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Abstract: Background: Danio rerio is a powerful experimental model for studies in genetics and 
development. Recently, CRISPR technology has been applied in this species to mimic various hu-
man diseases, including those affecting the nervous system. Zebrafish offer multiple experimental 
advantages: external embryogenesis, rapid development, transparent embryos, short life cycle, and 
basic neurobiological processes shared with humans. This animal model, together with the CRISPR 
system, emerging imaging technologies, and novel behavioral approaches, lay the basis for a 
prominent future in neuropathology and will undoubtedly accelerate our understanding of brain 
function and its disorders. 

Objective: Gather relevant findings from studies that have used CRISPR technologies in zebrafish 
to explore basic neuronal function and model human diseases. 

Method: We systematically reviewed the most recent literature about CRISPR technology applica-
tions for understanding brain function and neurological disorders in D. rerio. We highlighted the 
key role of CRISPR in driving forward our understanding of particular topics in neuroscience. 

Results: We show specific advances in neurobiology when the CRISPR system has been applied in 
zebrafish and describe how CRISPR is accelerating our understanding of brain organization. 

Conclusion: Today, CRISPR is the preferred method to modify genomes of practically any living 
organism. Despite the rapid development of CRISPR technologies to generate disease models in 
zebrafish, more efforts are needed to efficiently combine different disciplines to find the etiology 
and treatments for many brain diseases. 
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1. INTRODUCTION 

 Since the 1980s, zebrafish (Danio rerio) has quickly be-
come a popular model in biological research to study genet-
ics and developmental biology [1]. Since then, several tech-
niques have made zebrafish one of the fastest-growing ex-
perimental model organisms, with great potential for new 
discoveries. Recently, the novel CRISPR/Cas system (clus-
tered regularly interspaced short palindromic repeats and 
CRISPR-associated protein) has allowed the successful in-
troduction of mutations to the genome or control gene ex-
pression in zebrafish. Here, we review the most recent stud-
ies about CRISPR technologies applied for understanding 
brain function and neurological disorders in D. rerio. 
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2. FEATURES AND ADVANTAGES OF THE 
ZEBRAFISH EXPERIMENTAL ANIMAL MODEL 

 Several features make zebrafish an ideal system to per-
form studies in biology. A female can release up to 100–200 
eggs that are externally fertilized. Embryos develop rapidly, 
and most organs are functional within a few days after fer-
tilization [2]. Because the embryos are transparent during 
early embryogenesis, individual cells and processes can be 
visualized in vivo, making it easy to monitor the dynamics of 
gene expression in various tissues and organs without the 
need to sacrifice the experimental subjects. Zebrafish matu-
ration takes only 2 ~ 3 months, which consequently saves 
time for generating transgenic lines. The zebrafish brain re-
generates easily, allowing researchers to study mechanisms 
of neuroprotection and neurogenesis [3]. The organs of this 
species have been well-characterized, letting many funda-
mental questions about vertebrate biology to be addressed 
[4]. 
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 Zebrafish and mammalian brains share broad anatomical 
and functional features, such as the presence and main func-
tions of the cerebellum, diencephalon, amygdala, spinal 
cord, and enteric-autonomic nervous systems, although it is 
uncertain whether the zebrafish telencephalon is functionally 
equivalent to the mammalian telencephalon [5-10]. They 
share conserved neurotransmitter systems, such as GABA (γ-
Aminobutyric acid), glutamate, dopamine, serotonin, 
noradrenaline, histamine, and acetylcholine [6]. Addition-
ally, organogenesis in zebrafish is remarkably similar to that 
of humans [11]. These features make the zebrafish an excel-
lent vertebrate model for studying human diseases, including 
neuronal disorders [12-15]. Furthermore, potential therapeu-
tic drugs that target processes in various diseases have been 
discovered because chemical screening in zebrafish is 
straightforward and cost-effective [16, 17]. Using zebrafish 
larvae is considered by some researchers as more ethically 
acceptable than using rodents in biomedical research [18]. 

 The current zebrafish genome assembly (GRCz11) has 
25,592 coding genes and 6,599 non-coding genes resulting in 
59,876 gene transcripts (“Zebrafish assembly and gene anno-
tation” recovered from http://www.ensembl.org/Danio_rerio/ 
Info/Annotation, last updated in April 2018). A comparison 
to the human reference genome shows that 71.4% of human 
genes have at least one obvious zebrafish ortholog [19]. The 
high number of gene transcripts compared to the coding 
genes derives mainly from alternative splicing events, which 
leads to large protein variability. Genomic analysis of 
human, mouse, and zebrafish suggested that gene duplication 
followed by exon structure divergence between paralog 
genes caused a significant reduction of alternative splicing 
[20]. 

 Zebrafish have been successfully used to understand the 
biological activity of gene orthologs to human disease-
related genes [14]. Out of all the human genes bearing mor-
bidity descriptions listed in the Online Mendelian Inheri-
tance in Man database, 82 % can be related to at least one 
zebrafish ortholog [19]. ZFIN, the Zebrafish Information 
Network (http://www.zfin.org), is the primary repository of 
information related to zebrafish genetics and genomics. 
ZFIN displays a variety of data types for each gene, such as 
sequence features, different available alleles, sequence tar-
geting reagents including CRISPR guide RNA sequences; 
transgenics, phenotypes, expression, available antibodies, 
ontologies, homologues, and links to external databases, no-
menclature, publications, and figure images. 

