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Abstract: The great arteries develop from symmetrical aortic arch arteries which are 

extensively remodeled. These events are vulnerable to perturbations. Hemodynamic forces 

have a significant role in this remodeling. In this study, optical coherence tomography (OCT) 

visualized live avian embryos for staging and measuring pharyngeal arch morphology. 

Measurements acquired with our orientation-independent, dual-angle Doppler OCT technique 

revealed that ethanol exposure leads to higher absolute blood flow, shear stress, and 

retrograde flow. Ethanol-exposed embryos had smaller cardiac neural crest (CNC) derived 

pharyngeal arch mesenchyme and fewer migrating CNC-derived cells. These differences in 

forces and CNC cell numbers could explain the abnormal aortic arch remodeling. 

© 2017 Optical Society of America 
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1. Introduction 

A recent survey of 345,076 women aged 18-44 years in the United States found that 7.6% of 

pregnant women (555 out of 13,880) admitted to alcohol use and 1.4% (194 out of 13,880) 

admitted to binge drinking [1]. This survey also found that 15% of the women who were not 

pregnant admitted to binge drinking. This latter number is of concern because 50% of 

pregnancies are unplanned [2] and the average pregnancy is not recognized until 5 to 6 weeks 

after conception [3]. Therefore a woman who binge drinks could unknowingly expose the 

embryo to high blood alcohol concentrations. Even among the women who drink and 

believed they were not pregnant, a fraction are likely to have been in their early stages of 

pregnancy. Even low levels of prenatal alcohol (ethanol) exposure can produce birth defects 

termed fetal alcohol syndrome (FAS) [4–7] and /or the more encompassing fetal alcohol 

spectrum disorder (FASD). In addition to the craniofacial and neurological abnormalities 

commonly associated with FAS, up to 54% of live-born children with FAS present with 

cardiac anomalies [8], including valvuloseptal defects, pulmonary stenosis, Tetralogy of 

Fallot, and d-transposition of the great arteries [9]. Alcohol-induced congenital heart defects 

(CHDs) are frequently among the most life threatening CHDs and require surgical correction 

in the newborn and potentially intensive medical care throughout life. The estimated cost to 

society for the care of children and adults with FAS in the USA ranges from 1.4 billion to 9.7 

billion dollars [10]. The mechanisms of these alcohol-induced CHDs remain largely unclear. 

During development of avian and mammalian embryos, six major pairs of aortic arches 

(numbered I-VI) sequentially emerge. Cardiac neural crest cells (CNCCs) are a subset of 

neural crest cells (NCCs) that play a critical role in the development of the aortic arches [11]. 

These cells migrate dorsolaterally from the dorsal neural tube to the circumpharyngeal ridge 

and later progress into and populate the pharyngeal arches and a subset enter the cardiac 

outflow tract. These cells are critical for morphogenesis of the early aortic arches into the 

great vessels. Three of the original six pairs persist to form the brachiocephalic arteries (aortic 

arch III), the pulmonary arteries (aortic arch VI), and a segment of the aortic arch (aortic arch 

IV) [12, 13]. These remodeling events are very sensitive and vulnerable to perturbations that 

may result in congenital heart defects. The CNCCs in the pharyngeal arches develop into 

smooth muscle cells or other vascular support cells enveloping and supporting the persisting 

aortic arches [14, 15]. The absence or defects in, or the abnormal migration of CNCCs can 

result in an array of structural and functional defects of the great vessels and the heart, 

including misalignment of the great vessels, outflow tract septation defects (PTA), and 

abnormal myocardial function [16–20]. Ethanol exposure has been shown to disrupt NCCs in 

many ways [21–26]. 

Hemodynamic forces are known to play a significant role in the dynamic process of aortic 

arch formation and remodeling. Alterations to blood flow induced by mechanical 

manipulations such as aortic banding and vitelline vein clamping have been shown to result in 

congenital arterial defects such as coarctation of the aorta, interruption of the aortic arch, and 

double aortic arches [27–29]. In our previous studies using optical coherence tomography 

(OCT), we detected altered hemodynamic flow in early stage embryos by analyzing vitelline 

vessel blood flow [30, 31]. A refinement of this OCT technique allows the calculation of 

absolute blood flow [32]. We observed increased retrograde flow, abnormal pulsed Doppler 

trace morphology, and abnormal endocardial cushions volumes in our prenatal alcohol 

exposure model [31], where late stage vessel defects included missing or misaligned great 

vessels, and reduced great vessel diameters [33]. 

