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Abstract

Background—The most commonly used method to analyze congenital heart defects involves
serial sectioning and histology. However, this is often a time-consuming process where the
quantification of cardiac defects can be difficult due to problems with accurate section
registration. Here we demonstrate the advantages of using optical coherence tomography, a
comparatively new and rising technology, to phenotype avian embryo hearts in a model of Fetal
Alcohol Syndrome where a binge-like quantity of alcohol/ethanol was introduced at gastrulation.

Results—The rapid, consistent imaging protocols allowed for the immediate identification of
cardiac anomalies, including ventricular septal defects and misaligned/missing vessels.
Interventricular septum thicknesses and vessel diameters for three of the five outflow arteries were
also significantly reduced. Outflow and atrio-ventricular valves were segmented using image
processing software and had significantly reduced volumes compared to controls. This is the first
study to our knowledge that has 3-D reconstructed the late-stage cardiac valves in precise detail in
order to examine their morphology and dimensions.

Conclusion—We believe therefore that OCT, with its ability to rapidly image and quantify tiny
embryonic structures in high resolution, will serve as an excellent and cost-effective preliminary
screening tool for developmental biologists working with a variety of experimental/disease
models.
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Introduction

For many developmental biology researchers, the gold standard method for phenotyping
embryos in order to investigate anomalies such as congenital heart defects involves serial
sectioning and histology. However, this process has several drawbacks. First, it consumes
time and effort especially if there are large cohorts of embryos to be analyzed. Serial
sectioning is compromised if sections are lost, thus requiring a high level of skill to capture
the sections. In addition, analysis of cardiac structures and any related defects depends a
great deal on the orientation of the sample and the plane of the section, thereby complicating
the comparison of embryos. Finally, analysis through histopathology does not usually
involve the quantification of observed defects since 3-D reconstruction of embryonic tissues
can be difficult due to problems with section registration. Even episcopic fluorescent
imaging capture (EFIC), which involves the embedding of samples in paraffin and
automated image collection (Weninger and Mohun, 2002; Rosenthal et al., 2004; Weninger
and Mohun, 2007; Geyer et al., 2009; Mohun and Weninger, 2012), can take up substantial
time especially when dealing with large sample sizes. It may therefore be beneficial to
consider other technologies in order to streamline the investigation of high throughput
animal models with complex and possibly subtle defects during development. Non-
destructive 3-D imaging tools can be extremely valuable in providing a more
comprehensive, objective analysis of potential congenital defects while allowing the use of
further assays.

Currently there are multiple imaging modalities that could complement the histological
examination of embryonic models. Ultrasound is commonly used in the research
community, due to its relatively large imaging depth, its non-invasive high throughput
nature, and its ability to reliably interrogate cardiovascular function (Yu et al., 2004; Shen et
al., 2005; Spurney et al., 2006; deAlmeida et al., 2007; McQuinn et al., 2007; Tobita et al.,
2010; Simpson and Miller, 2011). However, the analysis of cardiac structures is complicated
by its limited 2-D imaging resolution (440 um axial resolution). Ultrasound biomicroscopy,
a new development in the field, has improved axial resolution (30 um) compared to clinical
ultrasound systems but is not quite ready for high throughput applications because of the
longer scanning protocol (Tobita et al., 2010; Moran et al., 2013). Micro-computed
tomography (micro-CT) is also non-destructive but has better imaging resolutions (10-15
um) than ultrasound (Degenhardt et al., 2010; Schambach et al., 2010; Tobita et al., 2010;
Cheng et al., 2011; Ritman, 2011), thus improving on the visualization of cardiac anatomy.
The technology is limited though by inconsistencies in sample staining with contrast agents
which can compromise the quality and resolution of the imaging (Cheng et al., 2011,
Hiraiwa et al., 2013). Furthermore, tiny structures like the cardiac valves cannot be
visualized in detail using micro-CT without the use of high-resolution systems that can add
substantially to image acquisition and image processing times. Another non-invasive
technology that has been used frequently for imaging animal models is micro-MRI (Yelbuz
et al., 2004; Petiet et al., 2008; Berrios-Otero et al., 2009; Cleary et al., 2009; Hogers et al.,
2009; French et al., 2010; Nieman and Turnbull, 2010; Tobita et al., 2010; Zouagui et al.,
2010). This method can provide relatively high resolution images (20-25 pm) without using
contrast agents or harmful radiation like micro-CT. The investigation of multiple samples
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however would potentially be limited by the scanning time of micro-MRI, which often
involves several hours on average (Liu et al., 2013). Other cutting-edge technologies such as
optical projection tomography and lightsheet fluorescence microscopy are advancing the
field of fluorescence visualization while eliminating the problems of photo-toxicity or
bleaching that can often occur during confocal or multi-photon microscopy (Konig, 2000;
Sharpe et al., 2002; Pawley, 2006; Santi, 2011; Swoger et al., 2014). To summarize, there
are many modalities with their own benefits and limitations that have been adapted for the
initial analysis of cardiac defects in small animal models. In this study, we will illustrate the
promising potential of optical coherence tomography (OCT) as a rapid, accessible, non-
expensive tool for such preliminary screening applications.

