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ABSTRACT 

ELIZABETH ANNE GODIN  

Magnetic Resonance Imaging, In Situ Hybridization, and Immunohistochemistry-
based Analyses of Early Prenatal Ethanol Exposure-Induced Central Nervous 

System Abnormalities  

(Under the direction of Kathleen K. Sulik, Ph.D.) 

 

Fetal alcohol spectrum disorders (FASD), the collection of defects resulting 

from prenatal alcohol (ethanol) exposure, has been the subject of basic and clinical 

investigation for four decades, but remains a major public health problem.  At the 

severe end of the spectrum is fetal alcohol syndrome (FAS), which is characterized 

by the presence of growth retardation, craniofacial anomalies, and brain deficits. The 

research described herein was designed to advance our knowledge regarding 

ethanol's insult to the developing brain, with much of it directed toward testing the 

hypothesis that the application of magnetic resonance-based imaging to the 

examination of brain morphology, regional volumes and fiber tracts in ethanol-

exposed fetal mice would facilitate new discoveries. As with other teratogens, it is 

well known that the type and severity of abnormality induced by ethanol is 

dependent upon the dose, timing, and pattern of maternal exposure. For this study, 

the CNS dysmorphology resulting from acute gestational day (GD) 7 maternal 

ethanol administration was examined in fetal mice utilizing state of the art imaging 
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techniques.  This time in mouse development is consistent with that in the third week 

of human gestation.  Magnetic resonance microscopy (MRM) allowed for linear, 

volumetric and 3-dimensional morphologic analyses of ethanol-induced alterations in 

the fetal CNS and diffusion tensor imaging (DTI) provided for assessment of fiber 

tract abnormalities.  In addition, routine histological techniques were utilized for 

detailed examination of the ventromedian forebrain in ethanol-exposed embryos and 

fetuses.  

 Major new findings from these studies include the following regarding the 

consequences of acute GD7 ethanol exposure in mice 1) cerebral cortical 

heterotopias are induced; a discovery that was facilitated by MRM-based analyses, 

2) fiber tract abnormalities involving the corpus callosum, anterior commissure, and 

fornix/fimbria occur, as evidenced by DTI, 3) fiber tract abnormalities, as identified in 

fetal mice, persist into periadolescent stages, 4) ventral forebrain insult preferentially 

involving the preoptic area and medial ganglionic eminences reduces Olig2 and 

GABA expression and alters the morphology of somatostatin-expressing cells. 

Overall, the results of this work promise to aid in clinical recognition, diagnosis, and 

prevention of FASD. 
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CHAPTER I  

 

BACKGROUND 

 

HISTORICAL PERSPECTIVE ON ETHANOL-RELATED BIRTH DEFECTS 

Ethanol (alcohol) is a well documented teratogen that causes a wide 

spectrum of birth defects.  There are conflicting opinions as to when ethanol was first 

mentioned as a teratogen (Abel, 1999; Warren and Hewitt, 2009).  It may have been 

as early as 350 B.C. when Aristotle apparently stated that “foolish, drunken and 

harebrained women most often bring forth children like unto themselves, morose 

and languid” (Warren and Hewitt, 2009), though Abel (1999) would argue this 

statement was misinterpreted by Robert Burton (1621) and that ethanol was not 

recognized as causing birth defects in 350 B.C.  One of the first published scientific 

studies of ethanol’s effect on embryonic development dates back to 1910 when 

Charles Stockard noted that fish embryos exposed to ethanol developed gross 

structural abnormalities of the central nervous system and the eyes (Stockard, 

1910).  Then, in 1968, Lemoine et al. documented the specific pattern of 

abnormalities he noticed in children born to alcoholic mothers.  These included 

particular facial characteristics, growth delay, malformations, and psycho-motor 

retardation (Lemoine et al., 1968; reprinted 2003).  Within this study, high rates of 



miscarriage and stillbirths were recognized.  Seven years later, Jones and Smith 

coined the term “Fetal Alcohol Syndrome” to describe the defects associated with 

prenatal ethanol exposure (Jones and Smith, 1975).  This, along with the issues 

discussed at the first NIAAA conference on Fetal Alcohol Syndrome in 1977, led to a 

government health advisory on ethanol consumption during pregnancy.  The 

advisory recommended a two-drink limit for pregnant women and stated that greater 

than six drinks per day was dangerous to the developing baby (Department of 

Health, Education, and Welfare, 1977).  A later update in 1981 by the Surgeon 

General advised that there was no known safe limit of ethanol for pregnant women 

and recommended abstinence (Koop, 1981).  The most recent update in 2005 

reinforced the previous advisory on abstinence and added a recommendation that 

women who may become pregnant also abstain from drinking (Carmona, 2005). 

Although it has been well documented for many years that ethanol use during 

pregnancy can lead to devastating birth defects, pregnant women and non-pregnant 

women of child bearing age continue to drink.  Sadly, a 2009 CDC report showed 

that the rate of ethanol use among pregnant and non-pregnant women aged 18-44 

did not substantially decrease between the years of 1991 to 2005.   This information 

was acquired from a survey that showed that 12.2% of pregnant women reported 

any ethanol use (defined as having at least 1 drink in the last 30 days), while 1.9% 

reported binge drinking (defined as having five or more drinks on at least one 

occasion in the last 30 days).  Among non-pregnant women, 53.7% reported any 

ethanol use while 12.1% had at least one binge episode (CDC, 2009).  Ethanol use 

and abuse is critical in non-pregnant women because most women do not recognize 
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they are pregnant for the first few weeks and continue to consume ethanol.  At these 

early stages, the developing embryo is already sensitive to ethanol’s effects.   

Epidemiologic studies of individuals with Fetal Alcohol Syndrome (FAS) and 

Fetal Alcohol Spectrum Disorders (FASD) report varying statistics depending on the 

location of the study and population examined.  A recent report by May et al. in 2009 

states that the prevalence of FAS in a typical mixed-race, mixed socio-economic 

status population in the US is at least 2 to 7 per 1,000. The prevalence of FASD, 

which is far more common than FAS, is an alarming 2-5% in the US (May et al., 

2009).  It is important to recognize that FASD is not just a problem in our country; it 

is, in fact, a global issue. Studies have been conducted examining FASD in other 

countries including Canada, Italy, Finland, and South Africa.  Some of the highest 

rates reported are in the Western Cape of South Africa, where the rate for FAS was 

found in the year 2000 to be between 40.5 and 46.4 per 1,000 births (May, 2000).  A 

more recent study in the Western Cape of South Africa (May, 2007) includes cases 

of both FAS and partial FAS (PFAS).  This study reports that 68.0 to 89.2 per 1,000 

births have an alcohol-related birth defect. A recent report regarding a study of 71 

children adopted from Eastern Europe states that an alarming 52% of these children 

have some form of FASD (Landgren et al., 2010). 

Caring for individuals with defects resulting from prenatal ethanol exposure is 

not trivial.  Those who are most severely affected will require lifetime health care and 

support services, as they are not able to care for themselves.  Alcohol-related birth 

defects are expensive.  In the US, it has been estimated that we spend $3.6 billion 
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annually caring for those with alcohol-related birth defects, and that per individual, 

there is a lifetime total cost of care of $2.9 million (Lupton et al., 2004).   

 

FETAL ALCOHOL SPECTRUM DISORDERS IN THE HUMAN POPULATION 

Fetal alcohol spectrum disorders (FASD) is an umbrella term used to describe 

all defects caused by maternal ethanol exposure (Streissguth and O’Malley, 2000).  

These include, but are not limited to, growth retardation, heart and kidney problems, 

skeletal defects, vision and hearing problems, abnormal facial features, and 

structural and functional brain defects.  There are many factors involved in the 

variability of defects caused by ethanol.  It is recognized that the extent of defect is 

dependent upon the dose, pattern, and timing of exposure, as well as maternal 

factors including nutrition and genetics (Coles et al., 1994).    

 

Non-CNS features 

At the most severe end of the alcohol-induced birth defect spectrum is Fetal 

Alcohol Syndrome (FAS).  The characteristic features of FAS include pre- and/or 

postnatal growth deficiency (below the 10th percentile for both height and weight), a 

specific facial phenotype, and CNS abnormalities.  Individuals with FAS frequently 

have a decreased head circumference (less than 10th percentile), which is indicative 

of a small brain.  As illustrated in Figure 1.1, there are specific facial features that 

are characteristic of FAS.  These include a relatively flat midface, indistinct philtrum, 

a thin vermillion border, small palpebral fissures, and a short, upturned nose.  

Sometimes clefting of the upper lip and/or palate occurs.  Unilateral or bilateral cleft 
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lips are the most common, though median cleft lips have also been reported (Ronen 

and Andrews, 1991).  Other features that can accompany cleft palate include a small 

tongue (microglossia) or a small mandible (micrognathia).  However, micrognathia 

can also occur without cleft palate.  Another structural anomaly of the craniofacies 

involves the ears.  Underdevelopment of the top part of the external ear causes the 

tissue to fold over parallel to the curve beneath it, giving it a railroad track 

appearance (see Figure 1.2), hence the name railroad track ears (Wattendorf and 

Muenke, 2005; Hoyme et al., 2005).   

The presence of abnormal craniofacial features frequently accompanies brain 

damage.  In 1964, DeMyer suggested that median facial anomalies predict brain 

defects, though there are exceptions (DeMyer et al., 1964).  This also holds true for 

ethanol-related craniofacial defects. Importantly, facial features among individuals 

with FAS are similar to those within the holoprosencephaly spectrum.     

Ocular problems occur frequently in individuals with FASD.  Stromland (1987) 

has reported that in her investigations the eyes are abnormal in approximately 90% 

of affected individuals.  The observed ocular abnormalities include microphthalmia, 

iridial coloboma, cataracts, retinal dysplasia, and more commonly, optic nerve 

hypoplasia.  Strabismus and refractive errors (myopia, hyperopia, and astigmatism) 

are also common (Stromland et al., 2002; Stromland, 2004).  Ocular problems, like 

facial anomalies, can be indicative of brain defects.  Indeed, Jones and colleagues 

(2009) suggest that short palpebral fissure length (which is a result of reduced globe 

size) may reflect a defect in forebrain development. 
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Another sensory function that is impaired in individuals exposed to ethanol 

prenatally is hearing.  Four types of hearing disorders have been described: 

developmentally delayed auditory function, sensorineural hearing loss, intermittent 

conductive hearing loss owing to recurrent serous otitis media, and central hearing 

loss (Church and Abel, 1998; Cohen-Kerem et al., 2007).  Hearing problems are 

often accompanied by speech and language disorders (Church and Gerkin, 1988; 

Church and Kaltenbach, 1997).  Early diagnosis and intervention is critical or 

problems that could potentially improve with therapy will likely become permanent.   

Abnormalities in other organ systems have also been reported in individuals 

with prenatal ethanol exposure.  Included are cardiovascular defects, the most 

common of which include atrial and ventricular septal defects, stenosis of the 

pulmonary artery, aberrant great vessels, and tetralogy of Fallot (Burd et al., 2007).  

Additionally, structural anomalies of the kidneys have been included in a recent 

update on the diagnostic criteria of FASD. Included are 

aplastic/hypoplastic/dysplastic or horseshoe kidneys (Hoyme et al., 2005).  While 

liver and gastrointestinal disorders have also been reported in individuals with 

FASD, no distinctive structural abnormality involving these organs has been 

determined (Hofer and Burd, 2009).   

Ethanol exposure can also impair development of the skeletal system.  In one 

of the first reports by Jones et al. (1973), 6 of the 8 patients examined had some 

form of limb abnormality.  Since then, others have reported joint anomalies including 

abnormal position and function and shortened fingers and fingernails (Froster and 

Baird, 1992; Jones and Smith, 1973; Spiegel et al., 1979).  An altered palmar crease 

6 
 



which entails a transverse flexion crease between the index and middle finger, 

forming a “hockey stick” appearance, is another structural anomaly found in 

individuals with FASD (see Figure 1.2, right) (Wattendorf and Muenke, 2005; Hoyme 

et al., 2005) 

 

CNS features 

Neuropathological Studies 

 Autopsies of children prenatally exposed to ethanol illustrate the most severe 

structural end of the spectrum of ethanol’s teratogenic effect on the developing brain 

(Jones et al., 1973; Jones and Smith, 1975; Clarren et al., 1978; Peiffer et al., 1979; 

Majewski, 1981; Wisniewski et al., 1983; Ronen and Andrews, 1991; Coulter et al., 

1993).  These findings are summarized in Table 1.1.  The cause of death in those 

autopsied was commonly associated with cardiac and/or pulmonary dysfunction.  

The first autopsy study, by Jones and Smith (1973) (also described in Jones and 

Smith, 1975; Clarren et al., 1978) reported a small brain (micrencephaly) that had 

extensive developmental anomalies.  Grossly, the left hemisphere of the cerebral 

cortex was covered by an aberrant sheet of tissue.  Histologically this tissue 

resembled a leptomeningeal, neuroglial heterotopia.  Beneath the heterotopic tissue 

layer, the cortex was thin and disorganized.  In addition, the lateral ventricles were 

enlarged and there was agenesis of the corpus callosum (Jones and Smith, 1973).   

Other studies have confirmed that prenatal ethanol exposure can affect 

neuronal migration.  Indeed, 14 of the 18 neuropathological evaluations listed in 

Table 1.1 reported some form of defect in neuronal migration (Jones et al., 1973; 
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Jones and Smith, 1975; Clarren et al., 1978; Peiffer et al., 1979; Majewski, 1981; 

Wisniewski et al., 1983; Coulter et al., 1993).  These vary from lissencephaly to 

cerebral and cerebellar heterotopias to microdysplasias.  A common finding among 

the autopsies is leptomeningeal heterotopias, in which clusters of neuronal tissue 

have migrated beyond the cortex and are associated with the meninges.   

Defects in neuronal migration are highly correlated with seizure activity.  In 

fact, Verotti et al. (2009) state that “neuronal migration disorders are considered to 

be one of the most significant causes of neurological and developmental disabilities 

and epileptic seizures in childhood.”  Seizures have been reported in individuals with 

FASD (Ioffe and Chernick, 1990; Iosub et al., 1981; Jones and Smith, 1975; 

Majewski, 1981; Marcus, 1987; Murray-Lyon, 1985; Olegard et al., 1979; O’Malley 

and Barr, 1998; Sun et al., 2008).  Majewski (1981) reported abnormal EEG’s in 

25% of his study population, which included 61 individuals with varying degrees of 

ethanol-related birth defects.  Generalized convulsions have also been noted in this 

population (Marcus, 1987; Majewski, 1981).  Though it appears the severity of FASD 

is not a factor that contributes to seizure activity, the timing of ethanol-exposure is 

critical.  Bell and colleagues (2010) found that both first trimester exposure and 

drinking throughout all three trimesters was associated with a higher prevalence of 

having a seizure disorder, suggesting that drinking during the first trimester 

increases the risk of seizures in the offspring.     

Characteristics of FASD are consistent with the holoprosencephaly spectrum.  

Indeed, the first autopsy reported by Jones and Smith (1973) appears to have been 

a case of ethanol-induced HPE.  HPE is a disorder that results from a deficiency in 
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forebrain development and is characterized by defects in medial forebrain structures.  

The HPE spectrum is categorized as lobar [least severe], semi-lobar, or alobar [most 

severe] based on the degree of cerebral hemispheric separation.  While the etiology 

of HPE encompasses multiple genetic and environmental factors, Ronen and 

Andrews (1991) suggest that first trimester ethanol exposure is one cause of HPE.  

They reported three infants, all of whose mothers drank heavily during the first 

trimester that each of whom had a single enlarged lateral ventricle, and fused basal 

ganglia and thalami.  Of these infants, one had typical FAS facial features, one had 

a median cleft lip and palate, and one had unremarkable facies.  

 

Neuroimaging  

While autopsy studies have been informative, they are also incomplete, in 

that they have only examined a small portion of the FASD spectrum.  Recent 

advances in in vivo imaging have allowed a broader population to be studied and 

have improved our understanding of structure-function relationships involving the 

CNS.  Magnetic resonance imaging (MRI) is a common technique used to create 

anatomical images of the body.  This technique has been used to analyze the size 

and shape of various brain regions in individuals with FASD (reviewed by Riley et 

al., 2004; Spadoni et al., 2007; Norman et al., 2009).   

 Among the most consistent MRI findings in individuals with prenatal ethanol 

exposure is overall brain volume reduction (Johnson et al., 1996; Swayze et al., 

1997; Archibald et al., 2001, Autti-Ramo et al., 2002; Sowell et al., 2002, Astley et 

al., 2009).  Surprisingly, in the same cohort that was shown to have decreased brain 
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volume (Sowell et al., 2002), Sowell and colleagues (2008) report an increase in 

cortical thickness in individuals with FASD.  The increase in cortical thickness was 

correlated with measures of reduced verbal recall and visuospatial functioning 

(Sowell et al., 2008).  Another finding is a differential effect on white versus gray 

matter; Archibald et al. (2001) reported a relative reduction in white matter (in 

comparison to gray matter) in the cerebrum of individuals with FAS.    

 The corpus callosum (CC) has been a focus of many imaging studies 

examining individuals with prenatal ethanol exposure (Autti-Ramo et al., 2002; 

Johnson et al., 1996; Bhatara et al., 2002; Swayze et al., 1997; Astley et al., 2009; 

Bookstein et al., 2002a,b, 2007; Sowell, 2000; Riley et al., 1995).  A number of 

investigators have explored regional changes in the CC.  Riley et al. (1995) reported 

decreased volume in the genu, isthmus, and splenium.  Sowell and colleagues 

(2001) confirmed effects on the most posterior regions of the CC, illustrating 

displacement and volume reductions involving the isthmus and splenium.  Variability 

of CC shape has also been found in individuals with FASD (Bookstein et al., 

2002a,b).  Bookstein reported that a thick CC is related to deficits in executive 

functioning, while a thin CC is related to deficits in motor function.   One particular 

shape of the CC that is strongly associated with prenatal ethanol exposure is a 

“hook”-like angle of the posterior end (Bookstein et al., 2007).   

 Prenatal alcohol exposure affects the development of the basal ganglia, 

which are comprised of the caudate, putamen, and globus pallidus. Together, these 

nuclei are associated with motor control and learning.  When analyzed as a whole, 

Mattson and colleagues (1996) found reduced volumes of the basal ganglia in 
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individuals with FASD.  The Mattson et al. (1996) study found the caudate, but not 

the putamen, to be affected.  Studies by Archibald et al., (2001) and Cortese, et al. 

(2006) confirmed reductions in the caudate in individuals with FAS.   A recent study 

by Astley et al., (2009) reported reductions in both the caudate and putamen in FAS 

subjects. 

 The hippocampus, a part of the limbic system that plays a role in long-term 

memory and spatial navigation, may be affected by prenatal alcohol exposure.  

While Autti-Ramo and colleagues (2002) found small hippocampi in 3 (2 FASD, 1 

FAS) of 17 total participants in his study, Archibald et al. (2001) reported a 

“disproportionate sparing of the hippocampal volume” in the otherwise hypoplastic 

brains of individuals with FAS.  A recent study by Astley and colleagues (2009) 

examined a larger cohort of subjects subdivided into three ethanol-exposed groups 

and found a reduction in the mean absolute hippocampal volume that increased in 

accordance with severity across groups. 

Another region of the brain that is sensitive to ethanol’s teratogenic effects is 

the cerebellum.  This region of the brain is important in motor control, attention and 

language, and possibly some emotional regulation.  In neuropathological studies 

examining individuals heavily exposed to ethanol, the cerebellum and the cerebellar 

vermis was found to be hypoplastic (Peiffer et al., 1979; Majewski, 1981; Wisniewski 

et al., 1983).  More recently, imaging studies have confirmed that some individuals 

with FASD have smaller cerebellar regions (Autti-Ramo et al., 2002; Sowell et al., 

1996; O’Hare et al., 2005; Astley et al., 2009).  In accordance with the 

neuropathology studies, a specific effect on the vermal region was found (Autti-
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Ramo et al., 2002; Astley et al., 2009).  When the vermis was subdivided in two 

regions, the anterior, but not the posterior vermis was found to be smaller in 

individuals with FASD (Sowell et al., 1996; O’Hare et al., 2005).   

Diffusion tensor imaging (DTI) is an MRI modality that allows for the study of 

fiber tracts in the brain both in vivo and ex vivo.  This technique measures the 

diffusivity of water molecules and the orientation of their movement within a defined 

tissue (Mori and Zhang, 2006).  Anisotropy is a term used to define the directionality 

of the diffusion.  If the diffusion is not restricted, and is uniform in all directions, it is 

referred to as isotropic diffusion.   In the brain, water should move more easily along 

axonal fibers, giving the diffusion directionality.   This information can be used to 

evaluate the organization of the fiber tracts in the brain.  Although there are several 

measurements that can be derived from DTI analyses, the most common are 

Fractional Anisotropy (FA) and Mean Diffusivity (MD).  FA and MD are scalar values 

between 0 and 1 that indicate how anisotropic a given voxel or fiber is in one 

direction and the average diffusivity across all directions, respectively.  Higher 

values of FA and lower values of MD are indicative of more organized fiber tracts in 

the adult brain.  A method used to analyze the morphology of white matter fibers is 

fiber tracking.  For this, computer-based programs use measures of anisotropy to 

“track” white matter fibers in the brain, yielding three-dimensional images that detail 

the connectivity of the brain (Mori and van Zijl, 2002).   

 DTI has only recently been applied to the examination of the brains of 

individuals with FASD.  The main focus of the majority of these studies has been the 

CC.  As previously mentioned, as shown in early autopsy studies (Jones and Smith, 
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1973; Jones and Smith, 1975; Clarren et al., 1978; Peiffer et al., 1979; Majewski et 

al., 1981; Wisniewski, 1983) and recent neuroimaging analyses (Autti-Ramo et al., 

2002; Bhatara et al., 2002; Bookstein et al., 2002a,b; Johnson et al., 1996; Riley et 

al., 1995; Sowell et al., 2001), the CC is affected in individuals prenatally exposed to 

ethanol.   DTI studies conducted on individuals with FAS or FASD have shown 

decreased organization in various regions of the corpus callosum (Table 1.2; Ma et 

al., 2005; Wozniak et al., 2006; Sowell et al., 2008; Lebel et al., 2008; Fryer et al., 

2009; Li et al., 2009; Wozniak et al., 2009).  Abnormalities of fiber tracts within the 

posterior regions have been the most consistently reported, with decreased FA in 

the splenium (Ma et al., 2005; Sowell et al., 2008; Lebel et al., 2008; Wozniak et al., 

2009) and isthmus (Li et al., 2009; Wozniak et al., 2009), and increased MD in the 

isthmus (Wozniak et al., 2006).  Abnormalities in other fiber tracts, including the 

cingulum, corticospinal tract, inferior fronto-occipital fasciculus, and inferior and 

superior longitudinal fasciculus have been reported as well (Lebel et al., 2008). 