3. MUTAGENESIS AND KNOCKDOWN IN 
ZEBRAFISH BEFORE CRISPR 

 Since the early 1990s, various protocols have been de-
veloped to allow successful gene editing and accurate control 
of gene expression of the zebrafish genome. First, chemical 
mutagenesis was used to perform random screens [21]. 
Shortly after, a method for generating transgenic fish using 
pseudotyped retroviruses was developed [22]. With this type 
of retrovirus, another large screen for developmental defects 
was achieved [23, 24] with the advantage that DNA integra-
tion events allowed all mutated genes to be systematically 

identified. In the late 1990s, transposable elements were de-
scribed to be active in the zebrafish genome; the Tol2 trans-
posons, which were part of a procedure consisting of mi-
croinjecting single-cell embryos with the mRNA of the 
transposase and a number of vectors with specific features 
and applications [25]. Later, Sleeping Beauty and Ac/Ds 
transposons were also used [26, 27]. These genetic tools and 
techniques have made it possible to identify essential genes 
and their localization, introduce mutations to these genes, 
and generate a wide variety of knockin transgenic zebrafish 
lines, thereby providing multiple potential applications for 
functional genomic studies [28, 29]. An example of this 
technology in the fish genome is the introduction of an engi-
neered TRPV4-ferritin chimera that allowed the magnetic 
control of neural function [30]. 

 New technologies for targeted mutagenesis take advan-
tage of genome-editing nucleases. These approaches allow 
scientists to generate mutations in specific genes or sites of 
the genome. In 2008, ZFNs (zinc finger nucleases) were 
demonstrated to be effective in zebrafish [31, 32]; this was 
the first demonstration of specifically targeted gene inactiva-
tion in this model. While ZFNs were effective tools for mak-
ing targeted mutations, they required developing significant 
expertise to assemble them properly, or if commercially pur-
chased, the cost was considerably high. In 2011, TALENs 
(Transcription activator-like effector nuclease) were adapted 
to zebrafish gene targeting [33]. The relatively modest cost 
of reagents compared with ZFN and ease of assembly made 
TALENs a more attractive alternative to ZFNs for large-
scale targeted gene disruption [34]. Although this method 
has been proved to be effective, some TALEN pairs provide 
little to no mutagenic activity and their efficiency remains 
variable. These techniques are falling into disuse, yet re-
cently published works still use them [35-37]. 

 All the techniques described above were envisioned for 
the modification of the zebrafish genome. However, it is 
sometimes necessary only to transiently knockdown gene 
expression. In 2000, a new technique using antisense mor-
pholinos oligonucleotides (MOs) was shown to be effective 
in zebrafish. MOs are modified oligonucleotides that inhibit 
the translation of target mRNA in vivo. They can be deliv-
ered efficiently by injecting them into the yolk of one-cell 
stage embryos [38]. This method became popular in zebraf-
ish research because it was easy and effective. Unfortu-
nately, MOs had major limitations and issues. Potential off-
target or inexplicable phenotypes appeared, and rescue con-
trol experiments were occasionally an artifact. Nevertheless, 
knockdown approaches remain useful if proper control ex-
periments are performed. MOs can also be designed to in-
hibit pre-mRNA splicing or block translation initiation. MOs 
are especially useful to knockdown multiple alleles and 
when large gene families are genetically redundant [39]. 
Interference RNA is another popular technique for gene 
knockdown, but in strong contrast to Drosophila, C. elegans, 
and mammalian cells, few successful applications of shRNA 
[40, 41] and iRNA [42] have been reported in zebrafish to 
silence gene expression. Despite concerted efforts in the 
field, progress in the use of iRNA technologies in zebrafish 
has been extremely slow. 
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4. CRISPR/Cas OVERVIEW 

 The CRISPR system has been the most revolutionary 
development in the biology of recent times. It was originally 
described as an adaptive immune system used by bacteria to 
defend themselves against invading viruses by recording and 
targeting their DNA sequences [43]. It was demonstrated 
that the CRISPR/Cas system is an efficient targeted mutage-
nesis tool for zebrafish [44] that allows targeting multiple 
genes simultaneously [45]. The use of the CRISPR/Cas sys-
tem in zebrafish has proven to be so efficient and simple to 
use that it represented no less than a revolution in zebrafish 
research, making it possible to easily knockout any gene in 
the genome [4]. A single-guide RNA (sgRNA) includes a 
short sequence that is homologous to the DNA target fol-
lowed by a “scaffold” sequence necessary for the Cas9-
binding enzyme [46]. This is enough to program Cas9 to 
introduce double-strand breaks DSB in target DNA. These 
breaks are repaired by error-prone, non-homologous end-
joining (NHEJ), which leads to nucleotide insertion and/or 
deletion (InDels) at the genomic target site resulting in in-
frame amino acid deletions, insertions, or frameshift muta-
tions leading to premature stop codons within the open read-
ing frame (ORF) of the targeted gene. Ideally, the end result 
is a loss-of-function mutation within the targeted gene. To 
date there are several versions of the Cas9 enzyme from 
Streptococcus pyogenes, the most commonly used bacterium 
in genome engineering [47-49]. Cas9 has been modified to 
lose endonuclease activity while maintaining the ability to 
target specific DNA sequences. This modified enzyme called 
dCas9 can be fused to diverse effector domains, such as acti-
vators, repressors, or methylases, that can be used for tar-
geted epigenome editing to specifically modify or control 
gene expression, or to introduce fluorescent proteins, thus 
providing a tool for visualizing chromosome structure or 
dynamics [50]. Likewise, nucleases from a variety of organ-
isms have diverse characteristics such as a different PAM 
sequence or RNA-rather than DNA-targeting. An outline of 
these nuclease targets and functions is listed by Xu et al. and 
Wu et al., [51, 52]. 

