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Abstract
Animal model-based studies have shown that ethanol exposure during early gestation induces
developmental stage-specific abnormalities of the face and brain. The exposure time-dependent
variability in ethanol’s teratogenic outcomes is expected to contribute significantly to the wide
spectrum of effects observed in humans with fetal alcohol spectrum disorder (FASD). The work
presented here employs a mouse FASD model and magnetic resonance microscopy (MRM; high
resolution magnetic resonance imaging) in studies designed to further our understanding of the
developmental stage-specific defects of the brain that are induced by ethanol. At neurulation
stages, i.e. at the beginning of gestational day (GD) 9 and again 4 hours later, time-mated C57Bl/
6J dams were intraperitoneally administered 2.9 g/kg ethanol or vehicle. Ethanol-exposed fetuses
were collected on GD 17, processed for MRM analysis, and results compared to comparably
staged controls. Linear and volume measurements as well as shape changes for numerous
individual brain regions were determined. GD 9 ethanol exposure resulted in significantly
increased septal region width, reduction of cerebellar volume, and enlargement of all of the
ventricles. Additionally, the results of shape analyses showed that many areas of the ethanol-
exposed brains including the cerebral cortex, hippocampus and right striatum were significantly
misshapen. These data demonstrate that ethanol can induce dysmorphology that may not be
obvious based on volumetric analyses alone, highlight the asymmetric aspects of ethanol-induced
defects, and add to our understanding of ethanol’s developmental stage-dependent
neuroteratogenesis.
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1. Introduction
The full range of abnormalities that result from prenatal ethanol exposure, termed fetal
alcohol spectrum disorder (FASD), includes craniofacial defects and growth retardation as
well as damage to a variety of organ systems including the central nervous system (CNS).
Associated with the latter are variable patterns and degrees of structural and functional
alterations including cognitive and behavioral deficits (Mattson, et al., 2013; Ware, et al.,
2013). This variability of effect is a product of differing maternal ethanol dosages and
timing of intake during pregnancy as well as concurrent exposure to other environmental
agents, nutritional status, and genetic profiles (Jones, 2011). Of particular interest for the
current report is the developmental stage-dependency of CNS insult; an issue that lends
itself well to assessment in animal models. This information regarding the stage-dependent
effects of ethanol is aimed at improving the postnatal and prenatal diagnosis of ethanol-
exposed subjects.

Previous studies of prenatal rodents have shown that acute teratogen exposure occurring at
times during embryogenesis that are separated by as little as half a day result in profoundly
varying patterns of brain damage (Dunty, et al., 2001; Godin, et al., 2010; Kotch and Sulik,
1992; Parnell, et al., 2009; Shenefelt, 1972). Notable in this regard are data illustrating
stage-dependent patterns of ethanol-induced cell death in tissues including the developing
brain; patterns that appear to reflect subsequent malformations (Dunty, et al., 2001; Kotch
and Sulik, 1992). Following up on these pathogenesis studies, the application of advanced
imaging methodologies including magnetic resonance microscopy (MRM - high-resolution
magnetic resonance imaging) and diffusion tensor imaging (DTI) has greatly enhanced our
understanding of the gross structural brain defects that result from developmental stage-
specific ethanol insult. To date, the results of imaging-based studies of the brains of mice
acutely exposed to ethanol on gestational day (GD) 7, 8, and 10 have been reported (Godin,
et al., 2010; O’Leary-Moore, et al., 2010; Parnell, et al., 2009). Features unique to each of
these exposure times were found. GD7 (early gastrulation stage) ethanol exposure-induced
defects include a wide range of median forebrain deficiencies that fall within the
holoprosencephaly (HPE) spectrum and entail cerebro-cortical, striatal, septal, and pituitary
abnormalities. Ethanol exposure at this time point also resulted in neuronal migration defects
presenting as leptomeningeal heterotopias and cortical dysplasia. Acute maternal ethanol
treatment on GD 8, a time during which neurulation is beginning does not yield
holoprosencephaly, but results in olfactory bulb, hippocampal and cerebellar volume
reductions along with ventricular enlargement (Parnell, et al., 2009). Similarly, acute ethanol
exposure on GD 10 results in altered ventricular size and morphology. This was particularly
pronounced in the third ventricle, a finding that may be indicative of alterations in the
surrounding thalamus and hypothalamus (O’Leary-Moore, et al., 2010). Also notable were
significant volumetric reductions in the cerebral cortex.