 

Neurocognitive abnormalities associated with FASD 

 Along with structural brain defects, individuals with FASD have a range of 

neurocognitive and behavioral problems.  A consistent finding regards intellectual 

ability.  The intellectual quotient (IQ) of individuals with FASD has been a focus of 

many studies (reviewed in Mattson and Riley, 1998).  A recent Canadian report 

states that the average IQ among individuals with FASD is between 75 and 85, with 

the full range being between 20 and 140 (Lutke and Antrobus, 2004).   
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Many individuals with FASD have been diagnosed with attention deficit 

hyperactivity disorder (ADHD), as they have attention problems, restlessness, and 

impulsivity (Mattson and Riley, 1998).  In fact, ADHD is the most common 

comorbidity in FASD (Fryer et al., 2007; Herman et al., 2008).  There are five factors 

of attention that are studied in attention disorders; the ability to focus attention, shift 

attention, sustain attention, encode information, and stabilize attention.   While both 

ethanol-exposed and non-exposed ADHD individuals show deficits in attention, the 

degree and pattern appear to differ between groups (Vaurio et al., 2008).  Coles et 

al. (1997) compared individuals with FASD to individuals with ADHD (no known 

exposure) and found that those with FASD had greater deficits in two of the factors 

of attention (Encode and Shift) while those with ADHD alone had deficits in the two 

other factors (Focus and Sustain).   A study from Greenbaum et al. (2009) reported 

that individuals with FASD have difficulties in social cognition and emotion 

processing in comparison to those with ADHD alone. 

Executive functioning (EF) encompasses a range of abilities involved in goal-

oriented behavior, including many cognitive processes such as planning, inhibition, 

working memory, set shifting, and organization (Rasmussen, 2005).   EF is impaired 

in individuals prenatally exposed to ethanol and also in individuals with ADHD 

(alone).  Similar to findings regarding patterns of attention, research shows that 

there are specific patterns of EF deficit in individuals with FASD versus those with 

ADHD (alone) (Vaurio et al., 2008).  Frontal-subcortical circuitry, which is associated 

with EF, is altered in individuals with FASD.  This is in keeping with structural 
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imaging studies showing volumetric changes in both the caudate (Archibald et al., 

2001) and frontal cortex (Sowell et al., 2002) of ethanol-exposed individuals.   

Multiple mental health problems have been reported in individuals with FASD 

(reviewed by O’Connor and Paley, 2009).  These include depression, anxiety, and 

ethanol and drug use disorders.  Unfortunately, the cognitive and mental health 

problems that result from prenatal ethanol exposure also contribute to the overall 

behavior of these individuals.  Many individuals with FASD have trouble in school, 

problems with the law, and inappropriate sexual behaviors (Kodituwakku, 2007).     

 

ANIMAL MODELS OF FASD 

The pathogenesis of FASD has been difficult to study in humans for many 

reasons.  First, it is not commonly a fatal disease and autopsy reports only describe 

a portion of exposed individuals.  While recent in vivo imaging techniques have 

allowed for a more comprehensive analysis of structural and functional deficits than 

previously possible, these studies still have not answered the many questions 

regarding the pathogenesis of ethanol’s teratogenicity.  In human populations 

confounding factors (maternal, genetic, and environmental) pose a significant 

problem in characterizing FASD.  Temporal patterns of ethanol use during 

pregnancy vary from case to case, making it nearly impossible to relate the adverse 

effect to the developmental stage of exposure.  Another concern is the dosage of 

ethanol, and the resulting blood alcohol concentration (BAC), both of which vary 

considerably when evaluating humans.  The use of animal models allows for the 

control of these factors.    
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Various animal models have been used to examine the dysmorphologies and 

mechanisms of action associated with prenatal ethanol exposure.  In 1910, Charles 

Stockard used fish as a model system to illustrate the effect of ethanol on the 

developing organism.   He noted that ethanol exposure during a specific time in 

development caused cyclopia and brain abnormalities.  Other animal models used to 

study prenatal ethanol exposure have included non-human primates, rodents, 

chicks, fish, and large mammals (i.e. sheep and pigs) (reviewed by Cudd, 2005).  

The most common animal model employed for FASD research is the rodent.  Both 

rats and mice have been used extensively to study third-trimester equivalent 

structural and functional deficits resulting from prenatal ethanol exposure.  

Unfortunately, the brain growth spurt occurs during the third trimester in humans, a 

time that corresponds to the early postnatal period in rodents. For third trimester 

equivalent analyses in rodents, West and colleagues (1993) developed a “pup in a 

cup” model system where the newborn pup was artificially reared and received 

adequate nutrition, even during periods of intoxication.    

Acute early pregnancy (first trimester equivalent) exposures have not been 

examined as thoroughly as the late exposures (third trimester equivalent).  In 1980, 

Webster and colleagues found that an acute ethanol exposure during critical times of 

pregnancy in both inbred and outbred mice was highly teratogenic.  An acute 

ethanol exposure on gestational day (GD) 7 resulted in fetuses with exencephaly, 

cyclopia, cleft lip, and mandibular hypoplasia.  The GD7 exposure paradigm is 

important because it corresponds to the middle of the third week of human gestation 
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(approximately day 17 post fertilization), a time when most women do not recognize 

they are pregnant.   

In 1981, Sulik et al. utilized Webster’s dosing regimen to examine the 

embryogenesis of the defects that result from an early acute prenatal ethanol 

exposure.  The dosing regimen entailed two maternal intraperitoneal doses of 2.9 

g/kg ethanol four hours apart on GD 7 and resulted in peak blood ethanol 

concentrations (BEC) between 400 – 500 mg/dl.  A comparable acute high dose 

may result from an alcoholic’s binge drinking episode.  Sulik et al. (1981) reported 

that the facial malformations resulting from this mouse GD7 ethanol exposure were 

remarkably similar to those of a child with the FAS facial phenotype (small head 

circumference, short palpebral fissures, small nose, and deficient philtrum) (shown in 

Figure 1.3).  Further examination of the ethanol-exposed fetuses demonstrated that 

the eyes and brains of these mice were also affected (Sulik et al., 1984; Cook et al., 

1987).  Schambra et al. (1990) found that an acute ethanol exposure on GD 7 

affected the forebrain (specifically septal nuclei), but not the midbrain or hindbrain.  

Neurons located in the forebrain (cholinergic) were reduced, but those located in the 

midbrain (catecholaminergic) and hindbrain (serotoninergic) were not.  Other 

forebrain areas that are affected by a GD7 ethanol exposure include the corpus 

callosum, basal ganglia, hippocampus, and anterior cingulate cortex (reviewed by 

Sulik, 2005). 

Though the cellular mechanisms of prenatal ethanol exposure are not fully 

defined, some of those proposed include disrupted cellular energetics, impaired cell 

cycle, altered regulation of gene expression and signaling, disrupted cell-cell 
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interactions, and cell damage/cell death (reviewed by Goodlett and Horn, 2001; 

Goodlett et al., 2005). Identification of multiple mechanisms of action is likely due to 

differences in the various tissues targeted by ethanol, the developmental stage of 

exposure, and the concentration of ethanol exposure.   

Of those mentioned above, a mechanism that is of particular interest for this 

work is ethanol-mediated alteration in Sonic hedgehog (Shh) signaling (Blader and 

Strahle 1998; Ahlgren et al., 2002; Yamada et al., 2005; Higashiyama et al., 2007; Li 

et al., 2007; Loucks et al., 2007; Aoto et al., 2008; Loucks and Ahlgren, 2009).  Early 

in development, just after neural induction is initiated, Shh is expressed at one of 

four distinct signaling centers necessary for regional telencephalic development 

(reviewed in Hoch et al., 2009).  The three other spatially regulated centers express 

a variety of secretory factors including Fgfs (fibroblast growth factors), BMPs (bone 

morphogenetic proteins), and Wnts (wingless/ints), among others (see Figure 1.4).  

Notably, 1) Shh is required for normal forebrain and craniofacial development 

(Chiang, 1996), 2) disruptions in Shh signaling result in craniofacial dysmorphologies 

(Marcucio et al., 2005) similar to those seen following exposure to ethanol prenatally 

(Ahlgren et al., 2002), 3) Shh is necessary in order to maintain the expression of 

Fgf8, which is expressed in the anterior neural ridge (ANR) and other organizing 

centers of the brain, and 4) Fgf8 knockout mice have CNS dysmorphologies similar 

to those of the FAS mouse model, with a loss of midline structures including the 

septal nuclei and ganglionic eminences (Storm et al., 2006).   

Another teratogenic mechanism of action described for ethanol is the 

induction of cell death.  Early studies that have examined ethanol-induced cell death 
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include those conducted in the chick by Sandor (1968), and those in mouse embryos 

by Bannigan and co-workers (Bannigan and Burke, 1982; Bannigan and Cottell, 

1984). More recently, Dunty et al. (2001) reported that ethanol causes a highly 

specific pattern of cell death, depending on the time of exposure.  Twelve hours after 

a GD 7 ethanol exposure, excessive cell death was found along the ANR.  The ANR 

is important in development because it is known to act as an organizer of the 

prosencephalon (forebrain).   

As previously noted, CNS dysmorphologies in the Fgf8 knockout mouse are 

similar to those of FAS.  Importantly, the ganglionic eminences (GEs) are affected in 

both cases (Storm et al., 2006). Among the cell populations that originate in the GEs 

are oligodendrocytes, which are neuroglial. These cells originate specifically from 

the medial GE (MGE), anterior entopeduncular area (AEP) and preoptic area (POA) 

(Kessaris et al., 2006) and require Shh expression for normal development (Nery et 

al., 2001). Regarding FAS, a study, by Ozer and colleagues (2000), shows a 

significant reduction in oligodendroglial expression of myelin basic protein in GD17 

mouse fetuses after a maternal dietary ethanol exposure lasting from GD6 through 

GD17.   

A second GE-derived cell population is inhibitory (GABAergic) interneurons.  

These interneurons migrate from the GEs to either the cortex or the hippocampus. 

Some of these inhibitory interneurons originate from the MGE and bind parvalbumin 

or somatostatin, while others are specific to the caudal GE (CGE) and bind calretinin 

(Butt et al., 2007; Wichterle et al., 2001; Xu et al., 2003).  Previous studies from 

Moore et al., using a dietary maternal ethanol exposure in rats, show reduced 
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expression of parvalbumin interneurons in the medial septum (Moore et al., 1997) 

and cingulate cortex (Moore et al., 1998) of the offspring.  Another study employing 

a postnatal ethanol exposure paradigm reports differential effects on interneuron 

subtypes, with an increase in numbers of calretinin-expressing interneurons and a 

decrease in calbindin-expressing interneurons (Granato, 2006).  While informative, 

these studies examine the effects of ethanol exposures over relatively long periods 

of time.   

 

ANIMAL MODELS AND IMAGING 

The application of new imaging technologies, including high resolution magnetic 

resonance imaging (MRI; aka magnetic resonance microscopy, MRM), to basic 

research provides unprecedented opportunities to explore normal and abnormal 

morphology.  Regarding normal morphology, it is notable that adult mouse MRI-

based atlases are now available (for example, Mouse Imaging Centre - 

http://www.mouseimaging.ca/research/mouse_atlas.html; Mouse Atlas Project - 

http://map.loni.ucla.edu/atlas/; Caltech Atlas of Mouse Development - 

http://mouseatlas.caltech.edu/). Recent advances, including the use of contrast 

agents (e.g. gadolinium/ Prohance) to aid in improved resolution (e.g. down to 21.5 

μm isotropic resolution) and accurate regional segmentation have facilitated the 

creation of such atlases (Badea et al., 2007; Dorr et al., 2008). Segmentation 

provides for analysis of area, volume, and shape of regions of interest. Regarding 

disease states, MRI has been a useful tool in characterizing animal models of 

neurological disorders including degenerative disease, inflammatory disease, 
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cerebral ischemia and stroke, tumors, infectious disease, and traumatic brain and/or 

spinal cord injury (reviewed by Anderson and Frank, 2007). 

 More recently, imaging has been applied to the study of prenatal and early 

postnatal development.  Petiet et al. (2007) employed MRM in creating a 4-

dimensional atlas of gestational day (GD) 10.5 to postnatal day (PN) 32 mice 

(available at http://www.civm.duhs.duke.edu/devatlas/index.htm).  In this atlas, over 

200 structures have been labeled.  The optimization of both contrast and signal-to-

noise allow for all major organs to be identified, making it possible to appreciate the 

development of various organ systems, specifically the heart.   

 Another imaging technique that has recently been applied to animal models is 

diffusion tensor imaging (DTI).  As previously mentioned, DTI is a method that can 

delineate fiber tracts within the brain and that is based on the diffusion of water 

molecules.  The use of DTI in the postnatal mouse brain provides for analysis of 

myelinated fibers (Jiang and Johnson, 2010), including examination of fiber tract 

development over time (Zhang et al., 2005).  Mori and colleagues were the first to 

utilize DTI to examine mouse brains at embryonic and fetal stages, that is at a time 

in development when myelination has not yet occurred (Zhang et al., 2003).  In this 

work, fixed specimens were imaged on GDs 12 through 18 with the resulting color-

coded anisotropy maps and fiber tracking illustrating the orientation of migrating 

neurons and the conformation of (unmyelinated) fiber tracts including the 

hippocampal commissure, anterior commissure, and corpus callosum (See Figure 

1.5) (Zhang et al., 2003). DTI has also been employed for studies of mutant mouse 

models (Andrews et al., 2006; Ren et al., 2007).  Exemplary are studies of the 
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Robo1 knockout mouse which has a deficient CC, as shown in color-coded 

anisotropy maps (Ren et al., 2007).  In another genetically altered mouse model, 

Probst bundles, which form in the absence of a CC, are apparent in both color-

coded maps and fiber tracked images (Andrews et al., 2006). While immensely 

promising, these advanced imaging technologies had not yet been applied to the 

field of developmental toxicology.  

 

RATIONALE, HYPOTHESES, AND SPECIFIC AIMS 

Previous studies employing FASD models have shown that prenatal exposure to 

ethanol occurring as early as GD7 in the mouse can result in severe brain defects. 

The objective of the work described in this thesis was to better characterize the 

spectrum of morphologic and cellular changes in the brain that result from acute 

maternal ethanol treatment during this early stage of development.  The overall 

hypothesis tested was that the pioneering application of magnetic resonance-based 

imaging (MRM and DTI) to examination of brain morphology, regional volumes and 

fiber tracts in fetal mice would facilitate discovery of ethanol-induced CNS damage. 

For this research, the following specific aims were addressed:   

SPECIFIC AIM 1: To apply MRM-based analyses to the definition of fetal 

mouse brain dysmorphology resulting from GD7 ethanol exposure.  

The ethanol exposure paradigm entailed administration of two intraperitoneal 

injections of ethanol (2.9g/kg) to C57Bl/6J dams on their seventh day of pregnancy.  

Fetuses were harvested on GD17 and immersion-fixed in a Bouins solution 

containing a contrast agent (Prohance). Ethanol-exposed fetuses with varying 
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degrees of affect (based on craniofacial and ocular morphology) along with stage-

matched control fetuses were selected and imaged employing a 7.0 or 9.4 Tesla (T) 

small bore magnet.  Linear and volumetric brain measures, the latter of which were 

acquired from 21 manually segmented regions of interest, were made and compared 

between groups.  Routine histology was utilized to verify the MRI-based results.  

SPECIFIC AIM 2:  To apply DTI-based analyses for definition of fiber tract 

dysmorphology resulting from GD7 ethanol exposure.  

For this, the ethanol treatment paradigm, specimen selection and preparation were 

the same as in Aim 1.  GD17 fetuses were imaged at 9.4 T in either 6 or 12 

directions.  Resulting 39 or 43 micron images were processed, registered, and 

aligned to a template.  DTI Studio was employed to reconstruct and compare 

selected forebrain fiber tracts including the anterior commissure, corpus callosum, 

and fornix/fimbria/hippocampal commissure.   

SPECIFIC AIM 3:  To define the affect of ethanol-induced ventromedian 

forebrain deficiency on medial ganglionic eminence (MGE)-derived cell 

populations.  

Routine histology was employed to examine the dysmorphology of the forebrain 

resulting from a GD7 ethanol exposure.  In situ hybridization was utilized to 

distinguish cells of the MGEs and POA (Nkx2.1) from those of the lateral ganglionic 

eminences (LGE) (Fzd8) in GD12.5 embryos exposed to either ethanol or saline on 

GD7.  Antibodies for Olig2, a transcription factor necessary for the specification of 

oligodendrocytes, and GABA, an inhibitory neurotransmitter, were used to further 

examine ethanol’s effect on the ventral forebrain.  Somatostatin (Sst)-expressing 
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cells were examined in GD17 control and ethanol-exposed fetal brains to investigate 

later consequences resulting from early loss of the ventromedian forebrain. The 

results of this work were expected to extend the current knowledge and highlight 

possible implications of ethanol-induced median forebrain loss.  
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Figure 1.1:  Illustration depicting the facial characteristics of a normal child 

(left) and a child with FAS (right).  Individuals with FAS typically have small 

head circumference, short palpebral fissures, long thin upper lip, indistinct 

philtrum, and short, upturned nose.   
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Figure 1.2: Illustrations of two minor anomalies associated with FASD.  Railroad 

track ears (left) and a “hockey stick” palmar crease (right) are included in the 

diagnostic criteria for FASD.  Adapted from Wattendorf and Muenke, 2005 
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Figure 1.3:  Images showing the similarities in facial dysmorphology between 

a child with FAS (A) and a fetal mouse that has been exposed to ethanol on 

GD7 (B) in comparison to a normal fetal mouse (C).  Note the small head 

circumference, long upper lip, and small palpebral fissures in both A and B.  

Adapted from Sulik et al., 1981 
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Figure 1.4:  Illustrated are three of four distinct signaling centers necessary 

for telencephalic development, including a ventrally located center (red) that 

secretes Shh, a rostral patterning center (blue) which secretes Fgf8, and a 

caudodorsal center (green) that secretes Bmp4 and Wnt3a. E = eye, Cx = 

cortex, S = septum, LGE = lateral ganglionic eminence, MGE = medial 

ganglionic eminence.  Adapted from Hoch et al., 2009 

28 
 



 
 
Figure 1.5: Diffusion tensor imaging in fetal mice allows for the visualization of fiber 

tract orientation in the brain, even prior to myelination.  Color-coded fractional 

anisotropy maps of GD12 through GD18 mice illustrate that cellular orientation in the 

brain can be visualized as early as GD 12.  Colors represent preferential 

directionality of the fibers in the brain (i.e. green = left to right; red = 

anterior/posterior; blue = dorsal/ventral).  Adapted from Zhang et al., 2003 
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TABLE 1.1: Summary of Autopsy Studies 

   Case #  Age   Malformations 
Jones and Smith, 1973  1  5 days  Micrencephaly 
Jones and Smith, 1975      leptomeningeal heterotopias 
Clarren, et al., 1978      Lissencephaly 
       thin cortex and enlarged ventricles 
       CC and AC agenesis 
         
Clarren, et al., 1978  2  10 weeks  Hydrocephaly 
       enlarged ventricles 
       lack pons and medulla 
       leptomeningeal heterotopias 
         
   3  29 gw  Hydrocephaly 
     stillborn  rudimentary brain stem and cerebellum 
         
   4  3 days  cerebellar heterotopias 
         
Peiffer, et al., 1979  5  4.5 years  Microdysplasias 
Majewski, 1981      spongiform in optic nerve and hypothalamus 
         
   6  6 months  Hydrocephaly 
       cerebellar heterotopias 
       lumbar spina bifida occulta 
         
   7  9 months  arhinencephaly with CC and AC agenesis 
       Porencephaly 
       Hydrocephaly 
       Polymicrogyria 
       Syringomyelia 
       hypoplastic cerebellum and agenesis of vermis 
         
   8  20 gw  Hydrancephaly 
     terminated   
         
   9  18 gw  microdysplasias in dentate nuclei 
     terminated spongy state in thalamus 
       heterotopias of choroid plexus in leptomeninges 
         
   10  17 gw  microdyspasias of brainstem 
     terminated spongy state in thalamus 
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   Case #  Age   Malformations 
 
Majewski, 1981 

 
11 

 
17‐20 gw 

 
no malformations 

         
Wisniewski et al., 1983  12  8 months  small cortex 
       CC agenesis 
       Cerebellar vermis hypoplasia 
       leptmeningeal heterotopias 
         
   13  4 months  Micrencephaly 
       leptomeningeal heterotopias 
         
   14  2 days  submeningeal heterotopias 
         
   15  17 days  Micrencephaly 
       leptomeningeal heterotopias 
         
   16  4 days  Micrencephaly 
       heterotopia in temporal lobe 
         
Ronen and Andrews, 1991  17  8 days  alobar holoprosencephaly 
         

Coulter et al., 1993  18 
2.5 

months  Arhinencephaly 
       glial heterotopias in temporal lobes 
       hypothalamic dysfunction 
       absence of septum pellucidum 
         fusion of cerebral hemispheres 

 
gw = gestational week
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TABLE 1.2: Summary of Diffusion Tensor Imaging Studies in Humans with FAS and FASD 
 
  Subjects  Age  Corpus Callosum Findings  Other CNS Findings 

         
Ma et al., 
2005 

9 FAS, 7 Cont  18‐25 yo  ↓FA in genu and splenium 

 
         
Wozniak et 
al., 2006 

13 FASD, 13 
Cont 

10‐13 yo  ↑MD in isthmus   ↓gray matter volume, CSF 

         
Sowell et al., 
2008 

17 FASD, 19 
Cont 

7‐15 yo  ↓FA in lateral splenium  ↓FA in posterior cingulate, 
deep white matter of temporal 
lobe, right internal capsule, 
brainstem 

         
Lebel et al., 
2008 

24 FASD, 95 
Cont 

5‐13 yo  ↓FA in splenium, ↓MD 
genu 

↓gray matter, white matter 
and total brain volume ↓FA 
cingulum, ILF, SLF, thalamus; 
↑FA gp; ↑MD CS tract, IFOF, 
ILF, gp, putamen, thalamus 

         
Fryer et al., 
2009 

15 FASD, 12 
Cont 

8‐18 yo  ↓FA in body  ↓FA in bilateral portions of 
frontal, parietal, and occipital 
lobes 

         
Li et al., 2009  28 FAS, 29 

FASD, 25 
Cont 

19‐27 yo  ↓FA, MD in isthmus   (FAS 
vs Cont) 

 

         
Wozniak et 
al., 2009 

33 FASD, 19 
Cont 

10‐17 yo  ↓FA in posterior mid‐
body, isthmus, and 
splenium 

 

         
 
FA = fractional anisotropy 
MD = mean diffusivity 
CSF = cerebral spinal fluid 
ILF = inferior longitudinal fasciculus 
SLF = superior longitudinal fasciculus 
IFOF = inferior fronto‐occipital fasciculus 
CS = corticospinal tract 
gp = globus pallidus  
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ABSTRACT 

Background: This magnetic resonance microscopy (MRM)-based report is the 

2nd in a series designed to illustrate the spectrum of craniofacial and central nervous 

system (CNS) dysmorphia resulting from single- and multiple-day maternal ethanol 

treatment. The study described in this report examined the consequences of ethanol 

exposure on gestational day (GD) 7 in mice, a time in development when 

gastrulation and neural plate development begins; corresponding to the mid- to late 

3rd week post-fertilization in humans.  Acute GD 7 ethanol exposure in mice has 

previously been shown to result in CNS defects consistent with holoprosencephaly 

(HPE) and craniofacial anomalies typical of those in Fetal Alcohol Syndrome (FAS). 