4.1. Editing Zebrafish with the CRISPR System 

 The first use of CRISPR/Cas9-mediated mutagenesis in 
zebrafish was demonstrated a few years ago [44]. Thence-
forth, dozens of papers have been published describing the 
use of CRISPR in zebrafish as a tool to study developmental 
processes and model diseases. The CRISPR/Cas9 system 
was shown to be six times more efficient at generating germ-
line mutations in zebrafish compared to ZFN and TALEN 
[53]. A zebrafish codon-optimized Cas9 was developed [45] 
and reported to increase mutagenesis efficiency [54]. A new 
tRNA-based multiplex sgRNA expression system has been 
developed in zebrafish to express multiple sgRNAs effi-
ciently [55]; there is also a platform for generating somatic 
point mutations with germline transmission in the zebrafish 
[56, 57]. Recently, other nucleases have been optimized in 
zebrafish, such as Cas12a temperature-controlled genome 
editing. Additionally, there is a new approach that enables 
the direct, irreversible conversion of one target DNA base 
into another in a programmable manner, without requiring 
dsDNA backbone cleavage or a donor template [58]. 

 The general procedure for targeted mutagenesis in ze-
brafish using the CRISPR system is as follows: First, 
sgRNAs targeting the specific gene or any other site in the 
genome are designed. Multiple options are available for 
sgRNA design such as CHOPCHOP [59] and CRISPRscan, 
which was created based on a large-scale analysis of sgRNA 
mutagenesis activity in zebrafish [60]. Second, single or 
multiple sgRNA guides are synthesized in vitro together with 
the mRNA encoding the Cas9 protein; other Cas proteins can 
be used depending on the objective. Moreover, injecting Cas 
protein instead of Cas mRNA could improve mutagenesis 
efficiency [61]. Third, these sgRNAs together with the Cas 
mRNA or protein are injected into fertilized embryos at the 
one-cell stage [62, 63]. Injection dose should be standardized 
to improve efficiency and avoid phenotypes due to the toxic 
effect of the injection components. Microinjection efficiency 
can also improve using an automated microinjection system 
[62]. Each injected embryo grows as a mosaic founder fish 
(crispant) with various InDels in the somatic cells as the nu-
cleases cleave the target sites over the course of multiple 
rounds of cell division in the developing embryos [44]. The 
phenotype and genotype can be analyzed within several 
hours or days after the injection. The phenotype should be 
analyzed in various crispant embryos taking into considera-
tion that the number and localization of mutated cells will 
vary in each individual due to the range of severity in the 
phenotypes. Numerous techniques can be used for fast geno-
type screening such as TIDE (Tracking of Indels by Decom-
position), HMA (heteroduplex mobility assay), or T7 endo-
nuclease digestion [64-66]. The mutation is subsequently 
confirmed by PCR and sequencing. A ZEG device enables 
genotyping while keeping the embryos alive [67]. To avoid 
mosaicism and phenotype variability, a homozygotic mutant 
line can be produced by outcrossing mosaic crispants to 
wild-type and then inbred F1 until homozygous are found. If 
the homozygote is lethal, a heterozygous line can be main-
tained. Fig. 1 provides an overview of the main strategies for 
zebrafish genome engineering using the CRISPR system. 

 A detailed protocol for generating and genotyping mu-
tants using CRISPR/Cas9 in zebrafish is described by Vejnar 
et al., [68] and Rafferty et al., [69], and a protocol using 
CRISPR/Cpf1 (CRISPR-associated endonuclease in 
Prevotella and Francisella 1) is included in a study by Fer-
nandez et al. [58]. Also, a Cas9 transgenic zebrafish strain 
was recently constructed [70]. Compared with the traditional 
CRISPR injection method, this transgenic zebrafish has 
shown to significantly improve the efficiency of genome 
editing. 

