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Euprymna berryi and then use them to
image neural activity in vivo.
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SUMMARY

Cephalopods are remarkable among invertebrates for their cognitive abilities, adaptive camouflage, novel
structures, and propensity for recoding proteins through RNA editing. Due to the lack of genetically tractable
cephalopod models, however, the mechanisms underlying these innovations are poorly understood.
Genome editing tools such as CRISPR-Cas9 allow targeted mutations in diverse species to better link genes
and function. One emerging cephalopod model, Euprymna berryi, produces large numbers of embryos that
can be easily cultured throughout their life cycle and has a sequenced genome. As proof of principle, we used
CRISPR-Cas9in E. berryi to target the gene for tryptophan 2,3 dioxygenase (TDO), an enzyme required for the
formation of ommochromes, the pigments present in the eyes and chromatophores of cephalopods.
CRISPR-Cas9 ribonucleoproteins targeting tdo were injected into early embryos and then cultured to adult-
hood. Unexpectedly, the injected specimens were pigmented, despite verification of indels at the targeted
sites by sequencing in injected animals (G0s). A homozygote knockout line for TDO, bred through multiple
generations, was also pigmented. Surprisingly, a gene encoding indoleamine 2,3, dioxygenase (IDO), an
enzyme that catalyzes the same reaction as TDO in vertebrates, was also present in E. berryi. Double knock-
outs of both tdo and ido with CRISPR-Cas9 produced an albino phenotype. We demonstrate the utility of
these albinos for in vivo imaging of Ca?* signaling in the brain using two-photon microscopy. These data
show the feasibility of making gene knockout cephalopod lines that can be used for live imaging of neural
activity in these behaviorally sophisticated organisms.

INTRODUCTION camera-type eyes structurally resemble those of vertebrates,®

helping them to hunt prey and avoid predators.® Chromatophore

As research organisms, coleoid cephalopods (octopuses,
squids, and cuttlefishes) offer unique opportunities to gain a bet-
ter understanding of the factors that drive behavioral complexity.
Coleoids display an independently evolved level of behavioral
sophistication that parallels that of many mammals and birds.'™
Anatomically, cephalopods’ large brain-to-body ratios rival
those of vertebrates.” Additionally, they display complex cogni-
tion® in the areas of learning and memory.®’ To support these
behaviors, coeloid cephalopods evolved a suite of anatomical in-
novations, including some that are convergent with vertebrates
and others that are evolutionary novelties. For example, their
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and iridophore organs in their skin produce pigmentary and
structural colors that combine to produce exceptional camou-
flage.>'%"" Suckers on their arms serve as multipurpose organs
involved in sensory modalities and locomotion.'?'® Although co-
leoids possess the largest invertebrate nervous systems, they
have more neurons outside of their central brain than within it,
most of which are associated with their arms and suckers.'
These anatomical features, among others, facilitate their
advanced behavioral repertoire.

On a molecular level, cephalopods demonstrate multiple
diverse innovations as well. Specialized chemotactile receptors,
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some of which likely evolved from acetylcholine receptors, are
expressed in the suckers and used to sense poorly soluble com-
pounds.'® Gene families encoding C2H2 zinc finger proteins and
protocadherins have expanded on a massive level, likely to con-
nect their complex nervous systems.'® In these nervous sys-
tems, cephalopods can also recode codons within their mMRNA
at levels that are orders of magnitude greater than other taxa,
providing a novel mechanism for plasticity.'®2° These coleoid
features offer tremendous opportunities to add new perspec-
tives to our understanding of complex cognition. However, the
lack of a genetically tractable cephalopod model has been a ma-
jor obstacle to our ability to study these novelties on a mecha-
nistic level.

Specific characteristics make a given research organism more
amenable to genetic manipulation. For example, the species
should be culturable throughout its entire life cycle in the lab,
provide areliable source of accessible embryos, have a relatively
rapid generation time, and be small to minimize the space
required for housing. For organisms that meet these criteria, a
high-quality genome assembly and protocols for gene knockout
and insertion must be developed to enable functional assays. In
a recent study by some of the authors of this work, an effective
gene knockout protocol was developed for the squid Doryteuthis
pealeii, demonstrating the utility of the CRISPR-Cas9 system in
these organisms.>* D. pealeii, however, cannot be cultured
beyond hatching in the lab, which restricted the knockouts to
the injected individuals, which are mosaic, limiting its utility as
a model.

In this study, we have turned to Euprymna berryi, a bobtail
squid from the Indo-Pacific that possesses many important traits
for its use as a genetically tractable model system.?>*® E. berryi
(1) can be raised in the lab through its entire life cycle, (2) pro-
duces frequent clutches of embryos over a 3-4 month span
that can be microinjected and then cultured to hatching in an
incubator, (3) reaches sexual maturity in about 3 months, (4)
has an assembled genome,”” and (5) is only 3-5 cm in mantle
length as an adult.”®®~*° What is lacking in this emerging model
organism is the development of genetic tools and defined ge-
netic strains to facilitate biological discovery. For example, the
ability to image neural activity non-invasively is a cornerstone
of modern neuroscience and would be an indispensable tool
for cephalopod neurobiology. In this study, we produce an albino
line of E. berryi using CRISPR-Cas9 and demonstrate its utility as
a model for neurobiology by recording calcium activity in the
central nervous system (CNS) of living specimens using two-
photon microscopy.

RESULTS

To create a transparent squid suitable for imaging, we first
needed to establish that we could generate knockout lines of
E. berryi using CRISPR-Cas9. Previously, we developed a proto-
col for gene knockouts in D. pealeii, but these animals were not
culturable past hatching.?* In the D. pealeii study, we knocked
out the gene encoding tryptophan 2,3, dioxygenase (TDO), an
enzyme that catalyzes the first committed step in the biosyn-
thesis of ommochromes, pigments found in the eyes and chro-
matophores of cephalopods.®'~*° Following a similar logic, our
initial goal was to identify the orthologous gene for tdo in
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E. berryi and knock it out using the previously established
CRISPR-Cas9 protocol. By searching the E. berryi genome, we
identified an ortholog to D. pealeii tdo that comprises 14 exons
and 15 introns and spans 153 kilobases (kb) (Figure 1A). As
with D. pealeii, E. berryi tdo is expressed in pigmented tissues
(i.e., eyes and chromatophores). During E. berryi embryogen-
esis, pigmentation of the eyes commences at stage 20 and in
the chromatophores at stage 26 (using a staging guide for
E. scolopes®’). Using embryos at these stages, we performed
a whole-mount hybridization chain reaction using probes de-
signed for E. berryi tdo. Figure 1B demonstrates strong tdo
gene expression in the eyes and chromatophores with little to
no expression observed elsewhere in the embryo. This pattern
is similar to tdo expression in D. pealeii embryos.?* These data
further supported the idea that tdo was an appropriate target
to eliminate chromatophore pigmentation.

