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Abstract

Background: Embryonic exposure to the teratogen ethanol leads to dysmorphias, including eye and brain
morphology defects associated with fetal alcohol spectrum disorder (FASD). Exposure of Xenopus laevis
embryos to ethanol leads to similar developmental defects, including brain and eye dysmorphism, confirming
our work and the work of others showing Xenopus as a useful system for studies of the brain and eye birth
defects associated with FASD. Several targets of ethanol action have been hypothesized, one being regulation
of Kir2.1 potassium channel. Endogenous ion fluxes and membrane voltage variation (bioelectric signals) have
been shown to be powerful regulators of embryonic cell behaviors that are required for correct brain and eye
morphology. Disruptions to these voltage patterns lead to spatially correlated disruptions in gene expression
patterns and corresponding morphology.

Materials and Methods: Here, we use controlled membrane voltage modulation to determine when and where
voltage modulation is sufficient to rescue ethanol-induced brain and eye defects in Xenopus embryos.
Results: We found (1) that modulating membrane voltage using light activation of the channelrhodopsin-2
variant DI156A rescues ethanol exposed embryos, resulting in normal brain and eye morphologies; (2) hy-
perpolarization is required for the full duration of ethanol exposure; (3) hyperpolarization of only superficial
ectoderm is sufficient for this effect; and(4) the rescue effect acts at a distance.

Conclusions: These results, particularly the last, raise the exciting possibility of using bioelectric modulation to
treat ethanol-induced brain and eye birth defects, possibly with extant ion channel drugs already prescribed to
pregnant women. This may prove to be a simple and cost-effective strategy for reducing the impact of FASD.
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development
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A BNORMAL NEURAL DEVELOPMENT causes highly debili-
tating disorders, such as spina bifida, and anencephaly,’
brain malformations,” and susceptibility to autism and de-
generative disorders such as Parkinson’s and Alzheimer’s
disease.” Alcohol is a well-known teratogen that causes
several neurological, craniofacial, and other morphological
defects, as well as cognitive impairments, collectively re-
ferred to as fetal alcohol spectrum disorder (FASD4’6).

The most debilitating effects of alcohol are on neural tissue
development leading to long-term cognitive and behavioral
deficits.* Several molecular mechanisms have been shown
to cause alcohol-associated teratogenic defects.*® These
mainly include ethanol-mediated dysfunction of ion channels
and membrane voltage potentials,”’~'® metabotropic recep-

and nitrogen species signaling.'’~2° Finding repair strategies
for such neural patterning defects is a crucial need in devel-
opmental medicine.

In addition to well-known genetic and biochemical signals,
spatiotemporal changes in membrane voltage across somatic
cells (bioelectric signals) reggulate many aspects of large-scale
embryonic patterning.?'® Channelopathies,?® syndromes
developing from mutations in ion channel genes, often cause
brain and eye anomalies, strongly implicating bioelectricity
as an important regulator of brain and eye development.
Using voltage-sensitive dyes, ® developing Xenopus embryos
were shown to have dynamic spatiotemporal changes in the
ectodermal membrane voltage now known as the ‘“‘electric
face.””*! Inhibiting or misexpressing channels that normally
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regulate membrane voltage, such as Kir2.1** and the proton-
pumping complex H-VATPase,*' disrupt craniofacial mor-
phogenesis, including brain and eye patterning.*'~°

All these tissues are derivatives of anterior ectodermal
cells in neural crest and placode lineages.**™*! The specific
embryonic membrane voltage patterns that regulate eye and
brain patterning are so powerful that they can induce ectopic
(and functional) eye and brain tissue far outside the head
region (even in the tail of the animal).3 234 These bioelectric
signals operate upstream and control the canonical tran-
scription factors and gene regulator networks involved in eye
and brain patterning.**=> Moreover, reinforcing these en-
dogenous membrane voltage patterns rescues eye and brain
defects caused by mutant notch and teratogen nicotine.>*#*4?
These experiments show that the bioelectric prepattern is
necessary and sufficient for normal eye and brain morpho-
genesis as well as normal expression of the patterning genes.

Here we test the hypothesis that bioelectric signal modula-
tion can also rescue ethanol-induced brain and eye morphol-
ogy defects. We use optogenetics, light-mediated regulation
of ion channel function and ion ﬂuxes,4M6 to achieve spa-
tiotemporal control of bioelectric signal modulation. Such
optogenetic modulation of bioelectric signal in nonexcitable
cells has been used in Xenopus tail regeneration and can-
cer.*”*® Successful optogenetic rescue of ethanol-induced
brain and eye defects would suggest that preventive medical
approaches may not require gene therapy or replacement of
a particular protein or protein complex; rather, rescue may
be accomplished with one of the many extant methods for
modulating bioelectric signals.

Here we confirm that ethanol exposure induces severe brain
and eye patterning defects in Xenopus, as re%orted,ﬁ’ls’49’50
Next, we used the optogenetic reagent ChR2°'%%4, to gen-
erate corrective bioelectric signals, to prevent ethanol-
induced brain and eye morphology defects. This bioelectric
modulation was required for the full duration of ethanol ex-
posure to bring about the rescue effect; activity of ChR2P'7%4
only during portion of ethanol exposure (stage 9-23 or stage
23-40) was not sufficient.

