 10.1016/j.neuroscience.
2016.02.020

Wozniak, J. R., Riley, E. P., and Charness, M. E. (2019). Clinical presentation,
diagnosis, and management of fetal alcohol spectrum disorder. Lancet Neurol.
18, 760–770. doi: 10.1016/S1474-4422(19)30150-4

Wu, X., and Reddy, D. S. (2012). Integrins as receptor targets for neurological
disorders. Pharmacol. Ther. 134, 68–81. doi: 10.1016/j.pharmthera.2011.12.008

Xiao, M. F., Xu, J. C., Tereshchenko, Y., Novak, D., Schachner, M., and Kleene, R.
(2009). Neural cell adhesion molecule modulates dopaminergic signaling and
behavior by regulating dopamine D2 receptor internalization. J. Neurosci. 29,
14752–14763.

Xiong, J., Stehle, T., Zhang, R., Joachimiak, A., Frech, M., Goodman, S. L., et al.
(2002). Crystal structure of the extracellular segment of integrin alpha Vbeta3
in complex with an Arg-Gly-Asp ligand. Science 296, 151–155. doi: 10.1126/
science.1069040

Yang, J., Qiu, H., Qu, P., Zhang, R., Zeng, L., and Yan, H. (2015). Prenatal
Alcohol Exposure and Congenital Heart Defects: A Meta-Analysis. PLoS One
10:e0130681. doi: 10.1371/journal.pone.0130681

Yang, Y., Ge, W., Chen, Y., Zhang, Z., Shen, W., Wu, C., et al. (2003).
Contribution of astrocytes to hippocampal long-term potentiation through
release of D-serine. Proc. Natl. Acad. Sci. U S A 100, 15194–15199. doi: 10.1073/
pnas.2431073100

Yang, Y., Phillips, O. R., Kan, E., Sulik, K. K., Mattson, S. N., Riley, E. P., et al. (2012).
Callosal thickness reductions relate to facial dysmorphology in fetal alcohol
spectrum disorders. Alcohol. Clin. Exp. Res. 36, 798–806. doi: 10.1111/j.1530-
0277.2011.01679.x

Frontiers in Molecular Neuroscience | www.frontiersin.org 15 December 2021 | Volume 14 | Article 753537

https://doi.org/10.1523/JNEUROSCI.18-09-03460.1998
https://doi.org/10.1523/JNEUROSCI.18-09-03460.1998
https://doi.org/10.1111/j.1460-9568.2006.04771.x
https://doi.org/10.1111/j.1530-0277.1990.tb01224.x
https://doi.org/10.1093/alcalc/37.1.2
https://doi.org/10.1002/bdra.23326
https://doi.org/10.1083/jcb.200604145
https://doi.org/10.1083/jcb.200604145
https://doi.org/10.1016/j.tins.2017.03.003
https://doi.org/10.1016/j.tins.2017.03.003
https://doi.org/10.1111/acer.13450
https://doi.org/10.1016/0955-0674(95)80102-2
https://doi.org/10.1038/nrm3802
https://doi.org/10.1038/nrm3802
https://doi.org/10.15585/mmwr.mm6437a3
https://doi.org/10.15585/mmwr.mm6437a3
https://doi.org/10.1016/j.conb.2021.03.015
https://doi.org/10.1016/j.conb.2021.03.015
https://doi.org/10.3389/fnmol.2017.00378
https://doi.org/10.1111/j.1471-4159.2011.07467.x
https://doi.org/10.1111/j.1471-4159.2011.07467.x
https://doi.org/10.1016/j.nicl.2014.12.007
https://doi.org/10.1523/JNEUROSCI.22-12-04918.2002
https://doi.org/10.1523/JNEUROSCI.22-12-04918.2002
https://doi.org/10.1016/j.ceb.2012.06.007
https://doi.org/10.1016/s0896-6273(02)00748-1
https://doi.org/10.1111/acer.13090
https://doi.org/10.1111/acer.13090
https://doi.org/10.1126/science.291.5504.657
https://doi.org/10.1126/science.291.5504.657
https://doi.org/10.1016/j.devcel.2005.08.011
https://doi.org/10.1046/j.1471-4159.1996.67062425
https://doi.org/10.1111/j.1530-0277.2007.00568.x
https://doi.org/10.1111/j.1530-0277.2007.00568.x
https://doi.org/10.1111/acer.12080
https://doi.org/10.1523/JNEUROSCI.3339-04.2004
https://doi.org/10.3389/fnint.2015.00065
https://doi.org/10.3389/fnint.2015.00065
https://doi.org/10.1016/j.neuron.2011.06.019
https://doi.org/10.1016/j.neuroscience.2016.02.020
https://doi.org/10.1016/j.neuroscience.2016.02.020
https://doi.org/10.1016/S1474-4422(19)30150-4
https://doi.org/10.1016/j.pharmthera.2011.12.008
https://doi.org/10.1126/science.1069040
https://doi.org/10.1126/science.1069040
https://doi.org/10.1371/journal.pone.0130681
https://doi.org/10.1073/pnas.2431073100
https://doi.org/10.1073/pnas.2431073100
https://doi.org/10.1111/j.1530-0277.2011.01679.x
https://doi.org/10.1111/j.1530-0277.2011.01679.x
https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/molecular-neuroscience#articles


