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Abstract

Alcohol consumption during pregnancy causes Fetal Alcohol Spectrum Disorder (FASD), which
includes a range of developmental deficits. Fetal alcohol syndrome (FAS) is the most severe form
of FASD and can be diagnosed with pathognomonic facial features (smooth philtrum, short
palpebral fissure, and thin upper vermilion). However, many children with developmental damage
due to prenatal alcohol exposure exhibit no, or only a subset, of the above features, making
diagnosis difficult. This study explored novel analyses to quantify the effect of a known dose of
alcohol on specific facial measurements in sub-strains C57BL/B6J (B6J) and C57BL/6NHsd
(B6N) mice. Mouse dams were provided alcohol (Alc) consisting of 4.8% (v/v) alcohol in a liquid
diet for 16 days pre-pregnancy, chow and water diet during mating, and the alcohol liquid diet
reinstated on gestational days 7(E7) to E17. Treatment controls included a pair-fed (PF) group
given matched volumes of an alcohol-free liquid diet made isocalorically, and a group given ad lib
access to lab chow and water (Chow). Maternal diet intake (Alc and PF), blood alcohol
concentrations (BACs), embryo weights, and 15 morphometric facial measurements for E17
embryos were analyzed. B6N dams drank more alcohol during pregnancy and generated higher
BAC than B6J dams. Both the Alc and PF treatments induced significant reductions in embryo
weights relative to Chow in both sub-strains. Alcohol treatments produced significant changes,
relative to controls, in four of the 15 facial measures for the B6N sub-strain, but only in two
measures for the B6J sub-strain. Discriminant analysis demonstrated successful classification of
the B6N alcohol-exposed versus non-alcohol exposed embryos with high sensitivity (86%), and
specificity (80%), and overall classification (total correct 83%), while, B6J mice yielded
sensitivity of 80%, specificity 78%, and overall correct classification in 79%. In addition, B6N
mice showed significantly more effects of pair feeding on these facial measures than did B6J,
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suggesting that the B6N sub-strain may be more vulnerable to nutritional stress during pregnancy.
Overall, these data indicate that B6N and B6J mice were both vulnerable to alcohol but show
differences in the severity and location of alcohol-induced dysmorphic facial features and may
parallel findings from human studies comparing different ethnic groups. Furthermore these
findings suggest that discriminant analysis may be useful in predicting alcohol exposure in either
mouse sub-strain.

Keywords

facial development; genetic variance; morphometrics; anthropometry; diagnosis; craniofacial;
translational study

Introduction

Excessive alcohol consumption during pregnancy may cause many adverse developmental
effects in the conceptus that are now recognized as a spectrum of cognitive, behavioral, and
structural abnormalities termed Fetal Alcohol Spectrum Disorders (FASD; Barr and
Streissguth, 2001; Goodlett et al., 2005; Hoyme et al., 2005; Sokol et al., 2003). Effective
clinical diagnosis of FAS/FASD depends, in part, on a distinct set of abnormal facial
features (smooth philtrum, short palpebral fissures, and thin upper vermilion) (Astley, 2006;
Bertrand et al., 2005; Jones and Smith, 1973; Loock et al., 2005). Optimal clinical
management requires early diagnosis, since early intervention improves outcome and facial
dysmorphology becomes less distinct with age (Streissguth et al., 1991). Many FASD
patients demonstrate only a small subset of dysmorphic features, with varying degrees of
expression, and to date clinical diagnosis of cases with less obvious dysmorphology is not
reliable (Hoyme et al., 2005). Additional complications in diagnosis of FASD arise from
differences in facial dysmorphology that vary as a function of ethnicity (Moore et al., 2007).

Over the last several years published diagnostic guidelines for FAS/FASD have included;
Institute of Medicine (IOM) guidelines (Stratton et al.,1996), FASD 4-Digit Diagnostic
Code (Astley and Clarren, 2000), Center for Disease Control and prevention (CDC)
guidelines (Prevention, 2004), Hoyme FASD guidelines (Hoyme et al., 2005), and Canadian
FASD guidelines (Chudley et al., 2005). All require distinct criteria for alterations in
growth, facial dysmorphology, and central nervous system abnormalities. Diagnosis of facial
dysmorphology in these guidelines, encompass all or a partial set of distinct facial features;
including a smooth philtrum, short palpebral fissure, and thin upper vermilion. In addition, a
flat mid-face is a dysmorphic criteria in the IOM guidelines. Current diagnostic methods for
human facial features in FAS/FASD use direct clinical observation (Jones and Smith, 1973),
scored assessment of two dimensional photographs (Astley, 2001; Astley, 2002), or
craniofacial anthropometry (or other morphometric techniques) combined with multivariate
analysis to assess sets of distinct facial alterations that may be used to classify FASD over a
wide age range (Moore et al., 2001, 2002, 2007).

