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Abstract

Ethanol exposure during the early stages of embryonic development can lead to a range of
morphological and behavioral differences termed fetal alcohol spectrum disorders (FASD). In a
zebrafish model, we have shown that acute ethanol exposure at 8-10 hours post fertilization (hpf),
a critical time of development, produces birth defects similar to those clinically characterized in
FASD. Dysregulation of the Sonic hedgehog (Shh) pathway has been implicated as a molecular
basis for many of the birth defects caused by prenatal alcohol exposure. We observed in zebrafish
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embryos that shh expression was significantly decreased by ethanol exposure at 8-10 hpf,

while smo expression was much less affected. Treatment of zebrafish embryos with SAG or
purmorphamine, small molecule Smoothened agonists that activate Shh signaling, ameliorated the
severity of ethanol-induced developmental malformations including altered eye size and midline
brain development. Further, this rescue effect of Smo activation was dose-dependent and occurred
primarily when treatment was given after ethanol exposure. Markers of Shh signaling (g//1/2) and
eye development (pax6a) were restored in embryos treated with SAG post-ethanol exposure. Since
embryonic ethanol exposure has been shown to produce later-life neurobehavioral impairments,
juvenile zebrafish were examined in the novel tank diving test. Our results further demonstrated
that in zebrafish embryos exposed to ethanol, SAG treatment was able to mitigate long-term
neurodevelopmental impairments related to anxiety and risk-taking behavior. Our results indicate
that pharmacological activation of the Shh pathway at specific developmental timing markedly
diminishes the severity of alcohol-induced birth defects.

Graphical Abstract
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Exposure of zebrafish embryos to acute ethanol during the late gastrulation phase (8-10 hpf)
results in defects in brain development (midbrain-hindbrain boundary formation; microphthalmia)
and long-lasting behavioral deficits (increase in risk taking behavior). The addition of a sonic
hedgehog pathway agonist (SAG) to the zebrafish embryos immediately after the ethanol exposure
(10-12 hpf) rescues both the short term morphological and long-term behavioral defects.
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INTRODUCTION

Prenatal alcohol exposure (PAE) can cause significant and irreversible teratogenic
effects in the developing fetus that are the basis for fetal alcohol spectrum disorders
(FASD) (Chandrasena et al., 2009; Ramsay, 2010). Craniofacial abnormalities, pre- and
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postnatal growth retardation, cardiac and skeletal defects, as well as abnormal brain and
neurobehavioral development have been observed in those diagnosed with FASD (Eberhart
et al., 2016; Jones, 1986). These alcohol induced morphological and behavioral changes are
critically dependent on the timing of exposure during development, with early gestational
exposure being the most damaging (Sulik et al., 1981). PAE has a major effect on eye
development. Ocular aberrations such as microphthalmia are often seen in FAS children, and
may be diagnostic of fetal alcohol syndrome (FAS) (Brennan et al., 2014). Moderate alcohol
exposure during pregnancy, while not resulting in observable morphological changes, can
impact cognitive development with cognitive delays and deficiencies persisting at least into
adolescence (Foltran et al., 2011). A number of animal models have been developed to
model FASD (Patten et al., 2014), including mice (Sulik et al., 1981), chick (Flentke et al.,
2018; Kiecker, 2016; Sandor et al., 1968; Smith, 2008) and zebrafish (Blader et al., 1998;
Loucks et al., 2012). These models recapitulate the pathological changes seen in humans
with FASD, including smaller eye size (Sulik et al., 1981; Zhang et al., 2014), limb defects,
smooth philtrum (Sulik et al., 1983) and also behavioral changes (Bailey et al., 2015; Burton
et al., 2017; Fernandes et al., 2015).

Significant literature points to disruption of Sonic hedgehog (Shh) signaling, a major
morphogenic pathway regulating embryonic development, as a consequence of PAE
(Ahlgren et al., 2002; Aoto et al., 2008; Arenzana et al., 2006; Loucks et al., 2009; Yelin
etal., 2007; Zhang et al., 2013). Shh signaling has fundamental roles in embryonic neural,
craniofacial and eye development (Cavodeassi et al., 2019; Chen et al., 2018; Cordero et

al., 2004; Eberhart et al., 2006; Wang et al., 2013). Disruption of Shh signaling during
development can result in a wide range of effects depending on the degree to which the
pathway is disrupted and can be severe, potentially resulting in fatal developmental disorders
of the brain such as holoprosencephaly (Arsic¢ et al., 2007; Heyne et al., 2016). Facial

and neural phenotypes in FAS closely resemble those seen if Shh is disrupted during
development, including by Shh pathway antagonists (Heyne et al., 2015; Lipinski et al.,
2010), implicating a relationship between Shh pathway expression and FASD (Eberhart et
al., 2016). Mediators of Shh signaling such as the Gli transcription factors have been shown
to be downregulated by ethanol during embryogenesis (Ahlgren et al., 2002; Zhang et al.,
2013). Pregnant mice with genetic disruptions of Shh pathway components, including Cdon,
Ptch2, GIi1/2, have embryos with increased susceptibility to the effects of prenatal alcohol
including increases in holoprosencephaly and limb defects (Fish et al., 2017a; Heyne et al.,
2015; Hong et al., 2012; Kahn et al., 2017; Kietzman et al., 2014). Ethanol exposure has also
been shown to disrupt Shh signaling in developing chick (Ahlgren et al., 2002) and zebrafish
embryos (Li et al., 2007).

Several studies have demonstrated that the effects of PAE can be prevented by genetically
upregulating Shh signaling. The susceptibility of Cdor™/~ mice to embryonic ethanol
exposure was rescued in mice that also had reduced Prch1 gene expression (Hong et al.,
2013). Application of Shh itself to chick embryos prior to alcohol exposure was able to
rescue ethanol induced neural crest cell death (Ahlgren et al., 2002). Further, administration
of anti-oxidants such as vitamin C and E to mouse embryos blocks the reduction in Shh
expression caused by ethanol, with vitamin E reducing the incidence of ethanol-induced
birth defects in early gestation (Aoto et al., 2008). In zebrafish FASD models, a number
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of the morphological and behavioral changes associated with PAE could be rescued by
pre-injection with s#1 mRNA at the single cell stage (Burton et al., 2017; Loucks et al.,
2009; Schwend et al., 2009; Zhang et al., 2013; Zhang et al., 2011).