To make albino E. berryi, we designed CRISPR guide RNAs
(gRNAs) targeting the tdo locus. In total, 3 chemically protected
gRNAs were synthesized commercially (Synthego), 2 in exon 9
and 1 in exon 10 (Figure 1A). These gRNAs were microinjected
alongside Cas9 protein into cleavage stage (1-8 cells) E. berryi
embryos (see STAR Methods for a description of embryo prep-
aration). As the first cleavage occurs approximately 8 h following
fertilization at 24°C, there was sufficient time to microinject natu-
rally laid embryos (in contrast to D. pealeii, which takes ~3.5 h).
Each E. berryi egg is wrapped in 2 distinct types of jelly that need
to be removed before injection, although keeping the chorion
intact (Figure 1Ci). This was accomplished using fine forceps,
but unlike our methods for D. pealeii, we did not need to make
partial incisions with micro scissors. As with D. pealeii, the blas-
tomere itself needed to be injected, as injections into the yolk
were lethal (Figures 1Cii and 1Ciii). After injections, embryos
were cultured to hatching, and in some cases beyond, to
observe pigmentation.

Surprisingly, embryos injected with tdo CRISPR gRNAs and
Cas9 appeared mostly pigmented at hatching and very similar
to control embryos (Figure 1D). Since no loss of pigmentation
was observed, we first suspected that gene knockouts were
incomplete; hence, we genotyped five of the experimental indi-
viduals by sacrificing them and purifying genomic DNA from
the entire animal. Amplicons spanning the CRISPR-directed
Cas9 target sites were generated by PCR and skim-sequenced
using MiSeq. Disruption of tdo in these animals was highly effi-
cient: in exon 9, which contained target sites for 2 CRISPR
gRNAs, most individuals had >90% of the tdo alleles disrupted
(Figure 1E). In exon 10, the site targeted by the other CRISPR
gRNA, tdo disruptions were less efficient; all animals had
<80% of the tdo alleles disrupted, with some below 50% disrup-
tion, but each animal was confirmed to harbor disruptions in both
exons. The pigmentation observed in animals demonstrating a
high level of disruption in the tdo locus was unexpected, and
we reasoned that either the small amount of intact tdo was suf-
ficient to generate pigmentation (although this was not the case
for similar experiments in D. pealeii) or sufficient quantities of
N-formylkynurenine for ommochrome biosynthesis was being
produced by another copy of tdo, a different tdo isoform, or a
different enzyme.

To test whether the small fraction of intact tdo was sufficient
for pigmentation in the GO hatchlings, we bred a homozygous
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Figure 1. CRISPR-Cas9-mediated mutagenesis of TDO in E. berryi

(A) Schematic of the E. berryi TDO locus showing 15 exons and 14 introns.
gRNAs target exons 9 and 10 (red); scale bar, 10 kb. See also Figure S1.

(B) Hybridization chain reaction in situ hybridizations for tdo expression in
E. berryi embryos. (i) DAPI staining and (ji) tdo expression (scale bars, 500 M)
in a stage 20 E. berryi embryo illustrate tdo expression in the developing eye
primordium. (jii) A close-up of a stage 27 embryo shows tdo eye and chro-
matophore expression (scale bars, 100 uM). M, mouth; a, arm primordia; ma,
mantle; e, eye; arrows point to chromatophores.

(C) Cartoon images of cleavage stage E. berryi embryos. (i) lllustration of an
embryo covered in two types of jelly: the tunic (tan) and jelly layers (gray)
surrounding the yolky embryo, contained in a chorion. (i) Animal pole view of
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knockout line. To accomplish this, we raised GO animals to sex-
ual maturity and in-crossed 7 pairs. F1 animals from each cross
were then genotyped. Four of the crosses only produced wild-
type (WT) animals, but 3 crosses produced heterozygotes con-
taining a wide variety of indels among the genotyped individuals.
The numbers of heterozygous and WT animals for the three
crosses were as follows: 4 heterozygotes and 3 WT, 6 heterozy-
gotes and 3 WT, and 3 heterozygotes and 13 WT, for a total of 13
heterozygotes and 19 WT. One of the F1 progeny that contained
a 7 base pair (bp) deletion in exon 9 was used to produce a ho-
mozygous knockout line. To avoid inbreeding depression from
sibling crosses and possible accumulations of off-target
CRISPR mutations, we first outcrossed the 7 bp deletion F1 het-
erozygote with a WT from a different parental line. F2s from this
pairing were genotyped and heterozygotes were identified with
the same 7 bp deletion and in Mendelian ratios. F2 heterozy-
gotes from separate lineages were crossed to create an F3
line, which we expected to produce some homozygous
knockout tdo animals (Figure 2A). To confirm the genotypes of
F3 animals, the 7 bp deletion was verified via sequencing.
Although we recovered genotypes that aligned with the ex-
pected Mendelian ratios (Figure 2B), the homozygote tdo
knockout squid were still visually pigmented (Figure 2C).

Although tdo ™~ animals were fully pigmented at hatching,
pigmentation was slightly delayed. WT animals begin to develop
pigment in their eyes during embryogenesis around stage 20
(specific stages are in reference to the E. scolopes embryo
guide®’; 8/9 dpf at 24°C) and in their chromatophores at stage
26 (13/14 dpf at 24°C). Normally, the chromatophores and
eyes quickly darken to brown and black by stage 28 (18 dpf)
and 26 (15-16 dpf), respectively. However, in some F3 animals
at these two stages, coloration was less well developed (Fig-
ure 2D, arrow). Eyes took longer to develop color, staying a light
orange and then a red before eventually turning black at stage
28; chromatophores stayed red past stage 26 until stage 28,
when they transitioned to brown. This was close to hatching
(stage 30, 24 dpf). The animals displaying the delayed pigmenta-
tion phenotype were genotyped and found to be tdo~~. This led
us to believe that there was either another copy of tdo or another
enzyme capable of producing N-formylkynurenine (the first
committed step in the production of ommochrome pigments
from tryptophan) in the genome. Searches of the genome, how-
ever, did not uncover additional copies of tdo, or other tdo iso-
forms. In addition, because ommochromes are highly conserved
across cephalopods, we considered it unlikely that another
pigment type was responsible for coloration.