Although each method is generally suited for diagnosing fullblown FAS when the cardinal
facial features are evident, facial anthropometry has been shown to have advantages for
identifying FASD in cases with less obvious or minimal clinical facial features (Ferrario et
al., 1998; Hurwitz et al., 1999; Moore et al., 2001). Variations in facial phenotypes across
ethnic groups also complicate the diagnosis of FAS. For example, a recent study using facial
anthropomorphometry to classify FAS and control cases using discriminant analysis of 16
different facial measures in 4 different groups (North American Caucasian, African-
American, Finnish Causian, Cape Coloured of South Africa, not matched for age) found that
FAS and control cases could be classified with relatively high sensitivity and specificity in
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each group, but the discriminant analysis relied on different, unique combinations of
measures for each group to achieve the best results (Moore et al., 2007). This earlier study
suggested ethnic variation but, due to a wide variation in the ethnic population in terms of
age and demographic features, may not account for all differences seen in discriminant
analysis. These findings suggest that the particular features of facial structure that provide
the most reliable diagnostic discrimination of facial dysmorphology may vary with ethnicity,
genotype, age, nutrition, behavior and/or varied combinations of these factors. Relatively
little is known about the contribution of these factors or developmental differences to
variations in the expression of alcohol-induced facial dysmorphology, and animal studies
offer a model to identify how these factors modify or regulate the effects of prenatal alcohol
exposure on craniofacial morphogenesis.

Facial dysmorphology results from alcohol exposure during critical periods of embryonic
development, and studies using chick, rat and mouse models of prenatal alcohol exposure
demonstrate a strong connection between the emergent facial dysmorphology and the
induction of apoptosis and altered migration of neural crest cells (Cartwright and Smith,
1995; Chen et al., 2000; Sulik, 2005; Sulik et al., 1986). Recent studies using mouse models
of FASD, with controlled dose and timing of alcohol exposure, have demonstrated
distinctive structural alterations in head and face development (Goodlett and Horn, 2001;
Ogawa et al., 2005; Zhou et al., 2003). Studies using C57BL/6 (B6) mice demonstrate some
distinct facial dysmorphology that parallels human dysmorphology (Johnson 1998, Sulik,
1984; Swayze, 1997), and it has been suggested that craniofacial dysmorphology correlates
with CNS abnormalities (Parnell et al., 2006; Parnell et al., 2009). Mouse models provide a
means to study how alcohol exposure alters morphogenetic processes to produce a specific
set of abnormal facial features, and to assess the extent to which the altered development of
the face is associated with alterations in CNS structure and function. Mouse models in
FASD facial dysmorphology provide the crucial experimental capability of controlling and
manipulating the dose and developmental timing of the alcohol exposure, thereby allowing
for dose-effect analyses and differences associated with the developmental stage of
exposure. Information from mouse studies can then inform efforts to improve clinical
diagnosis of FASD when the phenotype is only partially expressed, by developing
quantitative means to identify patterns of facial and CNS abnormalities that may be
translated to apply to clinical diagnosis in a quick and cost-effective manner.

Although several strains of mice have been assessed for teratogenic effects from alcohol, the
C57BL/6 strain will drink ethanol with high avidity, and ethanol exposure in B6 mice under
varied conditions alters craniofacial features defining an FAS phenotype. (Khisti et al.,
2006; Ogawa et al., 2005; Sulik, 2005), including alterations in brain, body and behavior. To
investigate how similar doses of alcohol can result in varied FASD facial dysnmophology,
we controlled dose of alcohol exposure during a specified treatment period and examined
two sub-strains of B6 mice, C57BL/6J (B6J, The Jackson Laboratories, Bar Harbor, Maine)
and C57BL/6NHsd (B6N, Harlan Sprague Dawley, Indianapolis, IN) which derived from
same ancester and separated over hundreds of generations. Previous studies have reported
dysmorphic facial features for both sub-strains (Parnell et al., 2006; Sulik, 2005; Degitz et
al., 2004; Ogawa et al., 2005). Our choice of these two sub-strains was further influenced by
the known genetic/phenotypic differences reported by Harlen, Jackson Lab and other studies
on comparative analysis in genotype and behavior (Green et. Al. 2008; Petkov et.al. 2004;
Byrant et. al. 2008). Current Jackson Laboratory comparisons suggest metabolic, bone
density, and body fat differences between C57BL/6J and C57BL/6N
(http://phenome.jax.org/pubcgi/phenome/mpdcgi?rtn=views/
twostrains_mpd&strains=7,138&diffmode=diff)
(http://www.harlan.com/online_literature/rms__animal_models.hl). Expression differences
in glucose metabolic genes (PFKL, PGK1, PKM2, NNT) also have been reported in 6BJ as
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compared to 6BN (Green et. Al. 2007; Petkov et.al. 2004). Most of all, the genetic
difference on DNA sequence alone does not account for the whole spectrum of rich
diversity. The environmental interaction influencing epigenetic marks could also be
transmitted through generations without affecting DNA sequences. These inbred sub-strains,
are likely to have accumulate epigenetic and other non-genetic differences, which might
collaboratively contribute to the phenotypic difference as well as differential vulnerability.
Furthermore, recent studies in our laboratory, and those of Sulik et. al. show distinguishalbe
differences in embryo facial dysmorphology, developmental progression, embryo weights,
and dam drinking behavior between these two sub-strains. For example, differences were
seen in palpebral fissure and eye development as well as gross morphology (Green 2007).
We evaluated the two sub-strains to determine whether they manifest differences in the
patterns of facial dysmorphology. These studies assessed alcohol intake, embryo weights,
and most of all the15 facial measurements derived directly from those used in previous
studies of human FAS (Moore et al., 2007; Hoyme et al., 2005; Astley, 2001; Astley, 2002),
using 2D linear anthropometric measurements on E17 embryos for both the B6J and B6N
sub-strains.