Previous studies documented normal aortic arch development through the use of corrosion 

casts, fluorescent dyes, and micro-particle imaging velocimetry (µPIV) [13, 34–36]. These 

investigators examined the structural remodeling of the vessels and measured the blood flow 

at various stages of development. The structural data has also been used to generate 

computational fluid dynamic modeling to quantify blood flow and shear stress during normal 

development. OCT has also been utilized to acquire structural data at specific stages of aortic 
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arch formation. Here, we utilized OCT to image the blood flow and artery dimensions in the 

aortic arches of avian embryos. This allowed hemodynamic measurements without injection 

of exogenous factors into the blood or making assumptions required for computational fluid 

dynamics calculations. Hemodynamic measurements from control embryos were compared to 

ethanol-exposed embryos that develop CHDs. 

OCT has been shown to be a very valuable tool for imaging cardiovascular embryonic 

development due to noninvasive depth resolved imaging, high spatial resolution (2-20 μm), 

and high temporal resolution (> 500 kHz line rates) [37–40]. OCT was first demonstrated to 

be useful for embryonic imaging of Rana pipiens, Xenopus laevis, and zebrafish [41]. It was 

soon afterwards shown to be capable of capturing both the structure and dynamics of the 

Xenopus embryonic heart [42]. Since these first studies, the development of many different 

animal models has been studied using OCT including mouse [43–47], Xenopus [48–51], 

Drosophila [52, 53], zebrafish [54, 55], quail [33, 56–59], and chicken [60–66]. Avian 

(quail/chicken) embryos have been a popular model for the study of cardiac development due 

to their easy accessibility for both visualization and manipulation. Yelbuz et al. utilized OCT 

to image the looping chick heart in excised samples and demonstrated the resulting 3-D 

visualizations enabled identifications of significant morphological differences between 

normal and abnormal embryos [60]. As OCT imaging speeds have increased, real-time 

imaging [62, 67, 68] and detailed 4-D acquisitions [45, 69–71] of the beating heart have been 

possible allowing for studies of the biomechanical forces at work during cardiovascular 

development [66, 72, 73]. 

In addition to structural imaging, OCT is capable of performing functional imaging to 

monitor and measuring moving reflectors in biological tissue by making use of the Doppler 

effect. Doppler OCT enables the measurement of absolute blood flow without injection of 

exogenous agents (fluorescent dyes) that might otherwise compromise the natural 

physiological hemodynamic forces. Many groups have utilized Doppler OCT to measure 

blood flow and hemodynamic forces under normal embryonic conditions [62, 74–77] and 

after various perturbation experiments [78–80]. Traditionally, to measure absolute blood flow 

with Doppler OCT, the angle between the imaging beam and the velocity vector of the flow 

(Doppler angle) needed to be determined. One method to determine this angle was by 

estimating the vessel orientation after acquiring a 3-D structural volume [81, 82]. However, 

the orientation of smaller more tortuous vessels can be difficult to determine and small errors 

in angle estimation can result in large errors in flow measurements [32]. An alternative 

method to determine the Doppler angle is by interrogating the same location at slightly 

different incident angles [83–88]. Unfortunately this technique requires significant increases 

to system and alignment complexity. Recently we have developed an easy to implement 

technique to acquire rapid absolute blood flow from individual B-scans [32]. This technique 

enables pulsatile flow measurements without the need for 3-D volumetric data or knowledge 

of blood vessel orientation. 

Through the use of OCT we acquired structural and functional images of the aortic arches 

in both ethanol-exposed and control embryos. We previously established and studied a quail 

model of FAS that mimics a binge-drinking exposure at the stage of gastrulation, at which 

point a woman may not yet be aware of her pregnancy [31, 33]. This model was shown to 

result in abnormal development of the great arteries including defects such as double outlet 

right ventricle, misaligned aorta, and valve abnormalities that are similar to the cardiac 

defects observed in individuals with FAS [33]. It was our aim to longitudinally follow the 

progression of aortic arch remodeling from a stage when they have left-right symmetry to 

when they achieve their more mature asymmetric form to test the hypothesis that the final 

abnormal structure was preceded by altered shear stress in the relevant aortic arch. We also 

aimed to monitor neural crest cells that are critical for normal aortic arch morphogenesis by 

counting them as they migrated dorsolaterally away from the neural tube. Furthermore we 

measured the volume of (largely neural crest derived) mesenchyme surrounding the aortic 
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arch arteries to determine whether reduction in the precursors of the support cells of the 

vessels (e.g., vascular smooth muscle cells) might be limiting the growth of the great vessel 

dimensions. 

