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Abstract

Fetal alcohol spectrum disorder (FASD) is a leading cause of neurodevelopmental disability. Some 

affected individuals possess distinctive craniofacial deficits, but many more lack overt facial 

changes. An understanding of the mechanisms underlying these deficits would inform their 

diagnostic utility. Our understanding of these mechanisms is challenged because ethanol lacks a 

single receptor when redirecting cellular activity. This review summarizes our current 

understanding of how ethanol alters neural crest development. Ample evidence shows that ethanol 

causes the “classic” fetal alcohol syndrome (FAS) face (short palpebral fissures, elongated upper 

lip, deficient philtrum) because it suppresses prechordal plate outgrowth, thereby reducing 

neuroectoderm and neural crest induction and causing holoprosencephaly. Prenatal alcohol 

exposure (PAE) at premigratory stages elicits a different facial appearance, indicating FASD may 

represent a spectrum of facial outcomes. PAE at this premigratory period initiates a calcium 

transient that activates CaMKII and destabilizes transcriptionally active β-catenin, thereby 

initiating apoptosis within neural crest populations. Contributing to neural crest vulnerability are 

their low antioxidant responses. Ethanol-treated neural crest produce reactive oxygen species, and 

free radical scavengers attenuate their production and prevent apoptosis. Ethanol also significantly 

impairs neural crest migration, causing cytoskeletal rearrangements that destabilize focal adhesion 

formation; their directional migratory capacity is also lost. Genetic factors further modify 

vulnerability to ethanol-induced craniofacial dysmorphology, and include genes important for 

neural crest development including shh signaling, PDFGA, vangl2, and ribosomal biogenesis. 

Because facial and brain development are mechanistically and functionally linked, research into 

ethanol’s effects on neural crest also informs our understanding of ethanol’s CNS pathologies.
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Introduction to fetal alcohol spectrum disorders

Prenatal alcohol exposure (PAE) is the most common teratogen exposure in humans and is 

the greatest known cause of developmental disability. Conservatively, PAE adversely affects 
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9.1 to 50 per 1000 live births in the U.S. and 68.0 to 89.2 per 1000 in populations with high 

levels of alcohol abuse (May et al., 2007, 2009; Sampson et al., 1997). It causes lifelong 

behavioral and cognitive deficits that impair the ability to function in society, including 

executive function, learning, attention, and motor skills; IQ is generally less affected 

(Stratton et al., 1996; Mattson et al., 2010). Animal models reveal that PAE impairs multiple 

neurodevelopmental processes including neuronal induction, proliferation, survival, 

migration, synaptogenesis, and white matter formation; these deficits parallel the brain 

changes documented in affected individuals. The severity of this damage varies individually 

and is shaped by factors such as exposure pattern, dose, and timing, genetics, nutrition, and 

other environmental influences (May et al., 2008, 2009, 2011; Jacobson et al., 2004). A 

significant challenge for PAE is the paucity of clear diagnostic markers that permits 

identification of affected individuals. Individuals who have neurodevelopmental deficits and 

known PAE reside along the continuum of effects known as Fetal Alcohol Spectrum 

Disorders (FASD). Approximately 10% of these exhibit the diagnostic criteria of behavioral 

deficits, body growth reduction, and a distinctive craniofacial appearance and are defined 

clinically with Fetal Alcohol Syndrome (FAS) (Stratton et al., 1996). The reminder have 

equally significant neurodevelopmental impairments but apparently lack the facial and 

growth deficits (Mattson et al., 2010; Streissguth et al. 2004). Detailed anthropometric 

analyses recently revealed more subtle facial dysmorphologies in this latter population, 

suggesting that craniofacial dysmorphology is a useful diagnostic tool (Foroud et al., 2012). 

Because diagnosis facilitates patient access to support services, there is great interest in 

understanding the mechanisms underlying these craniofacial deficits and thereby their 

precise clinical context.

Unfortunately, a clear understanding of these underlying mechanisms has challenged 

investigators because, unlike many teratogens, ethanol lacks a single receptor. Instead, 

ethanol interacts, at levels as low as 0.02% (mg/dl) or 5 mM, with defined water-binding 

pockets within select proteins (Howard et al., 2011; Mihic et al., 1997). The best 

characterized of these mediate neurotransmission and thereby the anxiolytic, reward, and 

addictive properties of ethanol. The proteins that are targeted by ethanol during the embryo 

and fetal periods are less well characterized. Contrary to popular opinion, the embryo and 

fetus have greater ethanol vulnerability compared with adults. Fetal ethanol concentrations 

average two-thirds of maternal blood levels. However, fetal liver weakly metabolizes ethanol 

and thus the fetus depends on maternal catabolism for disposal; ethanol also persists in the 

amniotic fluid. Because behavioral and genetic variables preclude definition of a “safe” 

ethanol dose, public health recommendations advise abstention during pregnancy and 

lactation. Animal studies show that even social drinking exposures (0.02% to 0.08%) have 

lasting detrimental effects (Hamilton et al., 2014 and references therein). Some confusion 

arises because rodent studies generally utilize higher ethanol exposures (0.1% to 0.3%, or 22 

mM to 66 mM) as compared with those experienced by humans, and this is because rodents 

catabolize ethanol more rapidly than do humans.