 To generate transgenic zebrafish lines, techniques and 
protocols have been successfully established for exogenous 
DNA integration into the zebrafish genome using CRISPR 
[71-74]. This allows in-frame integration of fluorescent re-
porters, such as eGFP (enhanced green fluorescent protein), 
with a specific gene, as well as a precise integration of ex-
pression cassettes into the genome, thus avoiding overex-
pression due to the integration of many copies in the genome 
or integration in a zone where the chromatin could have a 
different pattern. Furthermore, tissue-specific gene disrup-
tion has been achieved by driving Cas9 expression with the 
Gal4/UAS system. In combination with Cre/loxP systems, 
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Fig. (1). Summary of the main strategies for zebrafish genome engineering using the CRISPR/Cas system. The typical time consumed 
in each procedure is indicated in red. A) sgRNA design using any of the available tools. In vitro synthesis of the sgRNAs and mRNA (or pro-
tein) from the Cas choice. Embryo microinjection at one-cell stage with a mix of single or multiple sgRNAs plus the following according to 
the purpose: for knockout, mRNA encoding Cas choice (or Cas protein); for knockin, mRNA encoding nuclease (or Cas protein) plus donor 
DNA; for gene regulation or cargo delivery, inactive dead Cas9 (dCas9) fused to an effector. Inside the cell, a complex is formed between the 
Cas protein, the sgRNA and the genomic DNA. B) The endonuclease generates a genomic DNA double-strand break, which is repaired by the 
endogenous DNA repair machinery by non-homologous end joining (NHEJ), causing insertions or deletions (InDels) that could disturb the 
open reading frame (knockout) or incorporate exogenous donor DNA into a homology-independent process at a chosen genomic locus 
(knockin). C) dCas9 can be used fused to an effector such as transcriptional repressors, activators, DNA methylases, or fluorescent proteins. 
In this case, the complex, instead of breaking the genomic DNA, allows gene regulation or target visualization. D) Phenotypes can be ob-
served in the injected embryos after 1 to 5 days. Genotype screening can be performed in a portion of the mosaic F0 by a quick procedure 
such as TIDE (Tracking of Indels by Decomposition), HMA (heteroduplex mobility assay), or T7 endonuclease digestion, and then confirmed 
by PCR and sequencing. To keep the genotyped embryos alive, a ZEG device can be used instead of using the whole embryo for the analysis 
[67]. For a clear example of this procedure, see [101]. E) To avoid phenotype variability due to mosaicism, F1 can be analyzed in addition to 
the injected embryos (mosaics). F) To produce a mutant line, founder fish are outcrossed to wild type and then F1 inbred until homozygous 
are found. Genotyping is performed by fin-clip or skin swabbing [129]. If the homozygote is lethal, a heterozygous line can be maintained. For an 
example of this procedure, see [82]. (A higher resolution / colour version of this figure is available in the electronic copy of the article). 
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a versatile tool was established to genetically label mutant 
cell clones, enabling their phenotypic analysis [47]. 

4.2. Knockdown versus Knockout 

 Since the CRISPR/Cas system has become the golden 
tool for studying gene function and generating genetic dis-
ease models, the use of MOs is gradually falling into disuse, 
and knockdown versus knockout approaches are being de-
bated. This is due to the discrepancies found in several stud-
ies such as a study in which a screen of more than 20 zebraf-
ish mutant lines half failed to recapitulate published MO-
induced phenotypes [75]. This study also compared mor-
phant defects published in ZFIN with the mutant phenotypes 
from the Sanger Zebrafish Mutation Project and found dif-
ferences in approximately 80% of the phenotypes. More 
studies with differences in the phenotype are continuously 
published; for instance, disruption of fus using CRISPR does 
not induce amyotrophic lateral sclerosis (ALS) as previously 
reported using MOs and similar to mouse Fus knockout [76]. 
Some researchers consider that the use of MOs should be 
avoided or limited [77, 78]. Nevertheless, MOs are still use-
ful for a number of purposes, particularly to complement the 
limitations of knockout studies. For instance, Cerebellar At-
rophy with Spinal Motor Neuronopathy was correlated with 
variants in XOSC9 by using both CRISPR and MOs meth-
ods [79]. In loss-of-function studies, some aspects should be 
considered for using CRISPR or MOs and other knockdown 
approaches [80]: MOs can exert unnoticeable off-target  
effects; transcriptional adaptation to specific mutations can 
lead to genetic compensation [81]; mutant progeny from 
heterozygous parents can carry sufficient wild-type maternal 
mRNA to maintain normal gene function during the first 
stages of development; partial knockdown by MOs can result 
in the complete retention of normal physiological function if 
the targeted protein has a high affinity for its substrate or 
high catalytic efficiency [82]. In conclusion, both knock-
down and knockout approaches are useful and complemen-
tary to elucidate the function of specific genes and under-
stand many diseases. 

5. CRISPR APPLICATIONS IN NEURAL DISEASES 

 Animal modeling of human brain disorders has been ex-
tensively exploited. Murine models are most commonly used 
to investigate the basic concepts of brain function. As previ-
ously mentioned, zebrafish have recently gained popularity 
as a model for studying the vertebrate brain. Below, we de-
scribe the latest applications of CRISPR/Cas9 technology for 
examining the brain, its fundamental structures and connec-
tivity, and associated diseases. 

5.1. Morpholinos and CRISPR/Cas9 

 Before the CRISPR/Cas9 system, the use of MOs in ze-
brafish was the most accessible and widespread way to study 
the (partial) loss of function of different genes involved in 
brain diseases or related to the structure and function of neu-
ral cells. Now, in the era of CRISPR, it is easy to generate 
knockout mutants to corroborate and expand the findings 
observed with MOs. An example of the contrasting results 
between MOs and CRISPRs is the outcomes of suppressing 
the expression of the brf1 gene, whose mutations in humans 

give rise to the cerebellar-facial-skeletal syndrome. Splice 
blocking MOs effectively silenced the expression of both 
copies of the brf1 gene (brf1a and brf1b) in zebrafish but 
resulted in no evident phenotypes; in contrast, CRISPR/Cas9 
induced a mutation of brf1b, resulting in F0s at 3 days post 
fertilization (dpf) with symptoms similar to those presented 
in the human pathology. Another example is the phenotypes 
derived from suppressing the expression of the gene kif15, 
which codes for a member of the kinesin family. Kinesins 
are proteins involved in the transport of cargo along axons. 
MOs effectively suppress the expression of kif15 (formerly 
reported as Kinesin-12) but induce extended mosaicism of 
the larvae, giving rise to diverse phenotypes, in particular to 
a different rate of growing axons with a reduced number of 
branches [83]. In contrast, kif15 mutations generated by 
CRISPR do not present mosaicism (studied in F2 and F3); 
their axonal growth is accelerated, and branching is consis-
tently reduced in embryos between 29- and 31-hours post-
fertilization (hpf). Therefore, the results are more homoge-
nous than those of MOs. In addition, the CRISPR approach 
also allows researchers to compare the phenotypes of homo 
and heterozygous mutants [84]. 