Activation of Shh signaling is also possible with a number of small molecule compounds
acting at the level of the Shh co-receptor Smoothened (SMO), such as SAG (Smoothened
Agonist)(Chen et al., 2002; Frank-Kamenetsky et al., 2002). These agonists have shown
promise therapeutically as neuroprotective agents (Chechneva et al., 2014; Hu et al., 2017;
Jinetal., 2017) and in developmental syndromes, such as Down syndrome (Das et al., 2013;
Roper et al., 2006), when given postnatally. In S/~ mouse embryos, midline defects seen
at GDB8.5 were partially rescued by SMO agonist treatment (Frank-Kamenetsky et al., 2002).

In our study, we tested the hypothesis that a small molecule Shh pathway agonist when
given at the appropriate dose and timing relative to ethanol exposure during embryogenesis
may alleviate the effects of PAE. The zebrafish model of PAE is able to recapitulate many
of the pathological (Zhang et al., 2014) and behavioral (Bailey et al., 2015; Burton et al.,
2017; Fernandes et al., 2015) changes observed in humans and allows testing of multiple
doses of ethanol and SAG, including varied timing and sequence of dosing. Our findings
herein demonstrate that SAG when administered at specific developmental timing relative
to ethanol exposure, can rescue ethanol-induced morphological defects and long-term
behavioral deficits.

2. METHODS

2.1 Animals and husbandry

Zebrafish (Danio rerio, AB strain, ZFIN 1D: ZDB-GENO-960809-7) were obtained from
the Zebrafish International Resource Center and were bred and maintained as previously
described (Boa-Amponsem et al., 2020; Burton et al., 2017). Zebrafish were housed at
28.5°C and kept on a 14h:10h light dark cycle. All procedures using zebrafish were
conducted according to North Carolina Central University IACUC policy in accordance
with NIH regulations.

2.2 Ethanol exposure and drug treatments of zebrafish embryos

Zebrafish embryos in fish water (egg water) containing 1:500 dilution of 0.1% Methylene
Blue were exposed to ethanol (1% - 5%) in diluted fish water from 8-10 hours post
fertilization (hpf). These concentrations of ethanol exposure, at this critical point of
development, have been previously shown to elicit phenotypes associated with FASD
(Zhang et al. 2014). Zebrafish embryos were exposed to varying concentrations of SMO
agonists (SAG (Santa Cruz) or purmorphamine (PUR) (Fisher Scientific)) at 6-8 hpf or
10-12 hpf by diluting with egg water (Figure 1). Embryos were incubated in sterile 100 mm
petri dishes, with 25-40 embryos per petri dish. Following exposure, embryos were washed
three times with fresh egg water to completely remove any drug treatment. Embryos were
not disturbed until later morphological measurement.
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2.3 Morphological Assessment

Eye size was assessed at 2 days post fertilization (dpf) using a previously described protocol
(Zhang et al., 2014; Zhang et al., 2011). Eyes are measured along the longest axis, with a
normal eye size considered to be greater than or equal to 240 um (Burton et al., 2017). Eye
size measurements were made blinded to experimental group whenever possible.

The midbrain hindbrain boundary (MHB), a defined division between the midbrain and
hindbrain, was visually assessed at 24 hpf as we have previously described (Zhang et al.,
2015; Zhang et al., 2014). The MHB is defined as present when one can visually observe 3
or 4 ridges at the midbrain hindbrain junction. The MHB is defined as disrupted when this
boundary is absent.

2.4 Quantitative real-time PCR

For each treatment group, pooled embryos (>10) were placed into microcentrifuge tubes
containing RNAzol (Molecular Research Center, Inc), and immediately stored at —80°C.
RNA was extracted and cDNA synthesized from RNA (1 ug) using iScript Reverse
Transcriptase (Bio-Rad) and oligo(dT) and random hexamers as primers. cDNA was

used for quantitative PCR, which was carried out using TagMan® Gene Expression
(Master Mix and TagMan® Gene Expression Assays ID (Thermo Fisher Scientific)

for the following zebrafish targets; g/iza (Dr03093666_m1), g/i1b (Dr3093663_g1),

9li2a (Dr03144185_m1), g/i2b (Dr03135220_m1), shha (Dr03432631_m1) and smo
(Dr03131349_m1) expression, along with endogenous control zebrafish ribosomal protein
L13a (Rp/13a) (Dr03432610_m1). PCR was performed in triplicate on a QuantStudio 6 flex
(Thermo Fisher Scientific). Quantitation of glila, glilb, gliZa, gli2b, shha, and smo mRNA
expression was normalized to the internal r0/13aand calculated using the comparative Ct
method.

2.5 Whole mount in situ RNA hybridization for pax6a

Whole mount /7 situ RNA hybridization was performed as previously described with
probe hybridization at 65°C (Zhang et al., 2015; Zhang et al., 2013; Zhang et al., 2011).
Digoxigenin-labeled riboprobes were transcribed from cDNAs encoding pax6a. Embryos
were cleared in glycerol (50%) and viewed on an Olympus MVX-10 microscope. Stained
embryos were scored for normal or altered pax6a staining as a result of treatment. Fisher’s
exact test was used to analyze paxéa in situ expression data.

2.6 C3H10T1/2 cell-based hedgehog signaling assay

Prior to use in the zebrafish studies, the activity of SAG stock solutions were routinely
assessed by the C3H10T1/2 Shh-responsive cell-based assay (Nakamura et al., 1997;
Reznikoff et al., 1973; Williams et al., 1999), which was carried out as previously detailed
(House et al., 2015; Tarpley et al., 2021; Williams et al., 1999). Briefly, C3H10T1/2 cells
were plated overnight and then different concentrations of SAG or PUR were added in
triplicate and cells were incubated for a further 5 days. Alkaline phosphatase (AP) activity,
which reflects Shh-mediated differentiation of these cells, was measured using pNPP as
the substrate and plates were read at 405 nm. Effective concentration (ECsg) values were
determined by non-linear regression in GraphPad 8.0. SAG ECs values were typically in
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the range 40 to 50 nM comparable to our previously published values (Fish et al., 2019; Fish
etal., 2017b).