Interestingly, ChR2P'***-mediated bioelectric modulation
was successful regardless of whether the ChR2P'%* was
expressed dorsally (colocalized with precursors of brain and
eye—Tlocal expression) or ventrally (distant—nonlocal expres-
sion), indicating that these corrective signals can act locally or
atadistance. This suggests the possibility of preventing FASD-
related brain and eye morphological defects without the need
to carefully target a specific set of embryonic cells. This would
dramatically reduce the difficulty and cost of preventing of
these devastating defects in humans.

Methods and Materials
Xenopus husbandry

Xenopus laevis embryos were fertilized in vitro according
to standard protocols”' and raised in 0.1 x Marc’s Modified
Ringer’s (MMR; 10mM Na*, 0.2mM K*, 10.5mM CI,
0.2mM Ca?*, pH 7.8). Embryos were housed at 14°C overnight
after injection and subsequently at 18°C, and staged according
to Refs.’>>* We saw the normal, low background levels of
brain and eye anomalies (<9%), indicating good animal health
and good rearing conditions. At stage 45, large-scale brain and
eye patterning and anomalies in gross morphology were as-
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sessed as before®*** and using Refs.'#49°0525% A1l experi-
ments were approved by the Tufts University Animal Research
Committee (Protocol M2017-53A) in accordance with the
Guide for Care and Use of Laboratory Animals.

Microinjections

Capped synthetic mRNAs generated using the mMES-
SAGE mMACHINE kit (Ambion) were dissolved in
nuclease-free water and injected into embryos immersed in
3% Ficoll using standard methods.>' Each injection was de-
livered between 0.5 and 1 ng of mRNA to each cell at the two-
cell stage; the needle was aimed toward the middle of each
cell at the animal pole, using standard methods.

Constructs used were ChR2°°%% and f-galactosidase in
pCS2. Embryos were injected with capped mRNA in following
ways: both the blastomeres at two-cell stage, dorsal two blas-
tomeres at four-cell stage, or ventral two blastomeres at four-
cell stage. Embryos were injected in 3% Ficoll solution and after
30 min were washed and reared in 0.1 X MMR until stage 45.

p-galactosidase enzymatic detection

Embryos injected with lineage tracer f-galactosidase
mRNA were reared to stage 45 and fixed (30 min in Modified
Eagle’s Medium with formalin at room temperature), washed
twice in phosphate-buffered saline (PBS) with 2 mM MgCl,,
and stained with X-gal (Roche Applied Sciences, In-
dianapolis, IN) staining solution at 37°C for 3h. Embryos
were then rinsed three times in PBS and analyzed.

Optogenetics

We used a modified channelrhodopsin-2, ChR2P156A (a
nonspecific cation channel*>>-°), because of its high chan-
nel open time”> and low incidence of side effects in Xenopus
embryos where it has been characterized.**>” ChR2'** has
been characterized in detail elsewhere and shown to act as a
hyperpolarizer in the outer ectoderm of Xenopus embryos due
to very low osmolarity of 0.1 x MMR.”"3® A fluorescent tag
reported ChR2”’°%* expression; only embryos with clear
expression were used as controls or in experiments. To illu-
minate embryos with 450 nm light, embryos in 35-mm plastic
Petri dishes were placed in a 12”%x12”x 10” custom-made,
light-tight box (Boston Engineering, Waltham, MA).

Two computer-controlled SugarCUBE™ LED Illumina-
tion Systems (Ushio) supplied light through fiberoptic cables
that feed into the box through the top. To prevent over-
heating, dishes were placed on a water-cooled stage. Dishes
were exposed to a previously determined optimal light ex-
posure regimen, 10 ms on and then 30 s off. The intensity of
the light reaching the dishes during the “on” phase was
found to be 2.4 0.1 mW/mm? at approximately the height of
the embryos. This blue light regimen alone has no effect on
normal, wild-type embryos.”’

Ethanol exposure

Embryos were moved to 35-mm Petri dishes containing
2% ethanol in 0.1 x MMR. The dishes were then moved to the
light-tight box, either covered (control) or uncovered, or re-
turned to the 18°C incubator to incubate in dark conditions
(control). Xenopus embryos were exposed to 2% ethanol in
three regimens associated with neural development: early
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(stage 9-23), late (stage 23—40), and full (stage 9-40). Brain
and eye morphology of these embryos was assessed after they
had developed to stage 45 (Fig. 1).

Statistics

All statistical analyses were performed using Microsoft
Excel. At least three independent experiments (n>3) were
conducted with N > 25 embryos for each experimental
group, with embryos collected from multiple animals across
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independent clutches. After confirming equal variance of the
replicate samples, data were pooled and analyzed using a >
test for differences in proportions.