Filling a void in the study of brain defects resulting from acute ethanol insult occurring at
developmental stages present in the human during the third through the fourth week of
gestation, the current investigation is directed toward imaging-based analyses of GD9
ethanol exposure in mice. In addition to methodologically extending the previous
investigations of ethanol-induced volumetric changes, this study employs advanced shape
analysis algorithms to localize regional brain changes. Overall, the information acquired
through this work provides a foundation for understanding the variable outcomes associated
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with prenatal ethanol exposure and promises to be of value in helping to recognize and treat
alcohol-affected individuals by enhancing our knowledge of the full spectrum of ethanol’s
teratogenesis.

2. Methods
2.1. Animal Husbandry & Maternal Ethanol Exposure

C57Bl/6J mice were obtained from The Jackson Laboratory (Bar Harbor, ME) and housed
under reverse light/dark cycle conditions in a room that was held at constant temperature
and humidity. Animals had water and standard laboratory chow available ad libitum. At the
beginning of the dark cycle, 1–2 female mice were placed in the home cage of a singly-
housed male for two hours. The female mice were examined for the presence of a copulation
plug, and if present, the time of introduction of the female to the cage was designated as the
beginning of gestational day (GD) 0. At the beginning of GD 9 and again four hours later,
pregnant dams were administered two intraperitoneal injections (2.9 g/kg/dose) of either
vehicle (Ringer’s solution) or 25% (v/v) ethanol. This ethanol exposure regimen results in
peak blood ethanol concentrations (BECs) of approximately 420–440 mg/dl (Godin, et al.,
2010; O’Leary-Moore, et al., 2010). There were five fetuses in each of the ethanol-exposed
and control groups. Animal protocols were approved by UNC – Chapel Hill’s Institutional
Animal Care and Use Committee (IACUC) in AAALAC-approved facilities and in
accordance with the Guide for the Care and Use of Laboratory Animals.

2.2. Specimen Collection and Magnetic Resonance Microscopy (MRM)
On GD 17, the ethanol-exposed dams were euthanized via CO2 asphyxiation, followed by
cervical dislocation. The fetuses were removed from the dam and dissected free of decidua
in ice-cold phosphate-buffered saline (PBS) followed by submersion fixation in a 20:1
Bouin’s fixative (Sigma Aldrich, St. Louis, MO):Prohance (Bracco Diagnostics, Princeton,
NJ) solution for 9 hours (Petiet, et al., 2007). Fixed fetuses were stored at 4° C in a 200:1
solution of PBS:Prohance until imaged (usually 48–72 hrs after collection).

MRM was performed on a 9.4T vertical bore magnet configured explicitly for magnetic
resonance microscopy. The system includes Resonance Research coils capable of achieving
gradients of 2000 mT/m. Scanning was controlled by a GE MR imaging console (GE
Medical Systems, Waukesha, Wisc) running Epic 12.4 software. This clinical console has
been adapted for high field (400 MHz) through the use of an intermediate rf up/down
converter. Specimens were mounted in a specially fabricated plastic tube and surrounded by
fomblin, a perfluorocarbon used to minimize magnetic susceptibility differences at the
surface of the specimen. The tube was placed in a 20 mm diameter single sheet solenoid
coil. Images were acquired using a conventional rf refocused spin echo sequence (TR/TE=
75/5.2 ms) with an asymmetric partial Fourier sampling strategy to reduce scan time
(Johnson, et al., 2007). Data were reconstructed onto a 5122 ×1024 array with isotropic
spatial resolution at 29 um. Scan time was approximately 4 hrs per specimen.

As previously reported (O’Leary-Moore, et al., 2010), the ethanol treatment protocol
employed for this study results in a generalized developmental delay of approximately one
half day Thus, control fetuses were collected on GD 16.5, as opposed to GD 17 for the
treated specimens, allowing analysis of comparably staged specimens.