2. Experimental procedures 

2.1 Embryo preparation 

Fertilized quail eggs were incubated in a humidified incubator at 38°C until HH stage 4-5 

(gastrulation). At this stage the embryo is highly vulnerable for the induction of CHDs [89]. 

The eggs were divided into 3 groups: ethanol treated group, vehicle control group and an 

untreated group. Ethanol treated eggs were injected with 40 µL of 50% ethanol in saline 

(approximately equivalent to a blood alcohol content of 0.179%), and vehicle control eggs 

were injected with 40 µL of saline. Ethanol dosage was based on previously published 

protocols [89] as being equivalent to one binge drinking episode in humans and reliably 

produced FAS-associated abnormal phenotypes. The solutions were injected into the air space 

at the blunt end of the egg and the eggs were then incubated until HH stage 14 where the 

eggshells were removed and the embryos were placed in petri dishes in the environmental 

OCT imaging chamber. 

2.2 Optical coherence tomography imaging 

Once in the Petri dish, the embryos were placed in an environmental OCT imaging chamber 

[90] with controlled temperature (38°C) and humidity to maintain near-physiological 

conditions. At HH stage 19 the aortic arches of the embryos were imaged with OCT. Stage 19 

was selected for imaging because at this stage aortic arch III is well developed. This vessel 

develops into the brachiocephalic artery which was shown to have significantly reduced 

lumen area in our previous study of later-stage ethanol-exposed embryos. A frequency-

domain OCT system with a quasi-telecentric scanner [91] was used to simultaneously collect 

structural and Doppler images. The OCT system utilizes a superluminescent diode centered at 

1310nm with a FWHM of 75nm. A 1024-pixel InGaAs line-scan camera with a line rate of 

approximately 47 kHz was used to collect the interference fringes. The system has an axial 

and lateral resolution of ~10 µm in tissue. 

2.3 Embryo staging 

Typically, staging of embryos is performed by visualizing the embryo under a stereo 

microscope. Embryos are usually removed from the yolk due to the poor contrast. While this 

works well for individual terminal experiments it makes accurate staging during longitudinal 

experiments very challenging since the embryo must remain on the yolk for longer-term 

survival. Here, we verified embryonic developmental stages by 3-D OCT imaging. 3-D OCT 

data spanning an area of 4 mm by 4 mm were recorded in three acquisitions at sequential 

positions along the length of the embryo, with approximately 500 µm of overlap between 

each acquisition. These volumes were then processed and imported into Amira for 

visualization. Volume renderings were generated and en face images were generated. These 3 

en face images were then stitched in Adobe Photoshop
tm

 CS3 to create a complete image of 

the entire embryo (Fig. 1(a)). This image rendering was used to verify developmental stages. 

Limb buds, wing buds, head size and body morphology were all examined and compared with 

known developmental stages [92, 93]. 
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Fig. 1. Aortic arch imaging. (A) A projection of the 3-D volumetric OCT data acquired for 
embryonic developmental staging. The image clearly displays the limb buds and wing buds 

indicated by the yellow arrows. These limb buds along with general head and body 

morphology are necessary for accurate staging without removal of the embryo from the yolk. 
(B) A phase variance image was generated from the Doppler OCT data to segment the aortic 

arch vessel lumen. The cross-sectional OCT images used to generate the phase variance image 

were acquired at the pharyngeal arches indicated by the dotted line in A. (C) The segmentation 

was applied to the Doppler OCT images for absolute blood flow calculations. 

2.4 Absolute blood flow calculation 

OCT images of the pharyngeal arches were acquired at the location indicated by the dotted 

line in Fig. 1(a). In addition to structural images, Doppler OCT images were acquired from 

the aortic arches using dual beam delay encoded OCT as previously described [32] with a 

modification described below. This dual beam technique enabled absolute blood flow 

measurements without the need to acquire a 3-D volume. 214 B-scan images spanning 0.5mm 

were acquired over 4.6 seconds at one cross-sectional position. Structural and Doppler images 

were composed of 200 A-scans. Each A-scan in the Doppler image was generated from a 

five-line complex average. We coherently averaged the 214 B-scans to segment the lumen of 

the vessel as shown in Fig. 1(b). Blood flow in the lumen causes the OCT signal to 

decorrelate and diminishes the resulting averages. The segmentation was performed by simple 

thresholding and manual correction in Amira if necessary. The segmented Doppler images are 

displayed in Fig. 1(c). To obtain the instant flow, we modified our previous method using 

dual beam delay encoded OCT. Instead of solving the quadratic equation for the flow, we 

calculated the Doppler angle first, taking advantage of the assumption that the Doppler angle 

remains constant over the imaging session. By using all the B-scan frames, the Doppler angle 

can be determined with higher levels of confidence and the overall procedure is more robust. 