Indoleamine 2,3 dioxygenase (IDO) is structurally distinct from
TDO but is known to catalyze the same reaction in many verte-
brates and some mollusks.*®™** Although ido homologs were

an embryo at the 4-cell stage with a quartz injection needle piercing one of the
cells. (i) Embryo at the 2-cell stage with needle injecting through chorion and
into 1 of the cells. Individual cells labeled as “b.” Scale bar, ~1 mm.

(D) Images of E. berryi at hatching stage. Left image shows a wild-type (WT)
phenotype. Right image shows a squid injected with Cas9 and gRNAs tar-
geting tdo exons 9 and 10. Scale bar, 230 pm.

(E) Percent tdo disruption in exons 9 and 10 (where guides are located) in 5
CRISPR-Cas9 injected E. berryi. Percent disruption was calculated from PCR
amplicons spanning the two CRISPR gRNA cut sites using genomic DNA
extracted from whole hatchlings.
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not seen in the D. pealeii genome, we did identify a putative ho-
molog in the E. scolopes and E. berryi genomes. Trees contain-
ing both TDO and IDO sequences confirm a bona fide IDO en-
coded in Euprymna genomes (Figure S1). E. berryi ido is
composed of 12 exons and 11 introns, spanning a total of 108
kb (Figure 3A). To confirm that IDO is indeed expressed in
E. berryi, we confirmed the presence of transcripts using RT-
PCR on RNA extracted from whole stage 24 embryos (data not
shown). To examine the spatial expression of ido, we attempted
to localize it using the same HCR methods used for tdo but were
unsuccessful. We hypothesized that this might be due to low
expression levels for IDO. Indeed, gPCR experiments using
cDNA from stage 24 embryos indicated that ido expression is
close to 40 times lower than that of tdo (Figure 3B).

To determine whether E. berryi IDO contributes to ommo-
chrome biosynthesis, we first attempted to knockout the ido
gene using the same approach that was used to knockout tdo
(in this case 2 gRNAs were injected (STAR Methods). For ido,
both CRISPR gRNAs targeted exon 3 (Figure 3A). These were in-
jected into early-stage embryos along with Cas9 enzyme. As
with the tdo injected animals before, hatchling GO animals ex-
hibited no loss of pigmentation and looked similar to the WT an-
imals (Figure 3C). Next, we hypothesized that the activity of each
enzyme could compensate for the other. To test this idea, we at-
tempted to knockout both tdo and ido simultaneously. First, we
tried injecting homozygote tdo ™'~ embryos with ido gRNAs, but
this, for unknown reasons, resulted in deformed embryos that
rarely survived to hatching. Next, we co-injected tdo and ido

WETTCTTAGAGCTGGTTAGAACGICACCCCGIGGTTTAGAAAA

CCAAATCTTTT

¢? CellPress

Figure 2. Generation of a TDO knockout line
in E. berryi

(A) lllustration of crosses used to create a homozy-
gote line for tdo ™~ through the F3 generation.

(B) Alignment of a tdo*’* (WT) sequence (top) with a
tdo™/~ knockout sequence (bottom) in exon 9.
Purple bar indicates location of the gRNA target.
Nucleotides in red box are deleted in the TDO
knockouts. The CRISPR protospacer adjacent motif
site, which is required for Cas9 to cut, is highlighted
in blue.

(C) Images of E. berryi squid at hatching, left
showing a WT hatchling and right showing a tdo ™~
knockout hatchling at 24 dpf. Scale bar, 230 pm.
(D) E. berryi WT and tdo ™/~ knockout embryos at 13
dpf. Scale bar, 230 um.

CRISPR guides (gRNA3 for tdo, which
was the most efficient, and both ido
gRNAs). During the development of the
double knockout GO embryos, many spec-
imens exhibited a mosaic pigmentation
phenotype, and some were complete
albinos (Figure 4A). The mosaicism re-
sulted in combinations of red instead of
black eyes, red chromatophores, or a
complete loss of chromatophore pigmen-
tation. Fully transparent squid, unfortu-
nately, did not survive longer than
~3 weeks post-hatching. To make a ge-
netic strain of albino squid, we crossed 2
adult GO animals injected with guides to both tdo and ido that
demonstrated mosaic pigmentation. The F1s from this cross re-
sulted in red-eyed, WT, and full albino phenotypes (Figure 4B).
We genotyped animals from each of these phenotypes to corre-
late phenotype with genotype (Figure 4C). Albino squid were
confirmed to be homozygous knockouts for both genes. The
red-eyed phenotype is produced in full tdo knockouts with either
a heterozygous or WT ido. The genotypes for animals with WT
pigmentation were tdo*’* ido*’*, tdo*’* ido*/~, tdo*’~ ido*’",
and tdo*’* ido~'~. Albino animals did not survive well after hatch-
ing: most died within a week, presumably because they fed
poorly due to difficulties catching prey. A few animals that
were hand-fed multiple times per day survived about a month.

The albino E. berryi are nearly transparent (Figure 4B). This
transparency makes them an ideal model to study neural activity
using fluorescent markers. Unfortunately, since albinos did not
survive to adulthood, we carried out further experiments with
hatchlings within 1 week post-hatching. However, red-eyed
and WT animals are culturable through their life cycles. Thus,
production of additional albinos requires crosses of some com-
bination of the two red-eyed genotypes and WT animals of the
tdo*~ ido*/~ genotype. These albino animals were then used
for neuroimaging.

Imaging of neural activity in the brains of albino E. berryi
in vivo

The transparency of the albino E. berryi presents an opportunity
to study neural activity in vivo using fluorescent indicators of

Current Biology 33, 2774-2783, July 10, 2023 2777




- ¢? CellPress

A DO Iocus: 108 kb

L] L] L L L L

TDO/IDO
Relative Expression

Figure 3. CRISPR-Cas9-mediated knockout of IDO in E. berryi

(A) A schematic of the ido locus in E. berryi with 11 exons, 12 introns, and
gRNAs located in exon 3 (red). Scale bar, 10 kb. See also Figure S1.

(B) Relative expression of tdo and ido in wild-type stage 24 embryos deter-
mined from gPCR on whole embryo cDNA. Relative expression determined
from average Qp cycles for each message (5 biological replicates).