fnmol-14-753537 December 9, 2021 Time: 17:24 # 16

Licheri and Brigman Cell Adhesion Alterations in FASDs

Yeaney, N. K., He, M., Tang, N., Malouf, A. T., O’Riordan, M. A., Lemmon, V., et al.
(2009). Ethanol inhibits L1 cell adhesion molecule tyrosine phosphorylation
and dephosphorylation and activation of pp60(src). J. Neurochem. 110, 779–
790. doi: 10.1111/j.1471-4159.2009.06143.x

Yoshida, S., Wilunda, C., Kimura, T., Takeuchi, M., and Kawakami, K. (2018).
Prenatal Alcohol Exposure and Suspected Hearing Impairment Among
Children: A Population-based Retrospective Cohort Study. Alcohol. Alcohol. 53,
221–227. doi: 10.1093/alcalc/agx092

Zhang, P., Wang, G., Lin, Z., Wu, Y., Zhang, J., Liu, M., et al. (2017). Alcohol
exposure induces chick craniofacial bone defects by negatively affecting cranial
neural crest development. Toxicol. Lett. 281, 53–64. doi: 10.1016/j.toxlet.2017.
09.010

Zhang, Z., and Galileo, D. S. (1998). Retroviral transfer of antisense integrin alpha6
or alpha8 sequences results in laminar redistribution or clonal cell death in
developing brain. J. Neurosci. 18, 6928–6938. doi: 10.1523/JNEUROSCI.18-17-
06928.1998

Zhou, D., Rasmussen, C., Pei, J., Andrew, G., Reynolds, J. N., and Beaulieu, C.
(2018). Preserved cortical asymmetry despite thinner cortex in children and
adolescents with prenatal alcohol exposure and associated conditions. Hum.
Brain Mapp. 39, 72–88. doi: 10.1002/hbm.23818

Zhu, Y., Wang, L., Yin, F., Yu, Y., Wang, Y., Shepard, M. J., et al. (2017). Probing
impaired neurogenesis in human brain organoids exposed to alcohol. Integr.
Biol. 9, 968–978. doi: 10.1039/c7ib00105c

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2021 Licheri and Brigman. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) and the copyright owner(s) are credited and that the original publication
in this journal is cited, in accordance with accepted academic practice. No use,
distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Molecular Neuroscience | www.frontiersin.org 16 December 2021 | Volume 14 | Article 753537

https://doi.org/10.1111/j.1471-4159.2009.06143.x
https://doi.org/10.1093/alcalc/agx092
https://doi.org/10.1016/j.toxlet.2017.09.010
https://doi.org/10.1016/j.toxlet.2017.09.010
https://doi.org/10.1523/JNEUROSCI.18-17-06928.1998
https://doi.org/10.1523/JNEUROSCI.18-17-06928.1998
https://doi.org/10.1002/hbm.23818
https://doi.org/10.1039/c7ib00105c
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/molecular-neuroscience#articles

	Altering Cell-Cell Interaction in Prenatal Alcohol Exposure Models: Insight on Cell-Adhesion Molecules During Brain Development
	Introduction
	Fetal Alcohol Spectrum Disorder Symptoms
	Alcohol Consumption During Pregnancy
	Cell-Adhesion Molecules: A Possible Target of Alcohol During Development

	Animal and In Vitro Experimental Models Used for Fetal Alcohol Spectrum Disorders
	Role of Cell-Adhesion Molecules in Central Nervous System Development
	Neural Cell Adhesion Molecule: Structure and Function
	Neural Cell Adhesion Molecule and Prenatal Alcohol Exposure
	Effects of Prenatal Alcohol Exposure on Specific Neural Cell Adhesion Molecule Subtypes

	Cadherins
	Prenatal Alcohol Exposure Affects Cadherin Expression and Interactions

	Integrins
	Integrins and Prenatal Alcohol Exposure Effects

	Areas of Future Focus
	Effects of Prenatal Alcohol Exposure Variables
	Interactions of Sex and Prenatal Alcohol Exposure on Cell Adhesion Molecules

	Conclusion
	Author Contributions
	References