Craniofacial changes in FASD

Individuals with FASD often have a distinctive craniofacial appearance. The diagnostic 

criteria for FAS/partial FAS include the trio of small palpebral fissures, a flattened philtrum, 
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and a thin upper lip. These changes are often accompanied by a flattened nasal bridge, 

micrognathia, epicanthal folds, and a reduced epicanthal and interpupillary distance (Hoyme 

et al., 2005; Klingenberg et al., 2010). These soft tissue changes are accompanied by 

underlying bone and cartilage changes with a flattened midface and mouth area. However, 

facial changes also occur in those who do not meet the U.S. Institute of Medicine (IOM) 

criteria for FAS/PFAS (partial FAS) (Stratton et al., 1996). A recent morphometric 

comparison of age-matched children having FAS/PFAS vs. heavy PAE vs. controls found 

that reductions in ear length, facial depth, and frontal width had the highest predictability for 

PAE (Foroud et al., 2012). The facial changes from PAE persist across multiple racial and 

ethnic backgrounds. While many of the bone and tissue changes suggest an adverse effect of 

PAE upon neural crest development, other craniofacial changes are likely secondary to the 

brain growth reductions that are also common in those with PAE (Lipinski et al., 2012; 

O’Leary-Moore et al., 2011). The facial changes observed in PAE strongly correlate with 

adverse neurobehavioral outcomes, and this strong association validates their diagnostic 

importance as useful markers for PAE (Foroud et al., 2012).

At its first discovery some suggested that FAS resulted from environmental or genetic 

factors unrelated to alcohol. However, elegant morphological work by Sulik and colleagues 

demonstrated that the facial changes observed in FAS could be reproduced in a mouse model 

of PAE, including the small palpebral fissures, midfacial flattening and reduction, and the 

elongated upper lip with deficient philtrum. This was succeeded in older embryos by 

substantial reductions of the prosencephalon, as well as the facial primordia and other brain 

regions (Sulik et al., 1981; Sulik and Johnston, 1983; Sulik 1984). Because brain size 

influences face size, the smaller prosencephalon likely contributed to the facial changes (see 

below). Additional mechanistic insight emerged from their identification of substantial cell 

degeneration that was largely restricted to the neuroepithelium and anterior neural folds, 

including regions enriched in neural crest progenitors (Sulik et al., 1981; Kotch and Sulik, 

1992a). Similar facial changes occur following ethanol exposure in other species including 

non-human primate, chick, zebrafish, and Xenopus, suggesting that this represents an 

evolutionarily conserved action of ethanol and thus likely also operates in human PAE 

(Carvan et al., 2004; Cartwright and Smith, 1995; Sheller et al., 1988; Nakatsuji, 1983). 

Enumeration of neural crest populations following ethanol exposure confirms that ethanol 

significantly reduces cranial neural crest numbers (Flentke et al., 2011, 2014b; Garic et al., 

2011). Thus, compelling morphological and cellular data affirm that PAE can produce a 

neurocristopathy.

Analyses of human populations as well as animal models of PAE suggest that ethanol does 

not affect neural crest populations uniformly. The development of cranial neural crest 

populations is most commonly affected by ethanol, with reductions in their derived facial 

bone and cartilage, cranial nerves, tooth structure, and cardiac outflow tract. Trunk neural 

crest populations can undergo apoptosis in response to ethanol (Czarnobaj et al., 2014; 

Rovasio and Battiato, 2002). However, melanocyte changes are not observed in FASD, and 

changes to the parasympathetic and sympathetic nervous systems, if any, are not well 

defined. Ethanol’s apparent specificity for cranial neural crest is not understood and may 

reflect the greater plasticity and renewal capacity of non-cartilage neural crest, as well as 
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inherent differences between these two populations (Czarnobaj et al., 2014; Wentzel and 

Eriksson, 2009).

Research shows that ethanol adversely affects multiple events of neural crest development 

including induction, expansion, apoptosis, migration, and differentiation. These effects are 

summarized in Figure 1 and are detailed below. The complexity of ethanol’s action is 

consistent with its capacity to interact with multiple protein targets. For example, ethanol 

exposure during gastrulation generates a craniofacial appearance that differs from that 

generated by exposure during neural crest migration (i.e. Lipinski et al., 2012; see below). 

Thus the clinical criteria for the PAE face will continue to be refined as the ethanol-neural 

crest-brain interaction is better understood. In practice, however, PAE is seldom restricted to 

a single binge exposure. Women who abuse alcohol typically do so throughout the 

pregnancy, for example, with binge drinking every weekend. Thus what becomes labeled as 

the PAE face is a composite of ethanol’s multiple mechanisms.