(C) Images of a WT E. berryi hatchling (left) versus one injected with a CRISPR
gRNA targeting ido and Cas9 (right). Scale bar, 270 pm.

neuronal activity. To demonstrate this utility for studying neural
dynamics, we used preparation for in vivo two-photon calcium
imaging of optic lobes.** One advantage of choosing the optic
lobes to validate our imaging approach is that neural activity
can be triggered by noninvasive visual stimuli. We first injected
the calcium indicator Cal-520 into the optic lobes of anesthetized
albino squid hatchlings using a beveled quartz micropipette
(Figures 5A and 5B). To constrain movement after recovery
from anesthesia, we embedded the whole squid in 4% agarose
in artificial seawater (ASW). Embedded animals were then
placed in a recording chamber filled with ASW. Visual stimuli
were projected onto a white screen located on one side of the
recording chamber, ipsilateral to the optic lobe that was imaged.
The objective of the two-photon microscope was immersed in
ASW to image calcium responses in the optic lobes. The calcium
dye was successfully loaded into the cells in the optic lobes, as
evidenced by the recorded baseline fluorescence (Figure 5C).

Visual stimuli reliably triggered a calcium response in part of
the optic lobe (Figures 5D-5F), demonstrating the feasibility of
studying neural activity in intact cephalopods for the first time.
Visually evoked calcium responses in the optic lobe were not
spatially homogeneous, as parts of the optic lobe remained silent
following the presentation of visual stimuli despite the successful
loading of calcium indicator dye. The time delay to reach
maximum fluorescence after the stimulus onset (Figures 5D
and 5F), however, excludes the possibility that the signals were
due to background illumination produced by the stimulus alone.
In fact, the average calcium signal in the active region persisted
for more than 1 s after the stimulus offset (Figure 5F), consistent
with calcium and indicator dynamics. In total, we loaded the cal-
cium dye into the optic lobes of four different albino squid and
observed a variable proportion of optic lobes being active
when visual stimuli were presented (Figure 5G), illustrating the
repeatability of the approach as well as the inter-animal vari-
ability in the robustness of the imaging signal.

Finally, to illustrate the advantage of using albino squid for
in vivo imaging, we performed the same two-photon calcium
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imaging experiment on WT animals (Figure 6). Not surprisingly,
the pigmented chromatophores on the WT specimens ob-
structed the two-photon laser illumination and prevented
imaging sections of the optic lobe underneath, whereas clear un-
obstructed imaging of the entire optic lobe was possible in the
albinos.

DISCUSSION

This study presents several key advances for studying cepha-
lopod biology, particularly in the areas of development and
neurobiology. First, we introduce E. berryi as a model for molec-
ular genetics. Previous work has demonstrated the potential util-
ity of this species®: it is small, reaches sexual maturity relatively
rapidly (3—4 months, depending on the culture temperature), and
is robust in culture. E. berryi displays similar characteristics to
Euprymna scolopes, a morphologically comparable congener
that has been an important and well-studied model for bacte-
rial-animal symbioses.*® Both Euprymna species are of a similar
size, possess light organs that harbor luminescent bacteria, are
docile in captivity, and are culturable throughout their life cycle.
We chose to focus on E. berryi for this work because, in our
hands, they have a much higher survival rate immediately after
hatching, a critical period in cephalopod husbandry. Using
E. berryi and CRISPR-Cas9, we produced defined gene
knockout lines, a first for cephalopod biology, and we continue
to culture these lines over multiple generations. These steps
are prerequisites to the application of modern biological tools
to the study of cephalopods.

Surprisingly, our attempts to knockout pigmentation in
E. berryi suggested the presence of a second gene in the
pigmentation pathway that is absent in another distantly related
squid, D. pealeii. It is well accepted that the pigments in cepha-
lopod chromatophores and retinas are ommochromes.>*=° The
first committed step in their biosynthesis involves the conversion
of tryptophan to formylkynurenine, a reaction catalyzed by TDO.
Indeed, the knockout of tdo in D. pealeii completely inhibited
pigmentation but had little to no effect on E. berryi. We identified
a gene encoding IDO, an enzyme that catalyzes the same reac-
tion, in this species. BLAST searches failed to identify ido ortho-
logs in the genome of D. pealeii’®?® but did uncover one in
E. scolopes®® and E. berryi. Using in situ hybridization, we
were unable to detect ido gene expression in the chromato-
phores and eyes of stage 24 E. berryi embryos, a developmental
stage that marks the onset of pigmentation. However, qPCR
indicated ido expression is ~40 times lower than that of tdo at
this stage (Figure 3B). This suggests that while TDO is the main
catalyst of formylkynurenine production for ommochrome
biosynthesis in squids, IDO can compensate in the absence of
TDO in lineages with both genes.

Notably, IDO is not uniformly detected across mollusks but
has been identified in pond snails and abalone, among
others.*"**” IDO is largely absent in arthropod genomes, and
although its function in invertebrates is not well understood, it
has been studied more thoroughly in vertebrates. In verte-
brates, it plays a critical role in tryptophan metabolism and its
dysregulation has been linked to diverse pathologies, such as
inflammatory bowel disease, CNS disorders, and cancer.*®">?
A better understanding of IDO expression in squids may
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Figure 4. Generation of albino E. berryi by
knocking out both TDO and IDO

(A) Mosaic phenotypes of GO hatchlings injected
with gRNAs targeting both ido and tdo at 1 cell, 1-2
cells, and 4 cell stages, versus a wild-type squid.
Scale bar, 0.40 uM.

(B) E. berryi F1 phenotypes produced by crossing 2
mosaic GOs (A). “Red-eyed” phenotypes show
subtle pigmentation loss in the eyes. Albino phe-
notypes lack pigmentation in both the eyes and
chromatophores. For comparison, a WT control is
shown in the left-most panel. Scale bar, 0.40 uM.
(C) Table showing the correlation between pheno-
types and genotypes in an F2 cross of two red-eyed
specimens. n, the number of each phenotype out of
35 specimens.

Phenotype | TDO genotype

IDO Genotype n

evoked reproducible increases in cal-

Albino tdo™

provide clues about its physiological role. This study demon-
strated that the absence of both TDO and IDO is lethal as albino

animals died post-hatching. They appeared to be unable to
capture prey but could be kept alive up to ~4 weeks after
hatching if they were manually fed several times a day. It should
be noted that tdo and ido single and double knockouts are
tolerated in mice.® In E. berryi, the lack of eye pigmentation
may impair vision, leading to difficulties in hunting their prey,
but other deficits related to tryptophan metabolism may cause
or contribute to the lethal phenotype. However, these lines are
easily maintained with heterozygote animals, which can be
crossed to produce albinos that are suitable for study for the
first few weeks post-hatching.