2.7 Behavior assessment of juvenile zebrafish

There is significant literature supporting the use of zebrafish to model human behavior,
including (Bailey et al., 2013; Levin, 2011; Levin et al., 2009). Juvenile zebrafish were
assessed for anxiety-like and risk-taking behavior in the novel tank diving test using a
previously established protocol (Boa-Amponsem et al., 2019; Burton et al., 2017; Levin,
2011). Briefly, individual zebrafish (60-75 dpf) in 1.5 L tanks filled to an ~10 cm depth

of tank water were assessed during the light cycle for duration of time spent on the tank
floor vs time spent exploring the rest of the tank. Swimming was tracked in real time by
video using an Everfocus camcorder (Duarte, CA) and analyzed by EthoVision XT tracking
software (RRID:SCR_000441, Noldus, Netherlands) that calculates distance from the tank
floor and total distance traveled. Mean distance traveled from the tank floor was determined
for each minute of the 5 min trial and commenced as soon as the fish was placed in the tank.
A minimum of 10 fish were assessed for each treatment group.

2.8 Statistical analysis

All data were plotted and analyzed using GraphPad Prism 8 (RRID:SCR_002798, GraphPad
Software, La Jolla California USA). Eye size data were analyzed as previously described
(Boa-Amponsem et al., 2020; Burton et al., 2017; Zhang et al., 2015) by one-way ANOVA
followed by Dunnett’s multiple comparisons test using GraphPad Prism version 8.02,).
Two-way ANOVA were used to analyze gene expression and novel tank diving data. Fisher’s
exact test was used to analyze midbrain-hindbrain data and paxéa in situ expression data.
Details of analyses are provided in the Results and the Figure Legends. All p values and n
for two-way ANOVA comparisons are shown in Supplemental Table 1. Novel tank diving
test data were analyzed as described previously (Boa-Amponsem et al., 2020; Burton et al.,
2017). The Typel error rate alpha (a) was set to 0.05. Control, drug and ethanol were used
as the between factors with mean distance to floor and total distance traveled per minute as
the repeated measure. The Greenhouse-Geisser adjustment, which was used to control for
sphericity, was applied to the novel tank diving data. To compare exposure groups, the mean
was taken across all five minutes of each trial for each exposure group. The Tukey post-hoc
test was used to determine differences between exposure groups.

3. RESULTS

3.1 Embryonic ethanol exposure produces eye defects in zebrafish embryos

Exposure of zebrafish embryos to ethanol results in developmental effects on eye and

brain development, with small eye (micropthalmia) a typical phenotype (Kashyap et al.,
2011; Loucks et al., 2007; Zhang et al., 2011). We have shown previously that acute
ethanol exposure at 8-10 hpf (corresponding to the transition from late gastrulation to

early neurulation) disrupts ocular development and midbrain-hindbrain boundary (MHB)
formation (Zhang et al., 2014). Here, we first demonstrated that we could observe the dose-
dependent effects of ethanol on inducing microphthalmia at 2 dpf, by exposing embryos at
8-10 hpf with increasing concentrations of ethanol. The percentage of embryos developing
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small eyes which we have previously defined as <240 um (Burton et al., 2017), increased
with increasing ethanol concentration (small eye observed in 15/26 embryos at 3%, 19/26

at 4% and 26/26 at 5% ethanol) (supplemental figure S1a and representative images S1b).
There was significant main effect of ethanol; ANOVA summary A3,122) = 87.12, p<0.0001.
(****p<0.0001 for 3, 4 and 5% ethanol compared to control). Control eye size was 259.9

+ 8.3 um (comparable to previous studies (Zhang et al., 2014)), with eye size decreasing

to 213.4 £ 19.0 pm in the 5% ethanol treated embryos As we observed almost 100%
penetrance of the small eye defect with an acute 5% ethanol exposure, this concentration
was used for subsequent studies.

3.2 SAG treatment at specific embryonic timing significantly diminishes the severity of
ethanol-mediated effects on eye size in zebrafish embryos

SAG treatment alone (1, 2.5, 5 or 10 uM) at either 6-8 hpf or 10-12 hpf did not have

a significant impact on eye size at 2 dpf, with no embryos having an eye size <240

pum (supplemental figures S1c, S1d and representative images S1e). We next assessed the
ability of varying doses of SAG, whether given in a 2 hr window before (6-8 hpf) or after
(10-12 hpf) ethanol exposure, to mitigate the ethanol-induced small eye size phenotype.
When given immediately after ethanol treatment (Post-EtOH), there was a significant main
effect of treatment; ANOVA summary A9,166) = 27.03, p<0.0001. indicating significant
rescue of the small eye phenotype at all SAG doses tested (****p<0.0001) with a trend

of higher dose providing more rescue (Figure 2a and representative images Figure 2b). At
the highest dose of SAG, ninety percent of those ethanol exposed embryos receiving the
post-ethanol 10 uM SAG treatment had normal eye size >240 um (not significant versus
control embryo eye size), and were significantly different from the ethanol alone exposed
embryos (****p<0.0001). However, when given prior to ethanol exposure (Pre-EtOH), SAG
was not as effective and had a more variable response, with the majority of the embryos still
exhibiting the small eye phenotype (7/12 below the 240 nm threshold at 1 pM, 12/12 at 2.5
UM, 7/14 at 5 uM and 11/13 at 10 uM SAG; Figure 2a and representative images Figure 2b).
Those embryos receiving the 10 uM SAG pre-ethanol scheduling (215.2 = 20.7 um), were
not significantly (ns) different from those exposed to ethanol alone (213.6 £ 19.3 um).

We next assessed the ability of another SMO agonist purmorphamine (PUR) (Sinha et al.,
2006; Wu et al., 2002; Wu et al., 2004), to reduce the small eye phenotype induced by
ethanol exposure. While both bind SMO, SAG and PUR are different classes of chemicals
(Briscoe, 2006; Sinha et al., 2006) (supplemental figure S2a). In the C3H10T1/2 assay, PUR
had ~10-fold lower potency than SAG (supplemental figure S2b). Hence, for the eye size
study, we hypothesized to use PUR at ~10-fold higher concentration than SAG, and so used
treatments of PUR ranging from 10 to 100 uM. There was a significant effect of treatment,
ANOVA summary A5,102) = 53.65, p<0.0001. PUR alone had no effect on eye size and
when given post-ethanol exposure at 10-12 hpf we found that 100 pM PUR was able to
significantly rescue the ethanol-induced small eye defect with effect comparable to 10 uM
SAG (****p<0.0001 for both EtOH + SAG and EtOH + PUR compared to EtOH alone;
not significant (ns) for EtOH + SAG compared to EtOH + PUR, Supplemental Figure S2c,
representative images S2d and Supplemental Table 1).
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3.3 SAG reduces the incidence of ethanol-induced midbrain-hindbrain boundary
disruptions in zebrafish embryos.