Results

Exposure to 2% ethanol during neurula and tailbud
stages induces brain and eye defects

In experiments to test the effects of 2% ethanol on tadpole
neural development, 97% of untreated control tadpoles had

FIG. 1. Ethanol induces
brain morphology defects in
Xenopus embryos. Represen-
tative images of stage 45 tad-
poles: (A) control tadpoles
showing nostrils (blue arrow-
heads), FB indicated by the
orange bracket, MB indicated
by the yellow bracket, and HB
indicated by the cyan bracket.
(B) Tadpoles from embryos
exposed to ethanol (2%—stage
9-40) showing severe brain
morphology defects as indi-
cated by magenta arrowheads.
Cyan brackets indicate pres-
ence of HB. (C) Quantification
of stage 45 tadpoles for major
brain morphology phenotypes
in the absence or presence of
ethanol (2%). A significantly
high incidence of malformed
brain was observed in embryos
exposed to ethanol for the full
duration (stage 9—40) in com-
parison with controls. Ethanol
(2%) exposure for shorter du-
rations—stage 9-23 and stage
23-40—also showed an in-
crease in malformed brains,
relative to untreated controls,
but the incidence of malformed
brains in shorter ethanol expo-
sures was significantly lower
than in full ethanol exposure.
Data were pooled and a y” test
was performed; ***p<0.001,
**p<0.001.  Representative
CC2-DMPE images of stage
~15 Xenopus embryos: (D)
untreated controls and (E)
ethanol-exposed (2%, stage
9-40). Control embryos show
characteristic  hyperpolariza-
tion in the neural plate (solid
magenta arrows) as previously
reported.>***  Ethanol-treated
embryos showed significantly
reduced signal (depolarization)
within the neural plate (hollow
magenta arrows). FB, fore-
brain, HB, hindbrain, MB,
midbrain.
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correctly patterned large-scale gross morphology of brain and
eye tissue,18’32’50’52’54 with well-formed eyes, nostrils, ol-
factory bulbs/forebrain, midbrain, and hindbrain (Fig. 1A, C).
In comparison, early (stage 9-23) and late (stage 23-40)
ethanol (2%) exposure regimens both caused a small but
significant increase in incidence of brain and eye morphology
defects (13% and 18%, respectively, compared with 3% of
controls, p<0.01; Fig. 1B, C). The full ethanol exposure
regimen (stage 9—40) resulted in a pronounced increase in
incidence of brain and eye morphology defects relative to the
shorter exposures (80%, p <0.001) (Fig. 1C).

The most striking brain phenotypes were misformed or
absent nostrils, mispatterned forebrain and midbrain (Fig. 1B).
Hindbrain gross morphology was largely unaffected. The
most striking eye phenotypes were small eyes and/or incom-
pletely formed eyes, pigmented optic nerve, and fusion of eyes
to brain (Fig. 1B). Eye development was more sensitive to
ethanol exposure than brain development. We conclude that
stage 9—40 ethanol (2%) exposure was most penetrant in in-
ducing brain and eye phenotypes and therefore used this ex-
posure regimen for the remaining experiments.

Light activation of the ChR2D156A channel rescues
ethanol-induced brain and eye morphology defects

We tested whether optogenetic modulation of membrane
voltage can rescue ethanol-induced brain and eye morphol-
ogy defects. We used a modified channelrhodopsin-2,
ChR2P'3%* Our conditions were examined: uninjected con-
trols, with and without ethanol, and ChR2P 3 6A-injected (both
blastomeres at two-cell stage to obtain expression throughout)
embryos that were divided into two groups—ethanol + blue
light and ethanol + dark (ChR2P"*°* activity control). Em-
bryos were allowed to develop to stage 45 and their brain and
eye morphology was assessed (Fig. 2). Uninjected, untreated
tadpoles had correctly patterned brain and eye tissues,”* in-
cluding normally developed eyes, nostrils, olfactory bulbs,
forebrain, midbrain, and hindbrain (Fig. 2A, D). As before
(Fig. 1), ethanol exposure caused a significantly high incidence
of brain and eye morphology defects (80%, p<0.001) in
comparison with untreated controls (5%; Fig. 2D). ChR2P1354
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mRNA-injected, ethanol-treated embryos that were kept in
dark (ChR2DlSGA channels not activated) also showed a sig-
nificantly higher incidence of brain and eye morpholog% de-
fects (90%, p<0.001) (Fig. 2B, D). Excitingly, ChR2°!>%
mRNA-injected, ethanol-treated embryos that were exposed to
blue light (ChR2P'** channels activated) showed significant
rescue of brain and eye morphology defects relative to ethanol
exposed, ChR2P">®* expressing, but kept in the dark (25%,
p<0.001; Fig. 2C, D). The rescued tadpoles showed normal
eyes, nostrils, forebrain, midbrain, and hindbrain, similar to the
controls (Fig. 2C). Thus, blue light activation of ChR2P'*%4
channels restored normal brain and eye morphology of
ethanol-treated embryos to the wild-type state.

Next we tested whether the rescue of ethanol-induced
brain defects could be due to blue light alone, or injection and
blue light. Four conditions were examined: uninjected un-
treated controls, ethanol-treated embryos, ethanol-treated
embryos that were exposed to blue light, and ethanol-treated
embryos that were microinjected with f-galactosidase
mRNA in both blastomeres at two-cell stage and exposed to
blue light. Embryos were allowed to develop to stage 45 and
their brain and eye morphology was assessed (Fig. 2E).