Effects on midline, brain, and sonic hedgehog

Contributions to the craniofacial dysmorphology arise, in part, from ethanol’s disruption of 

midline expansion and sonic hedgehog (shh) signaling. Sulik was the first to suggest that the 

classic facial changes in FAS fall within the holoprosencephaly (HPE) spectrum (Sulik, 

1984). Both mammalian and nonmammalian FASD models recreate these features and 

include midfacial hypoplasia, shortened and fused branchial arches, smooth philtrum, and 

hypocellularity and narrowing of the reduced telencephalon, prosencephalon and olfactory 

bulbs; exceptional high ethanol doses produce cyclopia (Aoto et al., 2008; Su et al., 2001; 

Carvan et al., 2004; Hong and Krause 2012; Li et al., 2007; Lipinski et al., 2012; Sulik, 

1984). Mouse models show that this HPE phenotype is produced only when the ethanol 

exposure occurs during a narrow developmental window at gastrulation (e7.0), during the 

formation of the prechordal plate (Aoto et al., 2008; Kotch and Sulik, 1992; Sulik, 1984). At 

this stage, PAE may affect facial outcomes not through direct effects on neural crest, but 

indirectly through the impairment of neuroectoderm development. In both zebrafish and 

mouse, ethanol has been shown to significantly reduce the migration of the prechordal plate 

(Aoto et al., 2008; Blader and Strahl, 1998; Hong and Krauss, 2012). Accompanying this is 

substantial apoptosis within cells of the anterior prechordal mesendoderm (PME), and 

significantly reduced expression of several PME signals, including shh, fibroblast growth 

factor-8, and Foxa2 and goosecoid in the Notch pathway (Aoto et al., 2008; Hong and 

Krauss, 2012; Li et al., 2007). Endorsing a mechanistic role for SHH signaling is the 

demonstration that heterozygous loss-of-function in either SHH or Gli2 substantially 

magnify craniofacial dysmorphology and midline brain losses when ethanol exposure occurs 

at e7.0 (Kietzman et al., 2014).

Two distinct mechanisms have been identified to account for the loss of Shh. Ethanol has 

been shown to decrease shh at the protein level, through its suppression of cholesterol ester 

pools. As shown for the gastrulation-stage zebrafish embryo, this decreased availability of 

cholesterol esters pools reduces the substrate availability for the covalent esterification of the 

nascent N-terminal shh protein, which is necessary for the protein’s membrane association 

and shh signaling (Li et al., 2007). Increasing cholesterol-ester pools through exogenous 
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means enhances shh activity in ethanol’s presence and rescues the zebrafish embryo’s 

morphology. Ethanol exposure has also been shown to activate protein kinase A (PKA), 

which is an endogenous repressor of Shh signaling (Aota et al. 2008). In mouse, ethanol 

treatment elevates PKA activity, as shown by the increased nuclear content of the PKA 

target pCREB within the anterior PME. Pretreatment with the PKA inhibitor KT5720 

restores Shh expression to the anterior PME of ethanol-exposed mouse embryos. It also 

prevents apoptosis within the anterior PME. Both mechanisms are likely feasible, given 

ethanol’s pleiotrophic action, and the subsequent losses of shh would reduce the migration 

of the anterior PME and thereby reduce neuroectoderm induction especially along the 

anterior neural midline, contributing to HPE. Neural crest induction begins during 

gastrulation at the border between the neuroectoderm and ectoderm. Consistent with the 

proposed loss of neural crest induction, ethanol exposure at gastrulation (chick stage 4) 

causes a rapid decrease in several early neural crest markers and signals including Bmp4, 

Wnt6, FoxD3, and Snai2 Flentke et al. (2011). Additional research is needed to explore how 

ethanol affects the interactions between prechordal plate, neural plate, and induction of 

neural crest progenitors. In summary, ethanol’s suppression of midline induction, including 

formation of the neural plate and neural crest, contributes to the “typical” face (thin and 

elongated upper lip, absent philtrum, reduced midface) of individuals with FAS.

Effects on neural crest migration

In addition to its effects on midline formation, ethanol strongly suppresses neural crest 

migration. In response to ethanol challenge, fewer neural crest cells emigrate from the 

prosencephalon, mesencephalon, and rhomboencephalon (Cartwright and Smith, 1995; 

Rovasio and Battiato, 1995). Those that do emigrate largely follow the appropriate migratory 

routes (Cartwright and Smith 1995). However, at higher ethanol concentrations, a small 

number of neural crest cells (by merit of labeling for markers such as NC-1, snai2, or Sox9) 

instead appear within the lumen of the hindbrain and neural tube (Cartwright et al., 1998; 

Rovasio and Battiato, 2002), suggesting that migration and/or its cues are abnormal. Many 

of the migrating neural crest cells display apoptotic figures and can be co-labeled using 

TUNEL techniques (Cartwright et al. 1998; Garic et al. 2011; Rovasio and Battiato, 2002). 