The lines produced in this study are not only valuable for
exploring squid coloration but will also be a useful tool for
neurobiological studies. Albino E. berryi is nearly transparent,
providing clear optical access for visualizing the CNS in intact
animals. We demonstrate the utility of this transparency with
two-photon imaging of neural response to visual stimuli using
an injected fluorescent calcium indicator. The embedding of
the animals recovering from anesthesia in agarose resulted
in sufficient mechanical stability to enable functional calcium
imaging in the optic lobe in vivo. Importantly, visual stimuli

ido™

cium indicator fluorescence, with the re-
sponses time-locked to the stimulus
onset and maintained throughout stim-
ulus duration in most cases. Although it
was possible to achieve clear imaging
of the entire optic lobe in the albino
squid, pigments in the WTs typically ob-
structed optical access.

This minimally invasive approach will
enable functional studies of the cepha-
lopod nervous system. To this end, an
important next step will be to establish pro-
tocols to drive the expression of state-of-
the-art calcium and voltage indicators of
neuronal activity, either via establishing
transgenic lines of genomically encoded
reporters or via a transient mechanism of
driving reporter expression (e.g., mRNA
or plasmid injection, electroporation, or via a viral vector). More-
over, with recent single-cell RNA sequencing experiments
revealing diverse functional cell types in the cephalopod
brains®’**°° and new genetic tools leveraging RNA editing to
achieve cell-type-specific gene expression,*® future experi-
ments would soon be able to interrogate functional properties
of microcircuits using our albino animals.
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Figure 5. Albino squid enable two-photon
imaging of optic lobes in vivo

(A) A schematic showing two-photon imaging
preparation of living squid. Anesthetized squid
were first glued on a cover glass for calcium dye
(Cal-520 AM) injection into the optic lobes. Next,
the squid were embedded in 4% agarose to
constrain movement. Artificial seawater was
added to the chamber to allow the squid to
recover from anesthesia. Finally, the constrained
squid were placed under a two-photon micro-
scope for live imaging, whereas visual stimuli were
displayed on a white screen on one side of the
recording chamber.

(B) Photograph of an albino E. berryi injected with
the calcium indicator Cal-520, under bright-field
illumination (left) and epifluorescence (right),
showing loading of the indicator in the right optic
lobe (black square box). Scale bars, 1 mm.

(C) A mean image of the loading of injected cal-
cium dye in the optic lobe. Two boxed regions of
interest (ROIs) are analyzed in the following
panels.

(D) Average activation across the optic lobe over
the course of a square-wave grating visual stim-
ulus. The color map represents change in fluo-
rescence intensity, with hotter colors corre-
sponding to a greater increase. Stimulus onset is
at 0 s, offset at 1 s, showing the rise and decay of
calcium response over time. Scale bar, 100 pm.
(E) dF/F of each of the boxed ROls in (C) within an
example section of a recording. Blue and orange
traces represent the average activity within the
blue and orange boxes, respectively. Black bars
denote timing of presentation of square-wave
grating stimuli, interspersed with gray screen in-
ter-stimulus intervals. The area within the blue ROI
shows stimulus locked activation, whereas the
area in orange does not.

(F) Average dF/F of ROIs to stimulus pre-
sentations. Black bar denotes stimulus presenta-
tion duration. The blue trace shows the response
of a region triggered by visual stimuli, whereas the
orange trace shows a lack of response in an area
of the optic lobe that was loaded with calcium in-
dicator but was not sensitive to the stimuli pre-
sented. Error bars indicate SEM.

(G) Results from two-photon imaging sessions of
optic lobes from four different albino squid. The
white shaded area highlights the regions of the
optic lobes loaded with calcium dye, while the
color scale reflects average changes in dF/F when
visual stimuli are presented. Colored regions
without shading indicate the areas with significant
increase in dF/F, and the percentages out of total
area loaded with calcium dye are shown on the
bottom left. White dashed lines outline optic lobes.
Scale bar, 100 um.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Chemicals, peptides, and recombinant proteins

Penicillin-Streptomycin 100x GIBCO 15-140-122

2X NLS Cas9 protein Synthego N/A

Agarose, Type lI-A, Medium EEO Sigma-Aldrich A9918

Paraformaldehyde Electron microscopy sciences 15714

Diethyl pyrocarbonate Sigma-Aldrich D5758

Fluoromount-G Southern biotech 0100-20

Trizol Invitrogen 15596026

Probe wash buffer Molecular Instruments N/A

Probe hybridization buffer Molecular Instruments N/A

Hairpins Molecular Instruments B1-647

Critical commercial assays

Monarch DNA Kit NEB T3010L

Monarch Gel Extraction kit NEB T2010L

Invitrogen Qubit dsDNA HS Assay kit Invitrogen Q32850

cDNA SuperScript kit Invitrogen 11904018

Experimental models: Organisms/strains

Euprymna berryi TDO KO MBL N/A

Euprymna berryi IDO KO MBL N/A

Euprymna berryi TDO/IDO KO MBL N/A

Euprymna berryi WT broodstock MBL N/A

Oligonucleotides

TDO gpcr fwd IDT TTATCGAGATGAGCCGAGGT
TDO qgpcr rev IDT CACTTTGTAACGGTCGCTGA
IDO gper fwd IDT AAACGAAGGAGTTTCGAGCA
IDO gpcr rev IDT GCCAGACACTTGGGAATCAT
EB TDO F3 IDT CTTAGAGCTGGTTAGAACGCACC
EB TDO R3 IDT GGCAAACAAATCTTACCTGAGCAGG
EB IDO F3 IDT CCTTTTGGTTATTCAGATGTCTCAGC
EB IDO R3 IDT GTTAACTTACGTGTGGAACACCG
Probes for TDO Molecular Instruments N/A

Probes for IDO Molecular Instruments N/A

CRISPR sgRNAs

TDO gRNA 1 Synthego GGAAGCUGUUGAUUGUUGGU
TDO gRNA 2 Synthego GGCUGGUUAGAACGCACCCC
TDO gRNA 3 Synthego GGAGAAUGAUCCAAAGAAAA
IDO gRNA 1 Synthego GGUGAGCCAGGUGCUUCUCG
IDO gRNA 2 Synthego GGAGGUUAUGUGUGGCAAAA
Software and algorithms