Uninjected and untreated tadpoles had correctly patterned
brain and eye tissues, including normally developed eyes,
nostrils, olfactory bulbs, forebrain, midbrain, and hindbrain
(Fig. 2E). Ethanol exposure caused a significant increase in the
incidence of brain and eye morphology defects (81%,
p<0.001) in comparison with untreated controls (4%, Fig. 2E).
Ethanol-treated embryos that were exposed to blue light also
showed a significant increase in the incidence of brain and eye
morphology defects (84%, p<0.001) in comparison with
controls (Fig. 2E). Similarly, ethanol-treated embryos that were
injected with f5-galactosidase mRNA and exposed to blue light
also showed a significant increase in the incidence of brain and
eye morphology defects (71%, p<0.001) in comparison with
controls (Fig. 2E). There was no significant difference between
ethanol-treated, ethanol-treated and blue light exposed, and
ethanol-treated, f-galactosidase mRNA-injected, blue light-
exposed tadpoles (Fig. 2E). These results suggest that it is the
blue light activation of ChR2P'>®* channels that restored
normal brain and eye morphology of ethanol-treated embryos.

>

FIG. 2. Optogenetic activation of channel rhodopsin (ChR2”'3®*) rescues ethanol-induced brain morphology defects in
Xenopus embryos. Representative images of stage 45 tadpoles: (A) control tadpole showing nostrils (blue arrowheads), FB
indicated by the orange bracket, MB indicated by the yellow bracket, and HB indicated by the cyan bracket (B) tadpole
from embryos exposed to ethanol (2%—stage 9-40) and microinjected with channel rhodopsin (CAR2”/°**) mRNA in both
blastomeres at two-cell stage, showing severe brain morphology defects as indicated by magenta arrowheads. Cyan brackets
indicate presence of HB (C) tadpole from embryos exposed to ethanol (2%—stage 9-40), microinjected with channel
rhodopsin (ChR2P0%) mRNA in both blastomeres at two-cell stage, and exposed to blue light (stage 9—40), showing
restoration of brain pattern with intact nostrils (blue arrowheads), distinct FB (orange bracket), MB (yellow bracket), and
HB (cyan brackets). (D) Quantification of tadpoles with malformed brain phenotype in control (untreated and uninjected)
embryos, embryos exposed to ethanol (2%—stage 9-40) with microinjection with channel rhodopsin (CAR2"/7%*) mRNA
in both blastomeres at two-cell stage. A subset of ethanol-exposed, rhodopsin microinjected embryos were exposed to blue
light (stage 9-40) for optogenetic activation of the channel rhodopsin. Ethanol exposure results in malformed brain
phenotype and this effect of ethanol is not affected by channel rhodopsm microinjection. Remarkably, exposure to blue light
significantly rescues this effect of ethanol. Data were pooled and a y? test was performed; ***p <0.001, **p <0.001. (E)
Quantification of tadpoles with malformed brain phenotype in control (untreated and uninjected) embryos and embryos
exposed to ethanol (2%—stage 9—40). A subset of ethanol exposed embryos were exposed to blue light (stage 9-40) as
controls. Another subset of ethanol exposed embryos were microinjected with f-galactosidase mRNA in both blastomeres
at two-cell stages and exposed to blue light (stage 9-40) as controls. Ethanol exposure results in malformed brain phenotype
and this effect of ethanol is not affected by blue light or f-galactosidase mRNA + blue light. Data were pooled for greater
than three experiments, and a y* test was performed; ***p <0.001. n.s., nonsignificant.
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Light activation of ChR2°"%5A channel for the full

duration of ethanol exposure is necessary for rescue
of brain and eye morphology defects

To determine whether opening of ChR2P'*** channels is
required throughout the full duration of ethanol exposure or if
shorter exposure can have preventative or curative effects, we
repeated the above experiment with three different blue light

PAlI AND ADAMS

exposure regimens. Controls again had correctly patterned
brain and eye tissues (Fig. 2A, E). Also as before, ethanol
exposure caused a significantly higher incidence of brain and
eye mor})hology defects (78%, p<0.001; Fig. 3B, E), and
ChR2P"°%* mRNA-injected, ethanol-treated embryos ex-
posed to light for the full duration of ethanol exposure
showed significant rescue of brain and eye morphology de-
fects (26%, p<0.001) (Fig. 3C, E). However, blue light
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FIG. 3. Optogenetic activation of channel rhodopsin (ChR2P'>®*) for a short duration does not rescue ethanol-induced brain