Their abnormal migration was elegantly mapped in real-time using Sox10: EGFP zebrafish 

embryos (Boric et al. 2013). Under continuous ethanol exposure (100–200 mM), cranial 

neural crest migration loses its left-right symmetry with respect to the embryo’s midline and 

becomes profoundly asymmetric. The Sox10:EGFP-labeled cells travel a shorter distance 

over time and exhibit substantial retrograde motion along both the anteroposterior and 

mediolateral axes. These results suggest that ethanol impaired the cells’ migratory capacity, 

the substratum upon which they migrate, or both. Cell culture studies affirmed that the 

abnormal migration is inherent to the neural crest cells, at least in part. When cultured in 

ethanol’s presence (10.9 mM or 150 mM), fewer neural crest cells emerge from cranial-

derived explants (Czarnobaj et al., 2014). The CNCs travel significantly shorter distances 

(50% of control values) and their migration is less directional, again with more retrograde 

movements (Czarnobaj et al., 2014; Rovasio and Battiato, 2002). At low ethanol (10.9mM) 

only the migration of cranial populations was impaired (Czarnobaj et al., 2014) and it took 

substantially higher ethanol levels (150mM) to impair trunk neural crest migration (Rovasio 
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and Battiato, 2002). Importantly, this abnormal migration persisted for at least 24hr 

following ethanol removal, suggesting that ethanol caused lasting changes in neural crest 

migratory capacity (Rovasio and Battiato, 2002).

Insights into the basis for this impaired migration emerged from analyses of cellular 

morphology. Migrating neural crest normally have a stellate appearance with multiple 

filopodia. Ethanol exposure causes rapid (<30min) cytoskeletal remodeling within neural 

crest, with filopodia retractions and fewer focal adhesions (Hassler and Moran, 1986a, 

1986b; Oyedele and Kramer, 2013; Rovasio and Battiato, 2002). Actin bundles are 

reorganized and thickened to define a linear, bipolar axis with significantly reduced 

arborization (Hassler and Moran, 1986a, 1986b; Oyedele and Kramer, 2013; Rovasio and 

Battiato, 2002). There are commensurate reductions in surface area and cell perimeter 

(Hassler and Moran, 1986a, 1986b; Oyedele and Kramer, 2013; Rovasio and Battiato, 2002), 

which may be dose- or substrate-dependent (Czarnobaj et al., 2014). The cytoskeletal 

remodeling and filopodia reductions persist for at least 24hrs after the ethanol removal, 

indicating that ethanol may have respecified the intracellular signals that govern cell 

migration (Rovasio and Battiato, 2002). Intracellular calcium is a potent regulator of focal 

adhesion assembly and cytoskeletal architecture, and one possibility is that the intracellular 

calcium transient elicited by ethanol (Debelak et al., 2003; see below) might also underlie 

this intracellular remodeling. Whether ethanol also alters the extracellular fibronectin/

collagen stratum that directs neural crest migration is a question that needs investigation. 

Overall, data are compelling that ethanol exposure, even at pharmacologically “low” 

concentrations, impairs neural crest migration and this likely contributes to the facial deficits 

in FASD.

Effects on neural crest survival & apoptosis

Ethanol causes substantial cell death within the cranial neural crest (Figure 3; Kotch and 

Sulik, 1902; Cartwright and Smith, 1995; Rovasio and Battiato 2002) and eliminates as 

many as 50% of migrating neural crest cells, enumerated using markers such as Snai2, Sox9, 

HNK1, CRABP-I, and Crestin (Cartwright and Smith, 1995; Flentke et al., 2011, 2014b; 

Yamada et al., 2005). This cell death is apoptotic, as shown by its pyknotic appearance, by 

its labeling using classic apoptotic markers including Terminal Deoxynucleotidyl 

Transferase (TUNEL) and Annexin V-GFP reporters, and because the death is prevented 

using caspase-directed inhibitors (Cartwright et al., 1998; Dunty et al., 2001; Flentke et al., 

2014b; Reimers et al., 2006). Prevention of their apoptosis using caspase inhibition 

normalizes the facial appearance, confirming that apoptosis contributes to the facial 

dysmorphology. Sensitivity to apoptosis is greatest when ethanol exposure occurs prior to 

the cells’ delamination and migration (Cartwright et al. 1998), and higher ethanol 

concentrations are necessary to initiate apoptosis within migrating cells.

