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Abstract

Prenatal alcohol exposure (PAE) can result in a range of anomalies including brain and behavioral
dysfunctions, collectively termed fetal alcohol spectrum disorder. PAE during the 1st and 2nd
trimester is common, and research in animal models has documented significant neural develop
mental deficits associated with PAE during this period. However, little is known about the
immediate effects of PAE on fetal brain vasculature. In this study, we used /in utero speckle
variance optical coherence tomography, a high spatial- and temporal-resolution imaging modality,
to evaluate dynamic changes in microvasculature of the 2nd trimester equivalent murine fetal
brain, minutes after binge-like maternal alcohol exposure. Acute binge-like PAE resulted in a rapid
(<1 hour) and significant decrease (P <.001) in vessel diameter as compared to the sham group.
The data show that a single binge-like maternal alcohol exposure resulted in swift vasoconstriction
in fetal brain vessels during the critical period of neurogenesis.
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1| INTRODUCTION

Fetal alcohol spectrum disorders (FASD) refer to the broad spectrum of developmental and
behavioral effects caused by alcohol exposure during pregnancy [1]. FASD is a common
source of intellectual and other developmental disabilities, with an estimated global
prevalence of 22.77 per 1000 births. Regional estimates of FASD prevalence vary from33.5
per 1000 births in the United States to 113.22 per 1000 births in South Africa [2]. The range
of abnormalities associated with FASD depend upon alcohol dose and gestational period of
exposure. However, no amount of alcohol is considered safe during pregnancy [1]. Other
contributory factors, including smoking and socioeconomic factors, may be associated with
an increased severity of effects due to prenatal alcohol exposure (PAE) [3]. Due to the
prevalence of unplanned pregnancies [4] and binge patterns of alcohol consumption [5], the
risk for inadvertent PAE during early stages of pregnancy, and even into the 2nd trimester, is
high [6]. This high-risk period for PAE also encompasses the peak period for neurogenesis,
that is, the fetal period when most neurons of the adult brain are born [7]. Significant work
has been done to understand the effects of PAE on the fetal brain [8-16], showing that
several aspects of neural development are affected, leading to cognitive and behavioral
deficits [17, 18]. The microvasculature that develops in the fetal brain during the 1st and 2nd
trimesters supports nutritional needs [19], provides endocrine control of fetal growth [20],
and promotes neural development [21]. Although several studies have documented changes
in blood flow in the fetal brain after maternal alcohol consumption [22, 23], acute changes in
the vasculature of the fetal brain are not well understood or documented.

Traditionally, histological sectioning was used to evaluate embryonic brain development. In
addition to being invasive and time consuming, the need to fix tissue can significantly alter
the gross morphology of the tissue [24, 25]. Several noninvasive imaging modalities have
been developed to study murine embryonic development including confocal microscopy,
ultrasound biomicroscopy, micromagnetic resonance imaging and microcomputed
tomography [26]. However, due to trade-offs between resolution and imaging depth, motion
artifacts from long acquisition times, external contrast agents, and/or the use of ionizing
radiation, these methods are unsuitable for imaging live embryos /n utero. On the other
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hand, optical coherence tomography (OCT) [27] is a well-developed optical imaging
modality that has been successfully used for imaging small animal embryos over the past
decade. Due to its ability to provide cross-sectional images of specimens noninvasively with
high spatial and temporal resolution, OCT has been preferred over the other aforementioned
imaging modalities for imaging embryonic development. The readers are referred to review
papers on the use of OCT for embryonic imaging [28, 29]. For example, OCT is capable of
imaging blood vessels less than 50 pm in diameter, which other modalities such as
ultrasound biomicroscopy are incapable of resolving [30]. We have demonstrated the
superior capabilities of OCT for mouse and rat embryonic imaging during normal and
abnormal development [31-36].