OCT imaging is based upon low-coherence interferometry with high spatial resolution (2-20
um) and penetration depths (1-3 mm), lying between ultrasound and confocal microscopy
with regards to these parameters (Drexler and Fujimoto, 2008a). In clinical applications,
OCT has been frequently used in ophthalmology to quickly assess the retina in a non-
invasive setting and may have potential as a guidance tool during eye surgery (Drexler and
Fujimoto, 2008b; Fernandez et al., 2008; Ide et al., 2010; Tao et al., 2010; Sohrab and
Fawzi, 2013). In addition, intravascular OCT (IVOCT) is used by interventional
cardiologists to analyze the coronaries for inflammation and atherosclerosis, as well as guide
and verify stent placement (Prati et al., 2011; Tearney et al., 2012; Asrar Ul Haq et al., 2013;
Ferrante et al., 2013; Vignali et al., 2014). We, as well as others, have customized OCT
technology in order to investigate the structure and function of the embryonic heart (Gu et
al., 2011; Jenkins et al., 2012). Since OCT is non-invasive, this allows for longitudinal
observations of hearts belonging to avian embryos that have been cultured in plastic culture
dishes under physiological conditions (humidified, temperature-controlled chamber)
(Happel et al., 2011; Jenkins et al., 2012). To date, OCT studies of cardiac development
have focused mostly on the early-stage looping heart at a time when the cardiac cushions are
still developing and when the outflow tract has not yet septated into its major branching
arteries (Yelbuz et al., 2002a; Yelbuz et al., 2002b; Jenkins et al., 2007a; Jenkins et al.,
2007b; Davis et al., 2008; Larina et al., 2008; Rugonyi et al., 2008; Garita et al., 2011; Liu et
al., 2012; Karunamuni et al., 2014). In earlier studies from our group, embryos that had been
exposed to binge volumes of ethanol at gastrulation were found to exhibit altered cardiac
function and structure at early developmental stages as detected by OCT imaging
(Karunamuni et al., 2014). Histopathology also revealed that ethanol-exposed embryos
developed congenital heart defects (CHDs) associated with Fetal Alcohol Syndrome (FAS),
including valvular and septal defects (Karunamuni et al., 2014) which have been observed in
different ethanol exposure models (Daft et al., 1986; Sulik et al., 1986; Fang et al., 1987;
Bruyere and Stith, 1993; Serrano et al., 2010). Almost all these previous findings have been
qualitative rather than quantitative, relying on microscopy or histological analysis for the
identification of defects. This manuscript focuses on the late-stage embryonic heart where
the normal heart has fully septated into four distinct chambers with cardiac valves, and the
outflow tract has branched into its major vessels, thereby reflecting the mature cardiac
phenotype. We used OCT for the first time to define and measure late-stage cardiac
parameters that can be clinically significant as diagnostic markers and predictors of future
outcomes. Our findings not only add to the body of work supporting the prevalence of
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alcohol-induced CHDs, but also provide more detailed information about the scope and
variability of these defects. Our methods could be instrumental as well in sensitively probing
for mechanisms of teratogenicity and assessing the efficacy and safety of protocols for CHD
prevention.