morphology defects in Xenopus embryos. Representative images of stage 45 tadpoles: (A) control tadpole showing nostrils (blue
arrowheads), FB indicated by the orange bracket, MB indicated by the yellow bracket, and HB indicated by the ¢ cyan' bracket, (B)
tadpole from embryos exposed to ethanol (2%—stage 9—40) and microinjected with channel rhodopsin (C2R2°°**) mRNA in
both blastomeres at two-cell stage, showing severe brain morphology defects as indicated by magenta arrowheads. Cyan brackets
indicate unaffected HB, (C) tadpole from embryos exposed to ethanol (2%—stage 9—40), microinjected with channel rhodopsin
(ChR2P"%*) mRNA in both blastomeres at two-cell stage, and exposed to blue light (stage 9—40), showing restoration of brain
pattern with intact nostrils (blue arrowheads), distinct FB (orange bracket), MB (yellow bracket), and HB gcg/an brackets) D)
tadpole from embryos exposed to ethanol (2%—stage 9—40), microinjected with channel rhodopsin (CRR2”°**) mRNA in both
blastomeres at two-cell stage, and exposed to blue light for a shorter duration (stage 9-23 or stage 23-40), showing brain
morphology defects as indicated by magenta arrowheads. Cyan brackets indicate unaffected HB. (E) Quantification of tadpoles
with malformed brain phenotype in control (untreated and uninjected) embryos, embryos exposed to ethanol (2%—stage 9-40)
with microinjection of channel rhodopsin (ChR2”°°*) mRNA in both blastomeres at two-cell stage. A subset of ethanol-
exposed, rhodopsin microinjected embryos were exposed to blue light (stage 9—40) for optogenetic activation of the channel
rhodopsin. A second and third subset of these embryos were exposed to blue light for shorter time periods to time—stage 9-23
and stage 23-40, respectively. Ethanol exposure results in malformed brain phenotype and this effect of ethanol is not affected by
channel rhodopsin microinjection. Blue light-mediated activation of channel rhodopsin (stage 9-40) significantly rescues this
effect of ethanol. Interestingly, blue light-mediated activation of channel rhodopsin for a shorter duration—stage 9-23 and stage
23-40—fails to show the rescue effect. Data were pooled and a y* test was performed; **¥p <0.001, **p <0.001.
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exposure for short durations, stages 9-23 or stages 23-40, Light activation of the ChR. channel rescues

failed to show significant rescue of brain and eye morphology
(71% and 82%, respectively) (Fig. 3D, E). Thus, optogenetic
activation of ChR2P'*®* channels restored normal brain
and eye morphology of ethanol-treated embryos only when
the channels are opened throughout the duration of ethanol
exposure.

ethanol-induced brain and eye morphology defects
through both local and nonlocal effects

To discover whether the ChR2P'** rescue of ethanol-
induced brain and eye defects occurs in a local or nonlocal
(noncell autonomous) manner, we targeted the mRNA to
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FIG. 4. Optogenetic activation of channel rhodopsin (ChR2”'**) rescues ethanol-induced brain morphology defects through

local and nonlocal effects in Xenopus embryos. Representative images of stage 45 tadpoles: (A) control tadpole showing nostrils
(blue arrowheads), FB indicated by the orange bracket, MB indicated by the yellow bracket, and HB indicated by the cyan bracket,
(B) tadpole from embryos exposed to ethanol (2%—stage 9-40) and microinjected with channel thodopsin (CAR2”"°**) mRNA in
both blastomeres at two-cell stage, showing severe brain morphology defects as indicated by magenta arrowheads. Cyan brackets
indicate unaffected HB, (C) tadpole from embryos exposed to ethanol (2%—stage 9—40), microinjected with channel rhodopsin
(ChR2P">%*)y mRNA in dorsal two blastomeres at four-cell stage, and exposed to blue light (stage 9-40), showing restoration of
brain pattern with intact nostrils (blue arrowheads), distinct FB (orange bracket), MB (yellow bracket), and HB (cyan brackets), (D)
tadpole from embryos exposed to ethanol (2%—stage 9—40), microinjected with channel rhodopsin (ChR2”**y mRNA in ventral
two blastomeres at four-cell stage, and exposed to blue light (stage 9—40), showing restoration of brain pattern with intact nostrils
(blue arrowheads), distinct FB (orange bracket), MB (yellow bracket), and HB (cyan brackets). (E) Tadpole from embryos
coinjected with channel rhodopsin ChR2”°%* and lineage tracer f§-galactosidase mRNA in the dorsal two blastomeres at four-cell
stage. f§-galactosidase stain was developed using X-gal (deep blue stain), which was observed mainly in the brain and spinal cord
(magenta arrowheads) indicating that dorsal blastomere injections target neural tissues. (F) Tadpole from embryos coinjected with
channel rhodopsin ChR2”"%* and lineage tracer f-galactosidase mRNA in the ventral two blastomeres at four-cell stage. f5-
galactosidase stain was developed using X-gal (deep blue stain), which was absent from the brain and spinal cord, and mainly
present in brachial arches, gut, heart, and muscles (magenta arrowheads) indicating that ventral blastomere injections target non-
neural tissues. (G) Quantification of tadpoles with malformed brain phenotype in control (untreated and uninjected) embryos,
embryos exposed to ethanol (2%—stage 9—40) with microinjection of channel rhodopsin (ChR2”"°**) mRNA in both blastomeres
at two-cell stage. A subset of ethanol-exposed, channel rhodopsin microinjected embryos were exposed to blue light (stage 9-40)
for optogenetic activation of the channel rhodopsin. A second and third subset of these embryos exposed to ethanol were
microinjected with channel rhodopsin (CRR2°°**) mRNA at four-cell stage in either dorsal two blastomeres (targets neural
tissues) or ventral two blastomeres (excludes the neural tissues), respectively. Ethanol exposure results in malformed brain
phenotype. Blue light-mediated activation of channel rhodopsin (stage 9-40) significantly rescues this effect of ethanol in embryos
that received channel rhodopsin in both blastomeres at two-cell stage and embryos that received channel rhodopsin in dorsal two
blastomeres (neural precursors) at four-cell stage. Remarkably, blue light-mediated activation of channel rhodopsin in embryos that
received channel rhodopsin in ventral two blastomeres (non-neural precursors) showed the best rescue from effect of ethanol on
brain morphology. Data were pooled and a 7> test was performed; ***p <0.001, **p <0.001.
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dorsal two cells at four-cell stage (precursors of neural tis-
suesg) or ventral two cells at four-cell stage (precursors not
contributing to neural tissue®) of the embryo. We confirmed
the precision of this targeting using coinjection of lineage
tracer f-galactosidase mRNA followed by X-gal staining
and imaging (Fig. 4E, F). Greater than ninety percent of
dorsal-blastomere microinjected tadpoles showed X-gal stain
mainly in the brain and spinal cord confirming targeting of
the ChR2P'>®* channels to the neural tissues, as desired
(Fig. 4E). Greater than ninety percent of ventral-blastomere
microinjected tadpoles showed X-gal stain present in the gut,
heart, and muscles, but absent in the brain and spinal cord,
suggesting targeting of ChR2P'°** channels to the non-CNS
ventral tissues (Fig. 4F).