MRM has facilitated further definition of the range of GD 7 ethanol-induced defects. 

Methods: C57Bl/6J female mice were intraperitoneally administered vehicle or 

2 injections of 2.9 g/kg ethanol on day 7 of pregnancy. Stage-matched control and 

ethanol-exposed GD 17 fetuses selected for imaging were immersion fixed in a 

Bouins/Prohance solution. MRM was conducted at either 7.0 Tesla (T) or 9.4 T. 

Resulting 29 μm isotropic spatial resolution scans were segmented and 

reconstructed to provide 3D images. Linear and volumetric brain measures, as well 

as morphological features, were compared for control and ethanol-exposed fetuses.  

Following MRM, selected specimens were processed for routine histology and light 

microscopic examination.  

Results: GD 7 ethanol exposure resulted in a spectrum of median facial and 

forebrain deficiencies, as expected. This range of abnormalities falls within the HPE 

spectrum; a spectrum for which facial dysmorphology is consistent with and typically 

47 
 



is predictive of that of the forebrain. In addition, other defects including median facial 

cleft, cleft palate, micrognathia, pituitary agenesis and third ventricular dilatation 

were identified. MRM analyses also revealed cerebral cortical dysplasia/heterotopias 

resulting from this acute, early insult and facilitated a subsequent focused 

histological investigation of these defects.    

Conclusions:  Individual MRM scans and 3D reconstructions of fetal mouse 

brains have facilitated demonstration of a broad range of GD 7 ethanol-induced 

morphological abnormality. These results, including the discovery of cerebral cortical 

heterotopias, elucidate the teratogenic potential of ethanol insult during the 3rd week 

of human prenatal development.    

 

INTRODUCTION 

This is one in a series of reports (published as well as in preparation) 

describing developmental stage-dependent structural brain abnormalities in a mouse 

model of Fetal Alcohol Spectrum Disorder [FASD, the umbrella term encompassing 

the spectrum of prenatal ethanol exposure-induced defects, including Fetal Alcohol 

Syndrome (FAS)]. As for the 1st publication in this series (Parnell et al., 2009a), 

magnetic resonance microscopy (MRM, magnetic resonance imaging at microscopic 

levels) has been employed, readily allowing comprehensive structural analyses. The 

ethanol exposure time that is the focus of the current report is gestational day (GD) 

7, a time in mouse development when gastrulation begins and neural plate formation 

is initiated.  
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That ethanol insult limited to early gastrulation stages results in a range of 

defects involving both the face and brain was first reported by Stockard in 1910 

(Stockard, 1910). As in Stockard’s investigation, which employed fish as the model 

system, more recently Blader and Strahl (Blader and Strahle, 1998) have reported 

that the ethanol-induced brain defects fall within a spectrum termed 

holoprosencephaly (HPE) and that in fish, there is a very narrow (3 hour) window of 

sensitivity during the beginning of gastrulation that is associated with this endpoint.  

Using a mouse model to examine ethanol teratogenesis, Sulik and Johnston (1982) 

also illustrated HPE resulting from acute ethanol insult during early gastrulation 

stages; i.e. during GD 7 in mice. 

The HPE spectrum includes phenotypes ranging from the most severe, alobar 

form, which is characterized by a single forebrain holosphere in which there is broad 

communication of the lateral ventricles with each other and the third ventricle, 

accompanied by agenesis of the corpus callosum and olfactory bulbs; to semilobar, 

an intermediate form characterized by cerebral hemispheres that are most deficient 

rostrally and are only entirely separate through approximately their caudal half; to a 

least severe, lobar, form in which there is a distinct interhemispheric fissure that may 

or may not be interrupted anteriorly and in which the corpus callosum may be 

absent, hypoplastic, or normal and the olfactory bulbs may or may not be present 

(DeMyer and Zeman,1963).  Accompanying holoprosencephalic brains are varying 

degrees of ocular and midfacial dysmorphology (DeMyer et al., 1964; reviewed by 

Muenke and Cohen, 2000; Sulik and Johnston, 1982).  Examining this spectrum of 

defects in humans, DeMyer and colleagues (1964) noted that frequently (though not 
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always) the face "predicts" the brain; i.e. that the severity of craniofacial and brain 

dysmorphology are often directly correlated.  HPE is not rare.  This spectrum of 

abnormalities is now recognized as the most commonly occurring type of birth 

defect, being present in as many as 1/250 human conceptuses (Matsunaga and 

Shiota, 1977).  However, most of those affected are lost prenatally, resulting in only 

a 1/10,000 live birth incidence (Croen et al., 1996; reviewed in Leoncini et al., 2008; 

Rasmussen et al., 1996). 

Study of the genesis of ethanol-induced facial and brain defects in mice (Sulik 

et al., 1981; Sulik and Johnston, 1982; Webster et al., 1983) led to the hypothesis 

that those individuals who present with the characteristic facies of full blown FAS will 

have brain dysmorphology falling within the HPE spectrum (Sulik and Johnston, 

1982). Indeed, histological analyses of fetal mice that had FAS-like facies and had 

been acutely exposed to ethanol on their 7th GD have illustrated the presence of 

forebrain deficiencies including hypoplasia or aplasia of the corpus callosum and 

septal nuclei (Schambra et al., 1990; Sulik et al., 1984).  Importantly, in a non-

human primate model, ethanol exposure early in pregnancy, specifically on GD 19 

and 20, corresponding to the early gastrulation stage, also yielded HPE (Astley et 

al., 1999; Siebert et al., 1991). Features of HPE have been reported in human FAS. 

Indeed, in the first autopsy case-report, Jones and Smith (1975) described corpus 

callosum agenesis.  Other autopsies revealed olfactory bulb deficiencies and 

pituitary abnormalities (Majewski, 1981; Peiffer et al., 1979; Shiota et al., 2007).   

The advent of clinical magnetic resonance imaging (MRI) has made structural 

analyses of the brains in live patients with FASD possible. Initial MRI studies 
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illustrated deficiencies in the cerebellar vermis, basal ganglia and corpus callosum in 

individuals with FAS (Archibald et al., 2001; Mattson et al., 1996; Riley et al., 1995). 

More recently, the corpus callosum has been the focus of detailed FASD imaging 

studies.  Variability in its shape, size, and microstructure among individuals exposed 

to alcohol prenatally has been described (Bookstein et al., 2002; Fryer et al., 2009; 

Lebel et al., 2008; Ma et al., 2005; Sowell et al., 2001; Spadoni et al., 2007; Wozniak 

et al., 2006).  While its protracted development is expected to make the corpus 

callosum vulnerable to teratogenic insult during many prenatal stages, when found in 

combination with the typical facies of FAS, it is most likely that the dysmorphology is, 

indeed, the result of ethanol exposure during gastrulation.  

Employing a mouse FASD model, the current investigation is directed toward 

further defining and documenting the types and range of brain and facial defects that 

prenatal ethanol exposure can cause and, thus, to informing improved pre- and 

postnatal FASD clinical recognition and diagnosis. The acute GD7 ethanol exposure 

time used for this study corresponds to the mid- to late 3rd week post-fertilization in 

humans and is the earliest of a number of times during embryogenesis from which 

MRM-based data is currently being collected and compared. Since most human 

pregnancies remain unrecognized at this early stage, for education-based FASD 

prevention efforts clear illustration of the vulnerability of the brain to ethanol-

mediated damage at this time is particularly important. 

 

51 
 



 
METHODS 

Animal maintenance 

 C57Bl/6J mice, purchased from The Jackson Laboratory (Bar Harbor, ME), 

were housed in a temperature and humidity-controlled AAALAC-approved 

environment. They were maintained on an ad libitum diet of standard laboratory 

chow and water.  For mating, 2 females were placed with 1 male for 2 hours early in 

the light portion of a 12/12 hours light/dark cycle.  The beginning of the breeding 

period in which a copulation plug was detected was defined as gestational day (GD) 

0, 0 hours (h).  

 

Maternal treatment paradigm 

On day 7 of pregnancy, mice in the experimental group were administered 

two intraperitoneal doses of 25% (v/v) ethanol in lactated Ringer’s solution at a 

dosage of 2.9 g/kg maternal body weight.  The injections were given 4 h apart, with 

the first administered at GD 7, 0 h.  Control animals were injected with an equivalent 

volume of lactated Ringer’s solution according to the above treatment paradigm.  To 

determine the peak blood ethanol concentration (BEC), a separate group of mice 

were administered ethanol, utilizing the previously described paradigm (Webster et 

al., 1983).  Thirty minutes after the second injection, 35 μl of tail blood were obtained 

from each dam and analyzed using an Analox Alcohol Analyser (Model AM1, Analox 

Instruments USA Inc, Lunenburg, MA).  All animal treatment protocols were 

approved by the University of North Carolina at Chapel Hill, Institutional Animal Care 

and Use Committee (IACUC). 
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Fetal specimen selection and preparation 

 At the beginning of their 17th day of pregnancy, dams were anesthetized via 

CO2 inhalation, followed by cervical dislocation.  Following laparotomy, the uteri were 

removed and the fetuses were immediately dissected free of decidua in ice-cold 

phosphate buffered-saline (PBS).  The GD 17 fetuses were examined for the 

presence of gross abnormalities.  For the control group, 7 fetuses (from 4 litters) 

were selected for MRM scanning based on normal morphology and developmental 

stage-matching with the ethanol-exposed fetuses.  Staging was based on degree of 

limb, skin, and hair follicle development (Theiler, 1989).  For the ethanol group, 19 

fetuses (from 8 litters) were selected for MRM scanning. As for the Parnell et al. 

(2009a) MRM study, selection of the ethanol-exposed fetuses was based on the 

presence of grossly-observable dysmorphology; an approach that is not unlike 

selection of children with known physical features of FAS for subsequent CNS 

analyses. For this investigation, all of the ethanol-exposed fetuses selected had 

ocular defects and among these, some had apparently normal facies, while others 

had obvious facial dysmorphia.  To account for the entire spectrum of effect, fetuses 

with apparently normal, subtly affected and severely-affected facies were included. 

Following photography to document ocular and facial abnormalities, the fetuses 

were immersion fixed for 9 hours in a 20:1 solution of Bouin’s fixative (Sigma-

Aldrich, St. Louis, MO) containing Prohance® (Bracco Diagnostics Inc., Princeton, 

NJ) (Petiet et al., 2007).  The specimens were then immersed in a storage solution 

of 200:1 PBS:Prohance in which they were held until imaged.   
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Magnetic resonance microscopy 

 MRM images were acquired at either 7.0Tesla (T) or 9.4T using a GE 

EXCITE console modified for MRM.   To provide full resolution at the Nyquist 

frequency, a 3D rf refocused spin echo sequence (7.0T: TR = 100 ms, TE = 6.2 ms; 

9.4T: TR = 75 ms, TE = 5.2 ms) with asymmetric partial Fourier sampling was used 

(Johnson et al., 2007).  For all MRM scans acquired, the matrix size was 1024 X 512 

X 512 and the FOV was 30 X 15 X 15 mm3, which yielded an isotropic spatial 

resolution of 29 μm.  The total scan time was approximately 4 hrs for each 

specimen. During scanning, specimens were immersed in fomblin, a perfluorocarbon 

used to limit dehydration and reduce susceptibility artifacts.   

 

Linear measurements 

 In order to ensure accurate orientation, each MRM scan was aligned in the 

horizontal, coronal and sagittal plane using ImageJ (Version 1.38x, NIH; 

http://rsbweb.nih.gov/ij/).  This program was also used to obtain linear 

measurements.  For each fetus, the following were determined: crown rump length 

(CRL), mid-sagittal brain length, frontothalamic distance (FTD) (excluding olfactory 

bulbs), bulbothalamic distance (BTD) (including olfactory bulbs), brain width 

(biparietal distance), third ventricle width and transverse cerebellar distance (Fig. 

2.1a).  All measurements were taken at the level of the anterior commissure, except 

the transverse cerebellar distance which was measured at its widest level and are 

reported in Table 2.1. 
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Volume measurements 

Total body (including the head) and brain volume, as well as regional brain 

volumes for each fetus were computed using ITK-Snap, a software program 

originally developed at the University of North Carolina, Chapel Hill (Yushkevich et 

al., 2006; www.itksnap.org).  Total body volume was ascertained using the 

automatic segmentation feature of this program.  Total brain volume was determined 

by adding the volumes of 17 brain regions that were each manually segmented, 

allowing subsequent 3D reconstruction of each region (Fig. 2.1c). The manually 

segmented regions were the right and left cortex, right and left olfactory bulb, right 

and left striatum, right and left hippocampus, septal region, diencephalon, 

mesencephalon, pons/medulla, cerebellum, pituitary gland, lateral ventricles, third 

ventricle, mesencephalic (cerebral aqueduct) and fourth ventricle.  In addition, for 

the eyes, each globe and lens was segmented. Segmentation entailed tracing each 

MRM slice (Fig. 2.1b) via a computer mouse or a pen tablet. Tracings were 

performed by only one individual for each selected region, for every fetus examined. 

Intra-rater reliability was assessed following a blind repeated segmentation of each 

of the selected structures in one control and one non-HPE ethanol-exposed fetus. 

Regional boundaries were determined based on existing fetal mouse atlases 

(Kaufman, 1992; Schambra et al., 1992; Schambra, 2008). Coronal, sagittal, and 

horizontal planes of section were used to ensure anatomical accuracy. In addition to 

volumetric analyses, 3D reconstructions allowed visual assessment of shape 

changes in ethanol-exposed versus control brains.  
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Routine histology 

 Following imaging, each fetus was held in a 70% ethanol solution to clear the 

residual Bouin’s fixative and to prepare the specimens for subsequent routine 

histological analyses.  The latter was performed on selected specimens to confirm 

and extend MRM findings.  Prior to processing, the fixed fetuses were photographed 

to further document facial dysmorphology.  Fetal heads were removed and 

processed routinely for paraffin embedding using a tissue processor. Sections were 

cut at 10 μm, mounted on glass slides, stained with aqueous hemotoxylin and eosin 

(H & E), cover-slipped and viewed with a light microscope.   

 

Statistical analyses 

Group comparisons were made between stage-matched control fetuses 

[control] (n=7), ethanol-exposed fetuses with two distinctly separate cerebral 

hemispheres [non-HPE] (n=14), and ethanol-exposed fetuses with features of 

semilobar or alobar HPE [HPE] (n=5). Group differences among regional brain 

volumes, ocular measurements and linear measurements were assessed using 

Multivariate Analyses of Variance (MANOVAs).  Crown-rump length, whole brain 

volume and whole body volume (including head) were analyzed using one-way 

ANOVAs.  When applicable, post-hoc analyses were performed using Student-

Newman-Keuls (SNK).  An alpha value of 0.05 was maintained for all analyses. 

To assess the reliability of manual segmentation of regional brain and ocular 

volumes, intra-rater reliability was analyzed using coefficients of variation (CV).  The 
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average CV was 3.8% (range: 0.5% - 11.8%), thus, demonstrating high reliability for 

manual brain segmentation.   

 

RESULTS 

General features of the study population  

With a research goal of accomplishing detailed MRM-based analyses of a 

broad spectrum of structural brain abnormalities resulting from acute GD 7 ethanol 

exposure, this work employed a previously-published ethanol exposure paradigm 

known to yield sufficient numbers of viable fetuses having a range of effect.  

Consistent with previous reports, the ethanol treatment yielded peak maternal BECs 

(30 minutes after the second dose) averaging 440 mg/dl (range: 400 to 466 mg/dl).  

The 19 ethanol-exposed GD 17 fetuses that underwent detailed MRM 

analyses were selected based, in part, on the presence of defects involving one or 

both eyes, and in part, based on facial morphology.  The eye defects ranged from 

apparently slight microphthalmia, to iridial coloboma, to apparent anophthalmia. The 

facial appearance in the ethanol-exposed fetuses ranged from apparently normal to 

severely dysmorphic. The facial characteristics, along with MRM-based brain 

findings, provided for distinction and comparison between subgroups of ethanol-

exposed fetuses, as described below. 

 

Holoprosencephaly 

Illustrated in Fig. 2.2 are light micrographs of the faces and the respective 

brain and ventricle reconstructions of a control GD 17 fetus and of 5 ethanol-
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exposed fetuses that presented with varying degrees of facial dysmorphia.  The 

facial abnormalities are consistent with those in the HPE spectrum.  In the affected 

animals, notable features of the upper midface include a long upper lip and closely 

spaced nostrils. Additionally, the lower jaw is slightly to severely reduced in size 

(micrognathic), appearing narrow from a frontal view.   

Frontal views of the reconstructed brains of the affected fetuses (Fig. 2.2 h-l) 

clearly show a spectrum of rostral union of the cerebral hemispheres along with 

olfactory bulb reduction to agenesis. These rostro-medial telencephalic deficiencies 

are consistent with HPE and grade in severity from semilobar (h) to lobar (l). From a 

dorsal view (Fig. 2.2 m-r), the varying degrees of forebrain reduction/dysmorphology 

are readily appreciated in the ethanol-exposed fetuses as compared to the control.  

Also apparent in 2 of the affected fetuses are asymmetries involving the olfactory 

bulbs.  The animal shown in Fig. 2.2 h & n is more severely affected on its right, 

while that in i & o is more severely affected on its left.  As expected, and notable in 

regional reconstructions and in individual MRM scans as shown in Fig. 2.3, are 

reductions in the septal region with union of the striatum across the midline.  Also 

illustrated in Figs. 2.2 and 2.3 are the overall size reduction in the brains and the 

remarkably normal morphology of the brain segments caudal to the forebrain of the 

ethanol-exposed versus the control fetuses. 

Overall, the morphology of the ventricles reflects the median forebrain 

deficiency in the holoprosencephalic fetuses. Most notably, rather than being 

continuous with the third ventricle via the narrow passages at the foramina of Monro, 

the lateral ventricles are broadly united with each other in the rostral midline. 
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Accompanying the very dysmorphic lateral ventricles are third ventricles that appear 

relatively normal.  From a dorsal view, while the ventricular space of the 

mesencephalon and the fourth ventricle appear normally-shaped, the aqueductal 

isthmus was found to be abnormally narrow in the 2 fetuses whose faces are shown 

in Fig. 2.2 e & f. The isthmus appears normal in the 3 less severely-affected fetuses 

in this group. 

Of interest, MRM scans of all of the ethanol-exposed specimens shown in 

Fig. 2.2 revealed an aberrant tissue mass located between the base of the rostral 

forebrain and the nasal septum (Fig. 2.4 b). In some, the mass was continuous with 

the forebrain and in others it was not.  Typically, a single mass was found to occupy 

a median position. However, in the animal shown in Fig. 2.2 c, there were two 

similar, more laterally-positioned masses.  Subsequent routine histological coronal 

sections illustrate that the tissue is continuous, through the cribriform plate, with the 

nasal epithelium (Fig. 2.4 c & d; from the fetus shown in Fig. 2.2 d).  The control 

counterpart is represented by olfactory nerves that extend from the nasal epithelium 

to the olfactory bulbs.   

 

Cerebral cortical dysplasia/heterotopia 

 MRM and subsequent routine histology revealed cerebral cortical 

dysplasia/hetertopias in ethanol-exposed fetuses whose brains were not overtly 

holoprosencephalic (i.e. they did not present with semilobar or alobar HPE) (Fig. 

2.5). These cortical defects were observed in animals having facies that were 

apparently normal, presented with a long upper lip and severe micrognathia, 
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foreshortened, or cleft in the midline (Fig. 2.5 b-e, respectively). In all of these 

animals, the cerebral hemispheres were completely separate and slightly widely 

spaced as evidenced by the ability to visualize deep brain structures (septal region 

and diencephalon) from a frontal view. Additionally, both olfactory bulbs, though in 

some cases small and widely-spaced, were present.  Initially observed in the 

reconstructed brain images (Fig. 2.5 g and j) of the fetuses shown in Fig. 2.5 b and 

e, the cortical defects present as focal protrusions on the otherwise smooth cerebral 

surfaces. Histological sections of these two fetuses (Fig. 2.5 l, q and o, t), along with 

sections from the other ethanol-exposed fetuses pictured in Fig. 2.5 (m, r and n, s) 

reveal relatively large and numerous, to minute and isolated irregularities in the 

cerebral cortex.  Typically, the dysplastic/heterotopic cortical tissue was adherent to 

the associated leptomeninges. In the fetus with the median facial cleft (Fig. 2.5 e) 

the dysplastic cortex is localized to the medial aspect of both cerebral hemispheres, 

with cortical layers I through IV being involved. Subsequent to the MRM-based 

discovery of ethanol-induced cerebral cortical dysplasia/heterotopia, careful 

examination of histological sections of the brains of the fetuses with semilobar and 

alobar HPE revealed a small heterotopia in the frontal cortex of the most severely 

affected animal; the fetus shown in Fig. 2.2 f. No heterotopias were found in any of 

the control animals or any of the other ethanol-exposed fetuses.  

 

 Other dysmorphologies 

 A profile view (Fig. 2.6 b) of the fetus that is also shown in Fig. 2.5 d 

illustrates that in addition to being anophthalmic, its snout is abnormally short.  MRM 
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revealed that the nasal cavities of this fetus are very small; the turbinates are 

absent; and along its entire length, the nasal septum is short in the dorso-ventral 

direction (Fig. 2.6 d). Additionally, 3D reconstruction of the ventricular spaces 

illustrated dysmorphology involving the third ventricle presenting as excessive width 

and extension ventrally beyond the normal boundaries (Fig. 2.6 f). Both a frontal 

(Fig. 2.5 i) and a ventral view (Fig. 2.6 h), of the reconstructed brain of this fetus 

show that the olfactory bulbs are small and widely-spaced. Remarkable is the 

complete absence of the pituitary gland. Subsequent to MRM, examination of H & E-

stained coronal histological sections of this animal revealed that the corpus 

callosum, while identifiable in control fetuses, was not apparent (Fig. 2.6 j). With the 

concurrent small olfactory bulbs and pituitary absence/deficiency, the 

dysmorphology of this brain appears to be consistent with lobar HPE. 

 Severe micrognathia was noted in 3 of the ethanol-exposed fetuses; those 

pictured in Fig. 2.2 b and f and in Fig. 2.5 c. MRM scans revealed severe micro- or 

aglossia in all of these animals and clefting of the secondary palate in the Fig. 2.2 b 

and 2.5 c fetuses.  These features in the latter specimen are shown in Fig. 2.7, as is 

the reconstructed mesencephalic and fourth ventricle. Marked narrowing of the 

aqueductal isthmus is apparent in this fetus and is also present in 2 others (fetuses 

in 2.2 e and f; described above). 