In brief, the ethanol exposure experiments were performed using an avian model where
quail eggs were incubated until HH Stage 4-5 (gastrulation), when the embryo is vulnerable
to the induction of CHDs (Serrano et al., 2010; Karunamuni et al., 2014). At this stage,
experimental eggs were injected with 40 ul of 50% ethanol (in saline) and control eggs were
either injected with 40 pl of saline or left intact. Ethanol dosage was based on previous
studies (Fang et al., 1987; Bruyere and Kapil, 1990; Bruyere et al., 1994; Serrano et al.,
2010) as being equivalent to one binge drinking episode (4-5 drinks at one time) in humans.
The cohort described in this study included 17 total controls and 23 total ethanol-exposed
embryos (Table 1) and were collected at Embryonic Day 8 (HH Stage 34) (Hamburger and
Hamilton, 1951). All embryos were similar in size and were staged. Most controls survived
to this developmental time-point, with a survival rate of 82% (14/17). All of the surviving
control embryos had no observed defects of the head or body and had fully septated hearts
with the aortic trunk branching into the right brachiocephalic artery (RBA), left
brachiocephalic artery (LBA), and aortic arch (AA), and the pulmonary trunk branching into
the right pulmonary artery (RPA) and left pulmonary artery (LPA). In comparison, ethanol
exposure resulted in lower survival rates (52%; 12/23) and 42% (5/12) of the survivors
developed gross morphological defects, where the cranial folds failed to fuse and/or the
chest wall failed to fuse (Figure 1, Tables 1 and 2). Such gross malformations and decreases
in embryo viability are characteristic defects of the embryonic ethanol exposure model
(Memon and Pratten, 2009). Further analysis of the OCT images of the embryo hearts
revealed that 58% (7/12) of the ethanol-exposed embryos exhibited a spectrum of obvious
cardiac defects, ranging from perimembranous and muscular ventricular septal defects
(\VSDs), missing or misaligned great vessels, double outlet right ventricle (DORV), and
hypoplastic or abnormally rotated ventricles (Tables 1 and 2). These defects were noted
during the first fly-through of the OCT images using image processing software (AMIRA).
Interestingly, all five experimental embryos that developed gross malformations also
exhibited cardiac defects but there were also two apparently normal looking embryos that
presented with CHDs. In fact, Ethanol Embryo #2 that had defects in both the head and body
(Table 2) developed only a VSD whereas Ethanol Embryo #9, while appearing to have a
normal head and body, had multiple cardiac anomalies. Thus the lack of body defects may
not necessarily indicate an absence of CHDs in the FAS model.

Overall the most commonly occurring cardiac defect after ethanol exposure was the
presence of a VSD, which was exhibited by 5/12 embryos (42%) (Table 2). Analysis of
OCT images allowed for rapid identification of these malformations (Figure 2 A-B), and
subsequent measurements were also taken of the interventricular septum (IVVS) thickness
using AMIRA tools. The IVS thickness was consistently measured at a similar level in the
heart across multiple embryos using ubiquitous landmarks (Figure 2 C, inset in panel D),
and was found to be significantly reduced (32% decrease in thickness, p < 0.05) in ethanol-
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exposed embryos (Figure 2 D). Another frequently seen CHD (3/12 embryos, 25%) was the
absence of one of the five major branches of the outflow vessels at this level (Tables 1 and
2): either the RPA or the RBA (Table 2, Figure 3 A-C). When the ventral-dorsal lumen
diameter was measured for each for the five branching arteries, dimensions for the LBA, the
RBA and the AA, that is the aortic branches, were found to be significantly reduced after
ethanol exposure (14% decrease, 16% decrease and 18% decrease in diameter respectively,
p < 0.05) (Figure 3 D). Outer diameters for the LBA, RBA and AA were also significantly
reduced (6% decrease, 12% decrease and 10% decrease in diameter respectively, p < 0.05),
indicating that the entire vessel was smaller, perhaps a consequence of altered flow in those
arteries. There was a similar trend of reduction for the pulmonary artery diameters but the
difference was not statistically significant (Figure 3 D). There were no significant changes in
vessel wall thickness for any of the five major branching arteries when they were present.