 MOs and CRISPR-induced changes in gene expression 
may have different outcomes in the establishment and devel-
opment of neural circuits. One case is the neural cell adhe-
sion protein Contactin2, which is encoded by the gene cntn2, 
a glycoprotein important for neuronal migration, axon fas-
ciculation, and the establishment of sensorimotor circuits. In 
this example, MOs induced axonal growth defects that are 
not observed when the ctnt2 gene is removed by CRISPR. 
Other defects, such as delayed neuronal migration and defas-
ciculation visualized at 48 hpf, are induced by both strate-
gies, but it is clear that MOs may also lead to changes due to 
mistargeting [85]. 

 Other studies combine observations of mutants obtained 
by mutagenesis screens, MOs, and CRISPR/Cas9. That is the 
case of the zebrafish loss-of-function model of the Transac-
tive Response DNA-binding protein [86]. This is a model for 
ALS, a neurodegenerative, genetically heterogeneous disease 
with monogenic forms [87]. Upon comparing existing ze-
brafish tardbp mutants containing a point mutation 
(c660C>T) with tardbpl morphants and the tardbpl loss-of-
function crispants, the point mutants did not exhibit an evi-
dent phenotype because of the compensatory role of the 
splice variant tardbpl. The splice variant tardbpl morphants 
(in the tardbp-/- background) and the loss-of-function 
tardbpl crispants showed severe morphological defects as 
early as 2 dpf, such as shorter body length and eye diameter 
and enlarged pericardial area, reduced life span, impaired 
locomotor function, decreased frequency of miniature end 
plate currents and perturbations in neuromuscular junction 
architecture. Thus, using and combining the observations of 
each mutant may reveal the role of specific genes and their 
variants in different pathologies. In a similar case, fifteen 
different alleles of Nodal-related protein (Ndr2) have been 
generated by chemical mutagenesis, radiation, and TALEN 
(http://www.zfin.org; ndr2 gene information). Using 
CRISPR/Cas9 to target different regions in all three exons of 
ndr2 gave rise to mutants at 3 dpf; these mutants showed 
cyclopia and phenotypes similar to those observed in hu-
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mans: holoprosencephaly and heterotaxy [88]. There are two 
zebrafish spastin isoforms, ATG1 and ATG2, due to alterna-
tive translational start sites [89]. When MOs were used to 
independently knockdown both isoforms, fish showed two 
different phenotypes: 1) ATG1 mutants, which had curved 
tails; and 2) ATG2 mutants, which had small eyes. Both 
phenotypes presented locomotion defects and consequently 
reduced swimming speed, which appeared to be more severe 
in the ATG2 morphant. In contrast, CRISPR/Cas9 mutants 
targeting the second ATG codon prevented the synthesis of 
both spastin isoforms and disclosed its role in two separate 
developmental signaling pathways, one for motor circuit 
wiring and a second for locomotion studied larvae at 72 hpf 
[89]. These mutants outcrossed with fluorescent lines re-
vealed several anatomical defects such as incorrectly devel-
oped axons. Zebrafish shank3b is one of the two ortholog 
alleles of human SHANK3, whose deficiency has been re-
lated to autism spectrum disorder (ASD). More than a dozen 
Shank3 mutant mice exist, but they are not suitable for use in 
high-throughput drug screening analysis. Previous transient 
zebrafish knockdowns generated by MOs for both shank3 
alleles have been reported, but developmental and behavioral 
studies were limited to 5 dpf [90]. Using CRISPR to genome 
engineer a shank3b loss of function mutant that was stably 
transmitted displayed autism-like behavioral characteristics 
such as impaired locomotor activity and abnormal repetitive 
movements, as well as impaired social preference behaviors 
observed at 2, 5, and 7 dpf. Shank3b deficiency caused par-
tial lethality during early development and defective and 
delayed neurodevelopment in larvae. The knockout shank3b-
/- was crossed with the transgenic line that expressed a red 
fluorescent protein in neurons. The fluorescent protein al-
lowed to observe that the deficiency of this gene alters the 
number of neurons from the early stages of development, 
which was not possible to detect in mice [91]. Reduced lev-
els of Homer1, the postsynaptic scaffolding protein, and syn-
aptophysin, a protein located in synaptic vesicles, were also 
found, suggesting a potential role of Shank3 in presynaptic 
function [91]. 

5.2. Rare Diseases 

 Rare diseases are those that affect fewer than 1 in 2,000 
people. Sometimes rare diseases are called orphan diseases 
because drug companies are not interested in developing 
drugs for their treatment. Zebrafish is a promising model for 
studying this kind of pathologies. One of these rare diseases 
is glycine encephalopathy (GE), a recessive genetic disease 
caused by mutations in the glycine cleavage system (glycine 
decarboxylase, aminomethyltransferase, hydrogen carrier 
protein, and dihydrolipoamide dehydrogenase). Mutations 
were found in the glycine decarboxylase gene in 72% of GE 
cases. Severe GE symptoms are heterogeneous and include 
severe hypotonia, myoclonic jerks, lethargy, and apnea, 
whereas attenuated GE symptoms are treatable seizures, 
spasticity, chorea, and developmental delay that can lead to 
intellectual disability. The zebrafish gldc mutants generated 
with CRISPR/Cas9 recapitulated GE on a molecular level 
and also presented a motor phenotype reminiscent of severe 
GE symptoms [92]. Although a transient imbalance was 
found in cell proliferation in the brain of the mutants, con-