 

Linear and volume assessments 

Due to the marked morphological differences in the brains of ethanol-exposed 

animals that presented with overt HPE versus the remainder that had two entirely 
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separate cerebral hemispheres (non-HPE), measurements made for these two 

groups of ethanol-exposed fetuses were separately compared to controls and to 

each other. In spite of developmental stage-matching, there were significant 

differences in CRL [F(2,22) = 5.44, p < 0.05], total body volume [F(2,23) = 4.065, p < 

0.05], and total brain volume [F(2,23) = 4.51, p < 0.05] between the three groups 

examined.  Post hoc tests revealed that HPE subjects were significantly smaller than 

controls in terms of CRL (~9% reduction) but neither group differed from non-HPE 

ethanol-exposed subjects [control: 17.27 (±0.23) mm (mean ± SEM)], non-HPE: 

16.38 (±0.23) mm; HPE: 15.74 (±0.31) mm].  In addition, the HPE group also had a 

significantly smaller total brain volume (~20% reduction) compared to controls but  

non-HPE ethanol-exposed animals did not differ from either HPE subjects or 

controls [control: 52.86 (±2.58) mm3, non-HPE: 47.75 (±1.52) mm3, HPE: 42.38 (± 

2.50) mm3].  Finally, whole body volume measures for the non-HPE and HPE 

ethanol-exposed fetuses were decreased by 15% and 16%, respectively, as 

compared to controls, but SNK post-hoc tests only approached significance (p = 

0.06) [control: 679.15 (±25.95) mm3, non-HPE: 537.09 (±22.17) mm3, HPE: 576.81 

(± 45.93) mm3].  

Linear brain measurements are shown in Table 2.1.   A MANOVA indicated 

significant group differences in linear brain measurements [F(14,34) = 4.197, p < 

0.05] with significant between group effects for brain length, bulbothalamic distance 

(BTD), frontothalamic distance (FTD), brain width and third ventricle width (all p’s < 

0.05).  Post hoc tests indicated that the HPE group had significantly smaller brain 

length, BTD and third ventricle widths compared to non-HPE subjects and controls 
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(p < 0.05).  FTD in HPE subjects differed only compared to controls (p’s < 0.05).  

Brain widths were significantly smaller in HPE subjects compared to the non-HPE 

subjects and both ethanol-exposed groups had smaller brain widths compared to 

controls (p < 0.05).  There were no differences between groups in transverse 

cerebellar distance (p > 0.05).  

In spite of the overall decrease in brain volume in the HPE subjects, analyses 

of the regional volume measurements indicated that the overall brain volume 

reductions is largely the result of insult to the rostral brain structures with a 

remarkable sparing of more caudal regions.  As expected, MANOVAs illustrated 

significant group differences in regional brain volumes [F(34,16) = 3.68, p < 0.05] 

and ocular volumes [F(8,42) = 5.65, p < 0.05] between HPE, non-HPE and control 

groups (Fig. 2.8).  Significant between group effects were seen for the following 

brain measurements: left and right cortex, left and right olfactory bulbs, left and right 

striatum, septal region, diencephalon, lateral and third ventricles (all p’s < 0.05). 

Consistent with visual inspection of the 3D reconstruction data, post hoc tests 

illustrated that HPE subjects had significantly smaller cortices, olfactory bulbs, striata 

and septal regions (which were non-existent in all HPE subjects) compared to 

controls and non-HPE ethanol-exposed subjects (p’s < 0.05).  In addition, lateral 

ventricles were significantly larger in HPE subjects than non-HPE and controls while 

the third ventricle was significantly larger in the non-HPE ethanol exposed group 

compared to HPE and control groups (p’s < 0.05).  Reductions in volumes of both 

the left and right globe and lens of the eyes were apparent in both ethanol exposed 

groups (HPE and non-HPE) compared to controls (p’s < 0.05).  Remarkably, despite 
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significant dysmorphology accompanied with volumetric reductions in ethanol-

exposed animals, no group differences were evident in the hippocampus, pituitary or 

hindbrain regions (mesencephalon, pons/medulla, cerebellum, mesencephalic and 

fourth ventricle) (p’s > 0.05) illustrating the regional specificity of defects following 

exposure at this time.   

In Figure 2.8, volumetric data is expressed to illustrate the broad range of 

insult. Specifically, mean control values from 7 fetuses are indicated by a black dot 

and the bars indicate the 95% confidence interval for the control mean.  Individual 

data points for each ethanol-exposed subject are plotted for each region in order to 

convey the range of volumetric data ascertained.  Values for the 5 ethanol-exposed 

animals with overt HPE are expressed as X’s; and for all of the other ethanol-

exposed animals (non-HPE, n=14) a grey circle is employed.   

 

DISCUSSION 

This report describes MRM-based discovery and documentation of structural 

abnormalities resulting from early gastrulation stage ethanol insult in mice. In 

addition to providing a 3D perspective of ethanol-induced HPE, with its range of 

median forebrain deficiencies, other CNS and craniofacial abnormalities were also 

identified. As discussed below, these findings extend our understanding of the 

spectrum of ethanol-induced birth defects and of the critical periods for their 

induction.  

It is clear that, as with other teratogens, both dosage and timing 

(developmental stage) dictate the consequences of prenatal ethanol exposure. 
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Regarding the former, with the objective of identifying even the most severe of 

ethanol’s dysmorphogenic effects, a previously-reported maternal ethanol dose high 

enough to yield abnormalities without substantially increasing resorption rates was 

selected. This dosage was somewhat higher (yielding peak maternal BECs of 

approx. 380 vs. 440 ± mg/dl) than utilized for an MRM-based GD 8 ethanol exposure 

study by Parnell et al., 2009a (the 1st publication in a series of which this is a part). 

On GD 8, exposure to the higher ethanol dose typically yields severe heart defects 

and substantial embryo lethality. As shown in previous studies that employed the 

same treatment paradigm as for the current investigation, peaking within 30 minutes 

of the last dose, the maternal BEC remains above 100 mg/dl for a total of 

approximately 9 hours and reaches 0 within a few more hours (Kotch et al., 1992; 

Webster et al., 1983).  Thus, exposure to ethanol totals less than 12 hours, including 

a period for which the concentration is expected to be less than teratogenic.  An 

intraperitoneal (ip) route of maternal ethanol administration was employed for both 

the GD 8 and the GD 7 studies.  As compared to maternal dietary ethanol intake, ip 

administration provides interlitter outcomes that are more consistent. It is recognized 

that with the ip treatment, embryos may experience a higher peak ethanol 

concentration than occurs in the maternal blood (Clarke et al., 1985).  However, it is 

notable that abnormalities consistent with those described herein also occur 

following a dietary exposure paradigm that yields maternal BECs comparable to 

those in the current study (Webster et al., 1983). 

Regarding timing, it is clear that ethanol is teratogenic at virtually every post-

implantation stage. Remarkable is that ethanol exposure occurring within a relatively 
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narrow window in 2 hr. time-mated inbred animals can yield not only a range of 

defects within a single spectrum, but also defects that appear to be virtual opposites. 

This is exemplified by the occurrence of median forebrain and facial deficiencies 

typical of semilobar and alobar HPE (a narrow snout and forebrain) in some fetuses 

and median split face accompanied by widely spaced cerebral hemispheres and 

olfactory bulbs in others; all following acute insult on GD 7. Undoubtedly, the fact 

that in C57Bl/6J mice there is significant intra-litter variation, representing as much 

as 12 hours difference in developmental staging among littermates, plays an 

important role in this variability (Parnell et al., 2009b).  HPE has been the most 

commonly-reported dysmorphology following GD 7 ethanol exposure in mice 

(Higashiyama et al., 2007, Myers et al., 2008; Schambra et al., 1990; Sulik and 

Johnston, 1982; Sulik et al., 1984; Webster et al., 1983), and was also observed in 

the current study population.  GD 8 has previously been identified as the time in 

mouse development when median facial clefts and excessive brain width are 

induced by ethanol (Kotch and Sulik 1992; Parnell et al., 2009a; Webster et al., 

1983), while HPE is not a typical result of GD 8 ethanol treatment. Thus, it appears 

that among the dysmorphic fetuses described herein, those without HPE were more 

developmentally advanced at the time of ethanol insult than those with HPE. While 

insult on each individual day of mouse development is expected to yield a specific 

pattern of dysmorphology, it is also expected that, due to inter- and intra- litter 

variability in developmental stages, there will be some overlap.  

With respect to HPE, via individual scans and 3D reconstructions, MRM has 

made it possible to readily show the range and severity of median forebrain 
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deficiency that occurs in the absence of overt hindbrain dysmorphology.  In those 

cases with semilobar and alobar forms of HPE, the severity of brain effect is 

consistent with that of the upper midface as evidenced, to a large extent, by the 

proximity of the nostrils. In all of the mouse fetuses whose nostrils are too closely 

positioned the median portion of the upper lip is too long (from nose to oral cavity). 

Notable was one fetus in which an effect on nostril positioning was subtle (if 

present), and that still had an unmistakably long upper lip. In this fetus the cerebrum 

had a complete interhemispheric fissure.  It is expected that this phenotype is 

consistent with lobar HPE. Ongoing studies employing diffusion tensor imaging (DTI) 

and 3D facial analyses based on MRM reconstructions (Hammond et al., 2005) are 

designed to enable identification of subtle changes in facial morphology and to better 

define the brain fiber tracts in fetuses such as this.  

The genesis of the HPE-related facial dysmorphology has previously been 

described as resulting from ethanol-induced loss of medial nasal prominence tissue 

(i.e. the progenitor of both the nasal tip and the intermaxillary segment, the latter of 

which becomes the philtrum of the lip and the primary palate) and subsequent 

overconvergence of the maxillary prominences, yielding the excessively long upper 

lip (Sulik and Johnston, 1983).  DeMyer (1975) recognized hypoplasia of the 

intermaxillary segment as being pathognomonic of brain malformation; the greater 

the deficiency of intermaxillary tissue, the greater the likelihood of a malformed 

brain. In the HPE spectrum, the human face presents with an absent or indistinct 

philtrum accompanied by a thin (vermillion) upper lip border; a phenotype that 
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undoubtedly results from medial nasal prominence deficiency. These facial features 

are also characteristic of FAS. 

In addition to ethanol exposure, other environmental agents (e.g. retinoic 

acid, cyclopamine, cholesterol biosynthesis inhibitors) and mutations in a number of 

different genes including sonic hedgehog (SHH), ZIC2, SIX3, and TGIFβ can cause 

HPE and the associated facial abnormalities (Cohen, 2006; Monuki, 2007; reviewed 

by Muenke and Cohen, 2000). Of particular note is interference with sonic hedgehog 

signaling (Shh-s) as a basis for these defects. Shh-s is a primary event in neural 

plate induction. Studies by Ahlgren and her co-workers in chicken (2002) and fish 

embryos (Loucks and Ahlgren, 2009) and also by Li et al. in the latter species 

(2007), have illustrated that ethanol interferes with this signaling. Strongly supporting 

this as a key mechanism underlying ethanol-induced defects is that enhancing Shh-s 

can diminish the teratogenesis (Loucks and Ahlgren, 2009). The prevalence of 

alcohol (ethanol) use and abuse and the multiple genes involved in the genesis of 

HPE contribute to the likelihood that via gene-environment interactions ethanol 

significantly factors into the high (1/250) incidence of HPE among human 

conceptuses (Matsunaga and Shiota, 1974). 

Along with the forebrain and upper midfacial defects that characterize HPE, 

other defects that are associated with this spectrum were noted in this study. 

Micrognathia commonly occurs both in human HPE and in FASD (Ades and 

Sillence, 1992; Blaas et al., 2002; Cohen, 1989; Jones and Smith, 1975; Lemoine et 

al., 1968; Majewski, 1981; Pauli et al., 1981; 1983), and was clearly evident in a third 

of the 19 ethanol-exposed mouse fetuses.  3D facial analyses are expected to also 
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identify more subtle mandibular deficiencies resulting from ethanol exposure on GD 

7. Severe micrognathia was accompanied by narrowing of the cerebral aqueduct in 

some specimens.  The latter abnormality is commonly and causally associated with 

hydrocephalus, a condition that co-occurs with human HPE (Barr and Cohen, 1999; 

Dickinson et al., 2006) and that was previously noted to result from GD 7 ethanol 

treatment in mice (Sulik and Johnston, 1983). Micro/aglossia and cleft palate, as 

seen in this study, also co-occur with HPE (Cohen, 1989; Pauli et al., 1981; 1983; 

Porteous et al., 1993). In part, due to the relatively long period of genesis of the 

secondary palate, clefting of this structure (a recognized feature of FASD) is 

expected to also result from ethanol insult at later developmental stages.  Of these 

(“other”) defects, for the fetuses in this study, certainly aqueductal stenosis, and 

probably cleft palate would not have been readily recognized without MRM. 

Also with MRM, tissue that appears to correspond to misplaced olfactory 

nerves was found in the overtly holoprosencephalic animals.  Normally, the olfactory 

nerves should project from the nasal epithelium, through the cribriform plate, to 

synapse in the olfactory bulbs. In the absence of olfactory bulbs, these nerves still 

extend upward, but lacking a target, form an intracranial mass that remains 

unattached to the brain. Recent analyses of holoprosencephalic mouse fetuses 

whose defects resulted from Shh-inhibition via in utero exposure to a potent 

cyclopamine analog revealed comparable olfactory nerve masses (R.J. Lipinski, 

personal communication). 

Two of the ethanol-exposed fetuses in this study have small, widely spaced 

olfactory bulbs. Of these, one is anophthalmic and has an enlarged third ventricle 
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(indicating hypothalamic deficiency), no pituitary, apparent absence of the corpus 

callosum, and markedly small/stenotic nasal cavities.  The other has a median facial 

cleft. The collection of defects in these mice is consistent with the following 

recognized human syndromes/associations: 1) median cleft face syndrome; a 

condition for which agenesis of the corpus callosum and anomalies of the pituitary 

gland have been reported (DeMyer, 1967), 2) septo-optic dysplasia; a syndrome 

characterized by absence of the septum pellucidum, pituitary hormone deficiency, 

and optic nerve hypoplasia; features of which a clinical report by Coulter et al. (1993) 

attributed to prenatal ethanol exposure, and 3) CHARGE association which includes 

nasal cavity narrowing, growth and mental retardation, along with a variety of 

structural brain abnormalities including absence/hypoplasia of the olfactory bulbs 

and tracts, dysgenesis /hypoplasia of the frontal lobes and optic nerves, and 

agenesis of the corpus callosum and septum pellucidum. CHARGE association was 

highlighted in the Parnell et al. (2009a) report as resulting from GD 8 ethanol 

exposure in mice.  Indeed, although each has its own key features, there is 

significant overlap between HPE and these 3 clinical conditions (Bomelburg et al., 

1987; de Toni et al., 1985; Fitz, 1994; Lin et al., 1990; Polizzi et al., 2005). This is 

also true for the dysmorphology resulting from GD 7 versus GD 8 ethanol exposure 

in mice.   

The MRM-based discovery of cerebral cortical dysplasia/heterotopias 

resulting from acute GD 7 ethanol exposure is novel and is expected to be of 

significant clinical importance. Nearly 35 years ago the first autopsy report by Jones 

and Smith (1975) of a newborn with FAS described a large heterotopia 
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encompassing the left cerebral hemisphere. Under this mass of tissue, the cortex 

was thin and disorganized and the lateral ventricles were enlarged. In more recent 

studies of rodent FASD models, one of which was conducted utilizing cultured GD17 

fetal rat cortical slices (Mooney et al., 2004) and one which employed maternal 

dietary ethanol exposure on days 10 through 21 in the rat (Komatsu et al., 2001; 

Sakata-Haga et al., 2004), cortical heterotopias have also been found.  The cortical 

defects noted in the current study ranged from extremely small and isolated, to 

involving the medial aspect of both cerebral hemispheres. In most cases, the 

morphology is consistent with leptomeningeal heterotopia, though a more accurate 

descriptor for the most extensive defects is probably cortical dysplasia. Cortical 

heterotopias are generally considered as resulting from neuronal migration errors 

(Verotti et al., 2009).  It is remarkable that they can result from an acute teratogenic 

insult occurring as early as the time of neural plate induction.  

The presence of cortical heterotopias is highly correlated with seizure activity. 

Indeed, Verroti et al. (2009) state that “neuronal migration disorders are considered 

to be one of the most significant causes of neurological and developmental 

disabilities and epileptic seizures in childhood”.  Among individuals with FAS the 

prevalence of epilepsy is higher than in the general population (1%), with estimates 

varying from 3-21% (Dorris, 1989; Ioffe and Chernick, 1990; Jones et al., 1973; 

Majewski, 1981; Marcus, 1987; Murray-Lyon, 1985; Olegard et al., 1979; O’Malley 

and Barr, 1998; Streissguth et al., 1978).  Work directed toward identifying 

pathologic changes that may underlie alcohol-induced seizure threshold reduction 

has shown an association with hippocampal abnormalities induced during the 
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human 3rd trimester equivalent (Bonthius et al., 2001 a,b).  These studies employed 

a rat FASD model in which both behavioral and electrographic seizure thresholds 

were examined. Similar testing of postnatal animals following acute ethanol 

exposure during early gastrulation is needed. 

Linear and volume measurements made in this study from MRM scans and 

3D reconstructions are consistent with the visually-assessed dysmorphology.  

Notable in the ethanol-exposed animals are reduced frontothalamic and brain width 

measures and lateral ventricular enlargement; features that can be readily assessed 

in human fetal ultrasounds. Work by Kfir et al. (2009) showing that both 2nd and 3rd  

trimester ultrasound can detect frontothalamic reductions in the fetuses of moderate 

to heavy alcohol users, is consistent with the mouse data (Sulik et al., 2009). 

Together, the human and experimental studies illustrate the diagnostic potential of 

early (prenatal) forebrain measures.   

In conclusion, this work contributes significantly to defining the CNS 

dysmorphology that results from ethanol insult at times corresponding to the middle 

through the end of the 3rd week of human development. Individual MRM scans and 

3D reconstructions of fetal mouse brains have facilitated this effort, allowing 

documentation and discovery of ethanol-induced CNS defects and appreciation of 

their relationship to co-occurring facial abnormalities.  These results promise to aid 

in clinical recognition, diagnosis, and prevention of FASD.  
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Figure 2.1: MRM scans of GD 17 mouse fetuses allow for linear measurements, 

regional segmentation, and 3D reconstruction.  Illustrated in (a) is a horizontal scan 

with lines depicting sites of linear measurement as follows: brain width (biparietal 

distance), line 1; bulbothalamic distance, line 2; mid-sagittal brain length, line 3; 

frontothalamic distance, line 4; third ventricle width, line 5.  [Cerebellar width 

(transverse cerebellar distance, not included) was measured at its greatest 

dimension.]  Manual segmentation, as depicted by the color-coded regions in (b) 

allowed for subsequent 3D reconstruction (c) and analyses of selected brain regions.  

In (c), the upper right quadrant of the brain has been removed to allow for 

visualization of the interior structures. Color-codes for the segmented brain regions 

shown are at the bottom of the Figure. Other regions that were also examined for 

each of the animals in this study, but are not shown in this illustration, are the 

pituitary and the ocular globe and lens of each eye. (modified from Figs. 1 & 2, 

Parnell et al., 2009a) 
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Figure 2.2: Shown are the face and reconstructed brain of a control GD 17 fetal 

mouse along with the faces and brains of ethanol-exposed fetuses having semilobar 

and alobar holoprosencephaly (HPE).  As compared to the control face (a), those 

fetuses with HPE (b-f) have varying degrees of midfacial abnormality; each 

presenting with a long (from nose to mouth) upper lip, a small nose with closely-set 

nostrils, and micrognathia (narrow, pointed chin), the latter of which is severe in the 

specimens shown in (b) and (f). Segmented MRM scans of control (g, m, s) and 

ethanol-exposed fetuses (h-l, n-r, t-x) were reconstructed to yield whole brain (frontal 

view, g-l; dorsal view, m-r) and ventricular system (s-x) images.  Notable forebrain 

abnormalities include varying degrees of olfactory bulb deficiency and rostral union 

of the cerebral hemispheres, accompanied by dysmorphic lateral ventricles. From a 

dorsal view, the mid- and hindbrain and their ventricles appear relatively normal in all 

of the affected fetuses. Color codes for the segmented brain regions are shown at 

the bottom of the Figure. 
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Figure 2.3: Horizontal MRM scans at two different levels through a control (a. d) and 

two affected fetuses (b, e with semilobar HPE & c, f with alobar HPE; shown in Fig. 