Materials and Methods

Subjects

Inbred B6N and B6J were used in the study. Adult (26 + 2 weeks old) nulliparous female
and male breeders of the B6N inbred strain (obtained from Harlan Sprague Dawley
Indianapolis, Indiana), or the B6J inbred strain (obtained from Jackson Laboratory, Bar
Harbor Maine) were treated as described below in parallel experiments. All mice were used
in accordance with NIH and Indiana University Animal Care and Use guidelines (IACUC)
and due care was exercised to assure minimal pain and discomfort. All research was
conducted in accordance with all local, state, national, and international standards for
Animal Care and Use. The mice were acclimated to a reverse light/dark cycle (lights on
10:00pm to 10:00am) for one week before treatment began. Animals not on liquid diet
treatment (see below) were given ad libitum chow and water.

Treatment Groups and Liquid Diet Administration

Our experimental paradigm consisted of three treatment groups designated as Alcohol, Pair-
Fed (PF), and Chow. All Alcohol treatments used alcohol concentrations of 4.8% v/v in
liquid diet [Purina Micro-stabilized Alcohol Diet (PMI), Purina Mills Inc., Richmond,
Indiana] as per suppliers’ instructions with 5% wi/v sucrose. Pair-Fed diets used the PMI diet
mixture with equal caloric maltose dextran (MD) (Isocaloric diets) as a substitute for alcohol
calories, and the volume of liquid diet intake was restricted to that of a matched dam from
the alcohol group throughout all treatments. All liquid diets were formulated at 1cal/ml and
were administered using a 35ml drinking tube (Dyets Inc, NY). Chow treatment was ad
libitum chow and water diet through pre- and pregnancy periods. Pre-pregnancy alcohol
started with 2.4% v/v liquid diet for two days then 14 days 4.8% v/v alcohol; Pair-Fed dams
were given volumes of isocaloric diet matched to the respective alcohol-consuming dam.
Animals were then placed on chow/water diets during alcohol withdrawal period of 4 days
and during the subsequent mating period. For timed pregnancies, 2 females were placed with
one male for a 2-hour period beginning at the start of the dark cycle (10:00am to 12:00
noon). Dams were checked for sperm plugs at the end of two hours and determined pregnant
at detection of sperm plug (embryonic day 0 E0). All animals were mated daily over a
period of no more than 3 weeks, at which time all animals were on ad libitum chow and
water diets, until plugs were detected. If no plug was found within this time frame, animals
were eliminated from the study. At embryonic day 7 (E7) pregnant dams were placed on
Chow, 4.8% v/v Alcohol, or PF as indicated above through the end of E16.
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Liquid Diet and Alcohol Intake

All PF and Alcohol treated dams were weighed and total volume (in ml), of a 4.8% v/v
liquid diet were recorded at 10am daily during both pre- and pregnancy periods. Drinking
measures (in g/kg) were obtained by converting the volume of 4.8% v/v alcohol liquid diet,
consumed each day, to grams of alcohol consumed then value divided by the dam’s body
weight (kg). The volume of liquid diet consumed by each group (Alcohol or PF) is also
reported as ml/kg £ SEM per day. Statistical analyses were performed using analysis of
variance (ANOVA).

Embryo Isolation

Under deep CO, euthanasia, embryos were harvested from dams at E17 (10am-12 noon) by
removal from the embryonic sack. Each embryo was immersion-fixed in 20 ml of 4%
paraformaldyhyde/PBS and stored at 4°C in fixative overnight.

Embryo Weight

Each embryo was weighed on a Sartorius R160P analytical scale, followed by toe clip
marking to maintain embryo identification between all images and facial measurements.
Differences in weight between treatments were tested using an ANOVA within each line.
Variability due to litter effect was accounted for by employing litter ID as a covariate nested
within treatment.

Blood alcohol Concentrations

A committed set of treated dams (N=8 for each sub-strain) were used to collect tail vein
blood for blood alcohol concentration analysis. Samples were collect during pre-pregnancy
treatment on days 3 and 7 and during pregnancy treatment on days 3 (E7) and day 10 (E17).
Blood samples were collected at two time intervals on each collection day at 2 hrs and 4hr
into the dark cycle (12 and 2pm). Blood samples (15 ul ) were collected in heparinized
tubes. and plasma was collected through centrifugation and stored at —80°C prior to analysis
with Gas Chromatograph ( GC, Agilent Technologies; model 6890 ). Each sample was
analyzed in duplicate.

Facial Morphometrics

2D Image Acquisition and Measurement—All 2D images were acquired using a
SPOT Insight color digital camera 3.2.0 (Diagnostic Instruments, Inc.) and run by SPOT
Advanced version 4.6 software. The camera was attached to a Leica MZFLIII
Stereomicroscope. The SPOT camera was calibrated to focal length, resulting in defined
sensor pixel to real distance conversions. Focal length, 1.25x10 (ratio of 169:1000um) was
used for all sample measurements. To attain proper consistency in lateral angles, embryo
sample were hold on Plexiglas head in a fixed position place and placed on a rotating dual
step motor system (Model MD-2, Arrick Robotics, Tyler TX). Five pictures were taken of
each sample including: 1) a fixed 10° tilt to the frontal view, defined by Frankfort
horizontal, 2) a top view to acquire bitragal measurement. 3) full frontal view defined as 0°
(nose forward defined as the line from the nasion through the middle of the nose pad
centered between the developing nasal cavities), (4 and 5) left lateral 70°, right lateral —70°,
using dual step motor. A total of 15 morphometric measurements were defined (Figure 3).
The facial morphometric measurements were performed using a computation vector after
calibration with known metrics. The shortest distance between the two reference points was
acquired. Linear facial measurements (depicted in fig. 3) were taken for each sub-strain and
included width, height, and depth measurements analogous to those obtained in human
studies. The muti-angle 2-D analysis of facial images has previously been demonstrated to
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predict the control and alcohol-treated mice in the same treatment paradigm (Fang et al.,
2009).

