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Abstract
Background—The application of magnetic resonance microscopy (MRM) to the study of
normal and abnormal prenatal mouse development has facilitated discovery of dysmorphology
following prenatal ethanol insult. The current analyses extend this work, providing a regional
brain volume-based description of normal brain growth and illustrating the consequences of
gestational day (GD) 10 ethanol exposure in the fetal mouse.

Methods—To assess normal growth, control C57Bl/6J fetuses collected on GD16, GD16.5, and
GD17 were scanned using a 9.4T magnet, resulting in 29μm isotropic resolution images. For the
ethanol teratogenicity studies, C57Bl/6J dams were administered ethanol (i.p. @ 2.9 g/kg) at 10
days 0 hr and 10 days 4 hrs post-fertilization and fetuses were collected for analyses on GD17.
From individual MR scans, linear measurements and regional brain volumes were determined and
compared.

Results—In control fetuses, each of the assessed brain regions increased in volume, while
ventricular volumes decreased between GD16 and GD17. Illustrating a global developmental
delay, prenatal ethanol exposure resulted in reduced body volumes, crown-rump lengths and a
generalized decrease in regional brain volumes as compared to GD17 controls. However, as
compared to GD16.5 (morphologically-matched) controls, ethanol exposure resulted in volume
increases in the lateral and 3rd ventricles as well as a disproportionate reduction in cortical
volume.

Conclusions—The normative data collected herein facilitates the distinction between GD10
ethanol-induced developmental delay and frank dysmorphology. This work illustrates the utility of
MRM-based analyses for developmental toxicology studies and extends our knowledge of the
stage-dependency of ethanol teratogenesis.
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INTRODUCTION
Recently small animal magnetic resonance imaging methodologies have advanced to a point
where rodent anatomy can be visualized at near histological resolution (i.e. approximately
19–40 microns). This high resolution magnetic resonance imaging is now referred to as
magnetic resonance microscopy (MRM). Among the advances that have made MRM
possible are the availability of high field-strength imaging systems, custom radiofrequency
coils, and the application of active-staining contrast agents (eg. Petiet et al, 2007; Petiet et al,
2008; Petiet and Johnson, 2010; Turnbull and Mori, 2007). Of particular use for researchers
in the fields of developmental biology, genetics and toxicology is an annotated atlas of
prenatal mouse anatomy (Petiet et al, 2008; www.civm.duhs.duke.edu/devatlas/index.html)
that was developed employing this technology. Included in this MRM-based atlas are
19.5μm MR scans through gestational day (GD) 10.5 – 19.5 fetal mice.

One of the major utilities of MRM is the ability to accurately define and segment selected
anatomical regions from individual scans and to then reconstruct the (isotropic)
segmentation data to provide accurate 3-D representations of the images. The morphological
and volumetric assessments that this allows are important for appreciating both normal and
abnormal development. Illustrating the value of MRM for teratology studies are two recent
reports regarding ethanol-induced prenatal brain dysmorphology (Parnell et al, 2009; Godin
et al, 2010). These reports describe the defects present in GD17 mouse brains that result
from acute ethanol exposure on GD7 and GD8. In addition to brain dysmorphology, other
abnormalities were also identified in the ethanol-exposed fetuses. Among these were
reductions in total brain and body volume as compared to control animals.

The current study was designed to extend the MRM-bases analyses of developmental stage-
dependent prenatal ethanol insult, focusing on identifying the adverse affect of acute GD10
ethanol exposure in mice. Although in mice there is considerable intra-litter variability in
developmental stages, early on GD10, mouse embryos of the strain used for this study
(C57Bl/6J) typically are at a point in development when the neural tube has just completed
its closure, approximately 30–34 pairs of somites are present, and the hind limb buds are
becoming morphologically evident (Theiler, 1989). This corresponds to Carnegie stage 13–
14 and to 28–32 days post-fertilization in humans. While previous studies have shown that
in mice at this stage of embryonic development, selected cell populations within the brain
are vulnerable to ethanol-induced cell death (Dunty et al, 2001), the resulting fetal
dysmorphology has not been determined.