2.2 b, f, respectively) illustrate rostro-median tissue loss. The septal region (long 

arrow), which is apparent in the rostral midline of the control, is absent in the 

affected fetuses. In the more mildly affected fetus (b, e), the striatal tissue (short 

arrow) can be defined and, in the absence of the septal region, is united across the 

midline.  In the more severely affected fetus (c, f), MRM does not allow clear 

identification of the striatal boundaries. Notable in both affected fetuses is the vastly 

enlarged and rostro-medially fused lateral ventricles ( ). 
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Figure 2.4: MRM and routine histology illustrate olfactory nerve abnormality in a 

holoprosencephalic fetus. As compared to an MRM image of a normal coronal scan 

(a; arrow indicates olfactory bulb) that from an ethanol-exposed fetus (b; fetus also 

shown in Fig. 2.2 d), reveals absence of the olfactory bulbs and the presence of an 

aberrant intracranial median mass that is located dorsal to the nasal septum (boxed 

area).  Subsequent examination of histological sections through this region revealed 

that the tissue is continuous, through the cribiform plate, with the nasal epithelium 

(arrow in d). Bar in c = 0.5 mm, in d = 0.2 mm 
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Figure 2.5: Shown are the face, brain reconstruction, and histological sections of a 

control and four dysmorphic GD 17 fetal mice. A common feature among the 

ethanol-exposed animals is cortical dysplasia/heterotopia in the absence of overt 

HPE. As compared to the control (a), the affected fetuses have faces that appear 

relatively normal (b), or that present with a long upper lip along with severe 

micrognathia (c), or foreshortening (d; also note Fig. 2.6 b) or median cleft of the 

snout (e). As viewed from the front, reconstructed MRM scans illustrate a slight 

widening of the space between the cerebral hemispheres (as evidenced by visibility 

of the septal region and diencephalon) in the affected fetuses (g-j) as compared to 

control (f). (Color codes for the segmented brain regions are shown beneath the 3D 

reconstructions.) Also evident in (g) and (j) are irregularities on the cerebral cortical 

surface (arrows).  Subsequent histological analyses of these and the other 2 fetuses 

shown in this Figure identified these structures as cortical dysplasia/heterotopias 

(arrows in l-o, 4X; q-t, 10X). Bar in k = 0.5mm, in p = 0.2 mm 
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Figure 2.6: Additional light micrographs along with coronal MRM scans and 

reconstructions and histological sections of the fetus pictured in Fig. 2.5 d illustrate 

its dysmorphic features as compared to control (a, c, e, g, i)  Included are 

anophthalmia and snout foreshortening (evident in b), short nasal septum and small 

nasal cavity (arrow in d) [scan made at the level of the line in (b)], third ventricular 

enlargement (arrow in f), pituitary agenesis (h; compare to control, arrow in g), and 

apparent absence of the corpus callosum (j; compare to control, arrow in i).  Bar in i 

= 0.5 mm 
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Figure 2.7: MRM scans and reconstructions illustrate additional dysmorphic features 

of the fetus pictured in Fig. 2.5 c. Coronal scans made at the level of the eyes 

illustrate clefting of the secondary palate (black arrow in b), no apparent tongue, and 

this fetus’s very narrow mandible (white arrow in b). A posterior view of the 

reconstructed mesencephalic and fourth ventricle show stenosis (narrowing) at the 

level of the aqueductal isthmus (arrow in d). Shown in (a & c) are comparable views 

of a control fetus. 
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Figure 2.8: Ethanol-induced volume changes in selected regions of GD 17 fetal 

mouse brains following acute GD 7 exposure.  Data is expressed to illustrate the 

broad range of insult. Mean values from 7 control fetuses are indicated by a black 

dot, with a bar indicating the 95% confidence interval of the control mean. Values for 

the 5 ethanol-exposed animals with overt HPE are expressed as x’s; and for all of 

the other ethanol-exposed animals (n=14) a grey circle is employed. Please note 

differing scales on the right and left, as needed to facilitate representation of the 

data.  
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Table 1: Linear Brain Measurements 

Measurement Control non-HPE HPE 

Mid-sagittal brain length 7.46 ± 0.08 mm (7.21 - 7.84) 7.21 ± 0.09 mm (6.77 - 7.64) 6.75 ± 0.18 mm (6.28 - 7.11) #,† 

Brain width 4.76 ± 0.09 mm (4.52 - 5.22) 4.44 ± 0.04 mm (4.16 - 4.64) # 4.07 ± 0.19 mm (3.52 - 4.35) #,† 

Bulbothalamic distance 3.99 ± 0.06 mm (3.79 - 4.23) 3.78 ± 0.06 mm (3.36 - 4.12) 3.27 ± 0.15 mm (2.90 - 3.60) #,† 

Frontothalamic distance 3.45 ± 0.05 mm (3.25 - 3.62) 3.32 ± 0.04 mm (3.11 - 3.52) 3.17 ± 0.10 mm (2.90 - 3.39) # 

Third Ventricle Width 0.22 ± 0.02 mm (0.15 - 0.30) 0.23 ± 0.01 mm (0.17 - 0.29) 0.10 ± 0.01 mm (0.08 - 0.13) #,† 

Transverse Cerebellar Distance 3.46 ± 0.05 mm (3.31 - 3.71) 3.34 ± 0.04 mm (3.15 - 3.64) 3.37 ± 0.14 mm (2.96 - 3.58) 

 

Table 2.1:  Linear brain measurements are represented as the mean ± the standard 

error of the mean.  Range of measurements in each region and group are indicated 

in parentheses.  # denotes a significant difference from controls, while † denotes a 

significant difference from the non-HPE group.  For controls, n=7; non-HPE, n=14; 

HPE, n=4. 
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ABSTRACT 

Within the spectrum of disorders that prenatal ethanol exposure causes 

are alterations in brain white matter microstructure. Diffusion tensor imaging 

(DTI) of human subjects has illustrated that the corpus callosum (CC) is 

particularly sensitive to ethanol’s teratogenic effects.  In this study, DTI was 

applied to an established Fetal Alcohol Spectrum Disorders (FASD) mouse 

model in order to examine patterns of white matter/fiber tract dysmorphology. 

Both gestational day (GD) 17 and postnatal day (PND) 45 C57Bl/6J mice that 

had been acutely exposed to ethanol (2 x 2.9 g/kg doses) on their 7th gestational 

day, as well as comparably staged control mice were selected for DTI analyses. 

The embryonic stage at the time of ethanol exposure corresponds to that in the 

3rd week of human pregnancy. Of the 13 ethanol-exposed fetuses that were 

imaged, 6 presented with facial and CNS dysmorphology consistent with 

holoprosencephaly (HPE). Among these, fiber tract alterations including agenesis 

of the CC, thickened fimbria/fornices, absence of fornix columns, and anterior 

commissure dysmorphology were found.  Probst bundles were also evident in an 

HPE subject.  Additionally, DTI facilitated the identification of CC agenesis in 

ethanol-exposed fetuses that did not have overt HPE features.  In PND 45 

subjects DTI also revealed significant CC dysmorphology. This novel application 

of DTI to examination of an FASD model has confirmed and extended clinical 

findings and has highlighted the vulnerability of the brain at very early stages of 

its development to ethanol insult.  
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INTRODUCTION 

Ethanol’s teratogenic effects in humans have been recognized for 

decades (Jones & Smith, 1973; Lemoine, 1968) and are collectively referred to 

as Fetal Alcohol Spectrum Disorders (FASD) (reviewed by Riley & McGee, 

2005).  Resulting from heavy maternal drinking during pregnancy, and at the 

severe end of the alcohol-induced birth defects spectrum, is Fetal Alcohol 

Syndrome (FAS) which is characterized by pre- and/or post-natal growth 

retardation, craniofacial anomalies and central nervous system (CNS) 

dysfunction (Jones & Smith, 1973).  Aided by the development of magnetic 

resonance imaging (MRI)-based approaches [including diffusion tensor imaging 

(DTI)], specific brain regions that are particularly vulnerable to ethanol’s insult 

have begun to be identified and include major white matter tracts such as the 

corpus callosum (CC) (reviewed by Norman et al., 2009; Riley et al., 2004).   

Modeling FASD in rodents allows precise control of the dose, timing and 

pattern of ethanol exposure, all of which influence the range of teratogenic insult 

(eg; Goodlett, et al., 1998; Bonthius & West, 1990; Maier et al., 1999; Thomas, et 

al., 1996).  Previous work from our laboratories has shown that exposure of mice 

to ethanol on their 7th gestational day (GD 7) results in a spectrum of birth 

defects (eg. Sulik, 2005; Godin et al., 2010). At this time in gestation, mice are at 

a stage of development that occurs during the human 3rd week of pregnancy. 

Recently, magnetic resonance microscopy (MRM) has been applied to the study 

of this mouse model and has facilitated illustration and discovery of a range of 
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ethanol-induced structural brain abnormalities including holoprosencephaly 

(HPE) at the most severe end of the spectrum (Godin et al., 2010).  

As shown by Mori and colleagues (eg. Mori et al., 2001; Zhang et al., 

2003; Zhang et al., 2006), in the developing mouse brain, diffusion tensor 

imaging (DTI) affords more detailed examination of brain morphology than 

allowed by traditional imaging techniques and can be applied to fiber tract 

analyses even prior to the time that myelination occurs. Extending our previous 

MRM-based report, the current study employs DTI to characterize brain and fiber 

tract abnormalities resulting from ethanol exposure on GD 7 in mice. For this, 

examination of non-diffusion weighted anatomical scans, color-coded anisotropy 

maps, and 3D fiber tract reconstructions from ethanol-exposed and control 

fetuses and a selected number of postnatal animals were conducted. Based on 

previous data, it was anticipated that fiber tract changes typical of HPE would be 

identified in ethanol-exposed animals having facial dysmorphology. Additionally, 

in ethanol-exposed mice having no apparent facial defects, more subtle changes 

in fiber tract morphology were expected. 

 

MATERIALS AND METHODS 

Animal breeding and maintenance 

C57BI/6J mice were purchased from The Jackson Laboratory (Bar Harbor, 

ME) and housed in a temperature and light-controlled (12/12 hr light/dark) 

environment approved by AAALAC.  Standard laboratory chow and water was 

available ad libitum.  For breeding, 1-2 females were placed with one male for 2 
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hours. Detection of a copulation plug marked the beginning of gestational day 

(GD) 0. 

 

Maternal treatment and animal rearing 

On the beginning of GD 7, pregnant dams were assigned to either an 

ethanol or control group, weighed, and administered either an intraperitoneal (ip) 

dose of 25% ethanol (2.9 g/kg) or an equivalent dose of Ringer’s solution. Four 

hrs later a second ethanol or Ringer's solution dose of equal volume and 

concentration was administered to each of the dams in the respective groups.  

This ethanol administration paradigm has previously been employed, yielding a 

mean peak blood ethanol concentration (BEC) of 440 mg/dl and inducing a range 

of CNS abnormalities including HPE (eg. Godin et al., 2010).  Following ethanol 

administration, dams were left undisturbed until GD 17 or were allowed to give 

birth.   

For those dams that were to provide subjects for postnatal imaging, 

beginning on GD 20, cages were checked daily and the date of birth was 

recorded and designated as postnatal day (PND) 0.  If necessary, litters were 

culled to 8 (retaining 4 males and 4 females when possible) on PND 2 and were 

left undisturbed until weaning on PND 28. All procedures involving animals were 

approved by an Institutional Animal Care and Use Committee (IACUC) at the 

University of North Carolina at Chapel Hill. 
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Specimen collection and preparation for DTI 

 To provide subjects for fetal DTI, on their 17th day of pregnancy, following 

CO2 anesthesia, dams were killed by cervical dislocation.  Following laparotomy, 

the uteri were removed and fetuses were dissected free of decidua under a 

dissecting microscope and placed on ice in phosphate buffered saline (PBS).  

Fetuses were then examined for any gross abnormalities.  As in our previous 

study (Godin et al., 2010), in order to characterize the most severe end of the 

spectrum of ethanol-induced dysmorphogenesis, the selection of ethanol-

exposed subjects to be scanned was based on the presence of grossly-

observable dysmorphology; including facial anomalies commonly associated with 

HPE (eg. elongated philtrum, closely spaced nostrils) and the presence of ocular 

defects. For this investigation, all of the fetuses selected had ocular abnormalities 

(ranging from mild to severe), and among these, some had normal faces while 

others had varying degrees of facial dysmorphology.   

 In preparation for DTI, the fetuses were drop-fixed in a solution of Bouin’s 

fixative (Sigma-Aldrich, St. Louis, MO) and ProHance (Bracco Diagnostics Inc. 

Princeton, NJ) (20:1 v:v) for 9 hours (Petiet et al., 2008; 2010).  This was 

followed by a brief PBS rinse and placement in a storage solution containing PBS 

and ProHance (200:1 v:v).  Fetuses were typically imaged within 72 hrs of 

fixation. Using no more than 2 subjects from each litter, a total of 21 fetuses (13 

ethanol-exposed and 8 control fetuses from 9 and 5 litters, respectively) were 

imaged.  

96 
 



 For postnatal DTI analysis, on PND 45, male offspring of ethanol-exposed 

dams were deeply anesthetized using 250 mg/kg tribromoethanol (Sigma 

Aldrich) and were perfused using an active staining protocol adapted from Jiang 

and Johnson (2010).  Briefly, a catheter was inserted into the left ventricle and a 

solution of saline and ProHance (10:1 v:v) (Bracco Diagnostics, Inc, Princeton, 

NJ) was pumped at a flow rate of 4.5 ml/min for 3 minutes. This was followed by 

6 minutes of fixation using a solution of formalin and ProHance (10:1 v:v).  Once 

perfused, the heads were stored in formalin for 72 hours followed by removal of 

the tissue surrounding the skull. Specimens were then placed into a holding 

solution of PBS and ProHance (100:1 v:v) for approximately 2-3 days prior to 

imaging.  

 

Diffusion tensor imaging (DTI) 

DTI is a powerful imaging technique that exploits the local diffusion 

characteristics of water in various regions of the brain, allowing detailed 

examination of white matter morphology.  In regions of the CNS where there is 

fibrous tissue, such as in the white matter tracts of the brain, water diffusion is 

anisotropic.  That is, diffusion is restricted and preferential along the axis of the 

fiber and will move more rapidly in the direction aligned with the fiber.  This is in 

contrast to isotropic diffusion where diffusion is homogeneous in all directions.  

DTI takes advantage of these diffusion properties and allows the quantification of 

diffusion anisotropy in the brain (eg. FA) (Basser et al., 1996; Pierpaoli et al., 

1996a,b) and also provides information regarding the preferential direction of 
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diffusion which can be expressed as color coded maps (see figure 3.1).  

Importantly, in the developing mouse brain, DTI allows the identification of fiber 

tracts even prior to the onset of myelination (reviewed by Mori & Zhang, 2006; 

Mori et al., 2001; Zhang et al., 2003; Zhang et al., 2006).   

In the current study, DTI scans were conducted at the Center for In Vivo 

Microscopy at Duke University (Durham, NC) employing either a 7T Magnex 

/210 mm bore or a 9.4T Oxford/89 mm bore magnet controlled by GE EXCITE 

consoles (GE Healthcare, Milwaukee, WI). Specimens were placed in a custom-

built holder inserted in a solenoid radiofrequency coil.  During the period of this 

study, a holder was developed for simultaneous imaging of 2 fetal heads, 

effectively reducing the acquisition time by one half.  A diffusion-weighted spin-

echo pulse sequence was used to acquire 3D volume images (FOV=22×11×11 

mm for two fetal heads or each postnatal brain or 20×10×10 mm for an entire 

fetus; matrix size=512×256×256 resulting in 43 μm or 39 μm isotropic resolution, 

TR=100 ms). For each subject, one non-diffusion weighted image and 6 [1] 

(NEX=2) or 12 [2] (NEX=1) unique gradient direction diffusion-weighted images 

with b-values of 800 to 1000 s/mm2 were acquired over approximately 24 hours. 

The following gradients were used: 6 directions (Jiang and Johnson, 2010), or 12 

directions (Papadakis et al., 1999). 

 

Image processing and fiber tracking 

As a first step, the two fetuses simultaneously imaged were separated into 

two individual image files before further processing.  Diffusion tensor (DT) 
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images were then computed from the DWIs using weighted square estimation 

(Salvador et al., 2005). The Mean Diffusivity (MD) images were computed from 

the DT images and were used to find the transformations that rigidly reorient all 

images into the same coordinate space.  These transformations were applied to 

the DT images (Alexander et al., 2001) using preservation of principal direction 

and MD, Fractional Anisotropy (FA), and color-coded FA images were computed 

from the aligned DTI images.  These images were examined for gross anomalies 

in all three orthogonal planes utilizing 3D Slicer (www.slicer.org; Pieper et al., 

2006).  ITK-SNAP (www.itksnap.org; Yushkevich et al., 2006) was used to 

segment selected specimens' brain regions consistent with our previous report 

for 3D renderings (Parnell et al., 2009; Godin et al., 2010).  For tractography of 

selected white matter tracts, DTIStudio (www.mristudio.org; Jiang et al., 2006) 

was applied. Using the Fiber Assignment by Continuous Tracking (FACT) 

algorithm, which employs a brute-force fiber searching approach (Mori et al., 

1999a,b, Xue et al., 1999), 3D fiber tracts were generated from each data set.  

The following parameters were utilized: FA threshold for starting tracking = 0.25; 

FA threshold for ending tracking = 0.25, and fiber turning angle before ending 

tracking = 45°.  For the CC, hippocampal commissure and anterior commissure, 

regions of interest (ROI) for fiber tracking were designated in the mid-sagittal 

plane, while the fasciculus retroflexus ROIs were delineated in the coronal plane.  

ROIs were placed along the possible paths of fibers utilizing knowledge from 

existing atlases based on normal fetal brain anatomy (Kaufman, 1992; Schambra 
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2008; Schambra et al., 1992). Image visualization of 3D fiber tract 

reconstructions was performed in DTIStudio.  

 

RESULTS 

General features of ethanol-exposed fetuses 

Consistent with previous studies (eg. Godin et al., 2010; Lipinski et al., 

2010; Sulik & Johnson, 1982; Sulik, 2005; Webster et al., 1983), ethanol 

exposure on day 7 of gestation induced a range of grossly observable defects, 

including both ocular and facial dysmorphology, in the fetal animals assessed. 

Ocular defects ranged from mild unilateral microphthalmia and abnormally 

shaped pupils, to iridial coloboma, and bilateral anophthalmia.  Representing the 

severe end of the ethanol teratogenesis spectrum, a number of subjects selected 

for DTI analyses also presented with facies consistent with the HPE pattern of 

defect (see figure 3.3, b – g).  HPE is a complex disorder characterized by a 

spectrum of anomalies affecting the median forebrain region and is accompanied 

by distinct facial abnormalities (reviewed by Cohen et al., 2006; Muenke & 

Cohen, 2000; Sulik & Johnson, 1982).  HPE was confirmed in all but one of the 

animals with characteristic HPE faces, a finding that is consistent with the 

observation by DeMyer and colleagues (1964) that "the face predicts the brain 

(although not always)".  
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Gross and fiber tract anomalies in the brains of HPE fetuses 

In the current study, DTI, coupled with active staining techniques that have 

been optimized for the fetal mouse (eg. Petiet et al., 2008; 2010), resulted in 

images having 39-43 micron isotropic resolution, allowing assessment of the 

brain in all 3 planes simultaneously.  Among those ethanol-exposed fetuses with 

HPE, examination of the FA and color-coded directional anisotropy maps 

revealed significant gross and fiber tract anomalies. Characteristic findings are 

illustrated in figure 3.1, which includes coronal sections of a control and a HPE 

fetal brain that are shown at comparable levels throughout the forebrain.  In this 

affected fetus, the brain anomalies are consistent with those in human lobar HPE 

and include rostral union of the cerebral cortices and lateral ventricles as well as 

complete absence of a septal region (figure 3.1, block arrow in control) and 

olfactory bulbs (see figure 3.4h).  Additionally, the striatum of this HPE animal 

appears united across the midline as shown in the rostral-most section in figure 

3.1.  As shown by the color-coded FA maps, fiber tract anomalies involving 

commissural fibers are particularly pronounced.  Notably, the CC (figure 3.1, 

white arrow in the control) is completely absent in the HPE subject. Furthermore, 

although both an anterior commissure (figure 3.1a, AC, pink arrow) and 

hippocampal commissure (figure 3.1, HC, yellow arrow) can be identified in the 

HPE animal; both of these major fiber tracts are clearly abnormal.  The anterior 

commissure of the HPE animal is rostrally displaced, appears diffuse and 

completely lacks the olfactory projections as seen in a control fetus (figure 3.1a, 

AC, pink arrow). The hippocampal commissure (figure 3.1, HC, yellow arrow) is 
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also displaced, though in the caudal direction, and appears to be thickened and 

dysplastic as compared to the control subject.   

In addition to major anomalies in commissural fibers, significant 

abnormalities in other fiber tracts were also identifiable.  The columns of the 

fornix, which are readily identified in the control subject (figure 3.1c, F, blue 

arrowhead), are completely absent in the HPE subject.  In addition, the external 

capsule (figure 3.1, EC, green arrow) of the HPE animal appears to be 

anomalously continuous at the most anterior sections shown.  The fibers of both 

the internal capsule (figure 3.1, IC, pink arrowhead) and the fimbria (figure 3.1, 

Fim, orange arrow) appear to be thickened in the HPE subject as compared to 

the control.  Additional regions of dysmorphology observed in the HPE subject 

include a band of fibers with a preferential right/left direction (red signal) just 

ventral to the large lateral ventricle as well as a large midline band of blue signal, 

indicating fibers projecting in the inferior/superior direction.  Both of these 

anomalies can be observed at the level of the hippocampal commissure in the 

HPE subject (figure 3.1, white dashed arrows). 

Despite the significant dysmorphology present in the HPE brain shown in 

figure 3.1, fiber tracts located caudal to the telencephalon in this animal appear 

to be relatively normal.  These include the fiber tracts of the optic nerve (figure 

3.1, ON, blue arrow), optic chiasm (figure 3.1, OC, red arrow), and optic tracts 

(figure 3.1, OT, purple arrow) as well as the fasciculus retroflexus (figure 3.1, FR, 

green arrowhead).  Notably, while this HPE subject had bilateral iridial 
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colobomas accompanied by minor microphthalmia, the optic nerves and optic 

chiasm appeared relatively normal.  

 

Cortical layers in the fetal mouse 

DTI not only allows identification of brain fiber tracts, but affords excellent 

contrast in the cerebral cortex, where levels of anisotropy are high at this time in 

development.  This allows the recognition of various cortical layers as shown in 

rodents (eg. Zhang et al., 2006; Zhang et al., 2003; Mori et al., 2001; reviewed by 

Mori & Zhang, 2006), as well as during the perinatal period in humans (eg. Huppi 

et al., 1998; Neil et al., 1998; Mukherjee et al., 2002 ; Huppi & Dubois, 2006).   

As shown in figure 3.2, the cortical plate (figure 3.2, white arrows), 

intermediate zone (figure 3.2, white dashed arrows), and the subventricular zone 

(figure 3.2, yellow arrows) can be distinguished in color-coded maps (figure 3.2, 

a & b).  Additionally, glyphs, representing the primary eigenvector and the 

preferential direction of the diffusion tensors, are shown overlaid on FA images, 

facilitating the visualization of the orientation of cellular components in these 

various cerebral cortical layers (figure 3.2, c & d).  As expected, significant 

cortical layer alterations are a consequence of ethanol-induced HPE as shown in 

horizontal brain scans in figure 3.2, b & d.  The cortical plate can be seen on the 

outermost surface of the brain in the control subject as a band of tissue with high 

FA which transitions from red on the lateral aspects of the cortex, to green at the 

most rostral end of the cortex, and back to red at the medial aspects of the brain 

(figure 3.2a, white arrow). The orientation of the cortical plate tissue is 
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perpendicular to the surface of the brain, which is clearly illustrated in figure 3.2c 

(white arrows). Despite significant dysmorphology in the HPE subject, the color-

coded FA maps (figure 3.2, b, white arrow), as well as the glyphs (figure 3.2b, 

white arrow), illustrate that on the lateral aspects of the brain the cortical plate is 

quite similar to that of the control fetus. Rostro-medially, however, in the absence 

of a normal interhemispheric fissure, the cortical fiber orientation differs from that 

of the control (figure 3.2, b & d, white arrows).  In addition to the cortical plate, 

the intermediate zone, a layer in which tangential cell migration occurs, is 

distinguishable in the control fetus with FA coding direction and glyph orientation 

being parallel to the surface of the cortex (figure 3.2, a & c, white dashed arrow).  

This layer is somewhat difficult to discern in the HPE subject (figure 3.2, b & d), 

as the cortical layers appear to be thickened and include a region of high 

intensity blue signal not seen in the control.  This blue signal is indicative of 

projections in the superior/inferior direction (white dashed arrows, figure 3.2, b & 

c).  Finally, regions of high signal intensity perpendicular to the surface of the 

ventricles surrounding the walls of the lateral ventricles are seen in both the 

control and HPE subject (figure 3.2, a-d, yellow dashed arrow) and are consistent 

with the subventricular zone which is a site of neurogenesis in the brain.  Notable 

is that the subventricular zone of the HPE subject appears to be thickened and 

that the lateral aspects do not show the same red signal intensity as present in 

the control (figure 3.2a, yellow dashed arrow). Rather, regions of blue signal are 

seen (figure 3.2b, yellow dashed arrow), representing aberrant cellular 

organization in this region of the brain.  
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Spectrum of ethanol-induced HPE malformations 

As is typical in humans who present with HPE, among those animals 

presenting with HPE in the current study, a large range of defects was evident. 