Sulik and colleagues observed that cell populations that normally undergo programmed cell 

death appear to have the greatest sensitivity to ethanol-induced apoptosis (Sulik et al., 1988; 

Kotch and Sulik, 1992). This suggests the existence of factors that “prime” neural crest to 

apoptose. In the early chick embryo, ethanol causes two rounds of apoptosis. A first, modest 

peak occurs throughout the embryo within a few hours of ethanol addition (Debelak and 
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Smith, 2000). However, a second and substantially greater neural crest apoptosis occurs at 

stages 12–13 and this death coincides with the endogenous cell death that occurs in neural 

crest progenitors in rhombomeres 3 and 5. However, ethanol did not up-regulate msx2 and 

bmp4 in the hindbrain, suggesting those cell death signals do not contribute to the apoptosis 

at this stage (Cartwright et al., 1998).

Extensive work in our laboratory has isolated the mechanism by which ethanol causes this 

apoptosis, and the basis for these cells’ heightened vulnerability. Ethanol is known to 

mobilize calcium through IP3-mediated mechanisms, for example, to activate oocytes 

(Winson and Maro, 1995). We found that, in the 3-somite chick embryo, ethanol 

concentrations as low as 9mM cause a rapid rise in intracellular calcium (Cai
2+) levels 

within the early neural folds including neural crest (Figure 2; Debelak-Kragtorp et al., 

2003). This represents a 6.03-fold increase in Cai
2+ to 830 ± 59 nM, as quantified using 

ratiometric calcium imaging with Fura2 (Garic-Stankovic et al. 2006). The Cai
2+ transient is 

elicited by aliphatic alcohols from C2 to C5 but not C6 or C7, suggesting the alcohol 

binding site accommodates n-alkanols through pentanol (Garic-Stankovic et al. 2006). Two-

thirds of the Cai
2+ originates from inositidyl-phosphate-triggered stores and the remainder 

from extracellular sources (Debelak-Kragtorp et al., 2003). The Cai
2+ transient is mobilized 

through ethanol’s interaction with a G-protein-coupled receptor of unknown identity that is 

sensitive to inhibition by pertussis toxin. Ethanol’s activation of Gβγ and Gαi/o elevates 

intracellular IP3 levels through phospholipase Cβ, possibly PLCβ4 (Garic-Stankovic et al. 

2005).

Although ethanol’s Cai
2+ transient occurs throughout the neural folds and adjacent 

ectoderm, CaMKII is subsequently activated only within the dorsal roof of the neural folds, 

where neural crest progenitors reside (Figure 2). Ethanol’s action is selective as CaMKII 

activity does not increase in caudal regions, and calcium-dependent kinases such as PKC are 

not activated (Garic et al. 2011). Inhibition of CaMKII, using either small molecule 

inhibitors or over-expression of the dominant-negative construct K42M-CaMKII fully 

prevents the ethanol-induced apoptosis, whereas CaMKII forced-expression (T286D-

CaMKII) is sufficient to induce neural crest death. This Cai
2+ transient and CaMKII mediate 

this apoptosis in both chick and zebrafish (Flentke et al., 2011, 2014b), suggesting this 

mechanism is evolutionarily conserved and may also occur in humans.

Why is CaMKII pro-apoptotic to cranial neural crest? We discovered that CaMKII is capable 

of phosphorylating and destabilizing the transcriptional effector β-catenin, which provides 

essential trophic support during early neural crest development (Flentke et al., 2011, 2014a). 

Normally, β-catenin interacts with the transcription factors TCF and LEF to initiate gene 

expression (MacDonald et al., 2009). Canonical Wnt signaling enhances its transcriptional 

activity through its inhibition of GSK3β, which otherwise phosphorylates β-catenin and 

targets it for proteosomal degradation. However, other kinases and enzymes can also affect 

β-catenin stability including PKC, calpains, and non-canonical Wnt signaling via either 

Jnk/PCP or Ca/Wnt (Kohn and Moon, 2005). We found that, within 2hr of ethanol exposure, 

there is a significant loss of β-catenin protein, but not transcripts, within the dorsal neural 

folds including neural crest (Figure 2; Flentke et al., 2011). There is an accompanying loss 

of β-catenin/TCF/LEF transcriptional activity, as assessed using both TopFlash reporter 
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constructs and qPCR for downstream targets including Snai2, FoxD3, and Wnt6, but not 

Bmp4 or TGFβ2 (Flentke et al. 2011). β-catenin over-expression rescues neural crest from 

ethanol-induced apoptosis, whereas dominant-negative TCF7 (ΔTCF) induces neural crest 

death in ethanol’s absence. Surprisingly, it is CaMKII and not GSK3β, PKC, or Jnk, that 

induces β-catenin instability. It does so by direct phosphorylation of β-catenin at three highly 

conserved CaMKII target sites at T332, T472, and S552 (Flentke et al. 2014a). Endorsing 

the critical importance of calcium signaling and β-catenin stability for ethanol’s action, a 

recent transcriptome analysis found that headfolds from a chick layer line having high 

sensitivity to ethanol-induced neural crest apoptosis had significantly lower expression of β-

catenin and calmodulin as compared with a closely-related ethanol-resistant line, suggesting 

that changes in the endogenous level of canonical Wnt signaling could predispose an 

embryo to ethanol’s neurotoxic effects (Garic et al., 2014). Because noncanonical Wnt 

signaling normally contributes to the endogenous death within rhombomere 3/5 (Ellies et al., 

2000), our data suggest that cranial neural crest has heightened sensitivity to apoptosis, in 

part, because ethanol either mimics or converges upon the calcium/Wnt signals that mediate 

this endogenous death. A major question is the identity of the downstream targets of β-

catenin/canonical Wnt signaling that provide trophic support to neural crest, lost upon 

ethanol challenge.