Realizing the potential of acute GD10 ethanol exposure to yield generalized growth
retardation in addition to frank dysmorphology, knowledge of normal growth trajectories as
a requirement for distinguishing these end-points was recognized. To this end, MRM was
applied to characterization of brain morphology (both form and volume) in GD16, GD16.5
and GD17 control fetuses; i.e. at times preceding and including that at which ethanol-
exposed fetuses were similarly examined. Supplementing existing evidence supporting the
stage-dependency of fetal alcohol insult, this study holds relevance for Fetal Alcohol
Syndrome (FAS) and Fetal Alcohol Spectrum Disorders (FASD), which continue to be
diagnosed at alarming rates both in the United States and worldwide (Jones and Smith,
1973; Sokol et al, 2003; May et al, 2009).

MATERIALS & METHODS
Animal Breeding and Maintenance

C57BI/6J mice were purchased from The Jackson Laboratory (Bar Harbor, ME) and were
housed in a temperature and light-controlled (12/12 hr light/dark) environment approved by
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the Association for Assessment and Accreditation of Laboratory Animal Care. Standard
laboratory chow and water was available ad libitum. For breeding, 1–2 females were placed
with one male for 2 hours. Detection of a copulation plug marked the beginning of
gestational day (GD) 0.

Maternal Treatment and Determination of Blood Ethanol Concentrations
On GD10, pregnant mice were randomly assigned to either an ethanol or control group and
weighed. The mice in the ethanol group were given an intraperitoneal (ip) dose of 25%
ethanol (2.9 g/kg each injection) on GD10 0 hrs and again 4 hrs later. Control dams were
administered equivalent doses of Ringer’s solution at each of these times. Blood ethanol
concentrations (BECs) were determined in a separate group of dams that were administered
ethanol on GD10. For this, 30 minutes after the 2nd ethanol injection, 35 μl of blood from a
tail clip was collected in a heparinized capillary tube. Whole blood was spun at 3000 rpm for
3 minutes and plasma was frozen and stored at 4 °C overnight. BECs were determined using
an ANALOX alcohol analyzer (AM1 Model, Analox Instruments USA Inc., Lunenburg,
MA). The average BEC was 424 ± 16 mg/dl. All procedures involving animals were
approved by an Institutional Animal Care and Use Committee (IACUC) at the University of
North Carolina at Chapel Hill.

Specimen Collection and Preparation for MRM
Following CO2 anesthesia, groups of control dams on day 16, 16.5 and 17 of their
pregnancy, and an ethanol-exposed group on the 17th day were killed by cervical
dislocation. Following laparotomy, the uteri were removed and fetuses were dissected free
of decidua and placed on ice in phosphate buffered saline (PBS). Fetuses were examined
under a dissecting microscope for any gross abnormalities. For MRM analyses, selection of
the ethanol-exposed fetuses was based on the presence of grossly-observable
dysmorphology (especially the presence of ocular anomalies and/or limb defects), an
approach that is comparable to selection of children with known physical features of FAS
for subsequent study. Ocular defects among ethanol-exposed subjects ranged from slight
microphthalmia to coloboma. For each of the 3 control groups, specimens representative of
the litters (based primarily on fetal size) were selected. A total of 9 GD17 ethanol-exposed
fetuses from 5 litters, as well as, 6 GD16, 5 GD16.5, and 6 GD17 control fetuses from 10
litters were selected. These fetuses were photographed to document size and any gross
anomalies and then processed for imaging. For this, the fetuses were drop fixed in a 20:1
solution of Bouin’s fixative (Sigma-Aldrich, St. Louis, MO) and Prohance (Bracco
Diagnostics Inc. Princeton, NJ) for 9 hours (Petiet et al, 2007; Petiet & Johnson, 2010). This
was followed by a brief PBS rinse and placement in a storage solution containing 200:1
PBS:Prohance. Fetuses were typically imaged within 72 hrs of fixation.

MRM
MRM was conducted at the Duke Center for In Vivo Microscopy using an Oxford 9.4T/8.9
cm bore magnet interfaced with a GE EXCITE console (Epic 12.0). Fetuses were placed
into acrylic holders and immersed in fomblin, a perfluorocarbon that limits dehydration of
the sample and reduces scanning susceptibility artifacts. Images were acquired in a 20 mm
diameter solenoid radiofrequency coil using a RF refocused spin echo sequence (TR = 75
ms, TE = 5.228 ms). Asymmetric partial Fourier sampling (Johnson et al, 2007) into a 512 ×
512 × 1024 array resulted in Nyquist limited spatial resolution of 29 μm (voxel volumes of
approximately 25 pL). Scanning time totaled approximately 4 hours for each fetus.
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Histological analysis
After MRM scanning was completed, subjects were stored in 70% ethanol until embedded
in paraffin for histological analyses. Sections were cut at a 10 μm slice thickness, mounted
on slides and stained using a routine aqueous hematoxylin and eosin (H&E) staining
protocol.