Light microscopic images of the faces of these subjects (figure 3.3b-g), illustrate 

varying degrees of abnormal approximation of the nostrils in all of the ethanol-

exposed subjects shown. In all but the fetus shown in fig. 3.3b, the central notch 

in the upper lip is diminished. The latter condition is consistent with loss of philtral 

tissue.  Note that the most severely affected animal shown is cebocephalic 

(figure 3.3g). Varying degrees of mandibular dysmorphology, ranging from 

moderate (as shown in figure 3.3, c, d, f, and g) to severe micrognathia (figure 

3.3, e), are also an apparent feature.  Notable is that in the severely micrognathic 

subject, cleft palate and aglossia were visualized in the MRIs, and low-set ears 

are evident. This collection of malformations is consistent with otocephaly.     

For each of these HPE specimens and for a control animal, non-diffusion 

weighted coronal sections of the brain at the level of the anterior commissure are 

shown in figure 3.3 h-n. In the affected animals, varying degrees of 

interhemispheric fissure deficiency and median union of the lateral ventricles 

were noted, facilitating classification of the subjects as having lobar/semi-lobar 

(figure 3.3, b-f; i-m) or alobar (figure 3.3, g & n) HPE. The anterior horns of the 

lateral ventricles were not present in any of these subjects.  Additionally in the 

HPE fetuses, the striatum, which can be appreciated bilaterally in the control 

animal (figure 3.3h, stars), is united across the midline to varying degrees (figure 
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3.3, i-m) or appears completely absent (figure 3.3, n).  Other anomalies apparent 

in the non-diffusion weighted images among HPE animals and that are 

consistent with our earlier report (Godin et al., 2010) were varying degrees of 

forebrain deficiency including hypo- or agenesis of the olfactory bulbs, cortical 

heterotopias and pituitary defects.  

In addition to visualizing defects in FA and color-coded images, utilization 

of the primary eigenvector (v1) of the diffusion tensor to reconstruct pathways of 

fiber tracts in the brain (i.e. tractography), allows visualization of 3D fiber tract 

trajectories (reviewed by Mori & Zhang, 2006; Mukherjee et al., 2008; Huppi & 

Dubois, 2006, Melhem et al., 2002). Recent reviews describe the application of 

this methodology to the study of abnormal development (eg. Lee et al., 2005) 

and congenital brain malformations (eg. Wahl et al., 2009), including the utility of 

this imaging modality for discovery of HPE-related pathology. In the HPE fetuses 

described in the current study, selected 3D fiber tract reconstructions in forebrain 

regions illustrated significant dysmorphology (figure 3.3 p-u) as compared to the 

control fetus (figure 3.3 o).  As illustrated in figure 1o, reconstructed tracts 

evident in the control fetus include the CC (red), anterior commissure (blue), 

fimbria/fornix (green) and fasciculus retroflexus (yellow). At the developmental 

stage examined (GD 17), the CC is rostrally placed and relatively small. 

Additionally identifiable are the anterior commissure with its bilateral olfactory 

projections (figure 3.3o, white arrow), and the fimbria/fornix (figure 3.3o, green 

fibers).  The latter normally project from the hippocampus rostrally and medially 

to the septal region, then extend as the columns of the fornix ventrally and 
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caudally through the thalamus (figure 3.3o, pink arrow).  Portions of these fibers 

normally cross the midline to form the hippocampal commissure. Bilateral tracts 

illustrated in yellow represent the fasciculus retroflexus, the fibers of which 

extend from the habenula ventrally to the interpeduncular nucleus of the midbrain 

(figure 3.3o).  

All of the ethanol-exposed HPE fetuses examined presented with 

agenesis of the CC (figure 3.3, p-u). And in all of these fetuses, fiber tracts 

consistent with the right/left projections of the anterior commissure were present 

(figure 3.3, p-u, blue fiber reconstructions).  However, the morphology of these 

tracts appeared diffuse and disorganized and the olfactory projections could not 

be readily identified (figure 3.3, p-u, blue fibers). Notable is that in the most 

severely affected animal (the fetus with alobar HPE), fibers presumed to be those 

of the anterior commissure were only identifiable on one side of the brain (figure 

3.3u).  Like the anterior commissure, the fimbria/fornix was clearly dysmorphic in 

all of the HPE fetuses (figure 3.3, p-u, green fibers). In these animals, the fibers 

from the fimbria projected rostrally, where they crossed the midline forming what 

appears to be the hippocampal commissure. However, these fiber tracts were 

significantly flattened, foreshortened and dysplastic. In most cases, the 

hippocampal commissure appeared to be thickened as compared to control 

(figure 3.3, p-u, green fibers and see also figure 3.5, l & p, yellow arrows) and the 

columns of the fornix (figure 3.3o, pink arrow) were absent in all of the HPE 

fetuses.  Finally, in contrast to the significant dysmorphology of the telencephalic 

fiber tracts in the HPE fetuses, the fasciculus retroflexus, which projects from the 
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habenula to the midbrain region, appeared to be relatively normal. These fiber 

tracking results are consistent with the color-coded anisotropy maps shown in 

figure 3.1 and support the premise that ethanol exposure restricted to early 

gastrulation stages has a major selective impact on the telencephalic region.  

In addition to the major fiber tract malformations shown in figures 3.1-3.3, 

the presence of Probst bundles in an ethanol exposed HPE subject was 

discovered by examination of the color-coded anisotropy maps (figure 3.4). 

Probst bundles are common in cases of CC agenesis and result from fibers not 

being able to cross the midline.  Rather, these abnormal fibers project in an 

anterior/posterior direction, and interestingly, have been characterized using DTI 

in humans (eg. Lee et al., 2004; Tovar-Moll et al., 2005; Utsunomiya et al., 2006) 

as well as in a mouse knock out model (Ren et al., 2007). Here, the fibers of the 

CC should appear red, running horizontally as they cross the midline just dorsal 

to the septal region (white arrow in the control image shown in figure 3.4 b).  In 

contrast, in the HPE subject, which has no septal region, bilateral regions of 

green color-coded high anisotropy, were located just dorsal to the united lateral 

ventricles (figure 3.4 d, e, white arrows). This represents fibers projecting in an 

anterior/posterior direction as characterizes Probst bundles.  Subsequent 

histological assessments of this subject confirmed this finding (figure 3.4f, 

arrows).   
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Dysmorphology in non-HPE fetuses 

Consistent with individuals with FASDs, some of the fetuses exposed to 

ethanol on GD7 did not present with frank facial or CNS dysmorphology.  

However, through the evaluation of color-coded anisotropy images, subtle 

deficits were identified. Figure 3.5 illustrates data from 2 of 7 representative 

ethanol-exposed fetuses included in this analysis that, due to their facial or brain 

phenotypes, are considered not to have HPE. For comparison, data from a 

control and a HPE subject are also included in this figure (figure 3.5 a,e,i,m;  

d,h,l,p, respectively). In one of these non-HPE ethanol-exposed fetuses, the face 

appears comparable to the control and the 3D brain reconstruction reveals only 

somewhat smaller olfactory bulbs than in the control (figure 3.5 b, f).  Notably, 

however, as compared to both the horizontal and midsagittal color-coded 

anisotropy maps of the control fetus (figure 3.5, I & m), evidence of a CC (white 

arrows) cannot be discerned in this fetus (figure 3.5, j & n). Despite this, the 

hippocampal commissure (figure 3.5, j & n, yellow arrow), fornix columns (figure 

3.5, j & n, blue arrowhead) and anterior commissure (figure 3.5, j & n, pink arrow) 

appear normal.  In the fetus illustrated in the adjacent column in figure 3.5 (figure 

3.5 c,g,k,o), while the facial features are consistent with HPE (compare to its 

littermate which has  HPE, figure 3.3f), the CC is apparently normal (figure 3.5, k 

& o).  However, the anterior commissure (pink arrow) appeared diffuse, 

consistent with that in HPE.  The olfactory projections of this fiber tract were 

discernable, however.   
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Illustrated in the last column of figure 3.5 (d,h,l,p), is the fetus with HPE 

whose face is shown in figure 3.3d. 3D reconstruction of the brain of this animal 

illustrates rostral union of the cerebral cortices and absence of the olfactory 

bulbs.  Further, as was shown in the fiber tract reconstructions in figure 3.3, 

color-coded maps show agenesis of the CC (figure 3.5, l & p, no white arrow as 

seen in figure 3.3 i & m), evidence of a dysplastic hippocampal commissure 

(figure 3.5, l & p, yellow arrow), and a diffuse anterior commissure (figure 3.5, p, 

pink arrow). Indicated by a blue arrowhead in figure 3.4p is a median band of 

blue signal (superior/inferior projecting fibers) that appears to be consistent with 

the appearance of the fornix columns (figure 3.5 m – o, blue arrowheads).  These 

fibers are not picked up with fiber tracking, presumably due to their discontinuity 

with the fimbria/fornix (see figure 3.3r).  

 

Persistence of fiber tract anomalies into the postnatal period 

As for fetal stages, exposure to ethanol on day 7 of gestation results in 

fiber tract anomalies that can be identified in periadolescent animals (figure 3.6).  

As illustrated in figure 3.6, in the ethanol-exposed postnatal day 45 mice, the CC 

and other commissural fibers are abnormal. Shown are 2 animals, one of which 

is more mildly affected than the other. As compared to the control brain, shown in 

the coronal and midsagittal planes (figure 3.6, a & b, respectively), the CC of the 

more mildly affected animal shown in c & d is somewhat thinned, a reduction that 

is particularly evident in the region of the body (figure 3.6, d, white arrow).  No 

other apparent dysmorphology was appreciated.  In the more severely affected 
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brain shown in figure 3.6 e & f, reduction in the CC can be readily seen in both 

the coronal and mid-sagittal views (figure 3.6, e & f, white arrow).  Again, the 

deficiency is most evident in the CC body, though, even in the control, this is the 

narrowest region. Additionally, this animal presented with thinning of the ventral 

hippocampal commissure (figure 3.6, e, yellow arrow) and readily apparent 

dilation of the lateral ventricles (figure 3.6, e, star).  Importantly, the finding that 

animals with obvious CNS abnormalities resulting from acute GD7 high dose 

ethanol exposure remain viable to (and through) adolescence, strengthens the 

validity of this FASD model and allows for subsequent structure/function 

correlational analyses. 

 

DISCUSSION 

Reported are brain fiber tract anomalies in fetal and periadolescent mice 

that result from acute high dose ethanol exposure on GD7.  Consistent with our 

previous report describing high-resolution MRM to characterize fetal brain 

anomalies resulting from ethanol exposure at this early developmental stage 

(Godin et al., 2010), defects representing a wide range of severity and including 

HPE were seen.   

HPE is the term used to describe a spectrum of complex brain and facial 

anomalies, all of which are associated with median forebrain deficiency. Although 

HPE is apparent in only 1/10,000 live births (Croen et al., 1996; Rasmussen et 

al., 1996; reviewed by Leoncini et al., 2008), it is present in as many as 1/250 

human conceptuses (Matsunaga & Shiota, 1977), making it the most common 
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birth defect. There are a number of HPE subtypes including, from most to least 

severe, alobar, semi-lobar, lobar and a middle interhemispheric variant (MIH) 

(reviewed by Hahn & Barnes, 2010).  For the current study, the majority of the 

fetal HPE brains examined could be classified as lobar or semi-lobar (figure 3.3 

b-f) as at least some degree of cerebral cortical separation was evident (see 

figure 3.3 i-m). Alobar HPE was identified in 1 fetus examined in this study, the 

cebocephalic animal shown in figure 3.3, f & m. As expected, marked fiber tract 

abnormalities including deficits in forebrain commissural fibers were found in all 

of the HPE fetuses examined. 

CC abnormalities in human HPE include its complete absence in the 

alobar subtype and rostral to caudal loss of its fibers, with preservation of the 

splenium, as severity increases from lobar to semi-lobar forms (reviewed by 

Hahn & Barnes, 2010).  In the fetal mice examined for the current report, the CC 

was not identified in any of those with HPE. Additionally, CC anomalies were 

detected in ethanol-exposed fetuses, as well as postnatal animals without overt 

HPE.  It is important to note that only the rostral portion of the CC is normally 

visible in mice at the fetal stage examined.  As shown by Ozaki & Wahlsten 

(1992), the first fibers of the CC that cross the midline form the genu and cross 

on approximately GD16.3 in the mouse, roughly 24 hours prior to the fetal 

assessments conducted here.  This is consistent with a DTI-based study by 

Zhang and colleagues (2003) in which the CC was shown to be present in GD17 

fetuses, but not in those examined 24 hours earlier. In the current study, among 

the fetal subjects in which a CC was not identified, the possibility that this was 
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due to a developmental delay in the crossings of these fibers is possible, but 

unlikely. This is because the overall size and morphology of the ethanol-exposed 

subjects was consistent with that of the GD17 controls and because defects in 

this fiber tract were also evident in animals examined at postnatal stages.  

 The finding that the CC is a major target of ethanol teratogenesis is not 

novel; some of the earliest reports documenting brain defects among individuals 

exposed to ethanol prenatally document anomalies in this fiber tract (eg. Jones & 

Smith, 1973; Clarren et al., 1978; Coulter et al., 1993).  In more recent years, 

imaging applications have shown morphological alterations including agenesis 

and hypoplasia of this structure in individuals with full blown Fetal Alcohol 

Syndrome (FAS; eg. Autti-Ramo et al., 2002; Bhatara et al., 2002; Johnson et al., 

1996; Mattson et al.,1992; Riley et al., 1995; reviewed by Norman et al., 2009), 

and  more subtle shape changes or deficits in its volume in individuals with 

FASDs (eg. Astley et al., 2009; Bookstein et al., 2002a,b; Sowell et al., 2001). 

Extending these morphological analyses of the CC in individuals with FASDs are 

recent DTI-based white matter microstructure assessments in which alterations 

in CC FA and MD measures have been identified (Fryer et al., 2009 Lebel et al., 

2008, 2010 ; Li et al., 2009; Ma et al., 2005; Sowell et al., 2008; Wozniak et al., 

2006; 2009).   

 Overall, human DTI studies have illustrated microstructural anomalies in 

the genu, body, splenium and isthmus of the CC, with deficits in the posterior 

regions (splenium) being among the most consistent findings across studies 

(reviewed by Norman et al., 2009). In the fetal mice examined for the current 
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investigation, deficits involving the anterior part of the CC and including the genu 

could be confirmed, but assessment of the most posterior aspects of the CC was 

not possible given the CC's protracted development.  Importantly, among the 

ethanol-exposed postnatal animals described, the entire CC appeared reduced in 

size, with the body of the CC appearing most affected.  This could represent a 

relative change since the body is normally the narrowest region.  MRI studies 

illustrating cases of CC hypoplasia after prenatal ethanol exposure also show 

patterns of effects consistent with our current findings in postnatal animals (eg. 

Mattson et al., 1992; Riley et al., 1994). Of additional interest, reduction to 

absence of the body, with retention of the genu and splenium is consistent with 

the pattern of CC anomalies present in the MIH variant of HPE (reviewed by 

Hahn & Barnes, 2010).  

In addition to deficits in the CC, the other fiber tract anomalies found in the 

HPE subjects in this study were absence of the columns of the fornix and the 

olfactory projections of the anterior commissure, and dysplastic anterior 

commissures and fimbria/fornices. These defects are comparable to those 

reported in a DTI-based investigation of human HPE (eg. Rollins et al., 2005).  

Among the non-HPE ethanol-exposed fetuses the anterior commissure was also 

observed to be affected, though more subtly than in the HPE animals.  Notably, 

while agensis or hypoplasia of the anterior commissure has been reported in 

autopsy reports of individuals with FAS (Clarren et al., 1978; Peiffer et al., 1979; 

Coulter et al., 1993), neuroimaging studies have not identified deficits in this fiber 

tract.  It is expected that in future human FASD studies in which measures of 

114 
 



diffusivity are employed, subtle alterations will be detected in many of the same 

fiber tracts shown in the current investigation to be targets of ethanol 

teratogenesis.  

In addition to the major fiber tract anomalies reported herein, DTI allowed 

assessment of cellular orientation in the fetal cerebral cortex. As opposed to in 

the mature brain where anisotropy levels (FA) are low in cortical regions, in the 

fetal brain cortical FA values are normally high. This is presumably due to the 

presence of very ordered radial glia which provide the scaffolding for neuronal 

migration; a process that occurs during the developmental stage examined in this 

study (eg. Mori et al., 2001; Zhang et al., 2003).  Aberrancies in cortical cellular 

orientation that were noted to accompany loss of median tissue in the frontal 

cortical regions in the fetal HPE mice are of particular interest due to an expected 

adverse effect on cell migration.  In particular, this finding may help to explain the 

occurrence of cerebral cortical heterotopias as previously reported in mice 

following treatment with the same ethanol exposure paradigm as employed for 

this study (Godin et  al, 2010) or in other models of prenatal ethanol exposure  

(Mooney et al., 2004; Komatsu et al., 2001, Sakata-Haga et al., 2004).  More 

detailed histological analyses as well as examination of the potential functional 

consequences of the disordered cortex following GD7 ethanol exposure in mice 

are warranted.  Recognizing the strong positive correlation of cortical migration 

errors with seizure activity (Verotti et al., 2009), in concert with the occurrence of 

increased seizure activity (eg. Sun et al., 2009) and cortical heterotopias (eg. 
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Jones et al., 1975; Coulter et al., 1993) in human FASD, makes these future 

studies particularly compelling.  

 Data provided in the current study clearly demonstrate that DTI is a 

valuable technique for dysmorphology investigations. As elegantly previously 

shown (eg. Zhang et al., 2003; 2006), and as also described herein, DTI affords 

excellent contrast in the developing brain, allowing not only the identification of 

major fiber tracts even prior to the onset of myelination, but delineation of various 

cerebral cortical layers. For the current investigation, utilization of high resolution 

isotropic scans allowed accurate assessments in every anatomical plane, greatly 

facilitating discovery of the teratogen-induced brain defects. This technique is not 

without limitations, however. The restricted availability of high field strength 

imaging systems is problematic, and hourly costs remain high with lengthy 

imaging times required for each specimen. Currently, therefore, it is not feasible 

to involve large numbers of subjects in DTI studies.  As imaging technologies 

advance, new discoveries will undoubtedly be made, providing for shorter 

imaging times and larger cohorts sizes. 

In conclusion, that DTI can be fruitfully applied to the study of stage-

dependent effects of prenatal ethanol exposure in both fetal and postnatal 

animals was illustrated herein.  Alterations were identified in a number of major 

fiber tracts following an acute ethanol exposure occurring at early gastrulation 

stages in mice.  Importantly, the fiber deficits illustrated are consistent with white 

matter anomalies reported in individuals with severe cases of FASD and with 

HPE.  Based on these results, planned and ongoing studies are directed toward 
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quantifying diffusion parameters in the brains of both fetal and postnatal mice, 

and to correlating changes in these diffusion parameters to behavioral and 

functional consequences of prenatal ethanol exposure.  
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Figure 3.1:  Illustrated are serial coronal sections of the brain showing fractional 

anisotropy (FA) (left) and color-coded directional FA maps (right) in a control and 

a prenatal ethanol-exposed HPE subject. The sections of the brain that are 

shown begin at the level of the eye and move caudally through the level of the 

thalamus. Major fiber tracts in the control animal and anomalies associated with 

HPE in the ethanol-exposed animal are indicated. Illustrated in the HPE subject 

are major fiber tract anomalies including agenesis of the CC, along with defects 

involving the anterior commissure, fimbria, fornix, hippocampal commissure, 

external capsule and internal capsule. Stars = striatum; block arrow = septal 

region; EC, green arrow = external capsule; CC, white arrow = CC; HC, yellow 
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arrow = hippocampal commissure; F. c, blue arrowhead = fornix columns; AC, 

pink arrow = anterior commissure; AC, a, pink arrow =  olfactory projections of 

anterior commissure; IC, pink arrowhead = internal capsule; Fim, orange arrow = 

fimbria; ON, blue arrow = optic nerve; OC, red arrow = optic chiasm; OT, purple 

arrow = optic tract; FR, green arrowhead = fasciculus retroflexus. Color coded 

fiber tract directionality is indicated by blue (superior/inferior), green 

(anterior/posterior) and red (right/left) arrows. 
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Figure 3.2:  Shown are horizontal scans presented as color-coded anisotropy 

maps and glyphs overlaid on an FA image of a control (a & c) and an HPE 

subject (b & d).  Illustrated are the various layers of the cerebral cortex.  The 

cortical plate (white arrows), which contains cellular components that are 

oriented perpendicular to the surface of the cerebral cortices are evidenced by 

the transition of this region from green to red as one moves medially in the color 

coded FA maps (a) as well as the glyphs (c) in the control subject.  The cortical 

plate, while seen in the HPE subject (b & d), lacks the medial regions.  

Additionally evident is the intermediate zone (dashed arrows) that contains 

cellular components that are oriented parallel to the surface of the brain as 

indicated by their green color in the midline of the control (a & c). The 

intermediate zone in the HPE animal is difficult to identify (b & d) and large 
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regions of blue signal (indicative of fibers projecting in the superior/inferior 

direction) in the middle cortical layers are seen.  The subventricular zone, which 

is seen as a thin layer of high FA perpendicular to the ventricles in the control (a 

& c) is also apparent but appears to be thickened in the HPE subject (b & d). 

Color coded fiber tract directionality is indicated by blue (superior/inferior), green 

(anterior/posterior) and red (right/left) arrows. 
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Figure 3.3: Illustrated are faces, coronal MRI scans at the level of the anterior 

commissure, and 3D reconstructed fiber tracts from a control (a, h, o) and 6 

GD17 mouse fetuses with holoprosencephaly (HPE) (b-g; i-n; p-u).  Varying 

degrees of dysmorphology involving the upper lip are present in the ethanol-

treated subjects (b-g) as compared to the control (a). Brain dysmorphology is 

also evident and expression is variable in the ethanol-exposed fetuses (i-n) as 

compared to the control (h).  In the animal having a single central nostril (the 

cebocephalic fetus in g), the brain was more severely affected than in any of the 

others in this group (n).  Fibertracking results illustrate grossly observable 

abnormalities involving the CC (red), anterior commissure (blue), and 

fimbria/fornix (green). Notable are the lack of CC, olfactory projections of the 

anterior commissure (o, white arrow) and fornix columns (o, pink arrow) in 

ethanol-exposed HPE fetuses. In contrast to substantial forebrain 

dysmorphology, the fasciculus retroflexus (yellow) is present in all ethanol-

exposed subjects bilaterally and appear in most cases to be relatively unaffected. 
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Figure 3.4:  Shown are color-coded anisotropy maps (a,b; d,e) and histological 

sections (c, f) of a control (a-c) and prenatal ethanol-exposed HPE (d-f) mouse 

fetus.  As evident in coronal scans, as compared to a control GD17 fetus (a & b), 

the HPE fetus (d & e) is lacking median-crossing CC fibers (b, arrow in control). 