Valvular phenotypes can often be overlooked in disease models especially using other
imaging modalities which may not have the resolution to image these small yet complex and
critical structures. This is unfortunate since abnormal valve morphology and orientation can
yield pertinent information about cardiac function at a particular developmental time-point
(Serrano et al., 2010). In our studies, the pulmonary valve was easily identified in OCT
cross-sections of the heart (Figure 4 A-C) and segmented in AMIRA, although the
individual leaflets could not be delineated since they were too tightly apposed. Total
valvular volume was reduced by 24% (p < 0.05) in ethanol-exposed embryos (Figure 4 D),
suggesting that outflow function may be impaired at this stage. Unfortunately, the aortic
valve leaflets are not completely visible due to the deep location of the aorta behind multiple
tissue structures. The left atrio-ventricular (AV) valve leaflets, also termed the mitral valve,
were easily distinguished as well using OCT and were segmented (Figure 5 A). Typically in
control hearts, after dissection and treatment with potassium chloride which relaxes the heart
tissue, the longer septal leaflet and the stubby mural leaflet for the left AV valve are in
contact with each other in a VV-shaped orientation (Figure 5 B). Two embryos in the ethanol
cohort exhibited abnormal valve morphology, an example of which is presented in Figure 5
C, where the leaflets do not touch at all. This particular heart belonged to Ethanol Embryo #
2 which developed both cranial and chest wall defects (Table 2). In addition, volumes for the
septal AV leaflet and mural AV leaflet in the ethanol-exposed group were reduced by 46%
and 42% respectively (p < 0.05), while total leaflet volume was reduced by 45% (Figure 5
D). It is expected that such drastic changes in valve volume or morphology could
compromise left AV function, perhaps leading to increased regurgitation and thus impairing
blood flow to the rest of the body. The right AV valve was not analyzed in these embryos
because in the avian it is composed of muscular tissue instead of the normal valvular cell
types (Lu et al., 1993), and thus the valvular borders could not be clearly distinguished from
the myocardial wall for segmentation in OCT images with the current technology. This may
be feasible in the future with continual improvements to the instrumentation and post-
processing protocol.

Discussion

With the use of high-resolution OCT technology, the analysis for FAS-associated CHDs in
the avian model proved to be quite illuminating. Not only did we observe the increased
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frequency of VSDs and great vessel defects as seen in other FAS models (Daft et al., 1986;
Sulik et al., 1986; Fang et al., 1987; Bruyere and Stith, 1993; Serrano et al., 2010), but for
the first time we were also able to rapidly and precisely identify and quantify changes in
structure (vessel diameter, IVS thickness and valve volume) that could have been difficult to
detect and quantify using other methodologies. The entire analysis process was streamlined
dramatically, especially for a cohort of this size (26 embryos in total). Typically with
histopathological phenotyping, embryo hearts would be collected on the day of interest,
fixed for 2-3 hours in paraformaldehyde, incubated in sucrose (a cryo-protectant) overnight,
and then sectioned on the following day with microscopy analysis afterwards in order to
identify potential defects. This procedure can be quite time-consuming when dealing with a
large batch of samples, often ranging from a few days to a few weeks. Quantification of
tissue structures would be difficult, and there may also be inconsistencies in the comparison
of different embryos, due to differences in sectioning orientation. For our OCT study,
embryo hearts were harvested, fixed for a few hours, and optically cleared overnight. On the
next day, hearts were imaged (~1 min per heart for 3 datasets taken at different focus depths/
orientations i.e. ~20 seconds per dataset acquired) with the OCT system and subsequent
identification and segmentation of heart defects took approximately 20 minutes per heart.
For 26 embryos, this constitutes less than a day of work in total compared to several days/
weeks for histological examination. In addition, by loading the OCT images into AMIRA, 3-
D volume renderings of embryo hearts can be created and oriented so that specimens can be
compared at a consistent plane or level. Cardiac anomalies can then be easily measured or
quantified, which allows for objective comparison of embryos especially in cases where the
defects are subtle or too complex for visual identification. Thus in comparison to
conventional histological methodologies, by optically slicing the sample rather than
physically sectioning it, OCT allows for faster, easier analysis with very little training or
expertise required. In addition, OCT technology is now widely available at many major
universities and given the very low operational and material costs, there is great potential for
its use as an initial screening tool for high-volume embryo models.