Many functional extensions of OCT have been developed, including Doppler OCT [37, 38],
and speckle variance OCT (SVOCT) [39-41], a subset of angiographic OCT [42], which
have extended the capabilities of OCT from simple structural imaging of embryos to
imaging microvasculature and measuring blood flow velocities [34, 43, 44]. For example,
OCT has been used extensively to measure the effects of prenatal alcohol exposure on avian
embryo cardiovascular structure and function [45-48]. In this study, we use SVOCT [49], a
type of angiographic OCT, to detect vasculature changes in the 14.5 DPC (days postcoitum)
fetal brain, minutes after maternal ethanol consumption of a binge-like bolus. Pregnant mice
were administered ethanol via intragastric gavage, and SVOCT measurements were taken
before and every 5 minutes after gavage for 45 minutes. In this work, we report that binge-
type PAE resulted in a rapid and sustained decrease in vessel diameter compared to a sham
group, demonstrating that maternal alcohol consumption can cause drastic changes in the
fetal brain vasculature within minutes.

2| MATERIALS AND METHODS
2.1] OCT system

A phase-stabilized swept source OCT system (PhS-SSOCT, schematic shown in Figure 1)
was used for structural and speckle variance (functional) imaging of the embryonic brains.
The PhS-SSOCT system was composed of a broadband swept source laser source (Santec
Corporation, Komaki, Japan) with a central wavelength of 1310 nm, scan range of 150 nm,
scan rate of 30 kHz, output power of 39 mW and axial resolution of 11 ym in air. The
interference pattern was recorded by a balanced photodetector and digitized by a high-speed
analog-to-digital converter. After resampling the raw interference pattern into linear k-space,
a fast Fourier transform was performed on the fringe to obtain a 1D depth profile, called an
A-scan. Using a scanning galvanometer-mounted mirror, a 2D cross-sectional image was
constructed, called a B-scan. More information on the system can be found in our previous
work [50].

2.2 | Animal manipulations

All procedures were performed under an approved protocol by the University of Houston
Institutional Animal Care and Use Committee. Pregnant CD-1 mice (Charles River
Laboratories, Inc. Wilmington, MA) were obtained by timed overnight matings. The
presence of a vaginal plug was considered 0.5 DPC. On 14.5 DPC, corresponding to the

J Biophotonics. Author manuscript; available in PMC 2018 December 13.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Raghunathan et al.

Page 4

transition between the 1st and 2nd trimester equivalent period of brain development [7, 51],
pregnant female mice were anesthetized by inhalation of isoflurane (induction: 1%-3%),
weighed and placed on a heated platform at 37°C for the duration of the imaging procedure.
The depth of maternal anesthesia was maintained with a continuous flow of isoflurane
(maintenance: 1.5%-2%) until the last measurement. Abdominal hair was removed, and a
small incision was made to expose the uterine horn for imaging. The embryo selected for
imaging was stabilized using forceps to minimize bulk motion, and OCT imaging of the
embryonic brain was performed through the uterine wall. Imaging parameters and
processing are discussed in the next section. After initial pre-alcohol measurements, the
pregnhant mouse was given a binge-like bolus of 16.6% ethanol (ACS grade, Sigma-Aldrich,
St. Louis, MO, USA and CAS# 64-17-5), at a volume of 3 g/kg in water, by intragastric
gavage (26G x 38, 1.5 mm tip, Gavageneedle.com). Subsequent measurements were made
every 5 minutes for a 45 minutes period after gavage. For the sham group, an equivalent
volume of water, instead of ethanol, was given through intra-gastric gavage, and the same
imaging procedure was followed. After all measurements were completed, the animal was
euthanized by an overdose of isoflurane (overdose: 5%) followed by cervical dislocation. A
total of 6 animals were used for this study, randomly selected as 3 in the ethanol group
(mean weight: 50.3 £ 7.5 g) and 3 in the sham group (mean weight: 48.7 + 9.0 g). The
animals were housed in an AAALAC-accredited animal facility at the University of Houston
on a 12 hours light/dark cycle with ad libitum access to food and water.