For translational study, the mouse embryological analogue of facial anthropometry
previously studied for FAS diagnosis (Moore et al., 2007) was adopted. For this purpose, the
15 facial measurements were matched with measurements in human studies. Because of the
obvious differences in facial morphology and the fact that our test subjects were embryos,
some of the measurements e.g. whisker pad, nasal length, nasal bridge length, columella,
could only approximate features found in humans. Only the left side of all bilateral
measurements was used in the analyses (to avoid bias by camera capture through a single
lens pathway on microscopic). Facial measurement outliers deviating more than three
standard deviations as a result of measurement error within each treatment for each sub-
strain were excluded. In addition, measurements due to overdeveloped embryos (plugs
missed at EO and detected at E1) and those showing deformation from embryo isolation
were excluded. The Frankfort Horizontal (FH) was used as reference line to position five
measurements, minimal frontal width, outer canthal width, inner canthal width, and
palpebral fissure length. FH on mouse was defined as the line that connects the lowest point
in the outer lower margin of the bony orbit, and the center of the auditory canal. To define
nasion, we used the line created for inner canthal width and determined a center point, as
nasion. Statistical analysis is presented below.

Maternal Variables and Embryo Weights—All analyses were performed using SAS
software (v. 9.1.3, Cary, NC). Daily maternal alcohol intake (measured in g/kg) and volume
(measured in ml/kg) were analyzed separately for the pre-pregnancy and pregnancy period
using repeated measures analysis of variance (ANOVA) models with sub-strain (B6N or
B6J) as a grouping factor and day as the repeated measure. In addition, maternal weight
gain, defined as the difference in dam weight from E7 to E17 was analyzed using an
ANOVA with strain and treatment as between group factors. Since the alcohol and PF
groups were matched only within sub-strain, differences in embryo weights due to treatment
effects (alcohol, PF, chow) were tested separately within each strain using an ANOVA.
Variability due to litter effects was accounted for by employing litter as a nested effect
within treatment for all ANOVA models. Comparisons between treatments were performed
as post-hoc tests using the Tukey-Kramer correction for multiple testing within each strain.
The potential for the pair feeding procedures to affect the two strains differently was tested
with a second ANOVA model using a two-way factorial ANOVA with the control (non-
alcohol) treatments (Chow or PF) and sub-strain (B6N or B6J) as between-group factors.

Analysis of Facial Measurements—The 15 lineal facial measurements obtained in the
E17 embryos were grouped according to the three dimensions, facial widths, depths, and
lengths. To minimize the number of tests performed, a multivariate ANOVA (MANOVA)
was first performed to test for an overall effect of treatment (p<0.05 from Hotelling’s T2
test) within each sub-strain, using the vector of all 15 facial measurements as the dependent
variable. Given the significant effect of treatment, univariate ANOVAs were performed for
each measure (litter nested within treatment) with the alpha level adjusted to 0.0033
(=0.05/15). For any measure meeting the adjusted alpha level on the univariate test, the pair-
wise comparisons among the three treatment groups within the measure were performed
using the Tukey-Kramer procedure, which adjusted for the three pair-wise comparisons. The
mean + sem and p-values from this analysis for the two sub-strains are shown in Tables 1
and 2 respectively. A total of 15 tests were performed within each sub-strain, therefore a
Bonferroni corrected alpha = 0.0033 was used as the treatment significance threshold of
each facial measurement univariate ANOVA. Pairwise differences between treatments were
examined in facial measurements with a treatment p-value less than this threshold utilizing a
Tukey-Kramer correction for multiple testing. Differences in measurements between sub-
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strains for the non-alcohol treated animals were tested using an individual analysis of
variance (ANOVA) model with with sub-strain (B6N or B6J) as the independent variable. A
corrected alpha of 0.05/15=0.0033 was used for each ANOVA.

Discriminant Analysis—As indicated earlier, one of the goals of the study was to
compare the results in this mouse model of FAS with the results of clinical anthropometry
measurements (Moore et al., 2007). A similar discriminant analysis was used to identify
which combination of facial measurements would best classify the embryos as being
exposed in-utero to alcohol, compared to all embryos that were not exposed to alcohol. To
examine effects in dysmorphology due to nutrition, a discriminant analysis was used to
compare the PF animals to the Chow animals. Correct classification rates were compared
between the two sub-strains using a z-test of proportions. To ensure the best possible model,
forward, backward and stepwise models were employed. SAS inherently omitted individuals
with missing data for any one measurement. Correct classification results are reported as
sensitivity (% of alcohol exposed embryos correctly classified), specificity (% non-alcohol
exposed (Chow or PF) embryos correctly classified), and overall correct classification (% all
embryos correctly classified). Classification percentages were based on cross-validation
results, in which one observation is omitted and the classification function was estimated
based on the remaining n-1 observations. The data from the omitted observation was used in
the estimated classification function and the resulting classification recorded. This was
repeated for all observations. Results based on the backward models used fewer
measurements, with only a slight loss of correct classifications; therefore, results from the
backward models are reported below.