Volumetric Segmentation and Measurements
For segmentation and volumetric analyses, ITK-SNAP, a software program originally
developed at the University of North Carolina, Chapel Hill (Yushkevich et al 2006), was
utilized. Before segmentation, each brain was realigned and straightened using ImageJ
(version 1.38 NIH; www.rsbweb.nih.gov/ij) in order to ensure optimal accuracy during
segmentation. Using the automatic segmentation tool in ITK-SNAP, total body volumes
were computed for each subject. Regional brain volumes for each subject were determined
from manual tracings. The regions assessed were: cerebral cortices, olfactory bulbs,
hippocampus, striatum, septal region, diencephalon, mesencephalon, pons & medulla,
cerebellum, pituitary gland, lateral ventricles, 3rd ventricle, and mesencephalic and 4th

ventricle (see figure 1). Brain tracings were made by 3 individuals trained in fetal mouse
brain anatomy (SOM, JJA, AAK), with regions traced by each person being consistent for
all animals. Intra-rater reliability was assessed by calculating a coefficient of variation and
averaged 3% for all brain regions (range 0.1% – 11%). Regional boundaries were based on
existing mouse embryo atlases (Kaufman, 1992; Schambra 2008; Schambra et al, 1992).
Voxel counts were generated within ITK-SNAP for each region and volume measurements
were made for each animal by multiplying the number of voxels for each region by the
volume of a voxel (25 pL). Total brain volume was determined by summation of all of the
volumes of the individual brain regions.

Linear Measurements
In addition to volumetric assessments, linear measurements were determined for each
subject using Image J (figure 2). The following measures were acquired at the three different
levels of the brain shown in figure 2a: transverse cerebellar diameter (figure 2b), midsagittal
brain length, frontothalamic distance, brain width, septal region width, olfactory bulb length
and width, 3rd ventricle width, diencephalon length and width (figure 2c), and pituitary
length and width (figure 2d).

Statistical Analyses
For analyses of normal brain development, both linear measurements and regional brain
volume changes were assessed using Multivariate Analyses of Variance (MANOVA) with 1
independent variable (Age) consisting of 3 levels (GD16 controls, GD16.5 controls, GD17
controls). Student-Newman Keuls (SNK) post hoc tests were conducted to follow up
significant MANOVAs when necessary. Analysis of developmental and ethanol-induced
changes in growth parameters, specifically crown-rump length, total body volume and total
brain volume, were conducted using ANOVAs consisting of 4 levels (GD16 controls,
GD16.5 controls, GD17 controls and GD17 prenatal ethanol exposed). The identification of
a morphologically-matched group of controls was accomplished with these analyses and
SNK post hoc tests. Subsequent evaluation of the prenatal ethanol-exposed group was
conducted using the GD16.5 controls as the group that was deemed to be the best suited as a
morphologically-matched control group. Additionally, in order to ascertain any
disproportionate effects of ethanol exposure on the brain, the ratio of each brain region to
the overall brain volume was computed for each subject and analyzed using separate
MANOVAs. This approach is similar to the statistical analysis in a previous MRM-based
report (Parnell et al, 2009). An alpha value of 0.05 was maintained for all analyses.
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RESULTS
Control Morphological and Volumetric Data

As illustrated in 3D MRM reconstructions, in control fetuses notable changes in brain size
and morphology occur between GD16 and GD17 (figure 3). In addition to an overall size
increase, as development progresses the postero-lateral aspects of the cerebral cortical
hemispheres extend further caudally, covering more of the diencephalon. Particularly
obvious is the changing morphology of the olfactory bulbs, which become relatively
elongated, and of the 3rd ventricle, which becomes narrower, especially in its dorsal portion.
In addition, MRM-based analyses made it possible to readily determine total body, brain and
regional tissue volumes. For the former, between GD16 and GD17 body volume increased
by 71%, while brain size increased approximately 38% (figure 4). CRL also increased by
16% from GD16 to GD17 (figure 4).