We have previously observed the effect of ethanol exposure on CNS morphology as assessed
by MHB disruption (Zhang et al., 2014). In our current study, embryos exposed to 3%,

4%, or 5% ethanol at 8-10 hpf had MHB disruption in 15%, 47% and 89% of embryos,
respectively at 1 dpf (Supplemental Figure 3a), comparable to our previous report (Zhang et
al., 2014). MHB was absent in 0/45 control, 5/34 3% EtOH (Fisher’s exact test compared to
control, *p=0.0123), 16/34 4% EtOH (****p<0.0001) and 16/18 5% EtOH (****p<0.0001).
SAG alone at either 6-8 hpf or 10-12 hpf did not significantly disrupt MHB formation
(Supplemental Figure 3b and representative images 3c). While we observed ~90% disruption
of MHB with 5% EtOH exposure at 8-10 hpf (Fisher’s exact test, p<0.0001 compared

to control), this effect was significantly reduced with all post-EtOH SAG treatments, in
particular with the 5 and 10 uM SAG treatments (Fisher’s exact test, both p<0.0001
compared to EtOH alone). MHB disruption was reduced to 25% with 10 uM SAG treatment
following EtOH exposure (Figure 3a and representative images 3b). SAG when given prior
to ethanol (Pre-EtOH), was less effective on reducing ethanol-induced MHB loss, with only
the 1 and 10 uM SAG + EtOH treatment having significant effects (Fisher’s exact test,
p=0.022 and p <0.0001, respectively, compared to EtOH alone) (Figure 3a).

3.4 Effect of acute ethanol exposure on Shh pathway gene expression in zebrafish

embryos

To gain an understanding of how SAG was rescuing the effects of ethanol, a series of

gene expression studies was performed. First, a time course study assessed the effects

of ethanol exposure on shhand smo expression over time (4 to 24 hpf), as a potential
measure of ethanol’s effect on Shh secreting versus Shh responding cells. For this study,
embryos were left untreated or exposed to ethanol (5% at 8-10 hpf), then collected and
pooled for RNA extraction, followed by qRT-PCR to determine changes in mRNA levels.
Data were evaluated by two-way ANOVA followed by Sidak’s multiple comparisons test
using GraphPad Prism version 8.02. For Shha gene expression, two-way ANOVA revealed
a significant interaction of treatment and time (A(5,24) = 15.65, p<0.0001). As expected,
shhexpression at the 4 and 6 hr time points was almost undetectable. In the untreated
embryos, we observed a dramatic increase in s//1 expression from the 6 to 8 hr time points
with expression peaking around 12 hr and remaining strongly expressed at 24 hr (Figure
4a). These expression kinetics for sA/in control embryos are comparable to previously
reported (Albert et al., 2003; Bergeron et al., 2008; Boschen et al., 2021; Eberhart et al.,
2006; Karlstrom et al., 2003; Mich et al., 2014; Schwend et al., 2009; Schwend et al., 2010;
Xu et al., 2006; Yu et al., 2006). Ethanol exposure significantly reduced s// expression
from 8 hr through to 24 hr by ~3-fold (****p<0.0001 for control compared to EtOH at

8, 10, 12 and 24 hrs, Figure 4a). For smo gene expression, two-way ANOVA revealed a
significant interaction of treatment and time (A5,24) = 11.43, p<0.0001). Smo expression
was also very low at the early 4 and 6 hr time points, and increased dramatically and peaked
at 8 hr, decreasing slowly at subsequent time points (Figure 4b). In contrast to effects on
shh, ethanol exposure appeared to have far less effect on smo expression with only modest
decreases seen at the 6 hr (*p=0.0101) and 8 hr (****p<0.0001) time points. For the time
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period 10 to 24 hr there appeared to be no significant effect of ethanol exposure on smo
expression (Figure 4b).

3.5 SAG treatment post-ethanol exposure rescues altered retinal pax6a expression

To assess changes in the eye phenotype, we analyzed pax6a expression, a gene expressed

in the retina of immature zebrafish eyes that is regulated by Shh (Ericson et al., 1997). We
and others have shown that pax6a has reduced expression in zebrafish eyes after ethanol
exposure (Kashyap et al., 2011; Loucks et al., 2007; Zhang et al., 2014; Zhang et al.,

2011) and that combined ethanol and SA/ morpholino treatment significantly reduces paxéa
(Zhang et al., 2014). In our current study, zebrafish embryos were exposed to ethanol at
8-10 hpf and pax6a expression assessed at 2 dpf using /n situ hybridization. Embryos
exposed to ethanol (5% at 8-10 hpf) had altered pax6a expression in the retina with 100%
of embryos having abnormal pax6a expression (Figure 4c, representative image ii), as we
have previously observed (Zhang et al., 2014), Fisher’s exact test, p<0.001 EtOH compared
to control. SAG alone at 10-12 hpf had no observable effect on pax6a expression (Figure
4c, representative images iii and iv). Restored pax6a expression was observed when SAG
was given post-ethanol at 5 or 10 uM (Figure 4c, representative images v and vi), with 75%
of embryos having pax6a expression in the retina comparable to normal when given 10 uM
SAG post-ethanol (Figure 4c). Fisher’s exact test, p=0.011 and p<0.001 for 5 uM and 10 uM
SAG post-EtOH respectively compared to EtOH alone (Figure 4c vii).