firmed by transgenic lines expressing fluorescent reporters, 
the main brain networks were not affected, suggesting that 
GE is mainly caused by metabolic defects. Remarkably, the 
motor dysfunctions in the mutant larvae can be rescued by 
pharmacologically or genetically counterbalancing the level 
of glycine at the synapse, suggesting that this is a valuable 
model to test possible treatments for this rare disease [92]. In 
another case, NCAPG2 variants in two unrelated pediatric 
individuals with overlapping neurodevelopmental syndromic 
features were identified by whole-exome sequencing. 
NGCAP2 encodes a member of the condensin II complex, 
necessary for the condensation of chromosomes prior to cell 
division. A sole NCAPG2 ortholog was identified in the ze-
brafish genome (46% identity, 64% similarity). Consistent 
with human expression data, ngcap2 is expressed almost 
ubiquitously, and predominant expression is in the develop-
ing brain and spinal cord of zebrafish larvae [93]. Injection 
of MOs induced a reduction in head size, whereas 
CRISPR/Cas9 mutants showed a significant reduction in the 
anterior brain. The different phenotypes can be explained 
because MOs have a transient knockdown effect, whereas 
CRISPR/Cas9 F0 crispants are considered as genetic mosa-
ics. TUNEL and PH3 staining revealed increased cell death 
in both ngcap2 morphants and CRISPR F0 mutants. Fur-
thermore, ngcap2 F0 mutants and morphants showed a sig-
nificant increase in cell proliferation in the head [93]. 

 Retinal function disorders have also been approached in 
zebrafish. Retinitis pigmentosa is a genetic disorder caused 
by the degeneration of rod cells. In mammals, the disease 
involves multiple genes including those that code for 
rhodopsins, essential proteins of the visual pathway. Muta-
tions of zebrafish rho1-1 loci induced by CRISPR/Cas offer 
a model for exploring disorders that mimic human diseases. 
The transgenic line Xops:EGFP outcrossed with rho1-1 
CRISPR/Cas9 mutants showed that rod cells exhibited cell 
death and rhodopsin retention in the endoplasmic reticulum 
and Golgi apparatus but did not reach the plasma membrane 
[94]. 

5.2.1. Monogenetic Epilepsies 

 More examples of human pathology modeling are within 
the field of monogenetic epilepsies. The syntaxin-binding 
protein 1, STXBP1 homologs in zebrafish (Stxbp1a and 
Stxb1b), both homozygous mutants were characterized, 
which interestingly showed different features. The stxb1a 
CRISPR-induced mutant contains a 4-base pair deletion in 
exon 8 and is predicted to cause a premature stop codon. The 
stxb1a mutant exhibited a profound lack of movement, low 
electrical brain activity, low heart rate, decreased glucose 
and mitochondrial metabolism, and early lethality. The 
stxb1b homozygous mutant allele is a 12-base pair deletion 
that causes loss of the predicted start codon. The stxb1b mu-
tant had spontaneous seizures and reduced locomotor activ-
ity response to a movement-inducing “dark-flash” visual 
stimulus, despite showing a normal metabolism, heart rate, 
survival, and baseline locomotor activity [95]. 

 In 2017, two independent groups reported that the zebraf-
ish aldh7a1 null mutant recapitulates the characteristics of 
pyridoxine-dependent epilepsy (PDE) caused by variants of 
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the gene ALDH7A1 [82, 96]. Two homozygous mutants 
were generated using CRISPR/Cas9. In the first, a 5-bp dele-
tion mutant in the zebrafish aldh7a1 gene resulted in a pre-
mature stop codon; in the second, a 5-nucleotide insertion 
introduced a stop codon at position 50 of the translated pro-
tein sequence. In both studies, the mutants showed a sponta-
neous rapid increase in locomotion and a rapid circling swim 
behavior followed by seizure-like locomotor behaviors as 
early as 8 dpf [96] or 10 dpf [82], which resulted in death 
shortly after a seizure. Also, electroencephalographic record-
ings revealed large-amplitude spike discharges. 

 More recently, a report showed that the biallelic patho-
genic variants of PLPBP caused a novel form of vitamin B6-
dependent epilepsy. To explore the pathophysiology of the 
disease, the PLPHP deficiency model generated by 
CRISPR/Cas9 was used in a series of behavioral, biochemi-
cal, and electrophysiological studies, which showed seizure 
activity by 10 dpf and early death by 16 dpf. Treating the 
larvae with pyridoxine improved the epileptic phenotype and 
extended the lifespan. Thus, this model may be useful for 
drug discovery [97]. 

5.3. Brain Development 

 The function of the NADPH oxidase (Nox) genes of ze-
brafish (nox1, nox2/cybb, nox5, and duox) was addressed by 
inducing CRISPR/Cas9 mutations in each of the four nox 
genes. Between 48 and 96 hpf, the nox2/cybb chimeric cris-
pants displayed optic nerve thinning and decreased optic 
tectum innervation, while the homozygous mutants showed 
significant ganglion cell layer expansion and mistargeted 
retinal axons in the optic tectum [98]. Thus, nox genes are 
relevant and have specific roles for the accurate connection 
between axons of retinal ganglion neurons and the optic  
tectum. 