After we obtained the Doppler angle, flow can be calculated from any of the three images 

from each B-scan frame and the result can also be averaged to further reduce the noise. 

Results were analyzed for statistical significance using ANOVA. 
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2.5 Hemodynamic measurements 

Absolute blood flow was acquired at each time point of the heartbeat. The flow in the aortic 

arches can be modeled as a tube in which the flow is laminar and all points are moving in the 

same direction. The shear stress can then be calculated using the relationship: 

 
3

4Q

r




   (1) 

where τω is the wall shear stress, Q is flow, r is the vessel radius, and µ is the fluid viscosity. 

We assumed a fluid viscosity of 5 mPa based on previous literature [34, 94]. The average 

absolute blood flow and shear stress was calculated over a heart cycle. The peak forward and 

peak retrograde shear stress for a data set was defined as the 95th and the 5th percentile value 

respectively. The oscillatory shear index (OSI) was also determined over the duration of a 

heartbeat as detailed in [95]. The OSI ranges from 0, when the shear is always in the forward 

direction, to 0.5 when the average shear stress over time is zero. Data for all hemodynamic 

measurements were analyzed for statistical significance using ANOVA analysis. 

2.6 Pharyngeal arch tissue measurement 

3-D OCT volumes of the pharyngeal arches were acquired from uninjected, saline, and 

ethanol-exposed embryos. The volumes imaged covered a region of 1mm x 2mm and 9 

images were acquired at each imaging location for averaging. This area includes the 

connection from the heart tube as well as the connection to the dorsal aorta and reflects the 

mesenchymal tissue volume comprised primarily of cardiac neural crest-derived cells. The 

averaged structural images were imported into Amira for 3-D visualization and segmentation. 

A cross sectional plane orthogonal to the vessel direction was manually selected at the 

midpoint of the aortic arch from the averaged 3-D volume. This slice was then manually 

segmented to measure the lumen area and the area of the surrounding mesenchymal tissue of 

the aortic arch. Both the lumen and tissue area measurements were analyzed for statistical 

significance using an ANOVA analysis. 

2.7 Neural crest cell immuno-labeling 

Three uninjected embryos and three ethanol-exposed embryos were collected at HH Stage 13 

when the cardiac neural crest cells have migrated ventrolaterally away from the neural tube 

and are approaching or have reached the circumpharyngeal ridge. Embryos were fixed in 4% 

PFA, washed in PBS and incubated in sucrose overnight for cryopreservation prior to 

freezing. They were then cryosectioned (10μm thick) transversely and double stained for 

HNK-1 and AP-2, markers for migrating neural crest cells. Sections from approximately the 

same transverse level for each embryo were immunostained and images were recorded where 

the neural crest cells enter the circumpharyngeal ridge. A region of interest (ROI) was chosen 

as the site populated by neural crest cells in uninjected embryos and delineated within the 

image. This ROI was chosen as consistently as possible in each embryo sample. In this ROI, 

the ratio of the number of HNK-1 and AP-2 positive cells to the total number of cells (with 

DAPI-stained nuclei) was obtained by cell counting for each embryo on both the left and right 

sides. Results were analyzed for statistical significance using the chi-square test. 

3. Results 

Pulsed Doppler traces were acquired from the right 3rd aortic arch of ethanol-exposed, saline-

injected, and uninjected cohorts of embryos at HH stage 19 of development. Ethanol-exposed 

embryos were observed to have significantly increased retrograde blood flow compared to 

saline-injected and uninjected control embryos. The average percentage of retrograde blood 

flow for ethanol-exposed embryos was 8.2% while the uninjected and saline-injected embryos 

were observed to have averages of 3.5% and 3.1%, respectively. Ethanol-exposed embryos 
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were also observed to have altered pulsed Doppler trace morphology. The control and saline-

injected embryos possessed a positive peak with a prominent shoulder and a negative peak. 