3.6 SAG treatment post-ethanol exposure rescues decreased glil/2 expression

Expression of the Shh pathway transcription factors g/iZ and g/i2 are affected by prenatal
ethanol exposure in a number of /n vivo models (Loucks et al., 2012; Zhang et al.,

2013). In our study, zebrafish embryos were exposed to ethanol at 8-10 hpf, embryos
collected at 24 hpf and gene expression was measured by gRT-PCR for the downstream
mediators of shf1signaling, glila/b and gliZa/b. Data were evaluated by two-way ANOVA
followed by Dunnett’s multiple comparisons test. There was a significant effect of
treatment for g/iZ (A3,8) = 38.0, p<0.0001) and g/i2 (A3,8) = 42.4, p<0.0001). Ethanol
exposure alone decreased g/ila/band gliZa/b mRNA expression. SAG treatment alone

at 10-12 hpf significantly increased g/iZa (**p=0.0084) and g/i1b (***p=0.0005), and
gli2a (***p=0.0006) and g/i1b (**p=0.0010) expression by ~3-4 fold compared to control
embryos (Fig. 4d). Glila/b expression was increased more when SAG was given alone at
10-12 hpf (2.2-fold increase for g/ila and 3.6-fold increase for g/i1b relative to control)
compared to given at 6-8 hpf (1.3-fold increase for g/iZaand 1.8-fold increase for g/i1b
relative to control (supplemental figure S4). Treatment of embryos with SAG post-ethanol
restored glila/band gliZa/b expression levels to those comparable to control embryos
(Figure 4d, Supplemental Table 1 for all p values).

3.7 SAG treatment rescues abnormal novel tank diving behavior caused by embryonic
ethanol exposure
We next were interested to see whether SAG treatment could rescue the behavioral deficits
observed in adolescent zebrafish that had been previously exposed to ethanol during early
development. We have shown previously that adolescent zebrafish exposed to ethanol at
early (Bailey et al., 2015; Boa-Amponsem et al., 2019) or late gastrulation (Burton et
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al., 2017) exhibit increased risk-taking behavior in the novel tank diving test, and this
behavior can be rescued by Shha mRNA pre-injected at the one- to two-cell stage (Burton
et al., 2017). Additionally, even low ethanol exposures (1%) at these early time points
(5.25-6.25 hpf) result in adolescent zebrafish exhibiting altered novel tank diving behavior
(Boa-Amponsem et al., 2019). As zebrafish exposed to 5% ethanol do not survive to juvenile
stage (Zhang et al., 2014), we used the low dose 1% ethanol exposure for the behavioral
study. In the behavioral study here, we used a post-ethanol SAG treatment, with zebrafish
embryos being first exposed to 1% ethanol at 5.25-6.25 hpf and then treated with SAG

(5 M at 9-10 hpf). Once the fish developed to juvenile stage (2.5 months), they were
assessed for changes in risk-taking (Figure 5a) by measuring the mean distance to the tank
floor traveled by individual fish every minute for 5 minutes (Boa-Amponsem et al., 2019;
Burton et al., 2017). In our study, adolescent zebrafish previously exposed to 1% ethanol
as embryos at 5.25-;6.25 hpf, exhibited significantly altered tank diving behavior, spending
on average significantly greater time away from the floor of the tank compared to control
zebrafish (Tukey’s post-hoc testing, p=0.0016) (Figure 5b and representative tank diving
images in Figure 6), findings comparable to our previous studies (Boa-Amponsem et al.,
2019; Burton et al., 2017). A significant main effect of treatment was observed (£~ (3, 260)
=13.79, p<0.0001). The behavior of juvenile fish previously treated with SAG alone was
not significantly different from control fish (p=0.9721, Figure 5b and representative tank
diving images in Figure 6). Notably, a single acute SAG treatment (5 pM) following the
1% ethanol embryonic exposure at 5.25-6.25 hpf, rescued the ethanol-induced altered tank
diving risk-taking phenotype (Figure 5b and representative tank diving images in Figure 6),
with the post-ethanol SAG juvenile fish not significantly different from control (Tukey’s
post-hoc testing, p=0.2241).

4. DISCUSSION

There is overwhelming evidence for diminished Shh pathway signaling in the pathology

of FASD (Ahlgren et al., 2002; Aoto et al., 2008; Arenzana et al., 2006; Loucks et

al., 2009; Yelin et al., 2007; Zhang et al., 2013). Our current study demonstrates that

in a zebrafish model of embryonic alcohol exposure, the morphological and behavioral
effects induced by PAE can be ameliorated by pharmacological restoration of Shh pathway
signaling immediately after the alcohol exposure. First, we demonstrated that a synthetic
chemical SMO agonist (SAG), when given alone during early development, did not cause
any observable morphological defects. Second and most interestingly, our findings showed
that a single dose of SAG, when given to zebrafish embryos at specific timing and dose,
primarily immediately after ethanol exposure, was able to rescue the morphological defects
in ocular and brain development elicited by ethanol alone. Third, the long-term behavioral
deficits observed in juvenile zebrafish, which are promoted by ethanol exposure at an early
embryonic stage, were also rescued by SAG treatment when given to embryos post-ethanol
exposure.

In the current study, we observed that ethanol (8-10 hpf) reduces s/ mMRNA expression
in zebrafish embryos for at least 24 hrs following exposure. In contrast, we did not see a
significant effect of ethanol exposure on smo mRNA expression for the same time period.
A number of mechanisms for how ethanol impacts Shh signaling have been proposed
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(reviewed in (Eberhart et al., 2016)), including ethanol preventing C-terminal cholesterol
esterification of Shh during post-translational processing (Li et al., 2007), and/or ethanol
inducing cell death in Shh secreting and/or Shh responding cells. Our data would suggest
that the Shh expressing cells are more susceptible to ethanol-induced cell death than the Shh
responding cells. Around these early stages, s/ 1is expressed in the notochord (Muller et

al., 1999), which is forming around 9-10 hpf (Glickman et al., 2003; Kimmel et al., 1995),
and in the ventral presumptive brain (Eberhart et al., 2006). At 10 hpf, smois detected in
neural plate and axial mesoderm with higher levels seen in presumptive head and tail regions
(Chen et al., 2001). Our findings on potential differences in sensitivity of shh-expressing and
smo-responding cells to ethanol requires further study to identify the specific cell types.