2.3| SVOCT imaging, data processing and quantifications

SVOCT images were obtained by using an algorithm described in our previous work [49].
The OCT probe beam was scanned over an area of 4.4 x 4.7 mm. The 3D SVOCT images
consisted of 600 B-scans per volume, and each B-scan had 600 A-scans. Five B-scans were
recorded at each spatial position for SVOCT imaging. The time for each B-scan was 20 ms,
and the total acquisition time was 84 seconds including the galvanometer flyback time
between B-scans. To visualize the vasculature by SVOCT, the variance of the OCT intensity
signal at each pixel between successive B-scans recorded at the same spatial position was
calculated. Figure 2A shows the 3D OCT structural image with the SVOCT data overlayed.
To demonstrate the difference between blood vessels in the uterus and those in the fetal
brain, a cross-section from the combined SVOCT and OCT structural image is shown in
Figure 2B. The cross-sectional plane in Figure 2B corresponds to the yellow line in Figure
2A. From this cross-section, it is apparent that the vessel on the far right of Figure 2A, which
is represented by the dotted yellow circle, is located in the uterine wall, whereas the blood
vessels in the left portion of the image are located in the fetal brain. Since the vessels on the
uterus and the embryonic brain can be distinguished easily, we ensured that all vessel
quantifications reported in this study were from the vessels in the fetal brain. The vessels
imaged in this study were dorsal vessels on the embryonic brain at a depth of approximately
100 pum from the surface of the uterus.

An average intensity projection along the axial dimension of the 3D SVOCT image provided
an en face view of the vasculature in the embryonic brain and the uterus of the mother.
Although bulk motion from maternal respiration and heartbeat was minimized during
acquisition with forceps, all bulk motion could not be fully prevented. Hence, bulk motion
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artifact correction was performed during SVOCT postprocessing. The average SVOCT
intensities at each B-scan position were plotted to identify the B-scans that were affected by
bulk motion. A threshold value was selected, and any B-scan with an average SVOCT value
greater than this threshold was replaced with the previous SVOCT B-scan, assuming that
there was sufficiently high-spatial sampling between adjacent B-scans [52]. The 2D average
intensity projection was further de-noised in Amira (EFI Co., Portland, OR) using a
Gaussian smoothing and a noise-reduction median filter to improve image quality.

A hessian filter based approach was used to enhance the contrast and connectivity of the
blood vessels in the 2D projection (Hessian based Frangi Vesselness filter, Dirk-Jan Kroon,
MathWorks File Exchange, Mathworks, Natick, MA, USA). The output was thresholded by
a binary mask and the vessel diameter was calculated using Matlab (Math-works, Naticka,
MA, USA). A nonparametric Friedman test of differences was conducted on each sample to
assess statistical significance of the changes in vessel diameter over time. A 2-sided Mann-
Whitney U'test was performed to evaluate if there was a statistical significance in the
percentage change of vessel diameter between the 2 treatment groups at 45 minutes after
gavage.

3| RESULTS

Results from 1 embryo each from the sham and alcohol groups are presented in Figures 3
and 4, respectively, followed by the data from 3 embryos from 3 mothers, each from the
sham and ethanol groups in Figure 5. Changes in vessel diameter at different positions of the
blood vessels were quantified to ensure consistency in results. The data are presented as
percentage change in vessel diameter at every time point after gavage with the diameter
before gavage as the reference.

Figure 3 depicts results from 1 embryo from the sham group. Figures 3A,B are maximum
intensity projections (MIP) of the SVOCT images obtained before and 45 minutes after
gavage with water, respectively. Figure 3C plots the percentage change in vessel diameter
every 5 minutes for 45 minutes after gavage. As seen from Figure 3, there is no noticeable
change in vessel diameter over time after gavage with water. The mean of the median values
for each time point of the percentage change in vessel diameter was 3.0% + 1.9%.

Figure 4 shows results from 1 embryo from the ethanol group. Figures 4A,B are MIPs of the
SVOCT images obtained before and 45 minutes after gavage of the binge-like bolus of
ethanol to the mother, respectively. Figure 4C plots the percentage change in vessel diameter
every 5 minutes for 45 minutes after gavage with the pre-gavage diameter as a reference. As
seen from Figure 4, there is a large decrease in vessel diameter over time after
administration of ethanol. At 5 minutes after the alcohol was given, the intra-measurement
median percentage decrease in vessel diameter was 2.0%, which increased to 31.9% 45
minutes after the alcohol was given to the mother.