Developmental changes in regional brain volume determinations are consistent with visual
inspection of the 3D reconstructions (table 1). Indeed, a significant effect of age was
apparent for the MANOVA on raw volumetric data (Wilks’ Lambda = 0.015; (F(20,10) =
3.575, p <0.05) and examination of the between subject effects revealed significant
differences between groups for every regional brain volume assessed (all p’s < 0.05). From
GD16 to GD17, the following control regional brain volume increases occurred: cerebral
cortices, 42%; diencephalon, 41%; olfactory bulbs, 103%; striatum, 60%; hippocampus,
67%; septal region, 53%; mesencephalon, 40%; pons & medulla, 41%; cerebellum, 39% (all
p’s < 0.05; see table 1). Post-hoc tests indicated that for the cerebral cortices, diencephalon,
olfactory bulbs, striatum, midbrain, and pons & medulla, volumes were significantly smaller
in the GD16 controls as compared to both GD16.5 and GD17 controls and GD16.5 controls
had significantly smaller volumes as compared to GD17 controls (all p’s < 0.05). Further,
although significantly smaller than the GD17 controls, volumes of the hippocampus,
cerebellum and pituitary did not differ between GD16 and GD16.5 controls (all p’s < 0.05;
table 1).

In addition to the brain tissue, a MANOVA analyzing developmental trends in ventricular
space was also found to be significant (Wilk’s lambda = 0.19; F(3,6) = 5.184, p < 0.05).
Specifically, the volumes of the 3rd ventricle and mesencephalic & 4th ventricle decreased
significantly (3rd: 43%; mesencephalic & 4th: 16%) between GD16 and GD17 (3rd: F(2,14)
= 19.29, p < 0.05; mesencephalic & 4th: F(2,14) = 5.73 p < 0.05). Post hoc tests revealed
that volumes of the 3rd and mesencephalic & 4th ventricles did not differ between GD17 and
GD16.5 controls but that they were both significantly smaller as compared to the GD16
controls (p’s < 0.05; table 1). No significant developmental changes in the volumes of the
lateral ventricles were notable between GD16 and GD17.

Volumetric Data for Ethanol-Exposed Fetuses
Examination of total body volume and crown rump length (CRL) data revealed that for the
ethanol-exposed subjects, these measures were significantly smaller than for the
chronologically-matched GD17 controls (total body: (F(3,22) = 11.672, p < 0.01); CRL:
(F(3,22) = 7.301, p < 0.01), SNK post hoc tests, p’s < 0.05; figure 4). Overall, the body size
of the GD16.5 control group was most comparable to that of the GD17 ethanol-exposed
group. Total brain volume data (mm3) was consistent with this trend, with brain volume in
the ethanol-exposed group being significantly smaller than that of the GD17 controls’ but
also significantly larger than that of the GD16 controls’ (F(3, 22) = 16.85, p < 0.01; figure
4). Likewise, comparisons between the GD17 controls and the prenatal ethanol-exposed
subjects on raw volumetric data indicated a generalized reduction in regional brain volumes
in the latter (see table 1). Together, these data provided the basis for considering the GD16.5
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fetuses as the most morphologically-comparable control group against which to compare the
effects of prenatal ethanol exposure.

In regards to regional changes in raw brain and ventricular volumes, when comparing the
prenatal ethanol exposed group with their morphologically matched control counterparts,
significant ethanol effects were evident (ventricles: Wilk’s lambda = 0.23; F(3,10) = 8.705,
p < 0.01; brain tissue: Wilk’s lambda = 0.023; F(10,3) = 0.03, p < 0.05). Specifically, as
shown in table 1, the volumes of the lateral and 3rd ventricles as well as the pituitary volume
were significantly increased following the ethanol insult (lateral ventricles: F(1,12) = 15.71,
p < 0.01; 3rd ventricle: F(1.12) = 9.582, p < 0.01; pituitary: F(1,12) = 8.261, p < 0.05).
Similarly, a trend toward an increase in mesencephalic & 4th ventricular volume was evident
but failed to reach statistical significance (p = 0.053).