Several previous studies in zebrafish support the premise that restoration of Shh signaling
can diminish the severity of PAE-induced defects, including pre-injection of single cell
stage zebrafish with s#/1 mRNA (Burton et al., 2017; Loucks et al., 2009; Schwend et

al., 2009; Zhang et al., 2013; Zhang et al., 2011), supplementation with cholesterol (Li et
al., 2007), folic acid or retinoic acid (Cadena et al., 2020; Muralidharan et al., 2015). In

this study, we wished to assess whether a chemical small molecule Shh pathway activator
would be able to replicate this rescue when given at the appropriate stage during embryonic
development. To test this hypothesis we used SAG, a small molecule agonist targeting SMO
(Chen et al., 2002; Frank-Kamenetsky et al., 2002). Although pharmacological rescue by
small molecule Shh pathway agonists such as SAG has been demonstrated in a number of
therapeutic areas linked to reduced Shh signaling (Das et al., 2013; Heine et al., 2011; Hu

et al., 2017; Nguyen et al., 2018), administration has almost always been post-natal. The

use of pharmacological Shh pathway modulators during embryonic development has been
very limited due to the challenges in identifying the appropriate dosing and timing while
avoiding Shh over-expression mediated developmental defects. For example, we have shown
in mice that acute maternal treatment with SAG, when administered to dams in high doses at
GD 9.25 of pregnancy, can result in pre-axial polydactyly (Fish et al., 2017). One promising
recent study used SAG pre-natally in mice at E11.25 to partially rescue congenital palate
defects with the study observing that the extent of phenotypic recovery was variable (Shin et
al., 2019).

We have previously demonstrated that zebrafish embryos, when exposed to ethanol during
the gastrulation to neurulation transition, develop morphological defects in brain and

eyes (Burton et al., 2017; Zhang et al., 2014). In our study, we used a short binge

ethanol exposure of zebrafish embryos at 8-10 hpf that gave close to 100% penetrance

of morphological defects (microphthalmia and lack of MHB formation). In contrast, lower
doses of ethanol only induce these phenotypes in a subset of embryos, as we showed here
and before (Zhang et al., 2014). Further, we have shown previously that the actual tissue
exposure of the zebrafish embryos is ~33% of the ethanol dose (Zhang et al., 2014), a
finding comparable to other studies with zebrafish ((Loucks et al., 2012) and refs therein).
In this zebrafish model, we have shown that timing and dose of SAG is critical in mitigating
the effects of embryonic ethanol exposure. SAG was able to rescue both the microphthalmia
defect and lack of MHB formation in a dose dependent manner when given immediately
post-ethanol exposure, with almost complete rescue observed at SAG concentrations of 5
and 10 pM. Treatment of embryos with SAG pre-ethanol exposure was less effective and
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more variable compared to post-ethanol SAG in preventing morphological defects and this
may be due to the low expression of smowe observed at this time (low at 6 hpf compared to
8 and 10 hpf). Overall, the stability of smo expression indicates its potential as a therapeutic
target in the hours following ethanol exposure. To further validate our pharmacological
rescue approach and confirm the effect was SMO-mediated, we also assessed the ability

of another SMO agonist, purmorphamine (PUR) (Sinha et al., 2006; Wu et al., 2002; Wu

et al., 2004), to reduce the small eye phenotype induced by ethanol exposure. SAG and
PUR both bind SMO (Kozielewicz et al., 2020; Sinha et al., 2006), presumably in the same
binding pocket (Wang et al., 2014), and they are chemically distinct from the point of view
of scaffold or pharmacophore arrangement. We found that PUR was also able to rescue

the ethanol-induced small eye defect when given post-ethanol exposure, strengthening our
conclusion that the rescue is mediated via SMO signaling.

As we have done previously, pax6awas used as a readout of Shh pathway activity during
eye development (Zhang et al., 2014; Zhang et al., 2011). Based on whole mount /n situ
hybridization, we observed that ethanol exposure caused an altered pattern of pax6a mMRNA
expression in the retina and that SAG treatment restored this altered pax6a expression to
levels comparable to normal. We also observed that ethanol exposure modestly decreased the
expression of the shf transcriptional markers, glia/b and gliZa/b at 24 hpf. Although not a
direct comparison, it has been previously shown in zebrafish embryos that chronic exposure
to ethanol (2.5% for 4 to 24 hpf) reduced g/iZ expression ~2-fold at 8 hpf but not at 24 hpf
(Loucks et al., 2007). In our study, SAG treatment alone at 10-12 hpf led to a significant
increase in these Shh markers, with SAG treatment post-ethanol exposure restoring g/i1/2
levels close to untreated levels. Our findings suggest SAG is acting through the canonical
Shh pathway.

Another focus of our study was to assess if pharmacologically activating SMO post-ethanol
exposure in the embryo would also rescue long-term behavioral deficits seen in juvenile
fish. For this experiment, we used a lower ethanol exposure given during early gastrulation,
that in juvenile zebrafish does not elicit morphological defects but does affect behavior
(Burton et al., 2017; Zhang et al., 2014). We utilized the novel tank diving assay and as we
previously observed (Burton et al., 2017), juvenile zebrafish not exposed to ethanol spend
almost the whole 5 minutes at the bottom of the tank due to anxiety-related behavior. In
contrast, those exposed to acute ethanol as embryos (1% at 5.25-6.25 hpf) had dramatically
increased risk-taking behavior compared to unexposed fish, as determined by the increase
in time swimming closer to the top of the tank than near the bottom. While SAG treatment
itself did not affect tank exploration, when given post-ethanol it was able to ameliorate

the altered risk-taking behavior of the juvenile zebrafish. This finding provides additional
support for the role of Shh signaling in both brain development and long-term behavior.
Importantly, this functional assessment reveals the efficacy of SAG’s protection to both
low and high levels of embryonic ethanol exposure. These data support our previous study
showing that s7#7 mRNA overexpression prior to ethanol exposure could restore the juvenile
swimming response in the novel tank diving test (Burton et al., 2017).
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5. CONCLUSIONS

The primary goal of this study was to investigate whether birth defects and behavioral
changes caused by embryonic ethanol exposure could be rescued by pharmacological
intervention when given prenatally. Reduced Shh pathway signaling has been strongly
implicated in FASD and therefore is an attractive molecular target for pharmacological
intervention. Hence, we hypothesized that restoring Shh signaling at the correct timing with
respect to prenatal ethanol exposure could counteract the morphological and behavioral
effects elicited by ethanol’s teratogenesis. In our study, we chose to use a zebrafish model
of embryonic ethanol exposure that allowed us to test a wide range of treatment doses

and developmental timings that included an extended longitudinal study that would be
challenging to undertake with rodent models. Our studies contribute to the wider body of
knowledge showing that zebrafish models are valuable as models for ethanol teratogenesis
(Lovely et al., 2016), and for assessing the developmental consequences of neurotoxicity
(Martin et al., 2020). We have demonstrated that a number of the changes in brain formation
and function associated with PAE can be rescued using a single dose of a small molecule
SMO-targeted agonist given at specific developmental timing to increase Shh signaling.