Maternal Intake, BAC, and Weight

Daily alcohol intake (g/kg) for the two sub-strains is shown in Fig. 1A and 1B (pre- and
during-pregnancy exposure), and the daily volume of liquid diet consumption (ml/kg) is
shown in Fig. 1C and D. The 4.8% (v/v) alcohol was adopted to reflect a moderate chronic
drinking paradigm in humans with consumption generating BAC at an average of 120 mg/
dL (4.8%). It has been demonstrated that a liquid diet model with BAC at 80-150mg/dL
cause gross retardation and head size reduction. The alcohol level of 4.8% was used to gain
additional insight on dose effect on facial dysmorphology. Before pregnancy, the dams of
both strains significantly increased their alcohol intake over the first week of exposure [main
effect of day on g/kg intake, F(15, 3) = 16.6, p=0.02, and on volume, F(15,3) = 12.2.,
p=0.03]. However, there were no main or interactive effects of strain for g/kg alcohol intake
or volume for the pre-pregnancy period (all p>0.08). BAC ( Fig 2a) demonstrated a higher
significant blood alcohol in B6N compared to B6J in pre-pregnancy with all times examined
(‘averages, B6N 128 g/dl + 8, B6J 63 mg/dl = 6 mg/dl: p<0 .01) In the pregnancy period, the
B6N dams drank more than the B6J dams [F(9,9) = 3.3, p=0.05 for g/kg alcohol intake;
F(10,8) = 3.52, p=0.04 for volume], associated primarily with higher intakes during the first
and last few days of exposure to the alcohol liquid diets during pregnancy (day x line
interaction, g/kg F(9,9) = 3.15, p=0.05; volume F(9,9) = 3.48, p=0.04). All p-values are
reported in Figure 1. BAC during pregnancy were considerably reduced in both sub-strains
for our time periods of collection with B6N showing significant differences only after 4 hrs
into the dark cycle ( averages in pregnancy period C6N 50 = 5 mg/dl, C6J 21+6 mg/dl: Fig
2a). For maternal weight gain during pregnancy (E7-E17 weights), there were no significant
effects of treatment on sub-strain (Fig 1). Total number of litters are; Nalc= 7, NPF= 11,
NChow= 12 for B6J: and Nalc= 12, NPF= 9, NChow= 7 for B6N.
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Embryo Weights

There were significant treatment effects on weight within each sub-strain revealed for both
the B6N and B6J mice [F(2,90)=67.5 and F(2,95)=19.8 respectively; both p<0.0001]. Post-
hoc tests for each sub-strain demonstrated significant differences in embryo weights
between Alcohol and Chow treatments and between the PF and Chow treatments (all
comparisons p<0.0001). Alcohol and PF groups did not differ significantly from each other
within either sub-strain (p>0.92). As seen in Fig. 2b, within each sub-strain the treatment
effects were due to the lower weights of the embryos from the Alcohol and PF dams relative
to those from the Chow dams. Moreover, the liquid diet procedure resulted in comparable
embryo weights in the Alcohol and PF groups (within sub-strain) on E17. However, embryo
weights differed in the two sub-strains in terms of the effects of consuming the control liquid
diet. A two-way ANOVA of embryo weights using the Chow and PF groups and the two
sub-strains confirmed a significant sub-strain X treatment interaction [F(1,122)=44.9
p<0.0001] as well as significant main effects of treatment [F(1,122)=49.3, p<0.0001] and
sub-strain [F(1,122)=10.2, p=0.002]. The Chow group of the B6J sub-strain had higher body
weights than the Chow group of the B6N sub-strain (p=0.0001). More importantly, the B6N
PF mice (given control liquid diet) had greater reductions in embryo weights (relative to the
respective Chow group) than did the B6J mice. Results are based on sample size: NAlc = 37,
NPF = 44, NChow = 40 for B6N embryos; and NAlc = 54, NPF = 41, NChow = 28 for B7J
embryos. Mean e+ SEM weight for the E17 embryos of the two sub-strains are shown in
Fig. 2 (B6N, n=121; B6J, n=123).

2D Facial Measurements

The mean and standard errors for each of the 15 facial measurements across treatment
groups for each sub-strain are shown in Table 1. The only difference between sub-strains for
the chow treated animals was in philtrum length (p=0.002). The pair fed animals were
different for most of the width measurements (minimal frontal, bitragal, bigonial, inner
canthal, outer canthal, whisker pad, columella, all p<0.0001), upper facial depth (p=0.001)
and nasal length (p=0.0005). Columella width was larger in the B6N mice but all other
differences show larger B6J measurements. The MANOVA models, testing overall
treatment effects, yielded significant treatment effects both for the B6N sub-strain
(Hotelling’s Lawley-Trace = 2.67, F(30, 70)=3.67, p<0.0001) and the B6J strain
(Hotelling’s Lawley-Trace = 3.86, (F30,65)=4.92, p<0.0001). In the B6N sub-strain,
significant treatment effects were found for all facial measurements (all p<0.0019) except
lower facial depth, philtrum length, and lower facial height (all p>0.20). As shown in Table
2, significant differences in the follow-up pair-wise comparisons were observed between the
Alcohol and Chow (8 measurements), Alc and PF (8 measurements) and Chow and PF (7-
measurements) (all p<0.03). However, four measures were identified in the B6N strain for
which the Alcohol group differed significantly both from the PF and the Chow group—
upper facial depth (both p<0.03), mid-facial depth (both p<0.008), nasal length (both
p<0.0001), and nasal bridge (both p<0.01). In contrast, the B6J strain showed fewer
measures with significant treatment effects (whisker pad, upper facial depth, mid-facial
depth, and lower facial height, all p<0.002; see Table 2), and only two measures were
identified in the B6J strain in which the Alcohol group differed significantly from both the
PF and the Chow groups (upper facial depth, and mid-facial depth both p<0.0001). Thus,
significant effects specific to alcohol treatment, (i.e., the Alcohol group differed from each
respective control group), were identified for two measures of facial depths (upper facial
depth; mid-facial depth) in both sub-strains, but only the B6N strain showed significant
effects on two other facial height measures (nasal length; nasal bridge). The two strains
showed markedly different patterns of facial alterations comparing the PF and Chow groups.
In particular, the B6N sub-strain showed a significantly greater vulnerability to the pair
feeding procedure (in terms of smaller facial measures) than did the B6J sub-strain. As
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shown in Table 1 and 2, the B6N PF group differed from the Chow group on 7 of the 8
width measures (all p<0.02), whereas the B6J PF group differed from its respective Chow
control only on the whisker pad measure (p=0.0001). These changes in embryonic facial
measures indicate that the PF feeding procedure had a greater impact on embryonic facial
development in the B6N sub-strain than in the B6J sub-strain on E17. This was not simply
due to any reduced caloric intake of the B6N PF dams relative to the B6J PF dams during
pregnancy, because the B6N dams actually consumed larger volumes of liquid diet (on a ml/
kg basis) than did the B6J dams [main effect of strain, F(10,8) = 3.52., p<0.05; strain X day
interaction, F(9,9)=3.48, p<0.04]. Interestingly, comparisons between Chow groups (overall
line effect across all measurements) demonstrated B6N Chow animals had overall
significantly larger measurements for all width measures except palpebral fissure, as well as
higher values for nasal length and upper face compared to C6J controls.