The pulsed Doppler waveforms for the ethanol-exposed embryos often lacked a distinct 

shoulder (Fig. 2(b)). These alterations to retrograde blood flow and pulsed Doppler waveform 

morphology are consistent with those shown previously at the vitelline artery of stage 19 

embryos [31], the same stage as observed in this study. 

 

Fig. 2. Pulsed Doppler traces were acquired in the 3rd aortic arch of control (uninjected) and 

ethanol exposed HH stage 19 embryos. (A) Both uninjected (n = 16) and saline (n = 17) 

embryos had pulsed Doppler traces with a positive peak and a prominent shoulder (orange 
arrow) followed by a minor negative peak indicating retrograde blood flow. (B) Pulsed 

Doppler traces from ethanol-exposed embryos (n = 19) showed increased retrograde blood 

flow and were often missing a shoulder (orange arrow). (C) Ethanol-exposed embryos 
exhibited a significant increase in average percentage of retrograde blood flow compared with 

saline or uninjected embryos. * indicates p<0.05 

Cohorts of ethanol-exposed, saline-injected, and uninjected embryos were imaged using 

Doppler OCT at HH stage 19 of development in the aortic arch region. The average blood 

flow was determined over a heartbeat from dual beam delay encoded images as previously 

described [32] with a modification described above. Ethanol-exposed embryos were observed 

to have significantly higher average blood flow compared to saline and uninjected control 

embryos (Fig. 3(a)). The average blood flow in the ethanol-exposed embryos was 0.26 μL/sec 

compared with the uninjected and saline embryos having 0.15 μL/sec and 0.14 μL/sec, 

respectively. The shear stress produced by the blood was also calculated. Due to the fact that 

the vessels cross sectional areas were the same while the blood flow was increased, the shear 

stress in ethanol-exposed embryos were significantly higher (Fig. 3(b)). Ethanol exposed 

embryos had an average shear stress of 0.52 Pa compared with uninjected embryos with 0.27 

Pa and saline injected embryos with 0.29 Pa. To calculate the average shear stress over the 

duration of a heartbeat, the shear stress at each time point was calculated. The temporally 

resolved shear stress enabled the measurement of the oscillatory shear index (OSI) for each 

embryo. Due to the increase in retrograde blood flow, the ethanol-exposed embryos exhibited 

a higher OSI (0.08) than the uninjected (0.05) or saline injected (0.05) embryos (Fig. 3(c)). 

It has been shown using the zebrafish model that oscillating blood flow is an important 

factor in cardiovascular development [96, 97]. The results of this study suggested that the 

peak forward and reverse blood shear stress, rather than the average blood flow, may be a 

critical factor involved in the hemodynamic response to ethanol exposure. To explore this 

possibility, we determined the peak magnitude of shear stress produced by both forward 

blood flow as well as retrograde blood flow. The ethanol-exposed embryos exhibited 

significantly higher magnitudes of shear stress in both the forward and retrograde direction 

compared with the control and saline-injected embryos (Fig. 3(d) and 3(e)). On average, 

ethanol exposed embryos had a peak shear stress of 1.81 Pa in the forward direction and 0.43 

Pa in the retrograde direction. Uninjected embryos had an average forward shear stress of 
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0.87 Pa and a retrograde shear stress of 0.15 Pa, while saline-injected embryos had an average 

forward shear stress of 0.98 Pa and a retrograde shear stress of 0.18 Pa. 

 

Fig. 3. Hemodynamic measurements. Ethanol-exposed embryos exhibited higher levels of all 

hemodynamic measurements. (A) Average blood flow over a heartbeat from multiple B-scan 

images. (B) These same images were used to determine the average shear stress. Ethanol-
exposed embryos had significantly higher average blood flow and shear stress. (C) The shear 

stress values over the heartbeat were used to determine the oscillatory shear index which was 

higher in ethanol-exposed embryos due to the higher retrograde blood flow. (D and E) the peak 
forward and retrograde shear stress were determined and shown to be higher in ethanol-

exposed embryos in comparison with uninjected and saline controls. *indicates p < 0.05. 