In addition to examining the raw volumetric data for ethanol-induced alterations in brain and
ventricular volumes, as in the Parnell et al, (2009) MRM study, in order to ascertain any
disproportionate effects of ethanol exposure, each regional brain measurement was analyzed
as a percentage of total brain volume. Because the GD16.5 controls were morphologically
best-matched to the GD17 ethanol-exposed fetuses (see figure 4), only the comparisons
between this control group and the ethanol-exposed group are illustrated (figure 5).
Significant MANOVAs revealed that group differences existed for both ventricular volumes
and regional brain tissue volumes (ventricles: Wilk’s lambda = 0.389; F(3,10) = 5.231, p <
0.05; brain: Wilk’s lambda = 0.03; F(10,3) = 9.604, p < 0.05). Specifically, prenatal ethanol
exposure significantly reduced the standardized volume of the cerebral cortex (F(1,12) =
8.029, p < 0.05). In contrast, prenatal ethanol exposure increased the volume of the
diencephalon (F(1,12) = 8.372, p < 0.05) as compared to morphologically-matched controls.
A significant increase in the proportion of 3rd ventricular volume to brain volume after
prenatal ethanol-exposure was also evident (F(1,12) = 5.95, p < 0.01) (figure 5). Although
not statistically significant, lateral and mesencephalic & 4th ventricular volumes were
increased 14% and 13%, respectively, following prenatal ethanol exposure as compared to
the GD16.5 controls.

Linear Measurements
Consistent with volumetric analyses, a MANOVA also revealed significant differences in
linear measurements among the 3 groups of control fetuses (Wilk’s lambda = 0.002; F(24,8)
= 6.070, p < 0.05; table 2). Tests of between group effects indicated significant age-related
changes for the following: brain length, cortical brain width, frontothalamic distance,
transverse cerebellar diameter, olfactory bulb length and width, septal region width,
diencephalon length and width, pituitary length and width and 3rd ventricle width (all p’s <
0.05) (table 2). Although the overall MANOVA comparing the morphologically matched
controls with the prenatal ethanol-exposed animals was not significant, consistent with the
volumetric data, in the between subject group analysis, 3rd ventricle width was significantly
larger in the ethanol-exposed subjects as compared to the GD16.5 controls’ (F(1,12) = .
10.389; p < 0.05). Other significant differences in linear measurements between prenatal
ethanol-exposed and morphologically matched controls were evident in pituitary length and
septal region width (F(1, 12) = 11.33, p < 0.05; F(1,12) = 11.79, p < 0.05) (table 2).

Dysmorphology
In addition to volumetric and linear alterations, considerable dysmorphology was evident
among the ethanol-exposed fetuses. The abnormal form of the ventricles was particularly
notable. Figure 6 illustrates the ventricular dysmorphology that was present in 6 of the 9
ethanol-exposed fetuses examined (figure 6b–g). The abnormal shape of the 3rd ventricle is
especially apparent, with variable expansion both dorsally (arrows) and ventrally
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(arrowheads) in the space surrounded by the diencephalon. In addition, the mesencephalic
ventricular space (cerebral aqueduct) is notably enlarged in some specimens (e.g. figure 6g,
dashed arrow). H & E-stained histological sections (figure 7) and individual MRM scans
(figure 8) confirmed these findings.

Also well-illustrated by the MRM scans, and consistent with volumetric assessments, is
ethanol-induced cerebral cortical deficiency (figure 8). Comparison of the images from the 2
ethanol-exposed fetuses to that of a GD16.5 control illustrates reduced thickness of the
cerebral cortices accompanied by lateral ventricular dilation in the affected specimens. As
previously noted, the degree of effect is variable between subjects.

In addition to the cortical alterations and ventricular dysmorphology that resulted from the
GD10 ethanol exposure, MRM revealed a heterotopic mass in the hypothalamic region of
the mildly dilated 3rd ventricle of one ethanol-exposed subject (figure 9a and b). Otherwise,
the appearance of the brain and ventricles of this animal was generally consistent with that
of other ethanol-exposed subjects. Subsequent to MRM imaging, routine histological
analysis confirmed this finding (figure 9c and d). Although, in one histological section, the
mass appeared to be unattached (figure 9c), another section (figure 9d) illustrates where the
heterotopia extends from the hypothalamus. The aberrant mass is histologically similar to
that of the surrounding neural tissue.

DISCUSSION
This work illustrates the fetal brain dysmorphology that results from acute GD10 ethanol
exposure in mice and the utility of MRM-based methodologies for this type of investigation.
In particular, regional brain segmentation and 3-D reconstruction have allowed assessment
of volumetric as well as morphological alterations. In distinguishing ethanol-induced
dysmorphology from generalized developmental delay, normal regional brain growth
trajectories as established from MRM data have been especially valuable. As expected
regarding the latter, raw volumetric data from GD16, GD16.5 and GD17 fetal brains showed
age-related increases for the entire brain and for each of its sub-regions that were analyzed.
Notably, the overall 38% brain volume increase that occurred between GD16 and GD17 was
accompanied by a 16% reduction in the total ventricular volume, with the reduction in the
volume of the 3rd ventricle over this period of time being particularly pronounced. In
comparing GD17 ethanol-exposed fetuses to controls, the GD16.5 control group was found
to be developmentally most comparable; i.e. the ethanol-exposed fetuses were delayed in
their development by about a half day. Importantly however, compared to the GD16.5
control group, prenatal ethanol exposure significantly increased both the lateral and 3rd