Discriminant Analysis of 2D Facial Measures

Discriminant analysis comparing PF to Chow animals in the B6N sub-strain demonstrated
perfect identification of the PF treated animals (100% correct) and 92% of the Chow treated
animals were correctly classified, using inner canthal, whisker pad, and lower facial depth in
the classification function. A similar discriminant analysis model in the B6J sub-strain
yielded slightly lower correct clasification rates of 85% for the Chow mice and 87% for the
PF mice. Measurements in the final model included outer canthal, whisker pad, upper facial
and mid facial depths. While the difference in correct classification of the Chow mice was
significant different (p=0.02), there was no significant difference in the correct classification
of Chow mice between the two sub-strains (p=0.18). Stepwise discriminant analysis (Table
3) was performed separately in each sub-strain using the 15 facial measurements, for which
mice were identified either as alcohol exposed or non-alcohol exposed (combining Chow
and PF mice). For the B6N sub-strain, classification of the alcohol-exposed embryos (n=28)
and non-alcohol exposed embryos (n=74) had the highest sensitivity (86%), specificity
(80%), and overall correct classification rate (83%) based on one width measurement
(bigonial), one depth measurement (lower facial depth), and one height measurement (nasal
length). In contrast, the discriminant function for the B6J mice produced the optimal
classification of alcohol and non-alcohol exposed embryos using no width measurements,
two depth measurements (upper facial, lower facial depth), and one height measurement
(nasal bridge). The discriminant analysis for the B6J mice yielded slightly lower significant
classification results (sensitivity = 80%, specificity = 78%, overall correct = 79%) than did
the discriminant analysis for the B6N mice. The sensitivities between the two sub-strains
were not significantly different (p=0.18), and the specificities were marginally different
(p=0.06). Additional discriminant analysis comparing alcohol-treated embryos to the PF
embryos, yielded similar discriminant functions but with higher correct classification values
for both the B6N sub-strain (% overall correct = 90%) and the B6J sub-strain (% overall
correct = 85%). Using variables from the final discriminant function (Table 3), in
conjunction with measurement values, (Table 1) we show in Figure 4 the representative
alcohol induced changes for each sub-strain. The sensitivities between the sub-strains were
significantly different (p=0.02), while the specificity were marginally different
(p=0.06).Comparison between Chow and PF were also examined for each sub-strain to
determine the extent of dysmorphology associated with liquid diet. In B6N, classification of
chow (N=34) and PF (n=38) was sensitivity (90%), specificity (85%), and overall correct
classification rate (87%) based on 3 measurements; inner canthal and whisker pad widths
and lower facial depth. Compared to B6N, classification of B6J required 8 measurement
parameters to achieve sensitivity (92%), specificity (100%), and overall correct
classification rate (96%) based on outer canthal and whisker pad widths, upper and mid
facial depths, and all 4 height measurements (chow, n=19; PF, n=38).
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Discussion

Given the difficulty in controlling for facial variation in human subjects and the reliability of
alcohol intake information, this animal model allows for studies of facial alterations related
to specific timing and dose of alcohol cast against two closely related substrains of mice.
Furthermore, establishing mouse facial measurements correlates to human embryological
analogues of anthropometry and allows for future analysis of contributing factors specific to
neurocrest and a given craniofacial dysmorphology.