The bright white spots seen on the SVOCT images in Figures 3 and 4 are due to dehydration
of the uterine tissue. The uterus was not hydrated with saline for the entire imaging period
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due to the possibility of saline interfering with the effects of ethanol. The samples from the
sham group were also not hydrated for the entire imaging period to maintain consistency.

Table 1 summarizes the results of the Friedman ANOVA performed on all samples. All
samples from the ethanol group showed statistically significant changes in diameter over
time, whereas all the samples from the sham group showed no statistically significant
changes.

Figure 5 is a summary of the results from all samples (/7= 9 measurements for each group)
at 45 minutes post-gavage. The box represents the interquartile range, the whiskers are the
SD and the inscribed hollow squares represent the mean of the data distribution. The Mann-
Whitney U'test showed that the ethanol group had a highly statistically significant decrease
in diameter as compared to the sham group (m = m =9, U=0.0004, P< .001).

4| DISCUSSION

The mid-first trimester through the end of second trimester equivalent period of mouse
gestation encompasses the peak period of fetal neurogenesis [7] and angiogenesis [19].
Consequently, brain development during this period of gestation is particularly vulnerable to
alcohol. Hence, vasculature changes caused by PAE could have a drastic influence on
subsequent brain development. We utilized SVOCT to study acute vascular changes in the
fetal brain /n utero after maternal ethanol exposure. Our results show a drastic decrease in
vessel diameter 45 minutes after maternal ethanol consumption. In contrast, the sham
animals showed only minimal and nonsignificant changes in vessel diameter over time.
These results are from a single binge-like exposure to ethanol at the transition between the
first and second trimester equivalent periods (14.5 DPC).

In both sham (Figure 3B vs Figure 3A) and binge-alcohol treated fetuses (Figure 4B vs
Figure 4A), we observed a disappearance of smaller tributaries emanating from the larger
visualized vessels. This gradual loss over time, which was observed in both control and
alcohol exposed fetuses, was perhaps due to effects of prolonged isoflurane anesthesia or
due to partial occlusion of uterine vasculature during the process of exteriorization and
immobilization of the uterine horn. Previous studies have shown that the maternal heart rate
was not significantly lowered by isoflurane anesthesia, and that ethanol itself did not alter
maternal heart rate or blood flow, suggesting that the interaction between anesthesia and
ethanol is minimal [22]. Consequently, the measured reductions in fetal cranial vessel
diameter were likely specifically due to acute maternal alcohol exposure. One other factor
that could possibly influence the vessel diameter quantifications is the change in optical
properties due to the dehydration of the uterus that was depicted in the Figures 3 and 4.
However, since dehydration was observed in both the ethanol and sham group, and all our
measurements were made on fetal brain vasculature rather than uterine vasculature, we can
safely assume that the influence of optical properties on our quantification was negligible.

In this study, ethanol was given at a volume of 3 g/kg to the mother via intragastric gavage.
As mentioned earlier, the dose was chosen as previous studies have shown that this dose
resulted in a mean peak BAC of 117 mg/dL, representing binge-like intoxication readily
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achieved in non-alcoholic human populations [22]. This level of BAC was achieved when
95% ethanol was used. In this work, we used approximately 17% ethanol, as CD-1 mice
were used instead of the C57BL/6 strain, which are known to have a higher tolerance toward
alcohol. Seeing such drastic effects at such low-concentrations stresses the need for future
studies to assess the effects of different concentrations of ethanol at similar doses. However,
recent work has shown that even low doses of prenatal alcohol exposure can have noticeable
effects [53]. We also notice from Figures 3 and 4 that the larger region of the central blood
vessel did not decrease in diameter over time. We hypothesize that this might be a dose-
dependent response. Thus, it will also be important for future studies to assess the dose-
response relationship between maternal alcohol exposure and fetal brain vascular perfusion.
It is also important to determine if the alcohol-induced changes in fetal vasculature persist
beyond the period of exposure or are reversed. In a previous study, effects of maternal
ethanol on fetal cerebrovascular blood flow were shown to persist for at least 24 hours,
demonstrating that the effects of ethanol are persistent beyond the 45 minutes shown in this
work [22]. It will also be important in future studies to ascertain if changes in fetal and
uterine blood flow are correlated.