ventricular volumes; volumes that should be decreasing with time. In addition to the
volumetric changes, the morphology of the 3rd ventricle following GD10 maternal ethanol
treatment was abnormal as compared to that in all control stages examined.

Ventricular enlargement has also been noted in other FASD models (eg. Mattson et al, 1994;
Sakata-Haga et al, 2004; Zhou et al, 2003) as well as in clinical studies of prenatal alcohol
exposure (Johnson et al, 1996; Swayze et al, 1997). In humans, ventriculomegaly can be
diagnosed prenatally and is associated with subsequent developmental delays and a high risk
of other types of brain anomalies including lissencephaly, absent corpus callosum, septo-
optic dysplasia, hydrocephalus and aqueductal stenosis (reviewed by Laskin et al, 2005;
Gaglioti et al, 2009). Of these, agenesis of the corpus callosum is the most frequently
detected co-occurring anomaly (Griffiths et al, 2010). In fetuses with prenatally-diagnosed
ventriculomegaly, further prenatal examination with MR is, therefore, indicated (Manfredi et
al, 2009). Based on the current findings, additionally indicated is acquisition of maternal
drinking history.
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In addition to ventricular changes, regional brain abnormalities were also noted among the
ethanol-exposed fetuses that were examined. In particular, the volume of the cerebral cortex
was found to be reduced. While exposure paradigms have varied, several studies in animal
models have shown that the cerebral cortex is especially sensitive to gestational ethanol
exposure (eg. Miller & Potempa, 1990; Mihalick et al, 2001, Burke et al, 2009; Godin et al,
2010). Human MRI data has also indicated that ethanol exposure during gestation has a
disproportionate effect on the developing cerebral cortex (reviewed by Spadoni et al, 2007;
Norman et al, 2009). An over-abundance of gray matter and not enough white matter in
cortical regions around the left posterior parietal cortex has been reported in prenatally
ethanol-exposed individuals (Sowell et al, 2001). Additionally, alterations in gray matter
asymmetry in the posterior/inferior temporal lobe regions (Sowell et al, 2002), as well as an
excess in cortical thickness in bilateral temporal, inferior parietal and frontal regions (Sowell
et al, 2008) have been found. Further examination utilizing sophisticated image analyses
tools in animal models could provide additional insight as to subregions of the cortex that
are especially sensitive to specific ethanol exposure periods.

That the 3rd ventricle was enlarged and dysmorphic in a large proportion of the ethanol-
exposed fetuses examined may be suggestive of insult to the surrounding brain tissue; the
diencephalon/thalamus and hypothalamus. However, thalamic volumes were unchanged in
the analysis of raw volume data and actually increased when taking into account total brain
size following prenatal ethanol exposure. The latter is likely explained by the substantial
decrease in cortical volumes after prenatal ethanol exposure. In regard to the former, given
the limited size of the 3rd ventricle, even a small increase in the number of voxels translates
to a large change in the overall 3rd ventricular volume. A reduction of this same magnitude
in a large region such as the thalamus would not necessarily result in any statistically
identified result. More detailed examination and segmentation of sub-regions of the
thalamus and hypothalamus could potentially uncover volume deficits. Supporting this
expectation is a previous report by Dunty and colleagues (2001) who examined patterns of
cell death following acute ethanol exposure at varying time points and found that the
hypothalamus was particularly affected following acute ethanol exposure on GD10.5 (Dunty
et al, 2001). As discussed in a review by Weinberg et al, (2008), that alterations in the
hypothalamic-pituitary-adrenal (HPA) axis can be induced following maternal
administration of an ethanol-containing liquid diet throughout pregnancy is a well-
established finding. Additionally, Park et al, (2004) showed that in C57Bl/6J mice, acute
early gestational exposure to ethanol enhances a corticosterone-mediated response to stress.
Clearly, along with more detailed histological analyses, postnatal functional analyses with
particular attention to perturbations of hormonal cascades are needed as a follow up to the
current observations.