 In other studies, it was found that the function of the rfx4 
gene, which encodes for a winged-helix transcription factor, 
is dispensable for forebrain morphogenesis but is required 
for forebrain formation. To elucidate rfx4 function in zebraf-
ish, two mutant alleles were made by CRISPR/Cas9, result-
ing in a truncated, non-functional protein [99]. Another gene 
implicated in neurogenesis in the neural tube is prdm12b. 
Using CRISPR/Cas9 to generate two fish lines carrying 
frameshift mutations in prdm12b, authors revealed that 
eng1b expression was suppressed in V1 interneurons, lead-
ing to defective Mauthner cell-dependent locomotion and 
embryonic lethality [100]. 

 A customized DNA array analyzed genomic data from 66 
fetuses with different brain malformations and neural tube 
defects and disclosed that in a sample with occipital en-
cephalocele, an in-frame deletion in the gene that encodes 
for the protein WDR63 interrupted the third and fourth 
WD40 repeat domains. The wdr63 gene mutation induced by 
CRISPR/Cas in zebrafish led to abnormal crispant embryos 
with body and brain malformations (40-60%) and sac-like 
brain protrusions (7-9%) similar to those seen in encephalo-
cele [101]. Recently, a genome-wide linkage analysis com-
bined with whole-genome sequencing demonstrated that 
human autosomal recessive primary microcephaly is caused 

by a mutation in the microtubule-associated protein 11 
(MAP11, previously termed C7orf43). Homozygous zebraf-
ish map11 CRISPR/Cas9 knockout mutants recapitulated 
microcephaly (determined by body-head ratios) and showed 
decreased neuronal proliferation (determined by phosphohis-
tone-H3 staining) [102]. Finally, a delay in retinal neuro-
genesis was observed upon interleukin 7 receptor (il7r) dele-
tion, causing delayed myelination and revealing the regula-
tory role of il7r in this process. The homozygous mutants 
also showed microphthalmia with a reduced number of cones 
and rods and downregulation of genes, such as rho and 
arr3a, involved in the pathogenesis of retinitis pigmentosa 
[103]. 

5.4. Behavior 

 Frequently, non-stereotyped behavior reflects altered 
brain function due to aberrant neuronal activity. An ap-
proximation to determine the effect of specific loss-of-
function genes is to select genes expressed exclusively in the 
brain; several examples in the literature followed this ap-
proach in zebrafish. One is the Histamine receptor H3 (Hrh3) 
gene knockout, a CRISPR mutant with a non-sense mutation 
that results in a loss of 5 to 7 transmembrane domains, which 
showed locomotor and social behavior impairments in larvae 
at 5 dpf. Hrh3 signaling regulates reactions to light:dark 
transitions, with hrh3 knockout showing a faster adaptation 
to darkness. The mutant also has reduced levels of dopamine 
and serotonin, suggesting that Hrh3 is important in the 
modulation of other monoamine systems [104]. 

 Another example is zebrafish pitpnc1a, which belongs to 
a family of lipid transporters of the phosphatidylinositol 
transfer protein (PITP). PITPs are enriched in the brain, but 
their functional role in neuronal signaling pathways remains 
elusive. The zebrafish pitpnc1a null mutants have a 5–base 
pair deletion in exon 2 that gives rise to a truncated protein 
lacking two key inositol binding residues. Pitpnc1 western 
blot does not detect the protein, indicating that the allele is 
functionally null. The zebrafish pitpnc1a null mutant is a 
brain-specific ortholog of the human long isoform pitpnc1a. 
By in situ hybridization, pitpnc1a mRNAs were detected in 
several regions of the developing central nervous system at 
24 and 48 hpf. In larvae at 5 dpf, the expression was exclu-
sively and strongly detected throughout the brain, particularly 
in the dorsal telencephalon. The homozygous pitpnc1a-/- 
mutant appears visually indistinguishable from wild-type 
siblings and is viable and fertile. However, it is also hyperac-
tive across the day:night cycle and exhibits increased neu-
ronal activity [105]. Interestingly, the human PITPNC1 gene 
resides within a copy number variant associated with a syn-
dromic intellectual disability caused by the neighboring gene 
PSMD12. The CRISPR/Cas9 psmd12 loss-of-function model 
exhibited microcephaly, decreased convolution of the renal 
tubes, and abnormal craniofacial morphology, recapitulating 
the human phenotypes observed in patients. F0 crispants 
were used to visualize the axonal tracts in the brain including 
the optic tecta, which were significantly smaller than in wild-
type larvae at 3dpf [106]. Additional molecular characteriza-
tion is needed to elucidate the implications of Psmd12 in this 
neurodevelopmental syndrome. 
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5.5. Other Applications 

 There is also growing interest in using zebrafish to study 
proteins involved in basic genome organization, dynamics, 
and expression, whose mutations indirectly affect the func-
tion of the nervous system. Such is the case of the studies on 
the function of the retinoblastoma protein RB1. The gene 
that codes this protein is mutated in different classes of can-
cer because RB1 is a tumor suppressor; thus, when the gene 
is mutated, the progression of the cell cycle changes, leading 
to tumors and cancer. RB1 mutants generated by CRISPR 
(heterozygous) or TALEN (genetic mosaic) in zebrafish de-
veloped tumors at 4-5 months according to the essential 
functional role of RB1; but this approach also allowed re-
searchers to identify more than 170 chromatin regulators 
differentially expressed in RB1 tumors, including rbbp4 and 
hdac1 [36]. CRISPR/Cas heterozygous mutants of rbbp4 are 
lethal between 5-10 dpf and show severe microcephaly and 
microphthalmia, whereas hdac1 homozygous mutants show 
reduced body size, curved trunk, microcephaly, and colo-
boma in the retina and are lethal after 3 dpf. The require-
ments for rbbp4 and hdac1 in regulating neural progenitor 
proliferation and survival might contribute to oncogenesis 
after rb1 loss in the zebrafish rb1 brain tumor model [36]. 