For the experiment, ChR2°"°** mRNA was microinjected
into either dorsal or ventral blastomeres at four-cell stage, and
then, the embryos were treated with 2% ethanol as before
(stage 9—40) and allowed to develop to stage 45 when their
brain and eye morphology was assessed (Fig. 4). Control
(untreated uninjected) tadpoles had correctly patterned brain
and eye tissues,”* including normally developed eyes, nos-
trils, olfactory bulbs, forebrain, midbrain, and hindbrain
(Fig. 4A, G). ChR2P"%* mRNA microinjected (in both
blastomeres at two-cell stage), ethanol-treated embryos that
were kept in the dark (ChR2P'*®* channels not activated)
showed a significantly higher incidence of brain and eye
morphology defects (81%, p<0.001) than controls (6%)
(Fig. 4B, G). ChR2”"°** mRNA microinjected (in both
blastomeres at two-cell stage), ethanol-treated embryos that
were exposed to the full (stage 9-40) blue light regimen
(ChR2P"'*%* channels activated) showed significant rescue of
brain and eye morphology defects (23%, L <0.001) (Fig. 4G).
Interestingly, dorsally injected (ChR2P'>%* expression in the
CNS precursors), ethanol-treated embryos that were exposed
to the full blue light regimen (ChR2P'>°* channels activated)
also showed significant rescue of brain and eye morphology

A Endogenous

FIG. 5. Schematic of bio-
electric signaling in neural
teratogenesis and repair. (A)
SummarX of our previous
studies.”**?  showing  hy-
perpolarized neural plate and
depolarized surrounding ec-
toderm as important regula-
tors of proper brain and eye
morphology. (B) Embryonic
ethanol exposure depolarizes
the neural plate leading to ab-
errant brain and eye morphol-

Prospective
Brain

ogy defects. (C) Adding
hyperpolarizing ChR2-D156A
channel into the ethanol-

treated embryos with subse-
quent blue light exposure to
optogenetically open the
channel may be sufficient to
prevent the depolarizing effect
of ethanol leading to normal
brain and eye morphology.

Brain morphology

Brain bioelectric pattern
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defects (34%, p<0.001) (Fig. 4C, G). Unexpectedly and re-
markably, ventrally injected (ChR2P'>®* expression not in
the CNS precursors), ethanol-treated embryos that were ex-
posed to the full blue light regimen (ChR2'3°* channels
activated) showed the best rescue of brain and eye mor-
phology defects (1%, p<0.001) (Fig. 4D, G). These results
provide evidence that the ChR2P"**-mediated bioelectric
rescue operates locally as well as nonlocally.

Discussion

In addition to well-known genetic and biochemical path-
ways, spatiotemporal changes in bioelectric signals, such asion
flux and membrane voltage of cells, have been shown to reg-
ulate aspects of large-scale patterning during embryonic de-
velopment.®>® In addition to sculpting neural connections
during embryonic development,®>®” bioelectric signals control
important aspects of large-scale morphogenesis of the eye and
brain, as summarized in Figure 5.*'~3>°® Reinforcing correct
bioelectrical signals has been shown to rescue neural patterning
defects caused by aberrant notch signals, mechanical damage,
or exposure to neuro-teratogens such a nicotine.*****3

Our previous work has extended the use of optogenetics to
embryonic and regenerating tissues to more accurately control
the timing and location of bioelectric intervention, 748 thus
increasing our resolution as we study the intertwining of bio-
electric events with second messengers and genetic regulatory
networks. Building on these findings, we investigated opto-
genetic modulation of bioelectric signals for rescue of brain
and eye malformations in a Xenopus model of fetal alcohol
syndrome disorder.*® Here we do not intend to investigate the
mechanisms used by ethanol to induce brain and eye defects,
which are well studied and established,‘”’lo’l1’13’20 but use
ethanol as an established teratogen to assess the ability of
optogenetic membrane-voltage modulation to rescue ethanol-
induced brain and eye patterning defects.