There are of course certain limitations to OCT imaging. First, CHD analysis is affected by
the degree of optical clearing of the tissue. Currently with tissue clearing, we can visualize
approximately 75% of the depth of the ED 8 quail heart which typically has a thickness of a
few mm. With the continual optimization of protocols, we expect to overcome such
difficulties in future studies and expand our analytical parameters. For example, with more
effective optical clearing, we anticipate being able to visualize and segment the entire aortic
valve in addition to the pulmonary valve. These techniques are also applicable to other
animal models. For example, Xenopus, zebrafish and mouse embryo hearts are more
transparent and/or smaller than avian hearts at these late developmental stages which will
increase the likelihood that they can be imaged all the way through using OCT imaging and
optical clearing protocols. As another limitation, we have observed that blood may
accumulate in the ventricular trabeculae or around the atrio-ventricular valve leaflets which
can complicate segmentation. This challenging issue can mostly be circumvented by more
rapid heart dissections and incubating the sample long enough in the potassium chloride
solution to allow more complete expulsion of blood from the cardiac chambers. Finally,
although current OCT systems may have limited penetration and resolution compared to
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some imaging methods, these parameters will only improve in the future with continued
development of the technology. Moreover, the much quicker imaging (~20 seconds per
dataset taken), post-processing and analysis protocols associated with OCT recommend the
technology as an efficient way to screen embryo models to determine whether it is necessary
to use additional imaging methods for further analysis that may require more time, skill,
effort and expense.

OCT analysis of our avian model of ethanol exposure revealed a spectrum of cardiac
defects, including ventricular septal defects (VSDs) that are common cardiac features
associated with FAS with potentially serious consequences. The type and severity of a VSD
is important to identify because of the difference in outcome and requisite medical care.
Ethanol-exposed embryos presented with both perimembranous VVSDs (hole at the top of the
septum) and muscular VSDs (described as “Swiss cheese”-like holes in the muscular portion
of the septum). Typically, the development of VSDs indicates a failure to fuse of one or
more of the following: the endocardial cushions, the conotruncal ridges that eventually form
the aortico-pulmonary septum, and the muscular/trabecular portion of the IVS. Muscular
VSDs can also occur as a result of excessive re-absorption of tissue during ventricular
growth and remodeling. The prognosis can be variable, since a smaller VSD can often
spontaneously close during the first few months of postnatal life (Lin et al., 2001). However,
larger VSDs can lead to aortic insufficiency and congestive heart failure, especially if
accompanied by the presentation of other cardiac anomalies, and often require immediate
surgical repair after birth to ensure good long-term outcomes (Glen et al., 2004).

In addition, alterations in vessel size and valve dimensions in a disease or experimental
setting can often serve as indicators and/or predictors of abnormal flow or cardiac output. In
this model of FAS, total vessel size was reduced significantly for the three branches of the
aortic trunk. In previous studies from our group, ethanol exposure led to abnormal cardiac
function in the outflow tract (increased retrograde flow) at early embryonic stages
(Karunamuni et al., 2014), so presumably there was less forward flow in this region. It may
be possible that these early-stage cardiovascular anomalies could be influencing the
remodeling of the outflow tract into the major branching arteries. In any case, the decrease
in size of the three aortic branches in ethanol-exposed embryos is likely to have a
detrimental impact on blood flow to the rest of the body, as well as cerebral blood flow
which may contribute to the poor neurodevelopmental outcomes in FAS patients.
Furthermore, although there was no significant reduction in diameter for the pulmonary
arteries, the presence of a hypoplastic pulmonary valve may precede the development of
pulmonary artery-related problems after birth/hatching.

Other hallmarks of this late-stage FAS model included abnormal morphologies and/or
reduced volumes of the left AV (mitral) valve. These anomalies can severely impair cardiac
function by increasing the leakage of blood back into the left atrium (increased
regurgitation), thus reducing cardiac output. Clinically this is analogous to mitral
insufficiency, which is the most common form of valvular heart disease (Nkomo et al.,
2006) and refers to the incomplete sealing of the valve leaflets during normal valve closure.
This phenomenon can lead to serious cardiac events, including dyspnea, decreased exercise
capacity, syncope, heart failure, angina and arrhythmias. Surgical repair of the valves is
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often the only recourse in most patients (Adams et al., 2006; Enriquez-Sarano et al., 2009)
and has yielded good long-term outcomes. However valve repair in young children is more
problematic because multiple surgeries may be required during the life of the individual to
compensate for growth. It has also been demonstrated that abnormalities in any of the
cardiac valves can produce turbulent flow, as a result of altered regurgitation, and promote
the growth of micro-lesions on the valve surface (Nishimura, 2002; Faletra, 2013). These
often serve as an entry point for microorganisms present in the bloodstream and can lead to
bacterial infections e.g. endocarditis (Nishimura, 2002; Faletra, 2013). It would appear
therefore that abnormal valvular phenotypes can foreshadow the presentation of cardiac
conditions of a graver nature.