MUSCLE Dereeper et al.”’ RRID: SCR_011812

Fig tree Software

Fast tree 2 software

BLAST

Scanbox software package for MATLAB
PsychToolbox package for MATLAB

Rambaut®
Price et al.®®
NCBI
Mathworks®’

Brainard®’
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Continued
REAGENT or RESOURCE SOURCE IDENTIFIER
Indel.py Crawford et al.”* https://github.com/pipedq/CRISPR_GO_Genotyping
Cumulative.py Crawford et al.”* https://github.com/pipedq/CRISPR_GO_Genotyping
Event_frequency.py Crawford et al.** https://github.com/pipedq/CRISPR_G0_Genotyping
Other
Quartz glass capillaries for making Sutter Instruments QF100-70-10
injection needles
Egg laying structure Imagitarium Resin Rustic Tower N/A
Aquatic Décor, Petco, USA
recording chamber consisted TAP Plastics & Edmund Optics 02-149- white diffusing glass

of a plastic box with one side
replaced with white diffusing glass

1” pieces of 16 gauge insulated wire N/A N/A

RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Dr. Joshua
Rosenthal (jrosenthal@mbl.edu).

Materials availability
This study did not generate new reagents.

Data and code availability

The scripts (Cumulative.py, indels.py, Event_frequency.py) used in this study are listed in the key resources table are the same as in
Crawford et al.>* and are available at Github (https:/github.com/pipeda/CRISPR_GO0_Genotyping). Reads from the amplicon
sequencing will be shared by the lead contact on request. Any additional information required to reanalyze the data reported in
this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Euprymna berryi were cultured through their life cycle at the Marine Resources Center at the Marine Biological Laboratory, Woods
Hole, MA. Wild type male and female squid were kept in breeding tanks. For the CRISPR knockout lines, males and females with
deletions were kept in separate tanks until ready for crossing when they were put in a tank together to breed. Details on the culturing
and information relating to genotype, sex and developmental stage can either be found below or by contacting the lead contact Dr.
Joshua Rosenthal (jrosenthal@mbl.edu).

Imaging experiments were performed at University of Oregon, with oversight provided by the Institutional Animal Care and Use
Committee. After being delivered to University of Oregon, animals were kept in a closed circulating 250-gallon aquarium system
in artificial seawater and used for experiments by one week after hatching.

All husbandry and experimental protocols were in accordance with the EU 2010/63/EU®® and AAALAC guidelines for the use and
care of cephalopods for research.

METHOD DETAILS

Embryo collection and preparation

In our breeding system, mated females lay their eggs during the night by attaching them under rocks, on shells or artificial structures,
or in the corners of the tank. Eggs were harvested in the early morning and removed from their substrate by gently scraping them with
dull, large forceps into a bucket of filtered seawater. Upon extrusion from the female, each E. berryi embryo is wrapped in 2 different
types of jelly, each with a different consistency. The outer, yellow-brown jelly is relatively hard and forms a single layer. Below this, the
inner jelly forms 20-30 fine layers and is soft and very sticky. Both jelly layers are removed from the eggs for injection under a dis-
secting microscope using Number 5 Dumont forceps. Embryos are fragile so care must be exercised when removing the inner jelly
layers in order not to damage the early cells or yolk. Only portions of the egg clutches were used for microinjections. The remainders
were held in 4-liter tanks in the mariculture systems as sibling controls.
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Embryo Injection

For microinjection, embryos were stabilized in troughs made in agarose dishes. To make the troughs, 10 cm plastic petri dishes were
filled with molten 1% type Il agarose in which two 1” pieces of 16 gauge insulated wire is placed. Once hardened, the wire was gently
removed, and the resulting two troughs approximated the diameter of the embryos. Dishes were then filled with sterile filtered
seawater, and de-jellied embryos were gently pushed into the troughs with fine forceps with the blastomere facing up. Injection nee-
dles were made using 1 mm O.D./ 0.7 mm |.D. quartz capillaries (Sutter Instruments, Novato, CA QF100-70-10) and a P-2000 laser
puller (Sutter Instruments, Novato, CA) with the following single-step program: heat 750, filament 4, velocity 60, delay 140 and pull
200. Injection needles were then beveled at a 20° angle with one full clockwise rotation for 30 seconds on a BV-10 beveler (Sutter
Instruments, Novato, CA), to produce a tip diameter of 3-4 mm. Needles were backfilled with 1-2 pul of injection mix and each embryo
was injected with 0.22 pL using a Xenoworks Digital Pressure Injector (Sutter Instruments, Novato CA), an MN-153 micro manipulator
(Narishige USA) and a V8 Discovery stereoscope (Zeiss Instruments).

CRISPR-Cas9 injection mixes

For TDO and TDO+IDO injections, the injection mix consisted of 33 uM total CRISPR gRNA (11 uM of each using 3 gRNAs), 7 uM Cas9
protein (2x NLS Cas9, Synthego Corporation) and 1.7X PBS. We estimate that 3.76 amol of each sgRNA and 1.54 amol of Cas9 pro-
tein were injected per embryo. For IDO injections, embryos were injected with 33 uM total gRNA (16.5 uM each since only 2 were
used), 7 uM Cas9 protein and 1.7X PBS. We estimate that 5.64 amol of each sgRNA was injected. Chemically protected CRISPR
gRNAs, synthesized by Synthego Corporation (Redwood City, CA), had the following sequences: TDO gRNA 1 GGAAGCUG
UUGAUUGUUGGU, TDO gRNA 2 GGCUGGUUAGAACGCACCCC, TDO gRNA 3 GGAGAAUGAUCCAAAGAAAA, IDO gRNA 1 GGU
GAGCCAGGUGCUUCUCG, IDO gRNA 2 GGAGGUUAUGUGUGGCAAAA. CRISPR gRNAs were modified by the manufacturer with
2’-O-methyl groups on the first and last three bases and 3’ phosphorothioate linkages between the first three and last two bases.
These modifications are reported to protect the gRNAs from exonucleases, and thereby improve efficiency and reduce off-
target cuts.