In addition, SAG treatment did not appear to have any long term detrimental effects

on zebrafish development. Our findings provide further evidence for the central role of
abrogated Shh signaling in the pathogenesis of FASD, and provides for potential therapeutic
intervention of a pharmacological activator that restores Shh signaling to mitigate the
symptoms of FASD.
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Significance Statement

FASD is a worldwide burden affecting ~2-5% of the global population annually (Roozen
et al., 2018). The mechanisms by which ethanol promotes the severity of birth defects
associated with FASD is an area of great interest. Our studies demonstrate in a vertebrate
model of embryonic alcohol exposure that chemicals targeting specific developmental
pathways, when given at specific timing, can diminish the incidence or severity of
alcohol-induced birth defects including reversing developmental eye and brain defects,
and longer-term behavioral deficits. Ultimately, this study will aid in our understanding
of alcohol’s teratogenic mechanism of action and provide ideas regarding potential
interventions for FASD.
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0 hpf 24 hpf 2 dpf
Embryo MHB Eye Size
Fertilization Assessment Assessment

8-10 hpf
EtOH

Fig. 1. Timeline schematic for ethanol and SAG treatment of zebrafish embryos.
Developmental timing (hpf, hours post fertilization; dpf, hours post fertilization) for ethanol

exposure and SAG treatments are shown. Embryos are assessed for midbrain-hindbrain
boundary (MHB) disruption at 24 hpf and eye size at 2 dpf.
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Fig. 2. SAG treatment after ethanol exposurerescues ocular size defectsin 2 dpf zebrafish
embryos.
(a) Zebrafish embryos were either pre-treated with SAG (1, 2.5, 5 or 10 uM) at 6-8 hpf and

then exposed to 5% ethanol at 8-10 hpf (Pre-EtOH) or first exposed to 5% ethanol at 8-10
hpf and then treated with SAG (1, 2.5, 5 or 10 uM) at 10-12 hpf (Post-EtOH). Dotted line
indicates threshold for normal eye size (> 240 um). Eye diameter was measured at 2 dpf

as described in Methods. n > 10 embryaos per treatment. Error bars show mean + SD. Data
in (a) were evaluated by one-way ANOVA followed by Dunnett’s multiple comparisons
test using GraphPad Prism version 8.02. Groups are compared to ethanol treated alone
(EtOH). ANOVA summary was A9,166) = 27.03, p<0.0001. Significant rescue is observed
when SAG is given post-ethanol treatment (****p<0.0001 for all doses tested) with 90% of
embryos having normal eye size at the 10 pM SAG treatment post-EtOH. In comparison,
the rescue effect is less pronounced when SAG is given prior to EtOH, with 2 of the doses
having no effect (**p=0.001 for 1 pM, ns (£>0.9999) for 2.5 pM, ***p=0.0002 for 5 uM
and ns (p=0.2033) for 10 uM). See Supplemental Table 1 for summary of n and all multiple
comparisons pvalues. (b) Representative images (i to x) for, controls, SAG + EtOH and
EtOH + SAG exposures. The calibration bar indicates 50 pm.
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Fig. 3. SAG treatment mitigates the effects of acute ethanol exposure on MHB formation in
zebr afish embryos.

Effects on MHB formation of treating embryos with SAG either Pre-EtOH (6-8 hpf) or
Post-EtOH (10-12 hpf) exposure. (a) Zebrafish embryos ( n = 10) were exposed to 5%
ethanol at 8-10 hpf and treated with either 1, 2.5, 5 or 10 uM SAG pre- (SAG + EtOH) or
post-EtOH (EtOH + SAG) exposure. Percent absence of MHB are shown; MHB absent in
0/35 control, 32/35 EtOH, 17/27 EtOH + 1 uM SAG, 21/33 EtOH + 2.5 uM SAG, 12/30
EtOH + 5 uM SAG, 3/12 EtOH + 10 uM SAG, 28/41 1 uM SAG + EtOH, 19/21 2.5 uM
SAG + EtOH, 16/21 5 uM SAG + EtOH and 6/14 10 uM SAG + EtOH. Fisher’s exact

test was used to compare absence of MHB between groups. We observed ~90% disruption
of MHB with 5% EtOH exposure at 8-10 hpf (Fisher’s exact test, p<0.0001 compared to
control), This effect was significantly reduced with all post-EtOH SAG treatments compared
to EtOH alone (—), in particular with the 5 and 10 pM SAG treatments (Fisher’s exact
test, both ****p<0.0001). SAG when given prior to ethanol (Pre-EtOH), was more variable
and less effective on reducing ethanol-induced MHB loss, with the 2.5 and 5 uM treatments
not significant, and the 1 and 10 uM SAG + EtOH treatments having a significant effect
(Fisher’s exact test, *p=0.022 and ****p=0.0007 compared to EtOH alone, respectively)
(Figure 3a). (b) Representative images for (i) control, (ii) EtOH (5%) alone, (iii) 6-8 hpf 5
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UM SAG + EtOH and (iv) EtOH + 10-12 hpf 5 uM SAG. Arrow indicates defined MHB
border. MHB was assessed at 24 hpf as described in Methods.

