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Abstract

Background—This magnetic resonance microscopy (MRM)-based report is the 2" 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 3" 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—C57BI/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 pm 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 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 3™ week of human prenatal development.
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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 15! 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.

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 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
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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 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 3" 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.

METHODS

Animal Maintenance

C57BI/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 /ibitum 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 pl 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 171" day of pregnancy, dams were anesthetized via CO, 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.

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 um. 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. 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 1.

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. 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,

Alcohol Clin Exp Res. Author manuscript; available in PMC 2012 November 26.


http://rsbweb.nih.gov/ij/
http://www.itksnap.org

1X31-)lew1a1ems 1X31-){Jewiaremsg

1Xa1-)lewarems

Godin et al.

Page 5

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. 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.

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 pm, mounted on glass slides, stained with
aqueous hemotoxylin and eosin (H & E), cover-slipped and viewed with a light microscope.

Statistical analyses

RESULTS

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 average CV was
3.8% (range: 0.5% — 11.8%), thus, demonstrating high reliability for manual brain
segmentation.

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/dI (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,
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along with MRM-based brain findings, provided for distinction and comparison between
subgroups of ethanol-exposed fetuses, as described below.

Illustrated in Fig. 2 are light micrographs of the faces and the respective brain and ventricle
reconstructions of a control GD 17 fetus and of 5 ethanol-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 h-I) 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 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 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. 3, are reductions in the septal region with union of the striatum across the midline. Also
illustrated in Figs. 2 and 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. 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 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 revealed an
aberrant tissue mass located between the base of the rostral forebrain and the nasal septum
(Fig. 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 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. 4 ¢ & d; from the fetus shown in Fig. 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. 5). These cortical defects were observed in
animals having facies that were apparently normal, presented with a long upper lip and
severe micrognathia, foreshortened, or cleft in the midline (Fig. 5 b—e, respectively). In all of
these animals, the cerebral hemispheres were completely separate and slightly widely spaced
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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. 5 g and j) of the fetuses shown in Fig. 5 b and e, the cortical defects present as focal
protrusions on the otherwise smooth cerebral surfaces. Histological sections of these two
fetuses (Fig. 51, g and o, t), along with sections from the other ethanol-exposed fetuses
pictured in Fig. 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. 5 €)
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 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. 6 b) of the fetus that is also shown in Fig. 5 d illustrates that in addition
to being anophthalmic, its snout is abnormally short. MRM 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. 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. 6 f). Both a
frontal (Fig. 5 i) and a ventral view (Fig. 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. 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
b and f and in Fig. 5 c. MRM scans revealed severe micro- or aglossia in all of these animals
and clefting of the secondary palate in the Fig. 2 b and 5 ¢ fetuses. These features in the
latter specimen are shown in Fig. 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 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 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 (x0.23) 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
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[control: 52.86 (+2.58) mm3, non-HPE: 47.75 (+1.52) mm3, HPE: 42.38 (+ 2.50) mm?3].
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 (z 45.93) mm?3].

Linear brain measurements are shown in Table 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 (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, MANOVA:s 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. 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 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 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
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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. 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 15t 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 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 C57BI/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
etal., 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 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
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(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 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 TGIFp 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 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
etal., 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.
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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 (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 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; loffe 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
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toward identifying pathologic changes that may underlie alcohol-induced seizure threshold
reduction has shown an association with hippocampal abnormalities induced during the
human 3" 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 2" and 37 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 3
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 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.

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
(9, m, s) and ethanol-exposed fetuses (h-I, n—r, t—x) were reconstructed to yield whole brain
(frontal view, g-I; 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 3.

Horizontal MRM scans at 2 different levels through a control (a. d) and 2 affected fetuses (b,
e with semilobar HPE & c, f with alobar HPE; shown in Fig. 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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Figure4.

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 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 cribriform plate, with
the nasal epithelium (arrow in d). Bar inc =0.5 mm, ind = 0.2 mm
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Figureb5.

Shown are the face, brain reconstruction, and histological sections of a control and 4
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. 6 b) or
median cleft of the snout (€). 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 1-0, 4X; g-t, 10X).
Bar in k= 0.5mm, inp =0.2 mm
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Figure®6.

Additional light micrographs along with coronal MRM scans and reconstructions and
histological sections of the fetus pictured in Fig. 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). Barini=0.5mm
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Figure?7.

MRM scans and reconstructions illustrate additional dysmorphic features of the fetus
pictured in Fig. 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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Figure8.

Ethanol-induces 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 are represented as the mean =+ the standard error of the mean. Range of
measurements in each region and group are indicated in parentheses.

Mid-sagittal brain length  7.46 £0.08 mm (7.21-7.84) 7.21+0.99mm (6.77-7.64) 751 0.18 mm (6.28 - 7.11)% '

Bulbothalamic distance ~ 3.99 £0.06 mm (3.79-4.23) 3.78+0.06 mm (3.36 -4.12) 327+ 0.15 mm (2.90 - 3.60)% 7

Third Ventricle Width ~ 0.22 £0.02 mm (0.15-0.30)  0.23£0.01 mm (0.17-0.29) 910+ 0.01 mm (0.08 - 013)#, 7

# N . .
denotes a significant difference from controls, while

fdenotes a significant difference from the non-HPE group.

For controls, n=7; non-HPE, n=14; HPE, n=4.
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