In addition to the hemodynamic alterations, we determined whether there were any 

changes to the morphology of the aortic arch vessel or the overall pharyngeal arch (which 

includes both the mesenchyme and the blood vessel). Neural crest derivatives are known to be 

a major contributor to the aortic arch mesenchyme [14, 98–102] and previous studies support 

that NCCs were affected by ethanol exposure (reviewed in [103]). An orthogonal slice from 

the 3-D structural volume of the aortic arches was selected and segmented to measure the 

cross sectional areas of the aortic arch artery lumen and the surrounding tissue (Fig. 4(a), 

4(b)). There was no difference in the vessel lumen cross sectional area in any of the cohorts of 

embryos (Fig. 4(c)). The average lumen area for the uninjected, saline-injected, and ethanol-

exposed embryos was 0.034 mm
2
, 0.033 mm

2
, and 0.034 mm

2
, respectively (Fig. 4(c)). In 

contrast, the ethanol-exposed embryos had significantly smaller mesenchymal tissue areas 

surrounding the aortic arch vessels with an average of 0.055 mm
2
. Uninjected embryos and 

saline-injected embryos had similar cross sectional areas of tissue with an average of 0.063 

mm
2
 and 0.065 mm

2
, respectively (Fig. 4(d)). 
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Fig. 4. Pharyngeal arch mesenchymal tissue measurements. An orthogonal slice from a 3-D 

volumetric acquisition of the 3rd aortic arch of an uninjected (A) and ethanol-exposed (B) 

embryo. The lumen area was segmented as indicated by the yellow dotted line. The 

surrounding pharyngeal arch tissue was then segmented as indicated by the red dotted line. (C) 

Ethanol-exposed embryos (n = 19) did not have a statistically significant difference in the 
lumen cross sectional area compared with uninjected (n = 16) and saline (n = 17) embryos. (D) 

The surrounding pharyngeal arch tissue cross sectional area was statistically smaller in ethanol 

exposed embryos in comparison to uninjected and saline embryos. * indicates p<0.05. 

Because the area of the aortic arch mesenchyme (which is largely derived from neural 

crest cells) was significantly smaller due to ethanol exposure, we investigated cardiac neural 

crest development at an earlier stage (HH stage 13) when these cells are still actively 

migrating and have reached the circumpharyngeal ridge. At this point in development they are 

positive for two markers of neural crest, HNK-1 and AP-2. Antibodies for both markers were 

utilized to produce stronger stationing. The percentage of migrating neural crest cells in an 

area of the circumpharyngeal ridge was obtained by calculating the ratio of HNK-1 and AP-2 

positive cells to the total number of cells as detected by DAPI positive nuclei in that area. 

Analysis of control and ethanol-exposed embryos revealed that due to ethanol exposure, there 

was a 27% decrease in migrating neural crest cells on the left side of the embryo and a 45% 

decrease in migrating neural crest cells on the right side of the embryo (p<0.001) (Fig. 5). 

These findings suggest that neural crest development is abnormal even at these earlier stages 

possibly due to ethanol-induced anomalies in neural crest induction, proliferation and/or 

migration. 
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Fig. 5. Quantification of cardiac neural crest mid-migration. Transverse cryosections of stage 

13 embryos at the level of the cardiac neural crest were immunofluorescently stained using 
HNK-1 and anti-AP-2 antibodies to identify neural crest cells (A). Cyrosections were also co-

stained with DAPI to identify all cell nuclei (B) for quantification. The area of HNK-1/AP-2 

positive neural crest cells are outlined in red (A,B) with the area that was selected for 
quantification outlined in blue regions of interest (A,B). The area selected is within the 

beginning of the circumpharyngeal ridge. Both the left and right sides of the embryo were 

similarly imaged for quantification. NT = neural tube; No = notochord. 

4. Discussion 

In this study, we used OCT to image the structure and function of the aortic arches of cohorts 

of HH stage 19 embryos. The embryos were divided into three groups consisting of 

uninjected, saline-injected, and ethanol-exposed embryos. OCT images were used to acquire 

hemodynamic measurements including percentage of retrograde blood flow, average blood 

flow, average shear stress, oscillatory shear index, peak forward and peak retrograde shear 

stress. These measurements were possible due to a recently-developed orientation-

independent, dual-angle Doppler OCT technique which enabled rapid measurement of 

absolute blood flow in a region where vessel orientation is challenging to determine due to 

large curvatures [32]. Each hemodynamic measurement was found to be significantly higher 

in ethanol-exposed embryos compared with those obtained from both uninjected and saline-

control embryos. 