Identifying TDO and IDO in E. berryi

The human TDO and IDO protein sequences were used as bait to search the proteomes of E. berryi, E. scolopes, D. pealeii, Octopus
bimaculoides, Architeuthis dux, Crassostrea gigas, Capitella teleta, Drosophila melanogaster, Tribolium castaneum, and Mus mus-
culus using BLAST [NCBI]. Candidate IDO and TDO sequences were aligned using MUSCLE®’ and an approximately maximum likeli-
hood tree was built with FastTree2°° and illustrated with FigTree®® (see also Figure S1).

Hybridization Chain Reaction

Probes for IDO and TDO were ordered from Molecular Instruments (Los Angeles, CA) based on the predicted cDNA sequence from
the E. berryi genome. Embryos were anesthetized in a 1:1 dilution of 7.5% MgCI2 in filtered natural seawater® and fixed overnight at
4°C in 4% paraformaldehyde (Electron Microscopy Science 15714) in filtered seawater. Fixed embryos were washed twice for 5 mi-
nutes and then twice for 30 minutes in diethyl pyrocarbonate (DEPC)-treated PBS with 1% tween20 (Sigma, St. Louis MO) and stored
in a hybridization solution (50% formamide, 5xSSC, 1% SDS, 250g yeast tRNA, and 0.1g heparin sulfate per 500mL) at -20°C until
use. Tissue was warmed to room temperature and moved into probe hybridization buffer (PHB; Molecular Instruments). Embryos
were then prehybridized in 150 uL of PHB for 1h at 37 degrees C. The prehybridization buffer was removed and replaced with
150 pl PHB with 3 pmol of each probe and incubated overnight at 37°C. Excess probe was removed by washing twice for 5 minutes,
four times for 30 minutes, and once for one hour with wash buffer (Molecular Instruments) at 37°C. Embryos were then washed twice
for 5 minutes with 5xSSCT (5x SSC with 1% Tween) and pre-amplified with 150 uL ampilification buffer for 30 minutes at room tem-
perature. Separately, 9pmol each of hairpin H1 and H2 (Molecular Instruments) were heated to 95°C for 90 seconds and cooled to
room temperature in the dark for 30 minutes. Hairpin solutions were diluted in 150 uL of amplification buffer and used to replace the
preamplification buffer. Embryos were incubated overnight in the dark at room temperature. Excess hairpins were removed by
washing twice for 5 minutes, and three times for 30 minutes in 5xSSCT and were stored in the dark at 4°C until imaging. Samples
were imaged in Fluoromount-G with DAPI (Southern Biotech) on a LSM 710 confocal (Zeiss).

Quantification of TDO and IDO expression by qPCR

Stage 24 E. berryi embryos were anesthetized as described above and flash frozen in liquid nitrogen prior to RNA isolation using Trizol
(Invitrogen 15596026) following the manufacturer’s protocol. RNA integrity was verified on an agarose gel. First strand cDNA synthe-
sis was generated with the SuperScript kit (Invitrogen 11904018) following manufacturer’s protocols. All primer pairs were tested for
amplification efficiency by making three ten-fold serial dilutions of cDNA from one stage 24 E. berryi embryo. Reactions were per-
formed in triplicate using NEB Luna Universal gPCR Master Mix (M300L) and run on Applied Biosystems StepOnePlus Real-Time
PCR System. Both primer pairs had an efficiency > 0.95. The primer sequences for TDO were TTATCGAGATGAGCCGAGGT and
CACTTTGTAACGGTCGCTGA and for IDO were AAACGAAGGAGTTTCGAGCA and GCCAGACACTTGGGAATCAT. To determine
the relative expression of TDO and IDO (Figure 3B), gPCR amplifications were performed on cDNA from 5 different animals at two
dilutions. The relative expression presented in the text was calculated as follows: Exp(TDO)/Exp(IDO) = 2 CP(TPO)-Cr(IDO)
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Genotyping

For F1 animals and beyond, genotyping was performed by PCR using primers that spanned the TDO or IDO CRISPR-directed Cas9
cut sites. For hatchlings, genomic DNA was extracted from whole animals using the NEB Monarch gDNA purification kit (CAT
#T3010L). For juveniles destined for breeding genetic lines, 1-2 month old animals were gently swabbed with a Puritan sterile
foam tipped applicator using 10 strokes on their dorsal and ventral sides of the mantle. DNA was extracted from the swab using
the same kit and used to perform PCR amplifications for regions spanning the gRNA target sites. The primer pair EB TDO F3
(CTTAGAGCTGGTTAGAACGCACC) and EB TDO R3 (GGCAAACAAATCTTACCTGAGCAGG) were used resulting in a 132bp ampli-
con. The primer pair EB IDO F3 (CCTTTTGGTTATTCAGATGTCTCAGC) and EB IDO R3 (GTTAACTTACGTGTGGAACACCG) were
used resulting in a 146bp amplicon. PCR products were run on 2% agarose gels and bands were purified using the NEB gel extraction
kit (CAT #T1020L). These were quantified using Invitrogen Qubit dsDNA HS Assay kit (CAT #Q32850) and sent for Sanger Sequencing
using the service provided by Genewiz (South Plainfield, NJ). To estimate TDO disruption in GO animals, PCR amplicons spanning the
TDO target sites were sequenced on the MiSeq platform using the Amplicon EZ service at Genewiz (South Plainfield, NJ). Details of
MiSeq analyses and the scripts used are identical to those reported previously in 2020.%*

E. berryi embryo culture

Embryos were cultured in 60 mm plastic petri dishes with sterile filtered sea water and Pen-Strep at a 1:100 dilution (Gibco, USA). This
incubation media was oxygenated by vigorous shaking before being added to the dishes. Embryos were cultured at <25/dish at
24°C. Seawater was changed every other day and dead embryos were promptly removed. Juvenile and adult animals were cultured
in the seawater system described in Grearson et al.®® Sexually mature animals were held in fiberglass A-frame system ranging from
80 to 100 gallons. The female to male ratio was kept at 3:1. A layer of 0.25” — 0.5” deep coarse sand covered the entire bottom of the
tank to allow the animals to bury themselves. Each tank had one egg laying structure (Imagitarium Resin Rustic Tower Aquatic Décor,
Petco, USA) per female. These structures were 3 -4” off the sand with only one entrance/exit. A heavy rock was placed on top of the
egg laying structure to provide a stable environment. Females laid approximately one clutch of eggs per week.