C Ethanol+
ChR2

Blue light

B Ethanol

Fixed bioelectric pattern

£

Fixed brain morphology

Abberent bioelectric pattern

Abberent brain morphology
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Among the various optogenetic channels tested in Xeno-
pus,”” the channelrhodopsin-2 variant ChR2P'>** was used
because it has been shown to hyperpolarize the mem-
brane*®>” with fewest side effects during embryogenesis.
Using electrophysiology and membrane voltage reporter
dyes, we have shown that ChR2P'3°* hyperpolarizes cells in
Xenopus embryos.*®>’ Unlike mammalian cells where
ChR2P"%* depolarizes the cell, in Xenopus the cation con-
centrations are extremely low in the 0.1 xMMR medium
resulting in a net cation gradient that drives cations out of the
ectodermal cells throughout early developmental stages (until
stage 35). Also, in Xenopus embryos, the heart and circulatory
system do not become operational until later developmental
stages (poststage 35)%; thus resulting in the ChR2P!3%4
channel opening leading to hyperpolarization during early
development (prestage 35). This hyperpolarizing action of
ChR2P"*®* in Xenopus embryos has been verified with
electrophysiology and voltage reporter dye imaging.**-’

The activating blue light cannot penetrate deeper than the
outer opaque ectodermal layer, resulting in activation of
channels and hyperpolarization only in these outer ecto-
dermal cells. Nonetheless, although ChR2P'*®* hyperpo-
larizes ectodermal Xenopus embryonic cells, it is also
possible that the change in internal ionic concentration of
these cells (due to cation efflux) results in initiation/
inhibition of signaling events.”~’% In such a case, the effect
of opening ChR2P"'*°* could be independent of its effect on
membrane potential. Although such effects have not been
reported in embryonic development and are less likely, this
possibility cannot be ruled out and will be tested in future by
using different ion-type channels.

Desensitization of ChR2P'3* upon blue light exposure
was not a problem as we are not looking at fast spiking
neuronal activity; we are inducing slow, long-lasting changes
in membrane potential, such as those found in embryonic
cells.”” Also, exposure to blue light was limited to 10ms
pulses followed by 30 s in darkness, a regimen shown to work
in Xenopus, to minimize desensitization and to prevent
overheating of the medium.*”"-"

To maximize the effect of ethanol on neural patterning and
minimize other non-neural effects, we exposed Xenopus
embryos to ethanol during neurulation and tailbud stages
from stage 9-40. We observed major mispatterning of neural
tissue (Fig. 1) as has been demonstrated in previous stud-
ies.>*” We also tried two short regimens of ethanol exposure
(stage 9-23 and stage 23-40) to discover the minimal levels
of ethanol exposure required. Surprisingly, neither of the
short regimens induced as severe neural patterning defects as
the full regimen (stage 9—40) (Fig. 1). This suggested that
ethanol exposure throughout these stages is required for in-
ducing severe neural patterning defects.

Exposure to ethanol during the developmental stages that
are sensitive to depolarization by other means (stage 9-23) is
not sufficient to cause brain and eye anomalies. This was an
unexpected and intriguing result, suggesting that the brain
and eye symptoms associated with fetal alcohol syndrome are
different from those associated with expression of the Kir2.1
variants that cause brain and eye symptoms in Andersen-
Tawil patients.>** One explanation could be that Kir2.1
variants are more stably inhibited by mutations than ethanol
inhibition of Kir2.1. Periodic unbinding of ethanol would
allow some Kir2.1 channels to function normally for some of

PAlI AND ADAMS

the critical time. If true, this explanation predicts that there is
a threshold effect that causes the anomalies, and the more
consistent Kir2.1 mutants reach that threshold faster than the
more sporadic ethanol effects. In addition to Kir2.1, ethanol
affects the function of a multitude of other ion channels’'°
and metabotropic receptors (serotonin, cholinergic, and glu-
tamate receptors).' !

Ethanol has also been shown to cause brain and eye defects
by interfering with expression of key developmental tran-
scription factor (Pax6, Otx2, etc.),lg’SO’74 retinoic acid sig-
naling,"*'® and reactive oxygen and nitrogen species
signaling.'”2° Thus, the effect of ethanol is likely to be
multipronged, synergistically culminating in fetal alcohol
syndrome-associated brain and eye defects. These different
mechanisms of ethanol may be triggered during different
developmental time points between stages 9—40. In such a
case, the maximum additive/synergistic effect of ethanol will
be seen only when ethanol exposure happens throughout
stages 9-40. Partial exposure may trigger only a small subset
of these mechanisms, which may or may not be sufficient to
cause mispatterning of the brain and eye.

We have successfully exploited blue light-induced hy-
perpolarization via ChR2P™®* to rescue tadpoles from
ethanol-induced brain and eye patterning defects (Fig. 2 and
5). Exposure to blue light alone or f-galactosidase mRNA
injection and blue light exposure failed to rescue embryos
from the ethanol effect (Fig. 2E), su §gesting that the rescue is
due to specific action of ChR2P'** activation.