To study the neural crest cell derivatives, the size of the aortic arches was measured using 

structural OCT volumes and the number of neural crest derivatives migrating to the aortic 

arches during an earlier stage was quantified. The aortic arch artery lumen cross sectional 

area was found to be similar across all cohorts of embryos while the area of the mesenchymal 

tissue surrounding the vessel was significantly smaller in ethanol-exposed embryos compared 

with the controls. The mesenchyme within the pharyngeal arches is known to have a 

substantial contribution from neural crest derived cells [14, 98, 100–102]. There were also 

fewer neural crest cells migrating dorsolaterally, perhaps due to abnormal migration patterns, 

reduced proliferation, or simply increased cell death anywhere along their developmental 

program. The left-right asymmetry of the number of neural crest cells that were detected 

before ethanol treatment and found to be higher after ethanol treatment was unexpected and 

intriguing. In zebrafish, left-right asymmetry of a genetically labeled sub-set of migratory 

neural crest cell derivatives in the head region was enhanced by ethanol exposure. The 

migration of these cells was reduced and disorganized compared to that of control embryos 

[104]. This disrupted the nearly mirror image migration patterns of NCCs observed in control 
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embryos. The authors hypothesized that this exaggerated left-right asymmetry may explain 

the higher incidence of left-right facial asymmetries detected in individuals with FAS [105]. 

A similar effect on immediately adjacent cardiac neural crest cell migration in avian embryos 

in our PAE model could explain the lower cardiac neural crest derived cell numbers at the 

circumpharyngeal ridge and the smaller pharyngeal mesenchyme. 

Smaller pharyngeal tissue size in ethanol-exposed embryos may be the result of abnormal 

CNCC development. Abnormal NCC development may also play a role in the observed 

hemodynamic changes in ethanol exposed embryos. Targeted ablation of the cardiac NCCs 

has been shown to contribute to altered hemodynamic parameters, such as blood flow 

velocity, wall stress, cardiac output, etc [106–109]. Interestingly, cardiac function was altered 

at stages well before CNCCs are known to enter the heart. Depressed calcium transients in the 

myocardium were detected as early as stage 14, 24 h after CNCC ablation and 48 h before 

NCCs enter the outflow tract of the heart in chicken embryos [110, 111]. Subsequent studies 

have pointed to an indirect effect of CNCCs on the differentiating secondary heart field that 

may have altered cardiac function via abnormal FGF signaling [11]. The altered 

hemodynamic forces measured here are likely a result of the combination of CNCCs related 

morphological and functional changes due to ethanol exposure. The smaller amount of 

mesenchymal tissue around each aortic arch artery may alter their ability to remodel and be 

enveloped by smooth muscle cells. This could eventually impede vessel growth and result in 

reduced great vessel diameters that we observed at later stages (post-septation) in this model 

of PAE [33]. 

We previously reported higher retrograde blood flow and abnormal pulsed Doppler trace 

morphology in ethanol-exposed embryos [31]. Those measurements were taken in the left 

vitelline arteries of HH stage 19 embryos. We reported ethanol-exposed embryos of the same 

stage to have 10.96% of retrograde blood flow, uninjected embryos to have 2.42% of 

retrograde blood flow, and saline-injected controls to have 3.34% of retrograde blood flow. 

These numbers are in close agreement with those presented here captured at the aortic arch 3 

and the small discrepancies are likely due to the fact that the pulsed Doppler trace was 

acquired in a different location further away from the heart. Many of the traces acquired from 

the aortic arch of the ethanol-exposed embryos exhibited a slightly more noisy trace 

compared to traces obtained from other vessel positions [31]. This is due to the curved body 

phenotype typically exhibited by ethanol-exposed embryos [31] causing the aortic arches to 

be located in a less accessible location. This change in location results in a lower signal to 

noise ratio in the OCT images resulting in a more blurred trace. Despite this, the overall shape 

of the trace still clearly shows the altered hemodynamics exhibited by the ethanol-exposed 

embryos. Pulsed Doppler traces recorded at the aortic arches should more accurately reflect 

cardiac function considering that they are the first vessels that the blood enters upon exiting 

the heart. Both the previously reported pulsed Doppler traces as well as those presented here 

showed abnormal trace morphology in ethanol-exposed embryos, a reduced or missing 

shoulder. The detection of this abnormality at a site immediately beyond the heart tube 

supports that this reduced or absent shoulder is the result of abnormal atrioventricular cardiac 

cushion formation induced by ethanol exposure [31,112]. 
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