The finding in this study of a periventricular heterotopias extending into the 3rd ventricular
space of one of the ethanol-exposed fetuses also illustrates insult to the diencephalon. A
similar 3rd ventricle heterotopias was previously reported to result from acute ethanol
exposure on GD7 in mice (Sulik et al, 1984). In a previous MRM-based study, acute GD7
ethanol exposure was shown to cause (leptomeningeal) cerebral cortical heterotopias in mice
(Godin et al, 2010) and both cortical heterotopias and heterotopias localized to the lateral
ventricle and interventricular foramen after gestational ethanol exposure have been reported
in rats (Komatsu et al, 2001; Sakata-Haga et al, 2004). Both cerebral cortical heterotopias
and ventricular heterotopias have been found in humans exposed to ethanol during gestation
(eg. Jones & Smith, 1973; Coulter et al, 1993; Clarren et al, 1978; Peiffer et al, 1979;
Clarren et al, 1981). Heterotopias are highly linked to seizure activity (Verrotti et al, 2009).
Given the heightened prevalence of seizure activity among individuals with prenatal alcohol
exposure as compared to the general population (eg. Sun et al, 2009, Bell et al, 2010), and
considering the occurrence of low seizure thresholds in FASD rodent models (Bonthius et
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al, 2001a; Bonthius et al, 2001b), it is likely that as imaging technologies advance more
heterotopias will be discovered in both humans and animal models. Indeed, a very recent
case report describes MRI-based discovery of polymicrogyria and two periventricular
lesions in a 16 year old girl with FAS who presented with seizures (Reinhardt et al, 2010).

As compared to the MRM-based findings reported for acute ethanol-induced GD7 and GD8
fetal brain changes (Parnell et al, 2009; Godin et al, 2010), the GD10 pattern of insult
differs. The holoprosencephaly spectrum characterizes the GD7 ethanol exposure time, but
did not result from GD10 treatment. Notable following GD8 insult was a reduction in
hippocampal, olfactory bulb, and cerebellar volumes in which the right side of the brain
tended to be preferentially affected, a finding not evident in the current study (Parnell et al,
2009). Further, GD8 treatment increased 4th ventricular volume, while GD10 treatment has a
major affect on the 3rd ventricle. Analyses of data from other days of acute ethanol insult to
the mouse embryo (esp. GD9 & GD11) are currently being finalized, with preliminary
results indicating unique dysmorphology patterns for each (unpublished observations).

Despite its limitations (e.g. cost, scanning time, access to sophisticated imaging systems),
MRM affords unprecedented opportunities to define teratogenic endpoints. In addition to
examination of brain dysmorphology as described herein, the application of MRM to the
study of other organ systems holds significant promise. To date, MRM-based studies of
normal and abnormal cardiovascular system development have proven particularly
informative (Smith, 2001; Petiet et al, 2008), further highlighting the potential of this
technology for teratology investigations. Although MRM cannot replace standard
teratological techniques such as routine histology and Wilson’s razor sections, with
advancing technology that will enable more rapid imaging and lower costs for each
specimen, and with more imaging centers becoming available, undoubtedly, MRM will be
more widely employed to assess whole body morphology.

In conclusion, recognition that GD10 ethanol exposure in mice yields not only growth
retardation, but a stage-dependent pattern of CNS defects was facilitated by the generation
of, and comparison to, MRM-based data illustrating normal regional brain growth
trajectories. A major effect on ventricular and cortical volume was shown. Clinical
application of these findings rests, in part, in appreciation of the fact that these defects can
arise from insult at a period in development corresponding to times prior to the middle of the
first human trimester and the potential of even early human prenatal imaging to identify
these types of CNS changes (eg. Kfir et al, 2009).
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Figure 1.
MRM scans of GD17 fetuses allow for assessment of the brain in 3 planes simultaneously (a
- sagittal, b – coronal, c –horizontal), as well as for the creation of 3D reconstructions (d).
Color-coded regions illustrate brain areas that were manually segmented for volumetric
analyses. Color-codes are listed below (not shown is the pituitary). In d, the upper right
portion of the brain image was removed to allow for visualization of the interior structures
(modified from Parnell et al, 2009; Godin et al, 2010).
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Figure 2.
MRM scans of GD17 fetuses allow for linear measurements of selected brain regions.
Illustrated in (a) are the three different levels where measurements were attained as shown in
b–d (b - at the widest point of the cerebellum; c – at the level of the anterior commissure; d –
at the widest level of the pituitary gland). Dotted lines indicate that both length and width
measurements were taken for that particular region. (1 = transverse cerebellar diameter, 2 =
midsagittal brain length, 3 = brain width, 4 = frontothalamic distance, 5 = olfactory bulb
length and width, 6 = septal region width, 7 = diencephalon length and width, 8 = 3rd