It is not yet clear how ethanol is contributing to the development of CHDs in an FAS model.
In humans, up to 54% of children diagnosed with FAS can present with CHDs that often
require surgical correction and long-term care (E., 1990; Burd et al., 2007), thus
necessitating the exploration of the underlying mechanisms. Based on our findings, we can
make certain speculations as to the etiology of the ethanol-induced CHDs. The locations of
the heart defects observed in our avian system (great vessels, outflow valves,
interventricular septum) suggest a partial role for cardiac neural crest cells (CNCCs) that
may have been impacted by ethanol exposure, as has been demonstrated for cranial neural
crest cells (Cartwright and Smith, 1995b; Cartwright and Smith, 1995a). CNCCs have been
shown to migrate into these specific regions of the heart in the avian embryo and their
ablation has resulted in similar defects [as reviewed in (Hutson and Kirby, 2003)]. Other
candidates for triggering the progression of CHDs include altered molecular signaling and
abnormal cardiac function, as well as direct ethanol toxicity (Grummer and Zachman, 1995;
Ikonomidou et al., 2000; Ahlgren et al., 2002; Satiroglu-Tufan and Tufan, 2004; Li et al.,
2007; Kumar et al., 2009; Serrano et al., 2010; Linask, 2013; Karunamuni et al., 2014). One
intriguing area of research that is gaining widespread interest is the effect of ethanol on
epigenetics, especially with regards to DNA methylation and gene silencing (Barak et al.,
1987; Lieber et al., 1990). Further investigation of these fields is warranted, particularly if
we are to develop new therapeutic and/or CHD prevention strategies for FAS.

Conclusions

In summary, we demonstrated the benefits of using OCT to generate valuable data about the
FAS model, especially concerning the valvular defects that are often difficult to assess using
other technologies. These findings can give clinicians a more complete picture of the CHDs
that are associated with an FAS diagnosis, in order to implement a truly effective regimen of
treatment. Furthermore, 3-D analysis of CHDs using OCT was conducted in a consistent
manner with rapid collection of quantitative and qualitative data. This will be especially
useful in studies where the severity of a particular structural abnormality could be correlated
with the degree of the experimental manipulation, be it environmental, molecular or
functional. With the growing accessibility and relatively low-cost of customizing an OCT
system, we anticipate that more developmental biologists will take advantage of this unique
opportunity to provide new insight into their own experimental models.
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Experimental Procedures

Ethics Statement

IACUC approval was not required for this study which involves the use of avian (quail)
embryos that were collected at Embryonic Day 8. Quail embryos typically hatch at
Embryonic Day 17. According to IACUC guidelines at Case Western Reserve University,
the Policy on the use of Avian Embryos states that “If embryos will be sacrificed prior to 3
days before hatching, the research will not be subject to IACUC review.”

Ethanol Exposure

Fertilized quail eggs (Coturnix coturnix communis; Boyd’s Bird Company, Inc., Pullman,
WA) were incubated in a humidified incubator (G.Q.F. Manufacturing Co., Savannah, GA)
at 38°C until HH Stage 4-5 (gastrulation), at which stage the embryo has been found to be
susceptible to the induction of CHDs (Serrano et al., 2010; Karunamuni et al., 2014).
Solutions were injected into the egg using an insulin needle (28 gauge) and holes were
sealed with tape before eggs were re-incubated. Experimental eggs were injected with 40 pl
of 50% ethanol and control eggs were either injected with 40 pl of saline or left intact.
Ethanol dosage was based on previously published protocols (Fang et al., 1987; Bruyere and
Kapil, 1990; Bruyere et al., 1994; Serrano et al., 2010) as being equivalent to one binge-like
drinking episode in humans (4-5 standard drinks on one occasion) and has reliably produced
FAS-associated CHDs (Serrano et al., 2010; Karunamuni et al., 2014).