2.3. Linear Measurements
MRM images were viewed and re-aligned in the horizontal, sagittal and coronal planes
using ImageJ (Version 1.45, NIH, http://rsbweb.nih.gov/ij/index.html) to ensure accurate
and reproducible linear measurements. ImageJ was also used to measure crown-rump length,
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mid-sagittal brain length, cortical width, frontothalamic length, transverse cerebellar
distance, olfactory bulb width and length, septal region width and length, widths of the
pituitary gland and third ventricle, and ocular diameter as previously described in both
animal models (Godin, et al., 2010; Parnell, et al., 2009) and in clinical studies designed to
improve the prenatal ultrasound diagnoses of patients with developmental ethanol exposure
(Kfir, et al., 2009). These linear measurements are defined as follows: mid-sagittal brain
length – distance from anterior to posterior, minus the olfactory bulbs; cortical width – width
of the brain from left to right; frontathalamic length – distance from the anterior aspect of
the cortex to the most posterior point of the diencephalon; transverse cerebellar distance –
width of the cerebellum from right to left. Measurements of the cerebellum, pituitary, optic
globes and olfactory bulbs were made at their respective widest levels in the horizontal
plane. All other linear measurements were taken at the level of the anterior commissure in
the same plane. Anterior-posterior measurements were normalized to the midsagittal brain
length, while right-left measurements were normalized to cortical width.

2.4. Volumetric Analyses
Regional brain volumes were determined following manual segmentation of each 29 μm
MRM slice. ITK Snap (Yushkevich, et al., 2006) was used to display the fetal brain slice-by-
slice simultaneously in three dimensions; a technique that is ideal for ensuring segmentation
accuracy. On each of the ~175 2D slices, the brain was manually segmented into the
following individual regions: cerebral cortex, septal region, hippocampus, striatum,
diencephalon, olfactory bulbs, midbrain, pons/hindbrain, cerebellum, pituitary and lateral,
third and fourth/mesencephalic ventricles (the mesencephalic ventricle is a ventricular
enlargement that is the embryonic progenitor of the cerebral aqueduct). Regional boundaries
were defined according to published fetal mouse atlases (Kaufman, 1992; Schambra, 2008;
Schambra, et al., 1992). After segmentation, the ITK Snap program was used to assemble
the individual slices into a 3D reconstruction of each region and to calculate volume (Fig. 1).
The volumetric data were then analyzed by normalizing each individual brain region to
overall brain size for each subject to account for individual differences in brain growth.

2.5. Shape Analyses
To identify and precisely document ethanol-induced shape changes in localized brain
regions, a 3DSlicer plugin module, Spherical HARMonic representation Point Distributed
Models (SPHARM-PDM), developed by the UNC Neuro Image Research and Analysis
Laboratories (NIRAL) (Styner, et al., 2006) was utilized. Initially, binary label maps
generated in ITK-SNAP (see section 2.4) were used to generate a spherical harmonic
representation of 3D shape. Using this representation, it was possible to generate
correspondent triangulated surface descriptions of shape for each brain region. After a
quality check to ensure data integrity and correspondence establishment, individual PDMs
of regions were grouped by treatment condition. 3D models separated in different treatment
groups were compared using a permutation testing based multivariate analysis of covariance
(Paniagua, 2009). The outputs of these analyses include heat maps indicating areas of
statistically significant shape differences and directional projections of those differences
between the mean 3D shape of control and ethanol-exposed subjects groups. P-value maps
were corrected for false positives using a false-discovery rate (FDR). The magnitude and
direction of these shape changes were visualized in KWMeshVisu (Oguz et al, 2006). In
these analyses, a false-discovery rate (FDR) correction (α = 0.05) was applied for multiple
comparison correction of the raw p-values (only FDR corrected significant maps are shown).

2.6. Statistical Analyses
Normalized linear and volumetric data from the ethanol-treated and control groups were
analyzed using a repeated measures ANOVA with each brain region as the repeated
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measure, as described previously (Parnell, et al., 2009; Piven, et al., 1996; Yasuno, et al.,
2002). Post-hoc analyses were performed using Fisher’s protected least significant
difference (PLSD) when appropriate. Individual T-tests were used to analyze overall body
and brain growth. In order to ensure accurate and repeatable manual segmentations of each
brain region, two fetal brains were completely resegmented and intra-rater reliability was
assessed using intraclass correlation coefficients (ICC). The ICC demonstrated consistent
regional segmentation with all regions above 0.990 and most regions above 0.995. All α
levels were set at 0.05.

3. Results
3.1. Growth Retardation

When comparing GD 17 ethanol-exposed fetuses to GD 16.5 controls, no statistically
significant differences in either whole body volume (Control = 478.6 ± 21.4 mm3, Ethanol =
420.3 ± 36.9 mm3 [mean ± standard error]) or crown-rump length (Control = 16.16 ± 0.26
mm, Ethanol = 15.42 ± 0.44 mm) were found, confirming previous findings of
approximately a half day ethanol-induced developmental delay. In comparison to the stage-
matched controls, the brains of the ethanol-exposed animals were reduced in size. More
specifically, the total brain volume of the stage-matched control fetuses averaged 44.7 ± 1.3
mm3, while that of the ethanol-exposed specimens averaged 39.1 ± 1.0 mm3 (T-test, p <
0.05). These data indicate that GD 9 ethanol exposure disproportionately impacts the brain
relative to the body.