Some eggs were removed from the system and used for microinjections; others, however, were used to maintain genetic lines.
These were kept in the mariculture systems in a 4-liter tank. The eggs were placed in a 4” square aquaponic 1.5 mm mesh plant bas-
ket. The basket was attached to the side of the tank using a suction cup ¥2” — 1” below the water surface and 2" — 1” away from the
tank sea water supply line. This placement allows for ideal passive flow across the whole clutch. Maintenance and removal of nonvi-
able eggs were performed daily. To prevent any eggs or hatchlings from escaping the tank, a 1mm fine mesh screen was placed over
the tank discharge. Once eggs hatch, a thin layer of fine sand is added to the bottom of the tank and the tank sides are blacked out to
reduce visual stimuli and stress. Hatchlings were then transferred to independent enclosures with a wide-mouth glass dropper. In-
dividuals were raised in 4” opaque 2qt round polyethylene containers with positive-lock lids to ensure isolated genetics were main-
tained. Water flow and aeration of these enclosures were carefully administered to maintain ideal conditions. Each enclosure
received precise flow-through seawater supply utilizing 0.5 gal/hr (1.9L/hr) drip irrigation emitters. Water exited through custom
2" ports with 1000-micron mesh screening near the top of each enclosure. Consistent aeration for each enclosure was controlled
from an 4” barb shut-off valve to give a flow rate of 1 bubble every 3 seconds. Within the first 12 hours, hatchlings were phototactic
but did not exhibit feeding behavior until 24-hour post hatching. All hatchlings were fed a strict diet of enriched Americamysis bahia
and the quantity of food was adjusted as the hatchlings grew. Once hatchlings were a month old, they were transitioned onto Palae-
monetes pugio and the tank enclosure was increased. Feeding schedule was increased in conjunction with the increased feeding
response, up to and through sexual maturity.

Calcium Dye Injection
Animals were deeply anesthetized in artificial sea water (ASW) (460mM NaCl2, 10mM KCI, 10mM glucose, 10mM HEPES, 55mM
MgCI2, 11mM CaCl2, 2mM glutamine), additionally supplemented to contain 110mM MgCI2 to induce anesthesia®” for the duration
of the injection. Animals were attached to a coverslip using Vetbond adhesive (3M), and further secured under a thin layer of 4% low
melt agarose (Sigma) to minimize movement. A small incision was opened through the skin to allow for the penetration of a quartz
beveled needle, prepared as described above, into the optic lobe. Needles were backfilled with a dye solution of 1mM Cal-520 AM
(AAT Bioquest), 2.5% Alexa Fluor 568 Hydrazide (Thermo Fisher), 8% dimethylsulfoxide, and 2% pluronic acid (AAT Bioquest) in
ASW. Dye was pressure injected into one optic lobe with an MPPI-3 Pressure Injector from Applied Science Instrumentation. This
paradigm was adapted from previous work in zebrafish.®*®°

After injection, the preparation was moved to a recording chamber filled with ASW. The recording chamber consisted of a plastic
box (TAP Plastics) with one side replaced with white diffusing glass (Edmund Optics Cat. Num. 02-149) to serve as a projection
screen for visual stimuli. The preparation was placed on a custom-built rotatable platform within the recording chamber to allow
for alignment of the preparation to the stimulus screen. The chamber temperature was monitored and held between 17 and 19°C,
and continually oxygenated via an airstone.

Calcium imaging was performed using a two-photon microscope (Neurolabware). Data were acquired using the Scanbox software
package for MATLAB.®° Responses were identified using custom software in MATLAB, to extract fluorescence traces from defined
ROls and align this with stimulus timing.
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Visual stimuli

Visual stimuli were presented using the PsychToolbox®' package for MATLAB and displayed with a pico LCD projector (AAXA Tech-
nologies) onto the diffusion filter on the side of the recording chamber. A stimulus of square gratings at 0.01 and 0.16 cyc/deg spatial
frequency, 2 Hz temporal frequency, in one of eight directions motion (0-315 degrees at 45-degree intervals) were presented for one
second, with an inter-stimulus interval of two seconds of a gray (60% luminance) screen.

QUANTIFICATION AND STATISTICAL ANALYSIS

We used amplicon sequencing and our own code to analyze the percent disruption of TDO in TDO knockout GO Euprymna berryi
squid. The details of this sequencing can be found in the method details below. The code used to perform the analysis is the
same as that in previous work,>* which is also addressed in the STAR Methods and key resources table. The analysis of TDO disrup-
tion in these animals is summarized in Figure 1 and its legend. To quantify the amount of tdo and ido expression in Euprymna berryi we
used gPCR. The explicit details of these experiments and analysis can be found in both the Figure 3 legend and the method details
section below, including how the experiment was run, the number of replicates and the formula used to calculate relative expression.
For the calcium imaging experiments we used online software and customized versions of software to analyze subsequent re-
sponses to these experiments, which are detailed below in the methods section, including which software was used and how exper-
iments were performed. Our visual analysis of these experiments and orientation of the animals are shown in Figures 5 and 6 and are
explained in the corresponding figure legends.
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Supplementary Figure 1. Approximate maximum likelihood
phylogenetic tree of TDO and IDO protein sequences
identified from select species spanning bilaterian groups.
Names are colored according to phylum, with vertebrates
(human and mouse) in shades of red, arthropods
(Drosophila and the beetle Tribolium) in orange, the
nematode C. elegans in yellow, the annelid Capitella

spp. in teal, the oyster Crassostrea gigas in sky blue, and the
cephalopods Octopus bimaculoides, Doryteuthis pealeii,
Architeuthis dux, and Euprymna berryi in blues and

purples. Euprymna (purple) genomes encode both TDO and
IDO, but we could not identify an IDO sequence in the D.
pealeii genome. Scale bar indicates changes per site.



	CURBIO19424_proof_v33i13.pdf
	Creation of an albino squid line by CRISPR-Cas9 and its application for in vivo functional imaging of neural activity
	Introduction
	Results
	Imaging of neural activity in the brains of albino E. berryi in vivo

	Discussion
	Supplemental information
	Acknowledgments
	Author contributions
	Declaration of interests
	Acknowledgments
	References
	STAR★Methods
	Key resources table
	Resource availability
	Lead contact
	Materials availability
	Data and code availability

	Experimental model and subject details
	Method details
	Embryo collection and preparation
	Embryo Injection
	CRISPR-Cas9 injection mixes
	Identifying TDO and IDO in E. berryi
	Hybridization Chain Reaction
	Quantification of TDO and IDO expression by qPCR
	Genotyping
	E. berryi embryo culture
	Calcium Dye Injection
	Visual stimuli

	Quantification and statistical analysis