Facial Morphometry: Population, Alcohol, and Nutrition

This study applied facial morphometric measures, derived explicitly from previous studies
of human facial dysmorphology in FAS (Astley, 2006; Hoyme et al., 2005; Moore et al.,
2007), to assess whether facial dysmorphology induced in E17 mouse fetuses can have
quantitative parallels to facial dysmorphology found in humans. In addition, similar to
human studies (Moore et al., 2007), the B6J and B6N demonstrated not only common but
also differential facial morphometric alteration to alcohol. First, there is a minimal baseline
morphometric difference between the B6N and B6J, except a single difference in philtrum
length (comparison between Chow groups of the two sub-strains; p=0.002). It indicates that
there is significant stability in basal facial morphometry phenotype between B6N and B6J.
The philtrum length however is independent measurement to the philtrum depth used as a
prime facial feature in FAS. Second, Alcohol induced similar facial morphometric
alterations in B6N and B6J. Shared effects were found in mid-facial and upper facial depths
that are consistent with the “flattened mid-face” reported as part of the human FAS facial
anthropometry (Moore et al., 2001; Moore et al., 2007), and as part of the diagnostic criteria
for FAS facial dysmorphology in the IOM guidelines ( Stratton et al., 1996). More
specifically, differences between alcohol-treated and control mice (both PF and Chow) were
identified in both sub-strains in upper facial and mid-facial depth measures. On the other
hand, differential morphometric vulnerability were also noted; the B6N showed two
additional alcohol-induced facial height morphometric alteration, than B6J, in nasal length
and nasal bridge length. This observation is in contrast to previously observed greater
vulnerability in ocular dysmorphology in B6J than B6N (Green 2007). Third, a distinct
difference was found between these sub-strains with pair feeding of a control liquid diet
comparing Chow to PF groups for each sub-strain. For B6N animals, all PF measurements
were lower then chow controls with the exception of columella. In B6J animals, measures in
PF animals, versus Chow, were lower with the exception of columella, bigonial, nasal
length, and three depth measurements ( lower, mid, and upper facial). Comparison of
differences in PF groups between sub-strains demonstrated a more severe embryonic growth
restriction in B6N animals compared to B6J. There were statistically larger values in B6J
animals compared to the B6N PF group for all width measurements with the exception of
palprebral fissue, as well as upper facial depth, and nasal length. This suggests a strong
dietary effect from PF liquid control diets in BEN mice that is not as distinct in B6J mice. To
our knowledge, this is the first report showing possible sub-strain differences on alcohol-
induced dysmorphology in the response to liquid diet pair feeding in these two closely
related mouse sub-strains. It suggests that different sub-strains demonstrate a differential
dietary effect that could effect alcohol susceptibility and induce variations in [alcohol-
exposure rendered] facial dysmorphology. We believe that nutritional disparity can
contribute to the alcohol induced dysmorphology in FASD.

Translational study in Mouse and Human FASD

Pertinent to our goal of developing analytic procedures useful in developing a model for
translational studies between mice and humans, current study with discriminant analysis
performed in the same manner in human as that used in the study by Moore et al. (Moore et
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al., 2007) was able to classify the alcohol-exposed and non-exposed embryos with good
sensitivity (prediction of alcohol exposure) and specificity (prediction of control). We found
different sets of measures were needed in the two sub-strains to achieve optimal
classification outcomes. This data mirrors, in part, the outcomes reported in human
anthropomorphic analysis over ethnic background, in which four different discriminant
functions were needed to effectively classify FAS and control cases in four different ethnic
groups (North American Caucasian; African American; Cape Colored; Finnish Caucasian)
(Moore et al., 2007). Although not necessarily comparable to human ethnic diversity, the
B6N and B6J are closely related substrains and do have different aspects in yet to be defined
genetic or epigenetic background. The C57BL/6J mouse strain, developed in 1921, was
acquired by the Jackson Laboratory in 1948. The NIH acquired this strain in 1951 and has
been maintained separately from the Jackson Laboratory line since this time. Harlan Sprague
Dawley received their C57BL/6 line through the NIH (C57BL/6N) several generations after
it’s acquisition from Jackson. Although these two sub-strains have been portrayed as
genetically similar, undefined differences have accumulated over generations
(http://phenome.jax.org/pubcgi/phenome/mpdcgi?rtn=views/
twostrains_mpd&strains=7,138&diffmode=diff)
(http://www.harlan.com/online_literature/rms__animal_models.hl) (Bryant et al., 2008;
Datta et al., 2008; Green 2007, Knudsen 2008, Petkov et. al). It is thus noteworthy that these
differences may impact the particular characteristics important to both drinking behavior and
the teratogenic effects from alcohol in these two sub-strains associated with spectrum of
facial dysmorphology in FASD. Studies by Khisti et al (Khisti et al., 2006) demonstrated a
similar finding for differences in alcohol intake and measures of alcohol craving behavior
when comparing C57BL/6NCrl and C57BL/6J mice. To the extent that different genotypes
can be shown to contribute either to differences in maternal alcohol drinking or metabolism,
or to susceptibility of the fetus to induction of FASD phenotypes (Bennett et al., 2006;
Downing et al., 2009), then the differential expression of genetic or epigenetic variations
may be potential contributing factors to the divergence of FASD phenotypes.