Optical Clearing

Cohorts of control and ethanol-exposed embryos were allowed to develop until HH stage 34,
when the heart has acquired a four-chambered morphology and developed valve leaflets.
Hearts from the different exposure groups were dissected, incubated in 0.5M potassium
chloride (to relax the heart), washed in phosphate buffered saline, and fixed in formalin.
Samples were then optically cleared using the Clear-T protocol, involving a series of
increasingly concentrated formamide solutions (20% formamide for 30 minutes, 40% for 30
minutes, 80% for 2 hours, and 95% for 30 minutes and then overnight) (Kuwajima et al.,
2013), before being imaged with the OCT system.

OCT Imaging of Hearts

Embryos were imaged using a custom-built Fourier domain OCT system with a quasi-
telecentric scanner (Hu and Rollins, 2005; Hu and Rollins, 2007; Ma et al., 2014; Peterson et
al., 2014). The OCT light source is a superluminescent diode centered at 1310 nm with a
full-width at half-maximum bandwidth of 75 nm. The OCT system uses a linear-in-
wavenumber spectrometer and a line-scan camera with a line rate of 47 kHz (Hu and
Rollins, 2007). The axial resolution as well as the lateral resolution is approximately 10 um
in tissue (Hu and Rollins, 2005). Thus OCT imaging offers high spatial resolution and
extremely high temporal resolution, while providing good penetration depth (1-3 mm in
cardiac tissues) (Fujimoto, 2002). For this study, embryo hearts were placed in 95%
formamide in a small plastic dish for imaging and an OCT volume (1000 lines/frame, 400
frames/volume) was recorded for each sample. For each heart, 3 volumes were taken: two
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from the front focusing on the great vessels and the atrio-ventricular (AV) valves
respectively, and one from the back also focusing on the AV valves. On average, it takes
approximately 1 minute to acquire the 3 datasets using the OCT system.

Post-processing and Analysis of OCT Images

Customized MATLAB programs (MathWorks; Natick, MA) were used to generate OCT
images from the raw data, which were then rendered and analyzed with AMIRA software
(FEI Visualization Sciences Group; Burlington, MA). The frontal plane was primarily used
for the identification of septal defects while the transverse place was used for the
identification of outflow defects and the measurement of vessel diameters and septum
thicknesses. Vessel diameters were measured after the immediate branching into the
individual arteries. The cardiac valves were also segmented in AMIRA in order to measure
their volumes. A few embryos (two controls, one ethanol) could not be analyzed for atrio-
ventricular valve defects because excessive blood accumulation around the valve leaflets
prevented accurate segmentation.
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Figure 1. Head, body and cardiac defects after ethanol exposure in the quail embryo
(A) Control embryo with no head defects and (B) ethanol-exposed embryo with cranial folds

that failed to fuse, leaving brain tissue exposed (yellow arrow). Scale bar in A applies for A-
D and = 0.5 cm. (C) Control embryo with fully fused chest wall and (D) ethanol-exposed
embryo with chest wall that failed to fuse, exposing internal organs such as the heart (yellow
arrow). (E) Control heart with all five major arterial branches (as viewed from the back) and
(F) ethanol-exposed heart with only four major arteries, in this case missing the RPA. Scale
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bar =1 mm. LBA = left brachiocephalic artery, RBA = right brachiocephalic artery, AA =
aortic arch, LPA = left pulmonary artery, RPA =right pulmonary artery.
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Figure 2. Defects of the interventricular septum (1VS; delineated with yellow dotted lines) after
ethanol exposure

(A) IVS in a sagittal OCT slice of a control embryo. LV = left ventricle, RV = right
ventricle. Scale bar = 0.5 mm. (B) Perimembranous VSD (arrow) in heart of ethanol-
exposed embryo. (C) Double-sided arrow indicates how IVS thickness was measured in a
transverse OCT slice of the heart in a control embryo. Scale bar = 0.5 mm. (D) Bar graph of
IVS thickness which was significantly reduced (* p < 0.05) in ethanol-exposed embryos.
Inset shows graphical depiction of VS measurement (red double-sided arrow).
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Figure 3. Defects of the outflow tract after ethanol exposure
(A) Aortic trunk (AoT) and pulmonary trunk (PT) from a transverse section of a control