Oxidative stress and neural crest survival

Ethanol is well known to induce cellular oxidative stress through mechanisms that include 

the suppression of oxidative phosphorylation and NADH accumulation from ethanol 

oxidation (Cunningham and Van Horn, 2003). Neural crest cells have lower levels of 

endogenous superoxide dismutase (SOD) activity (Davis et al. 1990) and this may increase 

their sensitivity to the stresses from reactive oxygen intermediates (ROS) (Chen and Sulik, 

1996). Free radicals and oxidative stress contribute to the apoptosis of ethanol-exposed 

neural crest. Neural crest populations, either in culture or within the neural folds and early 

facial primordial, generate significant ROS levels when cultured with ethanol (Chen et al. 

2013a; Davis et al. 1990; Kotch et al. 1995). Co-culture of ethanol-treated neural crest with 

exogenous free radical scavengers such as SOD, catalase, or α-tocopherol enhance cell 

survival and attenuate the craniofacial dysmorphology (Davis et al. 1990; Kotch et al. 1995). 

Importantly, forced expression of Nrf2, which interacts with the antioxidant response 

promoter element to induce cellular antioxidant responses, enhances neural crest survival 

and reduces their apoptosis in response to ethanol challenge (Chen et al. 2013a). Similar 

protection is conferred by small molecules that stimulate Nfr2 activity (Chen et al. 2013b; 

Yan et al. 2010).

The mechanism that might account for neural crest vulnerability to ROS production and free 

radical damage is unclear. It is unknown if ethanol acts through mechanisms similar to that 

in liver, such as the suppression of oxidative phosphorylation; it is also unknown if neural 

crest can oxidize ethanol, or if other mechanisms for ROS production are involved. One 

possible mechanism is an ethanol-mediated increase in free iron mobilization; iron chelators 

such as desferoxamine and phenanthroline enhance neural crest viability in ethanol’s 

presence, whereas mobilization of ferritin-bound iron enhances their vulnerability (Chen and 

Sulik, 2000). Short-term (6hr) ethanol exposure substantially suppresses SOD1 (0.688-fold, 
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p=9.76×10−5) and glutathione peroxidase (GPX1, 0.28-fold, p=2.8×10−6) expression in 

chick neural headfolds (A Garic, ME Berres, SM Smith, unpublished data), which could 

enable cellular ROS levels to rise. By 24hr Nrf2, superoxide dismutase, catalase, and 

glutathione peroxidase levels are actually increased in ethanol-treated neural crest as 

compared with controls. Similar inductions of MnSOD and glutathione peroxidase-1 were 

observed in post-migratory neural crest after 48hr in continuous ethanol culture (Wentzel 

and Eriksson, 2008). These increases may be compensatory responses to earlier ROS 

elevations. Regardless, these elevations are apparently insufficient to confer cell protection, 

because, in the majority of these studies, the free radical scavengers mitigate the apoptosis 

but typically provide only partial protection against cell death (Chen et al. 2013a; Yan et al., 

2013). It is unclear whether this partial protection reflects a technical issue, or if it instead 

suggests that ROS production is one of several elements that act in concert to induce neural 

crest death. Reflecting this complexity is the demonstration that trunk but not cranial neural 

crest induces CuZnSOD and EC-SOD in response to ethanol challenge (Wentzel and 

Eriksson, 2009). Differences in free radical scavenging capacity may contribute to the 

differential vulnerability of neural crest populations. Another unanswered question is 

whether there exist mechanistic relationships between the increased oxidative stress and 

ethanol’s other actions, such as the calcium transient or the losses of trophic support. These 

answers will substantially advance our understanding of why neural crest is so sensitive to 

teratogen insult.

Other trophic support in neural crest

Although ethanol exposure at gastrulation clearly suppresses shh signaling (Aoto et al., 

2008; Hong and Krauss, 2012), its effects upon this pathway in later neural crest 

development is unclear. Very high ethanol exposure (1% v/v, 171 mM) at the onset of neural 

crest migration (chick stage 9–10) suppressed the expression of shh, ptc and all three gli 
genes within the head primordia (Ahlgren et al., 2002). In these embryos, exogenous shh 

given as either protein or from retroviral expression reduced neural crest apoptosis, 

implicating a role for shh loss in this cell death. However, in whole embryo culture of 

similarly-staged mouse embryos (e7.8, 3–6 somites), the identical ethanol concentration did 

not alter the craniofacial expression of shh, ptc1, or gli1, indicating that signaling through 

the shh pathway was normal. Despite this, cranial neural crest populations were reduced and 

craniofacial morphology was abnormal (Yamada et al., 2005). The basis for these disparate 

results is unknown and requires additional investigation.