Abnormalities in the morphological development of the face have been critical as part of the
diagnostic criteria of fetal alcohol syndrome (FAS) since its original identification (Jones
and Smith, 1973). In all human diagnostic guidelines to date, the conventional
pathognomonic facial feature of FAS include all or part of a set of facial alteration including
smooth philtrum, short palpebral fissure, thin upper vermilion and flat mid-face (Astley,
2006). Variations in diagnosis of facial alterations in each model suggest more stringent
palpebral fissure criteria to be more predictive (Astley, 2006). Using a mouse model, Parnell
et al. (Parnell et al., 2009), showed that an alcohol exposure C57BL6J demonstrated altered
eye development, however, this study did not measure distance or diameter. Sulik and
colleagues (Sulik, 1984) demonstrated that high doses of ethanol from intra-peritoneal
injections in C57BL/6J mice during very specific periods of early embryonic development
(centered around embryonic day E7) could induce abnormal facial development in
embryonic mice that parallel the facial dysmorphology seen in cases of human FAS. Our
model demonstrated a distinct biological alcohol effect evident in flat mid-face features in
both sub-strains. Although we have tried to parallel facial feature measurements between
humans and our mouse model, upper vermilion and philtrum features are difficult to
evaluate in mice at this age. In addition, the lip-philtrum guide from the University of
Washington establishes a 4-5 scale for FAS diagnosis; yet age, ethnicity, and facial
expression may contribute to confounding factors. We therefore, suggest that further
examination of these two parameters, vermilion and philtrum, will require the use of a scale
analogous to human analysis, and may add discriminate features for better overall
classification.
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In summary, The current study is the first in using a facial morphometric analysis in parallel
to anthropometry to diagnose the FASD under a known specific dose and timing of alcohol
exposure. In particular, the conditions of ethanol exposure (including dose, pattern, and or
duration during embryonic development) mimics chronic alcohol exposure among human
subjects, precluding underlying effects (e.g., genetic or maternal factors such as metabolism)
allowing for an appropriate model for examination of dysmorphic facial phenotypes. Our
results demonstrate that it is possible to detect distinct facial effects from oral alcohol
consumption of specific levels in mice, and that these effects differ in part between the two
sub-strains. This supports the use of these procedures in experimental mouse models to
better define how risk factors, such as the conditions of ethanol exposure, stage of
development, or genetic variants of common ancestry, contribute to the variable facial
phenotype associated with prenatal alcohol exposure. In addition to the diagnosis, current
model further contribute a better understanding of the mechanisms of abnormal craniofacial
development potential for future application of timely treatment.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Alcohol consumption for B6N and B6J animal groups. 1a and b. Alcohol consumption was
recorded daily in both B6N and B6J, during pre-pregnancy 16 days (a) and post-pregnancy
(b) E7-E17. Daily means -+ SEM are reported in g/kg intake. N=30, B6N, and 45, B6J, pre-
pregnancy, 15, B6N, 15, B6J, post pregnancy. Age of dams was 27 weeks prior to pre-
pregnancy treatment. 1c and d. Daily means -+ SEM of liquid diet volume consumed
reported in ml/kg. Table (e) reflect differences in total g/kg intake both pre and post
pregnancy. (*) Denotes significant difference. Table (f) reflects alcohol treated dam weights
for each sub-strain reported as mean + SEM.
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A. Chart of blood alcohol concentrations (mg/dl) analized using gas chromatography. Data
is reported as MEAN * SEM with an N=8 for each sun-strain. (*) Denotes significant
differences between sub-strain using student t-test. B. Histogram of E17 embryo weights
from all treatment groups. Average weights for all embryos are reported in grams + SEM.
(*) Denotes significant difference by (ANOVA) within treatment groups compared to chow.
(**) Denotes difference between groups for designated treatment. N = 7,11,12 B6N, Alc,
PF, Chow, 12,9,7 B6J, Alc, PF Chow.
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Measurement Definition of Landmark
1. “Bitragal Width” - Top view, the distance from the left to right central auditory
canal parallel to a line perpendicular to the Frankfort Horizontal.

2.” Minimal Frontal Width” - Using Frontal view, the distance from the 12 o'clock

point on the left eye to the 12 o'clock point on the right eye using the Frankfort
Horizontal to define 12 o'clock point as a line perpendicular to horizontal.

3. “ Inner Canthal Width” - Frontal view, the distance from the 9 o'clock point on
the left eye to the 3 o'clock paint on the right eye using the Frankfort Horizontal
to define points as above.

4. ” Outer Canthal width” - Frontal view, the distance from the 3 o'clock point on
the left eye to the 9 o'clock point on the right eye, using Frankfort Horizontal to
define points and clock-wise, therefore the two most lateral points of the eyes.

5. “Palpebral Fissure” - Left lateral view at 700, the greatest distance of the eye
along a line parallel to the Frankfort Horizontal.

6. ” Upper Facial Depth" - From Left lateral view at 700, the distance from the
central auditory canal to the nasion.

7. “Mid-Facial Depth” - Left lateral view at 700, the distance from the central
auditory canal to the upper philtrum.

8. “Lower Facial Depth” - Lateral left view at 700, the distance from the central
auditory canal to the upper most frontal portion of the mandible.
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9. “ Nasal Length” - Left lateral view 700, distance from the nasion to the tip of nose.

10. “Nasal Bridge Length” - Left |lateral view 700, the distance from the nasion to

the dorsal philtrum.
11.  Bigonial Width” - Frontal view, distance between the two junctions of the
labium superior is (upper lip) and labium inferioris (lower lip).

12. “ Philtrum Length” - Distance between the dorsal and ventral extent of philtrum.
13. “ Lower facail Height” - Frontal view, the vertical line distance between upper

point of the philtrum andthe most posterior and frontal point of the mandible..

14. Wisker Pad Width” - Longest straight-line width measurement that crosses the

lower boarder of the nostril openings.
15. Columella” - A straight line from the inner aspect of each nasal passage.

Figure 3.
E17 embryos depicting 15 measurement landmarks used for 2D analysis. Distinct definitions
for landmark selects are described in methods table 1. N= B6N; alc 6, chow 12, PF 11 and

B6J: alc 12, chow 7, PF 9. Calibration scale is at 2000um.
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Figure 4.

Embryo photos showing changes in facial measurements used as predictors within the two
sub-strains. Red lines arrows indicate the type and direction of change for each sub-strain. In
all cases alcohol induced decreased measurements. Calibration is at 1000um.
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