3.2. Linear Measurements
After normalization to either brain width or length (depending on the direction of the
individual regional measurement), there were no significant differences found in any linear
measurement with the exception of the width of the septal region (Table 1). The fetuses in
the ethanol-exposed group had septal regions that were approximately 9% wider as
compared to the control group (p < 0.005). Additionally, while not significantly different,
the third ventricle was, on average, 11% wider in the ethanol-exposed group as compared to
the controls. That an 11% difference lacked statistical significance was largely due to the
increased variability in the width of the third ventricles in individual ethanol-exposed
subjects.

3.3. Volumetric Analyses
In order to identify disproportionately affected brain areas, in each subject the regional
volumes were normalized to the overall brain volume. After normalization, statistical
comparisons of the ethanol-exposed group to the control group revealed that the GD 9
ethanol exposure significantly reduced the cerebellar volume (~14%) compared to the
controls (p < 0.05; Fig. 2a). In contrast, the lateral, third and mesencephalic/fourth ventricles
were significantly enlarged in the ethanol-exposed specimens (p < 0.005, 0.05 and 0.01,
respectively; Fig. 2b).

Analysis of other brain regions demonstrated that the right and left cerebral cortices were
slightly smaller (~5%) in the ethanol-exposed subjects, although this difference did not quite
reach statistical significance (Fig. 2c). However, these cortical reductions, combined with
the other small, but non-significant decreases in the diencephalon and pons/medulla, are the
primary drivers of the overall brain growth retardation observed in the ethanol-exposed
fetuses. No other brain regions examined were significantly different between the ethanol-
exposed and control groups (Fig. 2d).
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3.4. Shape Analyses
Using the SPHARM-PDM software, each individual brain region was analyzed for group
shape differences. Not surprisingly, the cerebellum, which was significantly smaller in the
ethanol-treated animals compared to controls, had significant shape changes, particularly on
the inferior aspects. In addition it was bilaterally asymmetric, with the right half being
slightly more dysmorphic than the left. This is illustrated in Figure 3a–b, where statistical
differences in shape between the ethanol-exposed and control groups are indicated by color;
blue represents areas with similar shapes between the two groups, yellow indicates areas that
are significantly different at a value of less than 0.05, and red indicates areas that are
significantly different at a p value of less than 0.01. The arrows on each region in Figure 3
illustrate the direction and magnitude of change in the ethanol-exposed group relative to the
controls; i.e. the arrows point in the direction that the ethanol-exposed subjects would need
to adjust in order to be similar to control specimens.

Examinations of other brain regions demonstrated the increased utility of this shape analyses
approach over volumetric comparisons alone by demonstrating that many brain regions that
did not exhibit any significant volumetric changes between the ethanol-exposed and control
groups show obvious shape alterations. For example, neither the right nor left hippocampi
exhibit any observable size alterations resulting from GD 9 ethanol exposure. However, the
shape of this region was different in the ethanol-exposed and control brains (Fig. 3a–d and
Supplemental Videos 1–2). Similarly, the shape of some areas of the cerebral cortex were
significantly altered by ethanol exposure, particularly on the lateral and inferior aspects and
in the areas adjacent to the septal region; tissues that give rise to the nucleus accumbens,
anterior olfactory nuclei and bed nucleus of the stria terminalis (Fig. 3g–j). As for the
hippocampus, the right cerebrocortical hemisphere displayed a greater amount of
dysmorphology as compared to the left. As would be expected, the lateral ventricles, which
are situated completely within the overlying cortices, were affected similarly to the cortex
(Fig. 3k–n). The shape of the third ventricle was also significantly changed. Although the
current analyses did not include examinations of shape changes involving the medial aspects
of the thalamus, based on the level of third ventricular shape alterations, it would be
expected that this area would be significantly dysmorphic and deserves further study.
Interestingly, the striatum also displayed rather significant asymmetry, with the right half
being affected while the left was not (Fig. 3k–n; Supplemental Fig. 1). Additionally found
were uniform, yet only moderate changes throughout the diencephalon (Suppl. Fig. 2) and
slight changes in the olfactory bulbs and inferior aspect of the septal area, with the right
olfactory bulb being more affected than the left (Suppl. Fig. 3). There were no significant
changes found in the shape of the midbrain, pons/medulla, fourth/mesencephalic ventricle
and pituitary (Suppl. Fig. 4).