Rather, regions of high anisotropy that are green, indicative of fibers that project 

in the anterior/posterior direction, are seen (e, white arrows). Routine histology 

confirmed this finding (compare c and f), illustrating a defect consistent with 

Probst bundles (f, black arrows). Color coded fiber tract directionality is indicated 

by blue (superior/inferior), green (anterior/posterior) and red (right/left) arrows. 
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Figure 3.5:  Illustrated are faces (a-d), 3D MRM brain reconstructions (e-h), and 

horizontal (i-l) and midsagittal (m-p) color-coded FA maps from a control mouse 

fetus (a, e, I, m) and three that were exposed to ethanol on GD 7(b-d; f-h; j-l; n-

p).  The facial images illustrate the normal morphology of the control (a), an 

ethanol exposed animal with no apparent facial dysmorphology (b), and two 

fetuses whose faces includes characteristic GD7 ethanol-induced facial 

dysmorphology (c & d). Note that the brain of the ethanol-exposed animal without 

facial dysmorphology (b) appears normal (as compared to the control brain show 

in e) with a slight reduction in the size of the olfactory bulbs (magenta, arrow), the 

brain of the fetus illustrated in c appears to have small and somewhat 

dysmorphic olfactory bulbs, with the left side being more affected (magenta, 
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arrow).  The brain in h is characterized by considerable dysmorphology, 

corresponds to the most severely affected face (d) and is consistent with 

holoprosencephaly (HPE).  Note the absence of olfactory bulbs and anterior 

interhemispheric fissure.  In color-coded FA maps made in the axial (i-l) and mid-

sagittal plane (m-p l), red, blue, and green indicate fibers running in the right/left, 

inferior/superior, and anterior/posterior directions, respectively. As compared to 

the control (i & m), in the ethanol-exposed fetuses shown in b and d, no CC 

(white arrow) could be identified.  However, in the subject shown in c, a CC was 

apparent despite significant facial dysmorphology.  The anterior commissure 

among ethanol-exposed animals appears diffuse, especially in the subjects with 

frank facial dysmorphology (pink arrow, o & p). In the holoprosencephalic animal, 

the hippocampal commissure (yellow arrow) appears thickened and dysplastic 

(p) and the columns of the fornix (blue arrowhead) are absent as compared to 

the other subjects though a region of high FA projecting in the superior/inferior 

direction is apparent. Color coded fiber tract directionality is indicated by blue 

(superior/inferior), green (anterior/posterior) and red (right/left) arrows. 
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Figure 3.6:  Illustrated are coronal and mid-sagittal color-coded anisotropy maps 

from a control (a & b) and two ethanol-exposed (c & d; e & f) male mice at 

postnatal day 45.  As compared to the control (a & b), the subject depicted in c & 

d has a mild thinning of the CC which is especially apparent at the level of the 

body (d, white arrow). The subject depicted in e & f shows considerably 

dysmorphology of the CC (f, white arrow) consistent with partial agenesis of the 

CC.  Also evident in this animal is dilation of the lateral ventricles (e, stars), as 

well as a deficient hippocampal commissure (e, yellow arrow). Color coded fiber 

tract directionality is indicated by blue (superior/inferior), green 

(anterior/posterior) and red (right/left) arrows. 
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ABSTRACT 

Ethanol exposure on gestational day (GD) 7 in the mouse has previously been 

shown to result in ventromedian forebrain deficits along with facial anomalies 

characteristic of fetal alcohol syndrome (FAS).  To further explore ethanol’s 

teratogenic effect on the ventromedian forebrain in this mouse model, scanning 

electron microscopic and histological analyses were conducted.  For this, time 

mated C57Bl/6J mice were injected with 2.9 g/kg ethanol or saline twice, at a four 

hour interval, on their 7th day of pregnancy. On GD 12.5, 13 and 17 control and 

ethanol-exposed specimens were collected and processed for light and scanning 

electron microscopic analyses. Gross morphological changes present in the 

forebrains of ethanol-exposed embryos included cerebral hemispheres that were too 

close in proximity or rostrally united, an enlarged foramen of Monro, enlarged or 

united lateral ventricles, and varying degrees of hippocampal and ventromedian 

forebrain deficiency. In GD12.5 control and ethanol-exposed embryos, in situ 

hybridization employing probes for Nkx2.1 or Fzd8 to distinguish the preoptic area 

(POA) and medial ganglionic eminences (MGEs) from the lateral (LGE) ganglionic 

eminences, respectively, confirmed the selective loss of ventromedian tissues. 

Immunohistochemical labeling of oligodendrocyte progenitors with Olig2, a 

transcription factor necessary for their specification, and of GABA, an inhibitory 

neurotransmitter showed ethanol-induced reductions in both. To investigate later 

consequences of ventromedian forebrain loss, MGE-derived somatostatin-

expressing interneurons in the subpallial region of GD17 fetal mice were examined, 

with results showing that the somatostatin-expressing interneurons that were 
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present were dysmorphic in the ethanol-exposed fetuses.  The potential functional 

consequences of this early prenatal ethanol exposure-induced reduction in 

interneurons and oligodendrocytes are discussed.     

 

INTRODUCTION 

Alcohol (ethanol) consumption during pregnancy is the leading known, yet 

preventable, cause of mental retardation in the western world (Abel and Sokol, 

1986).  The central nervous system (CNS) appears to be vulnerable to ethanol insult 

at virtually all prenatal stages, even as early as gastrulation, a process that begins 

during the third week of human development (Sulik, 2005).  While the early 

vulnerability to ethanol teratogenesis has been demonstrated in a number of 

species, Fetal Alcohol Spectrum Disorder (FASD) studies employing mice have 

been particularly informative.  In a well-described mouse FASD model, ethanol 

exposure limited to gestational day 7 (GD7), a time when gastrulation begins, has 

been shown to result in brain and facial abnormalities that occur in widely ranging 

degrees of severity (Sulik et al., 1984; Schambra et al., 1990; Godin et al., 2010). 

Within the spectrum of effects, are facial features and brain anomalies that are 

consistent with those in full-blown Fetal Alcohol Syndrome (FAS).  Notable following 

acute GD 7 ethanol exposure in mice is deficiency involving the ventromedian 

forebrain, a region that in some cases is so severely diminished that the lateral 

ventricles are united, forming a holosphere (Sulik et al., 1984; Schambra et al., 

1990; Godin et al., 2010).  
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For the current investigation, GD7 ethanol-induced forebrain defects in mice 

have been examined in greater detail than previously reported.  Particular attention 

has been paid to the preoptic area (POA) along with the ganglionic eminences (GEs) 

and their derivative cell populations.  The POA is that median forebrain region that is 

just rostral to the optic recess, at the ventral boundary of the telencephalon and 

diencephalon (Puelles et al., 2000).  Rostral to the POA is the anterior 

entopeduncular area (AEP).  Immediately lateral are the ganglionic eminences, 

which  are comprised of 3 distinct regions; medial (MGE), caudal (CGE) and lateral 

(LGE), each of which give rise to specific cell types that migrate tangentially into the 

cortical plate (Anderson, 2001; Wichterle, 2001; Anderson, 2002; Valcanis and Tan, 

2003; Xu, 2004; reviewed in Marin and Rubinstein, 2001).  Among these cellular 

derivatives are interneurons, all of which express the inhibitory neurotransmitter γ-

Aminobutyric acid (GABA).  These GABAergic cells are divisible into subpopulations 

based on their molecular expression patterns.  Each of the GABAergic 

subpopulations is derived from specific regions within the ventral telencephalon.  

Interneurons that migrate to the olfactory bulbs are derived from the LGEs 

(Menezes, 1995, Wichterle, 1999), while the CGEs give rise to calretinin (Cr)-

expressing cortical interneurons (Nery, 2002).  Neuropeptide Y (NPY)-expressing 

interneurons come from both the CGEs and POA (Gelman et al., 2009). And, 

derived from the MGEs are both somatostatin (Sst) and parvalbumin (Pv)-

expressing cortical interneurons (Wichterle, 2001; Xu, 2003; Butt, 2007).  Regarding 

the MGEs, it has recently been shown that it is the dorsal MGE from which the Sst-

expressing interneurons arise and that the ventral MGE gives rise to the Pv-
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expressing cells (Flames, 2007; Fogarty, 2007; Wonders, 2008; Xu, 2010). Sst 

expression is detectable prenatally while Pv-expressing interneurons are not 

detectable until postnatal stages.   

For specification of MGE-derived interneuron subtypes, the transcription 

factor Nkx2.1 is required (Butt, 2008). In mice Nkx2.1 is first expressed at the 1-

somite stage in the median aspect of the anterior neural plate. By the time that 11 

somites have formed (approximately GD 8.5), this gene is expressed in the 

ventromedian telencephalon, the region from which the ganglionic eminences arise 

(Shimamura et al., 1995).  Maintenance of Nkx2.1 expression requires both Sonic 

hedgehog (Shh) (Gulacsi and Anderson, 2006) and Fgf8 signaling (Storm, 2006).  

In addition to interneurons, the ganglionic eminences give rise to 

oligodendrocytes, cells that form the myelin that insulates axons of the CNS.  

Oligodendrocytes arise from Nkx2.1-expressing progenitor cells that are found in the 

MGEs, POA, and AEP (Kessaris, 2006; Nery, 2001; Parras, 2007; Rowitch, 2004; 

Tekki-Kessaris, 2001).  For the specification and maturation of oligodendrocyte 

progenitor cells, the expression of Olig2, a Shh-induced basic helix loop helix 

(bHLH) transcription factor, is required (Nery, 2001). 

Previous studies have demonstrated prenatal ethanol exposure-mediated 

insult to both oligodendrocyte (Ozer, 2000) and interneuron populations (Moore, 

1997; Moore, 1998; Bailey, 2004; Granato, 2006; Cuzon, 2008; Isayama, 2009). In 

contrast to the current investigation, however, the former studies employed chronic 

ethanol exposure paradigms.  Here we present evidence that ethanol exposure 

limited to a very narrow window of time prior to neural plate formation reduces the 
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tissue that gives rise to cortical interneurons and oligodendrocytes, with the degree 

of affect being variable among ethanol-exposed embryos and fetuses.  The potential 

consequences of this ethanol-induced reduction in ventromedian telencephalic 

tissues are discussed. 

 

METHODS 

Animal husbandry and treatment paradigm 

 C57Bl/6J mice (The Jackson Laboratory, Bar Harbor, ME) were maintained 

on an ad libitum diet of standard laboratory chow and water. Early in the light cycle 2 

females were placed with a single male for a 2 hour period, and then examined for 

the presence of a copulation plug.  The beginning of this breeding period was 

defined as gestational day (GD) 0.  On their 7th day of pregnancy, mice in the 

experimental group were administered two doses of 25% (v/v) ethanol in lactated 

Ringer’s solution at a dosage of 2.9 g/kg maternal body weight by intraperitoneal 

(i.p.) injection.  The injections were given 4 h apart, with the first administered at GD 

7, 0 h, and resulting in  maternal peak blood ethanol concentrations averaging 440 

mg/dl (range: 400-466 mg/dl) 30 minutes after the second dose (Godin et al., 2010).  

Control animals were injected with an equivalent volume of lactated Ringer’s solution 

according to the above treatment paradigm.   

 For the studies described herein, on day 12.5, 13, or 17 of pregnancy, dams 

were anesthetized via CO2 inhalation followed by cervical dislocation.  The majority 

of severely affected ethanol-exposed animals [i.e. those with holoprosencephaly 

(HPE)] do not survive beyond the first few postnatal days, therefore only prenatal 
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animals were utilized for this study.  Following laparotomy, the uteri were removed 

and the embryos or fetuses were immediately dissected free of decidua in ice-cold 

phosphate buffered-saline (PBS) and examined for the presence of gross 

abnormalities.  Ethanol-exposed fetuses were selected, based on the degree of 

ocular and facial dysmorphology, to provide a spectrum of affected animals.  For this 

study, all of the selected ethanol-exposed specimens had ocular defects.  Some of 

these had apparently normal facies, while others had facial features characteristic of 

FAS (as described in Sulik, et al., 1981).  Control animals were stage-matched to 

corresponding ethanol-exposed animals based on the degree of limb (GD12.5 and 

13), skin and hair follicle (GD17) development (Thieler, 1989).   All animal treatment 

protocols were approved by the University of North Carolina at Chapel Hill, 

Institutional Animal Care and Use Committee (IACUC). 

 

Scanning electron microscopy 

GD13 Embryos chosen for scanning electron microscopy were decapitated, 

dissected and emersion fixed for 48 hours in a 2.5% gluteraldehyde fixative.  

Specimens were rinsed in Sorenson’s phosphate buffer at which time the lateral wall 

of both left and right cerebral hemispheres were removed.  Embryos were post-fixed 

in 2% osmium tetroxide for 1 hour and dehydrated in a graded ethanol series, then 

critical point dried in CO2.  Embryos were then mounted on aluminum stubs and 

sputter coated with gold palladium.  Scanning was performed at 15 kV on a JEOL 

scanning electron microscope.  
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Routine histology 

 GD13 embryos were immersed in Bouins fixative (Sigma Aldrich) for a week, 

and then rinsed with 70% ethanol until the residual fixative was no longer evident.  

Specimens were routinely processed overnight for paraffin embedding using a tissue 

processor.  Coronal sections were cut at 8 μm, mounted on glass slides, stained with 

aqueous hemotoxylin and eosin (H & E), cover-slipped and viewed with a light 

microscope.  Photographs of sections were taken using a Nikon photomicroscope.   

 

In situ hybridization 

For in situ hybridization, GD12.5 embryos were immersion fixed overnight at 

4° in RNase free 4% paraformaldehyde. They were then transferred to a 15% 

sucrose solution, in which they remained for 24 hours prior to freezing in OCT 

medium and storage at -80°.  Serial cryosections were cut at 20 μm and collected on 

glass slides, followed by storage at -20°.  Following treatment with proteinase K and 

triethanolamine, sections were hybridized overnight at 60° with digoxigenin-labeled 

riboprobes for either Nkz2.1 or Fzd8 (generated by Yongquin Wu of the In Situ 

Hybridization Core Facility at UNC).  After washing and blocking, the sections were 

incubated with an anti-digoxigenin alkaline phosphatase (AP) antibody and 

developed using BM Purple AP Substrate (Roche).  After development, the sections 

were fixed in 4% paraformaldehyde to quench the AP activity and then were 

mounted with CC/Mount (Sigma), followed by photography employing a Nikon 

photomicroscope. 
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Immunohistochemistry 

For immunohistochemistry, GD12.5 and 17 specimens were immersion fixed 

with 4% paraformaldehyde, then processed using a tissue processor and embedded 

in paraffin.  Specimens were sectioned in the coronal plane at 10 μm, followed by 

deparaffination, rehydration, and quenching with H2O2.  Steam antigen retrieval was 

performed in combination with an antigen retrieval citra solution (Biogenex).  The 

following primary antibodies were used: rabbit anti-GABA (1:1000, Sigma-Aldrich), 

rabbit anti-Olig2 (DF308 at 1:20,000 generously provided by C. Stiles and J. Alberta, 

Dana Farber Cancer Institute), and rabbit anti-somatostatin (1:500, Millipore).  

Following incubation with anti-rabbit secondary antibody and avidin/biotin-

immunoperoxidase reactions (Vector Laboratories), antigen was detected using 

diaminobenzidine as a substrate (Innovex Biosciences). Sections from both control 

and ethanol-exposed animals were stained at the same time to control for any 

variability in technique.  Photographs of sections were taken using a Nikon 

photomicroscope.  

 

RESULTS 

Embryos that had been acutely exposed to ethanol on GD 7 were collected 

on GD13 and selected, based on ocular and facial morphology, for subsequent 

scanning electron microscopic or histological analyses. All of the treated animals 

selected had some degree of ocular abnormality, with defects ranging from slight 

microphthalmia to apparent anophthalmia. Abnormal facial features, which consisted 
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of a long upper lip, narrow snout with closely apposed nostrils, and small mandible 

(Fig 1 d, g) were present in only the most severely affected animals examined.  

 In ethanol-exposed embryos from which the lateral aspects of the cerebral 

cortices were removed, scanning electron microscopy revealed abnormalities 

involving the hippocampus, which was diminished in size, with reduction being most 

evident in the rostral aspect (Fig 1 e,f; h,i),  Additionally, the Foramen of Monro was 

enlarged and the cortical wall thickness appeared reduced in these affected animals.  

These CNS abnormalities can also be appreciated in routine histological 

sections of GD 13 embryos. Shown in Figure 2 are coronal sections of a control (Fig 

2 a/e) and 3 differentially-affected ethanol-exposed animals (Fig 2 b-d, f-h). Two 

sections made at comparable anterior-posterior levels are shown for each of the four 

embryos included. The images from the affected embryos are arranged, from the 

viewers’ left to right, in increasing degrees of severity based on ventromedian 

forebrain deficiency.  In the most mildly affected animal (Fig 2 b,f), a rostral section 

thorough the cerebral hemispheres illustrates the close proximity of the ventral 

aspect of the cortex and ganglionic eminences.  Further posteriorly, instead of the 

normally distinct bilateral LGE, MGE, and the centrally-located POA, there are only 3 

prominent basal forebrain elevations.  Additionally, the lateral ventricles and foramen 

of Monro (arrow in Fig 2e) appear larger than normal, while the hippocampus is 

slightly reduced in its dorso-ventral dimension.  In an animal that was somewhat 

more severely affected and that is shown in Figure 2 c, g, the cerebral hemispheres 

remain separate dorsally, but are approximated ventrally. Rostrally, the GEs are 

positioned on the ventromedial aspect of the basal forebrain, as compared to their 
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normal ventrolateral location (Fig 2c). Further posterior the basal forebrain has 3 

major tissue elevations, as in the more mildly affected animal, but the median tissue 

mass is smaller (Fig 2g). In this specimen, the reduction in the hippocampus is also 

more pronounced and the foramen of Monro is notably enlarged. In the most 

severely affected ethanol-exposed animal shown the cerebral hemispheres are 

united, as are the lateral ventricles (Fig 2d).  The basal forebrain of this specimen is 

comprised of a single tissue mass both rostrally and caudally (Fig 2 d,h). In this 

animal, the hippocampus is very reduced and the cortex is notably thin relative to the 

control (Fig 2h). Examination of sections from each of the ethanol-exposed animals 

at more caudal levels than shown illustrated a relatively spared mid- and hindbrain, 

confirming previous reports that the ventromedian forebrain shows the most severe 

gross brain dysmorphology following GD7 ethanol insult.   

In situ hybridization employing region-specific probes was used to more 

precisely identify tissues affected in embryos following GD 7 ethanol exposure. As 

illustrated in Figure 3 (a,e), on GD12.5 in mice Nkx2.1 expression is normally 

localized to the POA and MGEs, while Fzd8 expression is limited to the ventricular 

zone of the LGEs and the cerebral cortex (as described in Tucker et al., 2008). As in 

the control, in a mildly affected ethanol-exposed embryo, Nkx2.1 heavily labels the 

POA even though the width of this region is diminished (Fig 3b,f). This median tissue 

loss is accompanied by abnormally close proximity of the Fzd8-labeled tissue (Fig 

3f). The ethanol-exposed animal shown in Figure 3c and g is affected to a somewhat 

greater degree than the animal shown in Figure 2 c and g.  In this animal, median 

union of the Nkx2.1-labeled tissue is apparent. Notably, the ventral midline region 
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remains heavily labeled (arrowhead in Fig 3c).  Although the ethanol-induced 

reduction in the ventromedian forebrain tissues is evident, and although too closely 

approximated, the Fzd8-labeled LGEs and cortex appear quite normal (Fig 3g).  In 

this animal the hippocampus is much reduced and the foramen of Monro is very 

enlarged.  In another, somewhat more severely affected embryo, Nkx2.1 labeling is 

limited to a median strip, with the normally intense ventromedian staining being 

notably reduced (Fig 3d). This is accompanied by Fzd8 expression which extends to 

the midline of the basal forebrain. 

 To further examine ethanol’s effect on the basal forebrain, antibodies for 

Olig2, a transcription factor necessary for the specification of oligodendrocyte 

progenitor cells, and for GABA, an inhibitory neurotransmitter, were employed.  As 

shown in sections from a control GD 12.5 embryo, expression of Olig2 is normally 

restricted to the POA as well as both the MGEs and LGEs, with staining being least 

intense in the LGEs (Fig 4a). It is primarily localized to the ventricular zone, although 

some darkly stained cells are also located in the subjacent subventricular zone.  At 

this stage in development, immunohistochemical labeling identifies GABA 

expression throughout the subventricular and mantle zones of the basal forebrain 

(Fig 4e). In embryos affected to degrees comparable to those shown in Figure 3, an 

expected reduction in Olig2 and GABA labeling was found. As shown in Figure 4 (b), 

a mild degree of affect is evidenced by a reduced POA, along with a deficiency in 

the POA-associated Olig2 and GABA staining.  In severely affected animals (Fig 

4c,d; g,h), with loss of much of the MGE area, there is concomitant loss of Olig2 and 

GABA staining.  
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In order to examine some of the later consequence of ethanol-induced 

ventromedian forebrain deficiency, immunohistochemical staining for somatostatin 

(Sst)-expressing interneurons was conducted on brain sections from GD17 fetuses. 

At this time in development, these cells normally are migrating tangentially from the 

MGEs to the cerebral cortex.  As shown in sections from a control fetus (Fig 5a,c) 

Sst-expressing cells are evident in the subpallium.  Shown in Figure 5c is a high 

magnification view that illustrates the normal morphology of these cells.  Figures 5 b 

and d show low and high magnification views of a Sst-labeled section from a GD17 

fetus that had been exposed acutely to ethanol on GD7.  In this animal, the size and 

shape of the striatum appear abnormal, the septal nuclei are not present, and the 

anterior commissure appears thickened, a finding that is consistent with previous 

analyses of this animal model (Godin et al., 2010; O’Leary-Moore, submitted).   The 

Sst-labeled cells are clearly dysmorphic. 

 

DISCUSSION 

While it has long been recognized that acute high dose ethanol exposure at 

early gastrulation stages in mice selectively impacts the forebrain (Sulik and 

Johnston, 1982; Sulik et al., 1984; Schambra et al., 1990), there is only one previous 

study employing this FASD model in which a detailed examination of ethanol-

induced insult to specific forebrain populations is reported (Schambra et al., 1990).  

In this previous report, a reduction in choline acetyltransferase (ChAT)-expressing 

neurons in the forebrain of fetal mice following GD 7 ethanol exposure was shown. 

Within the past fifteen years, the fact that the ventromedian forebrain serves as a 
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source for tangentially-migrating interneurons and oligodendrocytes has been firmly 

established (Anderson, 1997; reviewed by Marin and Rubenstein, 2001; Wonders 

and Anderson, 2006).  More recently, transcription factors that regulate the 

differentiation of interneurons have been identified, and mechanisms controlling 

tangential migration have been defined (e.g Polleux, 2002, reviewed in Ayala et al., 

2007).  This new information is critical for examining and more fully understanding 

the impact of ethanol-induced ventromedian forebrain deficiency. In the current 

study the region or cell type-specific markers, Nkx2.1, Fzd8, Olig2, and GABA, were 

employed, to further examine ethanol's teratogenic effect.  Reductions in MGE and 

POA tissues and effects on oligodendrocyte and GABAergic interneuron progenitor 

populations have been shown.    