ventricle width, 9 = pituitary length and width).
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Figure 3.
Shown are 3D reconstructions of control GD16, GD16.5 and GD17 brains viewed from their
dorsal (a, e, i) and lateral (b, f, j) aspects, as well as ventricular reconstructions as viewed
from the dorsal side (c, g, k) and 3rd and mesencephalic & 4th ventricle reconstructions as
seen from their lateral perspective (d, h, l). During development, brain regions increase in
volume. The changing morphology of the olfactory bulbs is particularly evident. In contrast
to the normal age-related increasing brain volumes, ventricular size decreases as a
proportion of overall brain size with age (c & d, g & h, k & l). For the 3rd ventricle and
mesencephalic & 4th ventricle, changes are particularly pronounced in the lateral MRM
reconstructions (d, h, l). Note the thicker (wider) dorsal portion of the 3rd ventricle in GD16
(arrow in d) compared to GD16.5 (h) and GD17 (l) controls.
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Figure 4.
Mean (± SEM) total body volume (mm3), total brain volume (mm3) and crown-rump length
(CRL; mm) of the three control groups as well as in the prenatal ethanol-exposed subjects
are reported. GD17 controls had significantly larger total body volumes and CRL as
compared to all other groups (p < 0.05). Significant changes in total brain volume were also
apparent at this time. * Significantly larger as compared to all other groups, p < 0.05; ^
significantly larger as compared to GD 16 controls only, p < 0.05.
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Figure 5.
Mean (± SEM) regional brain volumes expressed as a proportion of total brain volume in
ethanol exposed and morphologically-comparable GD16.5 controls fetuses. Ethanol
significantly decreased cortical volumes while increasing the volume of the diencephalon.
The volume of the3rd ventricle was significantly increased after prenatal ethanol exposure. *
Significantly decreased as compared to controls, p < 0.05; ^ significantly increased as
compared to controls, p < 0.05.
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Figure 6.
GD10 ethanol exposure causes significant dysmorphology of the 3rd and mesencephalic &
4th ventricles. As compared to the normal appearance of the morphologically-matched
control ventricles shown in a, the reconstructed ventricles from 6 out of 9 ethanol-exposed
fetuses were dysmorphic (b-g). The 3rd ventricles appear to be too wide, involving those
regions normally surrounded by the thalamus (arrows) and hypothalamus (arrowheads) (b –
g). In addition, a considerable expansion of the mesencephalic ventricle is evident in g
(dashed arrow).
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Figure 7.
Histological H&E-stained coronal sections illustrate corresponding points in the brain of a
GD16.5 control (a, b) and a GD17 ethanol-exposed (c, d) fetus. Sections through the rostral
part of the 3rd ventricles (a, c; arrows) at a point where the lateral ventricles and striatum (*)
are also clearly evident, show considerable dilation of the 3rd ventricle in the ethanol-
exposed subject. This is also apparent at a more caudal level (b and d), where, as opposed to
the normal midline apposition of the thalamic (arrow in b) tissue, in the ethanol-exposed
animal (d) the space of the 3rd ventricle is clearly evident (arrow in d). Bar = 0.5 mm
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Figure 8.
Comparison of horizontal MRM scans from a GD16.5 control (a) and two GD17 ethanol-
exposed fetuses (b & c) illustrates enlargement of the 3rd ventricles (arrows) and reduced
thickness of the cerebral cortex (double-sided arrows). Mild cortical reduction is apparent in
b, while it is more obvious in c. Also notable is an excess of choroid plexus in the lateral
ventricle and reduced transverse cerebellar diameter (line) in the ethanol-exposed subject
pictured in (c). Bar = 1 mm.
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Figure 9.
MRM images (a, b) and H&E-stained histological sections (c & d) from an ethanol-exposed
subject illustrate a heterotopic mass extending into the 3rd ventricle. Sequential histological
sections illustrated the hypothalamic point of origin and neural nature of the heterotopia. Bar
in: a = 0.5 mm; c = 0.5 mm; d = 0.25 mm.
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