In addition to β-catenin/Wnts and shh signaling, ethanol exposure may impair other trophic 

factors that support neural crest survival. The neurotrophic growth factor Neurotrophin-3, 

but not ciliary neurotrophic factor, selectively reduced the severity of ethanol-induced 

abnormalities and enhanced both neural crest survival and proliferation when supplied 

exogenously commensurate with 100mM ethanol (Jaurena et al. 2011). Both migratory and 

premigratory neural crest express the Trk-C receptor, which strongly binds Neurotrophin-3, 

thus this may represent a direct effect on neural crest. Whether ethanol also affects 

neurotrophin-3 expression was not determined. In addition to its aforementioned effects on 

cholesterol-ester pools (Li et al., 2007), ethanol also depletes polyamines from the early 

mouse head primordia (e8.75 – e9.5). These dose-dependent reductions include putrescine, 
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spermine, and spermidine, which are essential for DNA replication (Haghighi Poodeh et al., 

2014). Premigratory neural crest cells are highly proliferative and emigrate synchronously in 

S-phase in the cell cycle (Burstyn-Cohen and Kalcheim, 2002). Such populations would 

have greater susceptibility to rate-limiting reductions in cellular metabolites such as 

cholesterol esters and polyamines, which could then produce cell-cycle arrest and initiate 

apoptosis. Indeed, ethanol does depress the proliferation of neural crest and 

neuroprogenitors (Jaurena et al., 2011; Giles et al., 2008). Again, given that ethanol does not 

have a single receptor, it is likely that multiple mechanisms shape neural crest sensitivity to 

apoptosis.

Genetic influences upon neural crest responses

Studies of monozygotic and dizygotic twins provided the earliest evidence that genetic 

factors can modulate fetal sensitivity to ethanol’s teratogenicity (Streissguth and Dehaene, 

1993; Warren and Li, 2005). This genetic vulnerability extends to neural crest populations. 

For example, neural crest populations isolated from the mouse strain C57Bl/6J experience 

significantly greater apoptosis as compared to populations isolated from ICR mice and 

receiving equivalent ethanol exposures (50–200 mM; Chen et al., 2000). Differences in 

membrane GM1 ganglioside content may contribute to their differential vulnerability as 

levels are significantly lower in C57Bl/6J cells, are further reduced by ethanol, and GM1 

supplementation attenuates ethanol’s fetal damage (Chen et al. 2000). Embryos from chick 

layer lines also significantly differ in the severity of craniofacial dysmorphology and neural 

crest apoptosis following equivalent ethanol exposure (Debelak and Smith, 2000; Su et al. 

2001), as do zebrafish of the EK, AB, and TU backgrounds (Loucks and Carvan, 2004). 

That genetics influence craniofacial outcomes in diverse species suggests that similar genetic 

factors influence craniofacial outcomes in human exposures. This may partially explain why 

craniofacial dysmorphology occurs in a subset of individuals diagnosed with FASD. A 

genetic screen in zebrafish has identified multiple genes that modify craniofacial outcome in 

ethanol-exposed embryos including foxi1, hinfp, mars, pdgfa, plk1, and vangl2 (McCarthy 

et al. 2013; Swartz et al., 2014). Equally important is their finding that many genes 

important for neural crest development are not contributory, and this provides important 

evidence that ethanol selectively targets just a subset of signals and events to disrupt neural 

crest survival and development.

Additional insights into candidate genetic modifiers emerge from transcriptome comparisons 

of ethanol-sensitive and -resistant embryos. Three independent analyses of early headfolds, 

two using mouse and one using chicken, have identified common gene clusters that 

distinguish ethanol vulnerability in naive and/or ethanol-treated headfolds (Green et al. 