heart. Scale bar = 0.5 mm. (B) In the same control heart, aortic trunk branches into left
brachiocephalic artery (LBA), right brachiocephalic artery (RBA) and aortic arch (AA).
Pulmonary trunk branches into left pulmonary artery (LPA) and right pulmonary artery
(RPA). (C) Top panel shows both pulmonary arteries of a control heart. Bottom panel shows
a missing RPA (dotted yellow circle) for an ethanol-exposed embryo. (D) Bar graphs of
lumenal and outer diameters for the five branching arteries in control and ethanol-exposed
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embryos. Significantly reduced diameters were observed for three of the five vessels: the
LBA, RBA and AA. Inset depicts example measurements of the lumenal diameter (red
double-sided arrow) and outer diameter (purple double-sided arrow) for a vessel. VV and D in
inset indicate the ventral-dorsal direction. * indicates p-value < 0.05.
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Figure 4. Defects of the developing pulmonary (semilunar) valve in ethanol-exposed embryos
(A) Pulmonary valve (yellow dotted line) in frontal OCT slice of a control heart. PT =

pulmonary trunk. Scale bar = 0.5 mm. (B) AMIRA 3-D reconstruction of the pulmonary
valve of a control embryo. (C) AMIRA 3-D reconstruction of the pulmonary valve of an
ethanol-exposed embryo. (D) Bar graph of pulmonary valve volumes in control and ethanol-
exposed embryos. Reduced valvular volumes were observed after ethanol exposure. *
indicates p-value < 0.05.
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Figure 5. Defects of the left atrio-ventricular (AV) valve in ethanol-exposed embryos
(A) Septal leaflet (white dotted lines) and mural leaflet (yellow dotted lines) of the left AV

valve in a frontal OCT slice of a control heart. Speckles around leaflets are blood cells in the
ventricular chamber. LA = left atrium, LV = left ventricle. Scale bar = 0.5 mm. (B) 3-D
reconstruction of the septal leaflet (blue) and the mural leaflet (purple) of left AV valve ina
control embryo. (C) 3-D reconstruction of the septal leaflet (blue) and the mural leaflet
(purple) of left AV valve in an ethanol-exposed embryo. For this embryo, the leaflets of the
left AV valve did not meet. (D) Bar graph of mural leaflet volume, septal leaflet volume,
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and total volume in control and ethanol-exposed embryos. Reduced valvular volumes were
observed after ethanol exposure. * indicates p-value < 0.05.
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Summary of embryo phenotypes at ED 8 (HH Stage 34)

VSD = ventricular septal defect, DORV = double outlet right ventricle.

Controls | Ethanols
Survival rate 82% 52%
Number of survivors 14 12
Normal head/body 14 (100%) | 7 (58%)
Head defects 0 (0%) 2 (17%)
Body defects 0 (0%) 4 (33%)
Normal heart 14 (100%) | 5 (42%)
VSDs 0 (0%) 5 (42%)
Missing great vessel 0 (0%) 3 (25%)
DORV 0 (0%) 1 (8%)
Misaligned aorta 0 (0%) 1 (8%)
Hypoplastic right ventricle 0 (0%) 1 (8%)
Abnormal rotation of ventricle 0 (0%) 1 (8%)
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Table 2
Defects of ethanol-exposed embryos at ED 8 (HH stage 34)

Note that Embryos #6 and #9 had no obvious head or body defects but developed great vessel abnormalities.
VSD = ventricular septal defect, DORV = double outlet right ventricle, RPA = right pulmonary artery, RBA =
right brachiocephalic artery.

Embryo # Head defect | Body defect Types of cardiac defects

Embryo #1 Yes No Muscular VSD

Embryo #2 Yes Yes Perimembranous VSD

Embryo #3 No Yes Missing RPA, DORV, muscular VSD

Embryo #4 No No

Embryo #5 No No

Embryo #6 No No Missing RPA

Embryo #7 No No

Embryo #8 No No

Embryo #9 No No Missing RBA, misaligned aorta,
perimembranous VSD, abnormal rotation

of ventricle

Embryo #10 No No

Embryo #11 No Yes Hypoplastic right ventricle

Embryo #12 No Yes Muscular VSD
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