Temporal modulation of membrane voltage showed that
hyperpolarization was necessary for the full duration of
ethanol exposure (stage 9—40), and shorter durations (stage
9-23 and stage 23-40) were insufficient to rescue the tad-
poles from ethanol-induced brain and eye morphology de-
fects (Fig. 3). This suggests that perhaps hyperpolarization is
actively countering the effect of ethanol and is therefore re-
quired for the same duration as ethanol. This is supported by
the observation that one potential target of ethanol is the
channel Kir2.1.°

Inhibition of the Kir2.1 channel by ethanol would depo-
larize the cells, but optogenetic hyperpolarization should
counter that action of ethanol; however, we provided blue
light exposure from stage 9-23 with ethanol exposure from 9
to 40, a regimen that is theoretically equivalent to ethanol
exposure from stage 23—40. As seen in Figure 1, a shorter
exposure to ethanol should cause much fewer neural defects
than we actually observed. Second, we see that optogenetic
hyperpolarization of noncell autonomous locations can still
rescue brain and eye patterning defects over long range
(Fig. 4). These observations suggest that direct antagonism of
ethanol action by optogenetic hyperpolarization is not the
only possible mechanism, and complex interactions with
multiple ethanol targets may be in play.

As mentioned above, ethanol acts via multiple different
mechanisms, from effects on retinoic acid signaling, reactive
oxygen and nitrogen species, ion channels, metabotropic
receptors, and so on.%”1>13:18:20 However, it is interesting
to note that a majority of these pathways converge on ex-
pression patterns of canonical gene transcription factors
such as Otx2 and Pax6, which are critical for proper neural
patterning.'>°%7* Bioelectric signals during embryonic
development act upstream of these transcription factors
and can be used to even induce these transcription factors
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ectopically within the developing embryo.**%** More-
over, enforcing these bioelectrical signals has been shown
to correct misexpression of these transcription factors caused
by mutated notch signals or teratogens such as nicotine.>**?
Hence, it is conceivable that ethanol-induced misexpression
(via combination of its various mechanisms) of such crucial
transcription factors is overridden by bioelectric regulation of
these crucial gene regulatory networks”’ without even inter-
fering with ethanol targets. Further work will be needed to test
this hypothesis.

To understand whether optogenetic rescue of ethanol-
induced brain and eye phenotypes occurs in a local or non-
local mechanism, we introduced the optogenetic channel
specifically in dorsal (neural precursors) or ventral (distant)
tissues of the embryos, thus restricting our optogenetic hy-
perpolarization to those respective tissues. Optogenetic hy-
perpolarization of neural precursors (local effect) was able to
rescue ethanol-induced brain and eye morphology defects
(Fig. 4), again suggesting a cell autonomous direct antago-
nism of ethanol. Interestingly, however, noncell autonomous
(distant effect) optogenetic hyperpolarization not only res-
cued ethanol-induced brain and eye defects but did so to a
greater degree, resulting in complete rescue (Fig. 4). This
observation means that in addition to the possible cell au-
tonomous antagonism of ethanol effect, there is another,
perhaps stronger, noncell autonomous mechanism at play.

Noncell autonomous, long-range control of anatomical pat-
terning is seen throughout various aspects of biology. In-
structive signals from distant regions have been shown to
control macrophage-mediated zebrafish gigment patterning,”
amphibian trunk and tail development’® and regeneration,”’
coordinated limb development in mice,”® deer antler pattern-
ing,””*" head/tail determination in planarian regeneration,®' and
cancer.**™ During embryonic development, it is likely that any
individual organ patterning is coordinated with the pat-
terning of other organs and with whole-body morphogenesis
and patterning.

For embryonic brain and eye development, membrane
voltage patterns of both neural (dorsal) and non-neural
(ventral) regions are critical regulators of neural pattern-
ing.**** Long-range non-neural (ventral) membrane voltage
patterns also re%ulate neural tube cell behaviors (proliferation
and apoptosis).”>>* This long-range effect is partly mediated
by signaling through gap-junctions, but other aspects of this
signaling remain as yet undiscovered.

The non-neural (ventral) membrane voltage signal could
be relayed due to ectodermal cohesion during neurula-
tion.®*% Given that the distant (ventral) tissues are intimately
involved in neural patterning and morphogenesis, it is pos-
sible that the membrane voltage signals from ventral tissues
can compensate for or override deficits in neural tissue pat-
terning. This is an area of active investigation.

Conclusion

Endogenous membrane voltage patterns in neurula stage
Xenopus embryos are critical regulators of brain and eye
patterning.*>> We know that abnormal signals can be
overridden to rescue neural defects using bioelectric signal
modulation.>*** To determine the spatial and temporal re-
quirements for bioelectric interventions, we tested the ability
of optogenetically initiated bioelectric signals to rescue
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ethanol-induced teratogenic brain and eye morphology de-
fects. Blue light-mediated activation of ChR2°'3%* channels,
to hyperpolarize membrane voltage, rescued ethanol-induced
brain and eye morphology defects. This bioelectric inter-
vention was necessary for the full duration of ethanol expo-
sure and works locally and/or at a distance. At present, there
are a number of ion channel modulators prescribed to preg-
nant women for various conditions.**® These same already
used ion channel modulators could be studied, investigated,
and potentially co-opted for their ability to rescue brain- and
eye-related birth defects.
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