2007; Downing et al. 2012; Garic et al., 2014). Gene clusters that significantly distinguished 

the ethanol and/or strain responses in at least two studies include ribosome biogenesis, RNA 

splicing, glycolysis/gluconeogenesis, tight junctions, and proteasomes. Ribosome biogenesis 

was the only KEGG cluster common to all three studies. Its consistent identification is 

especially interesting because, in addition to its translational role, it is a sensor of cellular 

stress. Under conditions wherein ribosome assembly is disrupted, for example when energy 

is limiting, some ribosomal proteins directly interact with MDM2, an ubiquitinase which 

normally silences p53. Ribosome protein-MDM2 interactions thus enhance cellular p53 
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activities including cell cycle arrest and apoptosis (Chakraborty et al., 2011; Fumagalli and 

Thomas 2011). Early neural crest is sensitive to disruptions in ribosome biogenesis, perhaps 

due to their rapid proliferation. The human ribosomopathies Diamond Blackfan anemia and 

Treacher-Collins Syndrome display craniofacial dysmorphologies similar to FASD, and, for 

Treacher-Collins syndrome, cause cell cycle arrest and extensive apoptosis within the cranial 

neural crest (Narla and Ebert, 2010; Trainor, 2010). In early mouse and chick headfolds that 

are enriched in neural crest, ethanol dramatically suppresses ribosome protein expression as 

early as 4hr to 6hr following ethanol challenge (Green et al. 2007; Downing et al. 2012; A 

Garic, ME Berres, SM Smith, unpublished). Investigation of these changes relative to 

ethanol-induced cell death is now underway. Thus unbiased transcriptome analyses provide 

novel insights into the mechanisms underlying ethanol’s neurocristopathy, as well as into 

allelisms affecting individual vulnerability to ethanol’s damage.

Future Directions

We now understand much about how ethanol disrupts neural crest development and 

produces the craniofacial deficits of FAS that were first described over 40 years ago. 

Ethanol’s ability to interact with multiple signaling pathways permits it to simultaneously 

enhance some pathways (i.e. calcium mobilization) while repressing others (i.e. sonic 

hedgehog). Identification of these heterogeneous actions informed the realization that PAE 

produces a spectrum of facial outcomes. In addition to dose and timing of exposure, growing 

evidence documents that genetic background also modulates ethanol’s facial 

dysmorphology. Ethanol’s ability to adversely affect neural crest induction, proliferation, 

apoptosis, migration and perhaps differentiation has enhanced our understanding of what a 

facial dysmorphology “means” when diagnosing FASD. Because neural crest is also a stem 

cell lineage, this work also informs our understanding of ethanol’s neurodevelopmental 

damage, and, ultimately, the development of prenatal and postnatal interventions that will 

ameliorate ethanol’s damage.

Many questions remain unanswered. Some of these include: What is the mechanism by 

which ethanol impedes prechordal plate induction – might ethanol’s calcium transients play 

a role here? – and does ethanol alter targets in addition to shh to attenuate neural crest 

induction? Is there a role for ethanol in altering neural crest differentiation and lineage 

determination? It was shown some years ago that ethanol causes the precocious 

differentiation of chondrocytes in facial mesenchyme explants (Hoffman and Kulyk, 1999). 

This is similar to ethanol’s pro-differentiation effects on neurogenesis, and apart from this 

one report, the neural crest effect remains uninvestigated. Finally, why are neural crest cells 

so susceptible to apoptosis? Their loss of β-catenin is clearly contributory, but is there a role 

for other effectors in hastening their demise? Answers to these questions will further reveal 

how ethanol disrupts craniofacial morphogenesis, and, hopefully, support the development 

of diagnostics that improve patient access to interventions.
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Figure 1. 
Effects of ethanol upon neural crest development. Although chick embryos are depicted, 

these changes have been documented in diverse vertebrate species including mouse, 

zebrafish, and Xenopus. The left-half of each embryo depicts normal development, and each 

right-half contrasts the consequences of ethanol exposure. Details of these changes are 

presented in the text. Purple, shh; teal, neural crest; blue, chondrogenesis; red dots, 

apoptosis; pink stars, ROS; teal squiggles, migrating neural crest. Cont, control; EtOH, 

ethanol; NC, neural crest; PCM, prechordal plate; ROS, reactive oxygen species.
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Figure 2. 
Key events in ethanol-induced apoptosis of chick cranial neural crest. The green box on the 

left panel indicates the headfold region where calcium is imaged in the 3-somite chick 

embryo. Exposure to 52mM ethanol instigates the mobilization of intracellular calcium 

stores (*) within the early head fold (boxed region) as quantified using Fura2. This 

selectively activates CaMKII within the anterior neural folds including neural crest (arrows) 

as detected using antibody directed against phospho-CaMKII (green signal, arrows). A 

dorsal view of the headfolds is depicted. Among other targets, CaMKII phosphorylates and 

destabilizes β-catenin protein (green signal at green arrows in boxed region) within the 

dorsal neural folds enriched in neural crest (D). Shown is a transverse section, dorsal at top, 

through the headfold of embryos having 3 somites; blue indicates DAPI-stained nuclei. 

Subsequently, there is significant apoptosis (red signal) within ethanol-exposed dorsal 

neuroprogenitors of the hindbrain including neural crest (strong green signal), detected using 

antibody against the neural crest marker snail2. The saline-treated control hindbrain displays 

little cell death. Shown is a transverse section through rhombomere 4, which normally lacks 

appreciable cell death, of embryos having 16–18 somites. Chick embryos normally have a 

low-level green autofluorescent background.
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