J Neurosci Res. Author manuscript; available in PMC 2023 August 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Page 24

(a) (b)
004y _ shha 031 5 contrat SO
3 = EiOH 3 = EtOH .
2 0.03 ﬁ g5
g z — i
[ x 5
£ 0.02 £ . .
@ - «
.g I 2 01
5 0.1 X % i
B} il LN fil I
‘\

it

vii

 + - - _5 100
Control 8-10hpf 5% EtOH 10-12hpf § M i »
w
iv v 8-10npf 5% EtOH +  vi H X
- 1M SAG EE 5
. 7 - 3 £
3] S §
5
! &

. ~ pf 5% EtOH +
10-12hp QR S 10-12hpf 10 1M SAG

e 3 i s 3 1i2:

8 0 glita B 3 gliza

g =1 glith g =1 glizb

g &2

a O

= =

- 4

© [

E E 1

s 2

3 k]

& 4

Fig. 4. SAG treatment following ethanol exposure rescues Sonic hedgehog-mediated gene
expression in 2 dpf zebrafish larvae.

Time course for shha (@) and smo (b) mRNA expression in zebrafish embryos (pooled
embryos n=10 per time point, 3 replicates/pooled group), either control or exposed to
EtOH (5%) at 8-10 hpf. RNA was harvested at the indicated time points, quantified

by qRT-PCR and normalized to an internal rpo/23a mRNA control. Gene expression as
described in Methods. Data were evaluated by two-way ANOVA followed by Sidak’s
multiple comparisons test using GraphPad Prism version 8.02. For each time point, control
compared to EtOH. (a) Shha: there was a significant interaction of treatment and time
(H5,24) = 15.65, p<0.0001). Ethanol exposure significantly reduced s/h/ expression from
8 hr through to 24 hr by ~3-fold (****p <0.0001 for 8, 10, 12 and 24 hrs for control
compared to EtOH, Figure 4a). (b) Smo: there was a significant interaction of treatment
and time (A5,24) = 11.43, p<0.0001). For ethanol exposure, only at the 6 hr (*p=0.0101)
and 8 hr (****p<0.0001) time points is a decrease in smo seen. For the time period 10
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to 24 hr there appeared to be no significant effect of ethanol exposure on smo expression.
See Supplemental Table 1 for summary of all multiple comparisons p values. (c) Pax6

in situ mRNA expression in 2 dpf embryo retina. Representative images for (i) control
embryos (15/15 (100% normal paxéa expression)). (ii) embryos exposed to 5% EtOH at
8-10 hpf (0/10,100% abnormal). Embryos treated at 10-12 hpf with (iii) 5 uM SAG alone
(0/9, 0% abnormal) or (iv) 10 uM SAG alone (0/8, 0% abnormal). Embryos exposed to

5% EtOH at 8-10 hpf and then treated post-EtOH at 10-12 hpf with either (v) 5 uM

SAG (6/10, 40% abnormal) or (vi) 10 uM SAG (3/12, 25% abnormal). (vii) Plot of %
abnormal pax6a expression in embryo retina. Fisher’s exact test, p<0.001 EtOH compared to
control. The incidence of abnormal paxéa expression in the embryo retina caused by EtOH
was significantly altered with post-EtOH SAG treatments compared to EtOH alone (—),
(Fisher’s exact test, *p=0.011 and ***£=0.0005 for 5 uM and 10 uM SAG, respectively).
(d) Quantitation of gliza/b and gliZa/b, MRNA expression by gRT-PCR in 2 dpf zebrafish
embryos exposed to 5% EtOH and/or 10 pM SAG as indicated. Gene expression as
described in Methods. n=10 pooled embryos per treatment (2 replicates/pooled group).
Data were evaluated by two-way ANOVA followed by Dunnett’s multiple comparisons
test using GraphPad Prism version 8.02. Groups are compared to control. G/iZ: ANOVA
summary for treatment was A3,8) = 38.0, p<0.0001. SAG treatment significantly increased
glila (**p=0.0084) and g/i1b (***p=0.0005) expression. SAG treatment post-EtOH reduces
glila/b expression to levels comparable to control. G/i2z ANOVA summary for treatment
was A3,8) = 42.4, p<0.0001. SAG treatment significantly increased g/i2a (***=0.0006)
and g/i1b (**p=0.0010) expression. SAG treatment post-EtOH reduces g/iZa/b expression
to levels comparable to control. See Supplemental Table 1 for summary of all multiple
comparisons p values.
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Fig. 5. Altered tank diving behavior in juvenile zebr afish previously exposed to acute ethanol as
embryosisrescued with embryonic SAG treatment.

(a) Timing schematic for ethanol exposure (1% at 5.25-6.25 hpf) + SAG treatment (5 UM
post-EtOH 9-10 hpf) and behavior assessment at 60 to 75 days post fertilization. (b) Juvenile
zebrafish (60-75 days) were individually assessed for changes in novel tank diving response
as determined by mean distance traveled from the tank floor over a 5 min time course.

Novel tank diving test data were analyzed by two-way ANOVA statistical analysis using
GraphPad Prism version 8.02. Total of n > 10 per group from two independent experiments.
Each bar represents the mean distance from the tank floor for each 1 min (1-5 mins). Error
bars represent SEM. To compare groups, the mean was taken across all 5 minutes for each
exposure group. A significant main effect of treatment was observed (# (3, 260) = 13.79,
p<0.0001). The Tukey post-hoc multiple comparisons test was used to determine differences
between exposure groups (groups are compared to control). Altered tank diving response,

an indication of risk-taking behavior, is only observed for juvenile fish previously exposed
embryonically to 1% ethanol (significantly different from control (post hoc) across all time
points analyzed, **p=0.0016). Embryonic SAG treatment alone did not significantly (ns)
affect the novel tank diving behavior of the fish at the juvenile stage, p=0.9721). Treatment
of embryos post-EtOH exposure with SAG (EtOH + SAG) is able to rescue the risk-taking
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behavior with values not significantly (ns) different compared to control, p=0.2241. See
Supplemental Table 1 for summary of all n and multiple comparisons p values.
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Fig. 6. Novel tank diving tracking in juvenile zebrafish exposed to acute ethanol with and
without SAG treatment as embryos.

Representative novel tank diving tracks of each minute from 5 min videos of juvenile
zebrafish. From left to right; (a) control, (b) 1% EtOH alone at 5.25-6.25 hpf, (c) SAG
treatment alone at 9-10 hpf, (d) 1% EtOH at 5.25-6.25 hpf followed by SAG treatment at
9-10 hpf. Swimming was tracked in real time by video and analyzed by EthoVision XT
tracking software (Noldus, Netherlands) that calculates distance from the tank floor and total
distance traveled. A minimum of 10 fish were assessed for each treatment group.
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