4. Discussion
The results of this study are in keeping with former pathogenesis studies illustrating that
acute GD 9 ethanol insult in mice selectively impacts the progenitors of the cerebral cortex,
hippocampus, and cerebellum (Dunty, et al., 2001). Regarding the latter, as assessed from 3-
D reconstructions of MRM scans, a major finding from the acute GD 9 exposure employed
for the current study is significant reduction in cerebellar volume. Using similar
methodology, this end point had also been observed following GD 8 ethanol insult, but was
not found following GD 7 or 10 treatment (Godin, et al., 2010; O’Leary-Moore, et al.,
2010). In addition to cerebellar deficiency, enlargement of all of the ventricles was
documented. Ventricular enlargement is common to ethanol-induced insult occurring
throughout the vulnerable early stages of embryogenesis (Godin, et al., 2010; O’Leary-
Moore, et al., 2010; Parnell, et al., 2009). It is possible that at least some of the ventricular
enlargement may be a result of a generalized developmental delay, suggesting that with
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continued growth it may resolve. However, based on the shape changes observed in the
ethanol-exposed subjects, it is clear that some areas of the ventricles are affected far more
than others. These shape changes, particularly in the third ventricle, are expected to be
indicative of abnormalities in the surrounding tissue, such as the thalamus and
hypothalamus; areas that warrant further detailed examination.

Ethanol-induced shape changes were also documented in brain regions that had no
observable changes in volume. The hippocampus and cerebral cortex appeared the most
significantly affected, indicating that changes in behavior, learning and cognition might be
expected. In contrast to the primarily lateral shape changes in the cerebral cortex, nearly
every aspect of the hippocampus was affected. It is notable that the previously described GD
8 ethanol exposure resulted in significant hippocampal hypoplasia, while the GD 9 exposure
altered the hippocampal shape in the absence of volumetric change. Importantly, human
FASD imaging studies indicate that analyses of volume alone are inadequate to account for
the neurobehavioral effects of ethanol and that significant ethanol-induced changes in
regional brain shapes can occur in the absence of volumetric changes (Archibald, et al.,
2001; Astley, et al., 2009; Joseph, et al., 2012).

Both the volumetric and shape analyses conducted in this study have highlighted ethanol-
induced changes in symmetry, with the right side being more severely affected than the left.
This is true for the hippocampus, cerebral cortex, olfactory bulb, lateral ventricle, and
striatum, the latter of which consistently demonstrated severe right-sided dysmorphology in
the absence of a left-sided affect in the ethanol-exposed animals. This right-sided
predisposition involving the hippocampus and olfactory bulbs has previously been
documented following acute GD 8 ethanol exposure in mice (Parnell, et al., 2009). Other
studies in this mouse model have demonstrated that right eyes and limbs are affected by
early gestational ethanol exposure nearly twice as often as the left (Chen, et al., 2004; Cook,
et al., 1987; Parnell, et al., 2006). Asymmetries have also been observed in many patients
with FAS, as documented in reports of disproportionate reductions in the size of the left
hippocampus and frontal lobes, along with alterations in the normal cortical gray matter
patterns (Reinhardt, et al., 2010; Riikonen, et al., 1999; Sowell, et al., 2001; Sowell, et al.,
2002). In addition to the brain, the craniofacies of individuals with FAS may be asymmetric.
In this regard, a recent human study based on high-resolution laser facial scanning and
morphometric analysis software has shown a shift of some midline facial features to the
right while landmarks around the eye are shifted to the left with overall facial asymmetry
(Jackson and Hussain, 1990; Klingenberg, et al., 2010). Interestingly, asymmetric
dysmorphology is common in other developmental disorders such as autism spectrum
disorders (ASD), schizophrenia, attention-deficit/hyperactivity disorder (ADHD) and
CHARGE syndrome (Davenport, et al., 1986; Gourion, et al., 2004; Hammond, et al., 2008;
Herbert, et al., 2005; Riva, et al., 2011; Shashi, et al., 2004; Shaw, et al., 2009; Stevenson, et
al., 2006). Exploration of the cellular and molecular basis for these asymmetries is expected
to lead to a better understanding of ethanol’s teratogenic mechanisms and of the myriad
gene/environment interactions that contribute to FASD.