The Nkx2.1 and Fzd8 expression pattern alteration identified in this study are 

remarkably similar to that in the Nkx2.1 mutant mouse described by Sussel and 

colleagues (1999).  This study was the first to show that Nkx2.1 is required for 

normal development of the pallidal-related ventral telencephalon.  The mutant mice 

lacked a morphological and molecular MGE, although the dorsal telencephalon was 

relatively normal.  The globus pallidus, a derivative of the MGE, was absent at later 

stages of development, and instead, was replaced by striatal-like tissue.  Also, there 

was an overall reduction in an isoform of the glutamic acid decarboxylase (Gad67), a 

GABA synthesizing enzyme.  Similar to the results of the ethanol-teratogenesis 

studies of Schambra et al.(1990), cholinergic neurons, another subset of progenitor 

cells derived from the MGE/POA region, were absent in the Nkx2.1 mutant (Sussel, 

1999).    
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Nkx2.1 expression is dependent on Shh signaling.   Shh is a ventralizing 

morphogen that is necessary for cell proliferation, differentiation, and embryonic 

patterning. At early gastrulation stages, Shh is expressed in the notochord, 

prechordal plate, and floor plate of the neural tube.   In mouse embryos having 

approximately 8 somites (approximately GD 8.5), its expression can be localized to 

the median aspect of the anterior neural plate. By about GD 9.5, Shh is expressed in 

the mantle zone of the MGEs (Shimamura et al., 1995).  Importantly, mutations in 

Shh result in HPE, one of the severe manifestations of early prenatal alcohol 

exposure (Sulik and Johnston, 1982; Ronen and Andrews, 1991; Siebert, 1991; 

Coulter et al., 1993).   

Recognizing that early gastrulation stages represent a critical exposure time 

for FAS and that Shh is a key signaling pathway at this point in time, a number of 

investigations have explored insult to this pathway as a primary mechanism of 

ethanol's teratogenesis (Blader and Strahle, 1998; Ahlgren et al., 2002; Yamada et 

al., 2005; Higashiyama et al., 2007; Li et al., 2007; Loucks et al., 2007; Aoto et al., 

2008; Loucks and Ahlgren, 2009). The results of studies employing a variety of 

animal models, including zebrafish, chicks, and mice, have provided evidence 

indicating that ethanol exposure occurring during gastrulation does decrease Shh 

expression, with resulting craniofacial and CNS abnormalities being consistent with 

HPE.  Strongly supporting a role for diminished Shh signaling is that the ethanol-

induced defects can be rescued by Shh (Ahlgren et al., 2002; Loucks and Ahlgren, 

2009) or by other molecules involved in Shh signaling [i.e. cholesterol (Li et al., 
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2006)]. Despite a considerable amount of work, however, it remains unclear whether 

the ethanol-mediated effects on Shh signaling are direct or indirect.  

The results of the current work highlight the potential of acute, early ethanol 

insult to have a protracted effect on the structure and function of the developing 

brain. Reduction in the tissues from which GABAergic populations are derived is 

expected to have functional consequences that might include disruption in the 

balance of excitation and inhibition in the CNS.  In this regard it is notable that ADHD 

is the highest co-morbidity in FASD (Fryer, 2007; Herman, 2008); an outcome that 

may, at least in part, result from reduced GABAergic neurotransmission (Viggiano et 

al., 2002; Sagvolden et al., 2005).  Another result of inhibitory interneuron loss is 

seizure activity (Cobos et al., 2005). Importantly, seizures are estimated to occur in 

3-21% of children with FASD (Jones and Smith, 1975; Olegard et al., 1979; Iosub et 

al., 1981; Majewski, 1981; Murray-Lyon, 1985; Marcus, 1987; Ioffe and Chernick, 

1990; O’Malley and Barr, 1998; Sun et al., 2008; Bell et al., 2010). The 

developmental basis for this remains unknown, though Bonthius and colleagues 

(Bonthius et al., 2001 a, b) have suggested that ethanol-induced hippocampal 

dysfunction may be one cause and Godin et al.(2010) have related this 

consequence to cell migration errors leading to the development of cerebral cortical 

heterotopias.  Additionally notable are that seizures are common in patients with 

HPE (DeMyer and White, 1964; Takahashi et al., 2001); a decrease in interneurons 

in individuals with HPE has been reported (Fertzunihos et al., 2009); and individuals 

with Shh mutations that have microcephaly, but lack overt HPE features present with 

hyperactivity and seizures. Also, in the Nkx2.1 mutant mouse, there are reduced 
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populations of interneurons (Sussel, 1999). In fact, Nkx2.1 has been suggested to 

regulate the balance of excitation and inhibition in the postnatal cerebral cortex 

(Gulacsi, 2006).  Although the mutant mice do not survive postnatally because of 

lung and thyroid problems, a conditional knockout of the gene on either GD9.5 or 

10.5 is consistent with viability.  These conditional knockouts develop spontaneous 

seizures as juveniles, a finding thought to be related to decreased GABA activity 

(Butt, 2008).  Clearly, studies directed toward examining seizure thresholds in the 

FASD mouse model employed for the current study are needed.   

In addition to hyperactivity and seizures, another potential consequence of 

abnormal GABA levels is altered sensitivity to GABA-modulating drugs, including 

ethanol.  Ethanol is a GABA-agonist, an action that yields relaxing, anti-anxiety 

effects. That most individuals with FASD have an increased risk for developing both 

alcohol and drug abuse problems may, in part, be related to their need to drink more 

in order to achieve a desired effect (reviewed in O’Connor and Paley, 2009; Baer et 

al., 1998, 2003; Alati et al., 2006, 2008; Barr et al., 2006; Famy et al., 1998; 

Streissguth et al., 2004; Kodituwakku, 2007).   

 In addition to consideration of the consequences of damage to GABAergic 

populations, additional consideration of early ethanol-mediated insult involving 

oligodendrocyte populations is warranted. A marked reduction in the tissue from 

which oligodendrocyte progenitor cell populations originate was shown in this study.  

Importantly, in human FASD, fiber tracts, including the corpus callosum, are 

affected.  Defects in the corpus callosum have been shown to range from complete 

agenesis to decreased white matter organization/integrity (Riley et al., 1995; 
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Johnson et al., 1996; Swayze et al., 1997; Autti-Ramo et al., 2002; Bhatara et al., 

2002; Bookstein et al., 2002a,b, 2007; Ma et al., 2005; Wozniak et al., 2006; 2009; 

Sowell et al., 2008; Astley et al., 2009; Lebel et al., 2008; 2010; Fryer et al., 2009; Li 

et al., 2009). While the existence of functionally redundant oligodendrocyte 

progenitor cells that may compensate if another population is affected has been 

suggested (Ivanova et al., 2003; Kessaris, 2006; Menn, 2006), it remains possible 

that loss of ventromedian derived-oligodendrocyte progenitor cells may contribute to 

the white matter integrity changes that follow prenatal ethanol exposure.  Additional 

investigations directed toward examining early ethanol exposure mediated effects on 

myelination in later prenatal and postnatal stages are indicated. 

 In conclusion, the results of this study show that in mice, acute ethanol 

exposure occurring at a time in development equivalent to that in the third week of 

pregnancy in humans adversely affects the ventromedian forebrain, reducing the 

tissues that are required for the generation of interneurons and oligodendrocytes. 

The functional consequences of this insult are expected to include an increased 

potential for hyperactivity, seizures and susceptibility to drug and alcohol abuse. This 

work highlights the need for additional pre- and postnatal studies directed toward a 

more comprehensive examination of ethanol-induced ventromedian forebrain-

derived cell loss and resulting structural and functional changes. 
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Figure 4.1:  Scanning electron microscopic analyses of control (a,b,c) and two 

ethanol- exposed GD 13 embryos (d-i) illustrate that abnormal facial features 

accompany forebrain anomalies.  The facial defects correspond to those in fetal 

alcohol syndrome and include an indistinct philtrum and long upper lip (black arrows 

in d and g), small eyes, (white arrows in d and g) small nose and decreased head 

circumference.  Removal of both left and right lateral walls of the cerebral 

hemispheres allowed 3-D -like views of the medial walls and ganglionic eminences 

(GE) of the forebrain (b,c,e,f,h,i). Obvious ethanol-induced abnormalities seen by 

comparing views of the right side of the control (c) and affected (f and i) forebrains 

include an enlarged foramen of Monro (arrows in f and i) and reduction in the dorso-

ventral dimension of the hippocampus (H; compare { in c and i). Additionally, the 

thickness of the cerebral cortex appeared reduced (doubleheaded arrows in c, f, i).  

C = choroid plexus. Lines in c indicate level of sections for Figure 2. Bars in a - c = 

1mm 
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Figure 4.2: Routine H&E-stained histological sections of a control (a, e) and 3 

ethanol-exposed (b-d, f-h) GD13 embryos illustrate a spectrum of forebrain 

abnormality.  Two coronal sections from each animal are shown, made at the level of 

the two lines in Figure 4.1 c, with the most anterior (a-d) being near the level at 

which the ganglionic eminences are first evident and the more posterior section 

being at the level of the foramen of Monro (arrow in e-h).  In the ethanol-exposed 

embryos, notable are close apposition of the ganglionic eminences in both the 

anterior (arrowhead in b, c) and posterior sections (asterisks in f, g).  Accompanying 

this are cerebral cortices that are too close in proximity (indicated by the arrow in a 

and b), enlarged lateral ventricles and an expanded foramen of Monro (arrow in e-h).  

Additionally, the rostral aspect of the hippocampus is reduced in its dorso-ventral 

dimension ({ in e-h) in the affected specimens and the cerebral cortex is thin 

(compare line in h to line in e).  In the ethanol-exposed animal shown in d and h, 

rostrally the lateral ventricles are merged and the brain is holoprosencephalic (d).  

LV = lateral ventricles, LGE = lateral ganglionic eminence, MGE = medial ganglionic 

eminence, POA = preoptic area.  Bar in a = 1mm 
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Figure 4.3:  In situ hybridization, to label Nkx2.1 and Fzd8 expression in control (a, 

e) and ethanol-exposed (b-d; f-h) GD12.5 embryos illustrates median forebrain 

deficiency involving the POA and MGEs.  As shown in the control animal (a), these 

regions express Nkx2.1.  In ethanol-exposed mice, ordered in increasing severity, 

from left to right, the Nkx2.1-labeled tissue can be seen to diminish accordingly (b-

d).  In the most mildly affected embryo, the densely stained POA (arrow in a-c) is 

reduced in width (doublesided arrow in e & f) and in the most severely affected 

embryo (d, h) it is absent. Cells of the ventricular zone of the LGE and cortex are 

labeled with Fzd8, as shown in the control (e).  In the ethanol-exposed animals (f-h) 

Fzd8 expression appears to be relatively unchanged in the LGE and cortical areas.  

With increasing severity of insult, the distance between the LGEs is reduced 

(bracket in e-g) to the point where Fzd8 expression surrounds the entire ventricle 

(h).  H = hippocampus, LV = lateral ventricles, LGE = lateral ganglionic eminence, 

MGE = medial ganglionic eminence, POA = preoptic area. Bar in a = 1mm 
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Figure 4.4: Immunohistochemical labeling of Olig2 and GABA illustrates deficiency 

of these basal forebrain markers in ethanol-exposed GD12.5 mice (b-d, f-h) in 

comparison to a control (a, e). Olig2 (a-d), which is necessary for the specification of 

oligodendrocyte progenitor cells, is strongly expressed in the ventricular zone of the 

POA and MGEs (the region between the lines in a) and is more weakly expressed in 

the LGEs.  Patches of cells within the MGE and POA subventricular zone are also 

Olig2 positive. Accompanying the loss of median tissue, Olig2 expression is reduced 

in the ethanol-exposed animals (note the region between the lines in b-d). Normally, 

as shown in the control section in (e), expression of the inhibitory neurotransmitter 

GABA is restricted to the subventricular and mantle zones of the basal 

telencephalon on GD 12.5 in mice.  In sections from the same three ethanol-

exposed embryos as labeled for Olig2, GABA expression is reduced in accord with 

the ethanol-induced reduction in the median forebrain tissue mass (f, g, h).  LGE = 

lateral ganglionic eminence, MGE = medial ganglionic eminence, POA = preoptic 

area. Bar in a = 1mm 
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Figure 4.5: Shown are representative images of somatostatin (Sst)-

immunohistochemical staining in the subpallium of GD17 mice (a,b;10X) (c,d; 40X).  

In comparison to a control (a), the striatum (St) appears small and mis-shappen and 

the anterior commissure (arrows) is noticeably thickened in the ethanol-exposed 

holoprosencephalic fetus (b).  High magnification views (boxed area shown in a&b) 

illustrate robust Sst-expressing interneurons in the subpallium of the control (c). In 

comparison, the Sst-labeled cells in the ethanol-exposed fetuses appear small and 

dysmorphic (d).  SN = septal nucleus, St = Striatum.  Bar in a = 50 μm; c = 10 μm 
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CHAPTER V 

GENERAL CONCLUSIONS 

 

“Alcohol is a teratogen.  Because of its common availability and usage, 

alcohol is more than just a teratogen; it is the most prominent behavioral 

teratogen in the world.”  

       Warren and Hewitt, 2009 

 

 Elegantly stated by Warren and Hewitt, alcohol [ethanol] is a very frequently 

used teratogen.  In an effort to increase the awareness about the dangers of ethanol 

exposure during pregnancy, we first must understand the full scope of its teratogenic 

effects.  Because the effects of prenatal ethanol exposure are dependent on the 

timing, dose, and pattern of exposure (Coles et al., 1994), it is critical to fully 

characterize stage dependent effects.  While others have focused on third trimester-

equivalent exposures, the Sulik laboratory has been among the few that have 

concentrated on research regarding the teratogenic effects of ethanol exposures 

occurring during the first trimester of pregnancy. Employing the mouse FASD model 

that has been commonly utilized for the work of Dr. Sulik and her colleagues, the 

effort described in this dissertation was to further characterize the biological 

consequences of an ethanol exposure occurring during early gastrulation. This 



developmental event occurs in the middle of the third week (approximately 

gestational day 17) of pregnancy in humans.  For this work, state of the art imaging 

methodologies, i.e. magnetic resonance microscopy (MRM) and diffusion tensor 

imaging (DTI), as well as more routine techniques for morphological analyses 

(routine histology, immunohistochemical labeling, in situ hybridization, and scanning 

electron microscopy) were employed for examination of embryonic and fetal mice. 

The results of the studies described herein have confirmed and extended those in 

previous reports regarding ethanol's teratogenesis.    

For the studies described in Chapters II and III of this dissertation, the 

hypothesis tested was that the pioneering application of magnetic resonance-based 

imaging (MRM and DTI) to examination of brain morphology, regional volumes and 

fiber tracts in fetal mice would facilitate discovery of ethanol-induced CNS damage. 

This has proven true as evidenced, in part, by the novel MRM-based finding of 

cerebral cortical heterotopias in ethanol-affected brains and by DTI-based 

identification of ethanol-induced changes in major forebrain fiber tracts, as well as in 

cerebral cortical organization. The significance of this work is reflected, in part, by 

the fact that the entire second chapter has been selected for inclusion as part of the 

National Organization for Fetal Alcohol Syndrome (NOFAS)-UK Fetal Alcohol Forum 

(http://www.nofas-uk.org/), an organization dedicated to helping families of 

individuals with FASD and promoting public awareness about the risks of drinking 

alcohol during pregnancy.   

The MRM-based findings in this work regarding the consequences of acute 

GD7 ethanol insult in mice differ from those recently reported (Parnell et al., 2009) 
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and described (O'Leary-Moore et al., in press and personal communication) for other 

exposure times. Exposure occurring just 24 hours after that reported herein results 

in a different pattern of affect, targeting the hindbrain regions as well as forebrain.  

Reported by Parnell et al. are reduced crown rump lengths and whole brain and 

body volumes.  For regional brain assessment, asymmetric reductions in the right 

olfactory bulb, hippocampus, and cerebellum resulting from a GD8 ethanol exposure 

were found.  Similarly, an exposure occurring on GD10 resulted in a global 

developmental delay.  For this, GD17 ethanol-exposed fetuses were more 

comparable to GD16.5 control animals.  Despite the developmental delay, ethanol-

exposed fetuses had extended third ventricles and reduced cortical volumes, a 

pattern that appears to be specific to exposure on GD10.   

While this work clearly shows the utility of these imaging techniques for 

studies of normal and abnormal development, their availability and costs limit the 

potential for their broad application. This is, however, changing.  Indeed, for the 

initial DTI studies conducted for this work, approximately 24 hours were required in 

order to scan one fetal brain.  With the development of specimen holders that enable  

scanning two fetuses at once, the valuable scan time has been reduced by one half.  

Undoubtedly, future innovations will increase the use and availability of these 

advanced imaging techniques for both basic and clinical research. 

Additionally, advances in image processing and analysis have greatly 

improved.  Open source software including ITK-Snap (utilized in Chap II) and Slicer3 

(employed in Chap III) are continually updated, adding new tools to aid in image 

analysis.  These programs and others, including ImageJ and DTIStudio, have been 
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critical for image analysis for the studies described in Chapters II and III of this 

dissertation.  For Chapter II, the process of manually segmenting regions of the CNS 

was exceptionally time intensive.  Atlas building and automatic segmentation will 

undoubtedly reduce this burden.   

In contrast to the MRM and DTI-based work, the studies described in Chapter 

IV employ methodologies that are now considered routine. However, while broadly 

applied in animal models for examination of normal development and for studies of 

genetic alterations, immunohistochemical and in situ hybridization techniques have 

not been widely used to investigate early ethanol-induced dysmorphogenesis. The 

Nkx2.1, Olig2 and GABA labeling studies conducted for this work have extended the 

current understanding of the scope of GD7 ethanol-induced alterations in the 

ventromedian forebrain. While it has long been recognized that this brain region is a 

target of GD7 ethanol exposure in mice, the potential of this insult to have cascading 

effects as a result of reduction in the progenitors for interneurons and 

oligodendrocytes has been highlighted.  

 As previously stated in this work, a limitation of the mouse model employed is 

that severely affected animals typically do not survive postnatally. For the studies 

described in Chapter IV, this has been particularly limiting.  One specific interneuron 

population of interest is parvalbumin (Pv)-expressing interneurons because they are 

derived from the ventral area of the medial ganglionic eminence (MGE), an area 

shown in Chapter IV to be affected by a GD7 ethanol exposure.  Examination of Pv-

expressing interneurons was not possible in severely affected animals because Pv is 

not expressed until postnatal stages.  Studies were conducted to examine postnatal 
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expression of Pv in more subtly affected animals, though due to poor tissue quality, 

results were inconsistent.  To circumvent this issue, future studies should include 

examination of the transcription factors Dlx5 & 6, which are only expressed in the 

ventral area of the MGE.  Additionally, characterization of transgenic mice 

expressing GFP in MGE-derived cells would be of interest (i.e. Lhx6, Nkx2.1, Dlx5 or 

Dlx6).  This would allow for real-time viewing of tangential migration of the 

interneurons, as well.   

In addition to the above, obvious extensions of the current work include MRM-

based correlative analyses of CNS and facial dysmorphia and examination of 

postnatal stages for both morphological and functional consequences. Regarding 

the former, isotropic MR scans make possible accurate 3D reconstruction of not only 

the brain, but also the face. Ongoing work employing dense surface modeling 

(Hammond et al., 2005) holds significant promise for identification of a wide range of 

ethanol-exposure-mediated facial dysmorphologies. That ethanol-induced 

teratogenesis affects both the craniofacies and forebrain has been well documented.  

In fact, as previously described, facial dysmorphia is diagnostic for Fetal Alcohol 

Syndrome (Hoyme et al., 2005).  A more comprehensive understanding of the more 

subtle facial features resulting from prenatal ethanol exposure could aid in 

diagnosing less severe individuals, and is currently being examined in clinical 

populations as well (reviewed in Douglas et al., 2010).   

Regarding postnatal studies, clearly it is important to determine whether those 

GD7 ethanol-induced changes seen at fetal stages persist and how they might 

impact function, including behavior. As described in Chapter III, and in an extension 
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of this work recently conducted by O'Leary-Moore and her colleagues (personal 

communication), structural deficits consistent with those in fetal animals have been 

identified in periadolescent mice. In future structural analyses of postnatal animals 

the application of quantitative measures for examination of fiber tract integrity [i.e. 

determination of fractional anisotropy (FA) and mean diffusivity (MD)] promises to 

provide important information regarding both severe and subtle insult.  

Studies directed toward examination of behavioral abnormalities following 

GD7 ethanol insult have recently been initiated (SOM, personal communication).  

Preliminary findings in PND45 mice include a decreased sensitivity to ethanol-

induced hypothermia and reduced impairment on the rotorod following an acute 

ethanol exposure.  Future studies directed towards examining the correlation 

between fiber tract anomalies and behavior is of importance.  Areas of interest 

include learning and memory tasks, cross-hemisphere tasks, and olfaction. 

Of particular note are this work’s findings indicating the need for future studies 

directed toward examining seizure thresholds following early prenatal ethanol 

exposure. The presence of cerebral cortical heterotopias as noted in the MRI studies 

described in Chapter II, the cortical disorganization seen in the DTI studies 

described in Chapter III, and the loss of interneuron-producing tissues shown in the 

work described in Chapter IV all are highly suggestive that the GD7-exposed 

animals will have low seizure thresholds. Identification of early gastrulation stages as 

a time when ethanol insult may result in seizures/epilepsy has important clinical and 

public health implications.  It is likely that individuals prenatally exposed to ethanol 

who present to epilepsy clinics are not properly diagnosed.  The FASD diagnosis is 
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important because it allows for intervention services and strategies.  Therefore, the 

implications of the work described within this dissertation suggest there is a need for 

inquiry regarding in utero ethanol exposure at seizure clinics.   

In addition to informing clinical investigations and practice, the results of the 

work presented herein are readily applicable to FASD prevention, in particular to 

education efforts.  Recognizing the world-wide breadth of the FASD problem, it is 

important that everyone be aware that the developing embryo is sensitive to 

ethanol’s devastating effects and that damage can result from ethanol exposure 

occurring even as early as the third week of gestation, prior to the time that most 

pregnancies are recognized.  The graphic quality of MR-based images, as presented 

in Chapters II and III, allows ready appreciation of the severe effects that prenatal 

ethanol exposure can have on the developing brain. Consequently, some of these 

images have already been incorporated into educational materials, including the 

UNC Morehead Planetarium’s Science360 program, The Developing Brain 

(http://www.moreheadplanetarium.org). This program was developed to expose 

students in grades 3 through 12 to current and innovative science, and to make 

them aware of factors that can alter the developing brain. Additionally, the most 

recent (9th) edition of the widely used Developmental Biology text by S.F. Gilbert, 

includes illustrations from this study of a normal and ethanol-exposed fetal brain, as 

do two articles regarding FASD that are currently in press in NIAAA's Alcohol and 

Health Journal.   

In conclusion, this work has not only contributed to the goals of the basic 

science community of FASD, but also promises to aid in prevention methods as well. 
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Clearly, to fully appreciate the entire spectrum of ethanol’s teratogenesis, acute and 

chronic exposure paradigms occurring at all stages of development should be 

examined to this extent. 
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