Previous studies using ultrasound imaging have shown that maternal binge-alcohol exposure
at earlier developmental time points such as 12.5 DPC resulted in an apparent decrease in
cardiac stroke volume through fetal cranial arteries as measured by velocity time integral
after a single binge-like exposure and also following subsequent repeated daily binge-like
exposures [22]. Although our study clearly shows an immediate reduction in the fetal cranial
vessel diameter following maternal ethanol exposure at 14.5 DPC, the relationship between
vasoconstriction and reduction in cardiac stroke output through fetal cranial arteries remains
to be determined. Moreover, other studies have shown that the effects of PAE on fetal
development are influenced by the developmental stage at which maternal exposure occurs
[54-56]. The mid-first trimester through the second trimester equivalent period is a critical
period for fetal neurogenesis [7], angiogenesis and vasculogenesis [19]. Hence, the
vasoconstriction seen in this study could have permanent detrimental effects on fetal brain
development, which could lead to lifelong physical and mental disabilities. We have already
shown distinct morphological changes in the murine fetal brain ex vivo after repeated binge-
like exposures to alcohol using OCT [12]. Future studies will also need to determine the
impact of fetal developmental stage and brain maturation on the cranial vascular effects of
PAE.

One important limitation of SVOCT is the inability to perform quantitative analysis of blood
flow. Furthermore, studies using Doppler OCT will enable us to evaluate changes in flow
rate and correlate them with changes in vasculature. Doppler OCT will also provide the
direction of blood flow that will potentially help us in evaluating the difference, if any,
between how maternal ethanol consumption affects flow and morphological changes in the
arteries vs veins. Flow rate quantifications will also be used to calculate other indices such
as velocity time integral, acceleration, and Pourcelot resistive index, which in turn can be
used to assess cardiac output, cardiac stroke volume and vascular resistance, respectively.
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5| CONCLUSION

This work has evaluated rapid vasculature changes in the murine fetal brain caused by acute,
binge-like maternal ethanol consumption using SVOCT, a functional extension of OCT. The
results showed a prominent decrease in fetal vessel diameter that emerged in the first 10
minutes and persisted for 45 minutes after maternal alcohol consumption, which was not
present in the sham group, demonstrating the possibility of ethanol acting as a
vasoconstrictor on the fetal brain.
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FIGURE 1.
OCT system schematic. Analog to digital converter (ADC) and digital to analog converter
(DAC)
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FIGURE 2.
(A) 3D structural OCT image overlapped with the 3D SVOCT image. (B) 2D cross-section

depicted by the yellow line in (A). The circled region indicates a blood vessel in the uterus
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45 minutes after Gavage
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FIGURE 3.
SVOCT images and diameter change of 1 sample from the sham group. (A) MIP of the

SVOCT image before intragastric gavage. The dotted squares depict the positions where the
diameter was quantified. (B) MIP of the SVOCT image 45 minutes after administration of
water by gavage.(C) Percentage change in vessel diameter after administration of water by
gavage, every 5 minutes for 45 minutes with the pre-gavage diameter as the reference. The
line depicts the interposition median, and the raw data are plotted alongside. The bright
white spots seen on the SVOCT images are due to dehydration of the uterus tissue. The
dotted circle shows the gradual disappearance of smaller tributaries
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FIGURE 4.
SVOCT images and diameter change of 1 sample from the alcohol group. (A) MIP of the

SVOCT image before administration of alcohol by intragastric gavage. The dotted squares
depict the positions where the diameter was quantified. (B) MIP of the SVOCT image 45
minutes after administration of alcohol to the mother by gavage. (C) Percentage change in
vessel diameter after administration of ethanol by gavage, every 5 minutes for 45 minutes
with the pre-gavage diameter as the reference. The line depicts the interposition median, and
the raw data are plotted alongside. The bright white spots seen on the SVOCT images are
due to dehydration of the uterus tissue. The dotted circle shows the gradual disappearance of
smaller tributaries
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FIGURE 5.

Percentage change 45 minutes after administration of (sham) water and ethanol by
intragastric gavage. The box is the interquartile range, the whiskers are the outliers, the
inscribed squares are the mean and the asterisk indicates £ < .001 by a 2-sided Mann—

Whitney U'test
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