In conclusion, the results of this study add to the increasing body of evidence demonstrating
that even small changes in the timing of prenatal ethanol exposure can result in differing
patterns of CNS dysmorphology in mice. Regional brain volumetric and shape alterations
resulting from acute ethanol insult at a time corresponding to the mid to late fourth week of
human gestation are documented. Overall, these results are important for prevention efforts,
emphasizing the need for pregnancy planning. They also provide a foundation for future
functional/behavioral analyses focusing on this ethanol exposure period.

Parnell et al. Page 7

Neurotoxicol Teratol. Author manuscript; available in PMC 2014 September 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Early gestational ethanol exposure induces stage-dependent brain abnormalities

• An acute GD 9 ethanol exposure reduces the volume of the cerebellum

• Ethanol exposure can result in shape abnormalities in the absense of volume
changes

• The right side of the mouse brain is more severely affected by ethanol than the
left
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Figure 1.
Manually segmented magnetic resonance microscopy (MRM)-derived images of the GD 17
mouse brain. A representative coronal MRM view (a) demonstrates the high resolution made
possible with this imaging technology. Manually segmented MRM scans are regionally
color-coded (b). 3-D reconstructions are generated (c) for use in evaluating gross
morphology, calculating regional volumes and analyzing potential shape changes. Notice
that the upper left quadrant of the reconstructed brain was removed to allow for visualization
of the internal structures.
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Figure 2.
Ethanol-induced regional volumetric changes as a percentage of total brain size. The GD 9
ethanol exposure reduced the volume of the cerebellum (a), while at the same time
increasing the volume of the lateral, 3rd, and mesencephalic and 4th ventricles (b). There
were no significant volumetric differences between the ethanol and control groups in the
cerebral cortex, diencephalon, mesencephalon, pons/medulla (c), hippocampus, septal region
or striatum (d). * = p < 0.05.
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Figure 3.
Ethanol-induced shape changes in the fetal mouse brain. In this figure, areas color-coded as
blue are statistically unchanged between control mice and those exposed to ethanol; areas
color-coded yellow are slightly significantly different between the two groups (p < 0.05);
areas color-coded orange have more significant shape changes (p < 0.01); and areas color-
coded red have changes that are highly significant (p < 0.005). The yellow letters indicate
right (R), left (L), and the arrows point anteriorly. Ethanol exposure during neurulation
significantly altered the shape of the cerebellum (a–b, superior and inferior views,
respectively). While ethanol did not induce hypoplasia of the hippocampus, it did
significantly affect its shape (c, left-lateral; d, left-medial; e, right-lateral; f, right-medial).
Other affected regions include the cortex (g, left-lateral; h, left-medial; i, right-lateral; j,
right-medial), lateral ventricles (k, left-lateral; l, left-medial; m, right-lateral; n, right-
medial), third ventricle (o, left; p, right) and the right striatum (q, lateral; r, medial).
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Table 1

Linear Measurements

Measurement (mean ± sem) Control Ethanol

Crown-rump length (mm) 16.16 ± 0.26 15.42 ± 0.44

Mid-sagittal brain length (mm) 5.19 ± 0.24 5.79 ± 0.27

Cortical width (mm) 4.44 ± 0.04 4.44 ± 0.05

Frontothalamic length 59.56 ± 2.34 54.57 ± 2.04

Olfactory bulb length

 Right 14.81 ± 0.94 13.40 ± 0.93

 Left 14.54 ± 0.73 13.18 ± 0.87

Olfactory bulb width

 Right 18.16 ± 0.57 17.48 ± 0.64

 Left 18.14 ± 0.40 17.58 ± 0.29

Septal region length 21.58 ± 0.82 20.21 ± 1.56

Septal region width 23.34 ± 0.22 25.51 ± 0.30*

Pituitary width 24.02 ± 0.71 25.01 ± 0.86

Third ventricle width 6.31 ± 0.41 7.03 ± 0.36

Cerebellar width 73.02 ± 0.77 71.78 ± 0.51

Ocular width

 Right 27.52 ± 0.51 27.84 ± 0.77

 Left 27.41 ± 0.46 26.92 ± 0.96

Linear measurements in control and ethanol-exposed fetal mice. Crown-rump length, mid-sagittal brain length and cortical width data are presented
in real mm measurements. All other data is expressed as a percentage of either mid-sagittal brain length (for anterior/posterior measurements) or
cortical width (for left-right measurements). Only the width of the septal region was significantly different between ethanol-exposed subjects and
controls.

*
Indicates p < 0.05
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