 Zebrafish were used as a model to study how general 
anesthesia causes loss of consciousness after local lesioning 
of locus coeruleus neurons via two-photon laser-based abla-
tion or genetic depletion of norepinephrine in mutants of the 
dopamine-beta-hydroxylase (dbh) gene generated by 
CRISPR/Cas9. Propofol and etomidate modulate firing of 
these neurons by inhibiting presynaptic excitatory inputs and 
inducing GABA-A receptor hyperpolarization in larvae be-
tween 5 and 7 dpf [107]. 

 In other studies, from an enhancer-trap screen, an unan-
notated gene named ubtor was identified in zebrafish. In situ 
hybridization showed ubtor transcripts in the brain and spi-
nal cord. To examine the function of ubtor, the gene was 
disrupted by CRISPR/Cas9 inducing higher mTOR activity 
and aggravated neoplasia [108]. Other experimental ap-
proximations can also be done using zebrafish and the 
CRISPR system, such as the characterization of potential 
transcriptional enhancers, like in the ZEB2 (Zinc finger E-
box-binding homeobox 2) locus [109]. ZEB2 is a key devel-
opmental regulator of the central nervous system. The use of 
CRISPR in HEK-293 cells to delete endogenous enhancers 
proved that distal transcriptional enhancers and trans-acting 
elements govern the regulation of ZEB2 expression during 
neuronal development [109]. On the other hand, it is well 
known that endocrinological components, such as thyroid 
hormones, influence brain development through their roles in 
neurogenesis and myelination. These hormones act via spe-
cific receptors (THRs); however, thr zebrafish crispants do 
not show changes in expression levels of genes involved in 
myelination (mbp, mpz, olig2, and plp), suggesting that their 
function may not be directly related to the process of myeli-
nation during zebrafish early development [110]. 

 Glial cells of zebrafish have also been studied using 
CRISPR/Cas as a tool. A microglia transcriptome disclosed 
20 putative microglia regulators, and researchers found a 
dramatic decrease in neutral red-positive NR+ (nicotinamide 

riboside) cells when interleukin 34 (il34) was targeted using 
CRISPR/Cas9; however, microglial proliferative capacity 
was not affected. A stable frameshift (premature stop codon 
at exon 5) homozygous mutant of the il34 receptors, csf1a, 
and csf1b (colony-stimulating factor 1 receptor), did not 
show reduced microglia numbers, suggesting a genetic com-
pensation by other ligands [111]. A graphical overview of 
the genes mentioned in this section is presented in Fig. 2. 
The genes and associated diseases and phenotypes men-
tioned in this section are summarized in Table 1. 

 Despite the rapid development of genome editing tech-
nologies, specifically CRISPR/Cas9, to generate disease 
models in zebrafish, more efforts are needed to efficiently 
combine different disciplines to find both the etiology of and 
treatments for many brain diseases. 

5.6. Improving the CRISPR System using Zebrafish 

 The use of CRISPR/Cas9 has been mostly restricted to 
knockout specific genes in zebrafish, but recent efforts have 
been made to expand the CRISPR toolbox in this model. For 
example, the injection of multiple guide RNAs to induce 
mutations in two different genes (osgep and tprkb) at the 
same time improved the efficiency of the system [112]. 
These genes are two of the five that code for the KEOPS 
complex, a series of proteins that regulate post-trans- 
criptional modification of tRNAs, telomere length and ge-
nome maintenance, and whose mutations in humans lead to 
brain abnormalities and developmental delays. By knocking 
out the zebrafish osgep and tprkb genes with CRISPR/Cas9, 
homozygous mutant larvae analyzed at 4 dpf recapitulated 
part of the phenotype found in humans and resulted in early 
lethality [113]. 

 CRISPR/Cas9 can also be used to visualize and disrupt 
target gene expression. Through the years there have been 
many reports of a number of transgenic fishes induced to 
express fluorescent proteins with diverse expression patterns. 
Important observations of brain organization and develop-
ment have been revealed using these transgenic fish, which 
were mostly generated by non-specific incorporation of the 
transgene into the genome. Determining the insertion site of 
the transgene is laborious; however, the utility of these 
transgenic lines has been broadened by replacing the gene 
coding for the fluorescent protein by the Gal4/UAS expres-
sion system, which allows precise, inducible, and controlled 
gene expression [114, 115]. This gene integration strategy 
was performed by CRISPR/Cas9, and its applications in-
clude determining gene expression patterns to knocking in 
genes. 

6. CRISPR AS A TOOL TO UNDERSTAND BRAIN 
FUNCTION 

6.1. Optical Tools 

 The transparency of zebrafish allows the use of fluores-
cent proteins to monitor neural activity in vivo. A variety of 
optical tools are currently available and can be used in com-
bination with the CRISPR/Cas system. Classically, fluores-
cent proteins have been used for optical screening of gene 
expression to determine expression patterns during develop-
ment or as tools to study disease models and development 
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Fig. (2). Graphical representation of the genes related to neurobiology (in italics) edited by CRISPR/Cas to date and their associated 
phenotype in zebrafish. All genes are also listed in Table 1 with the corresponding reference. The main image in black illustrates the com-
plete zebrafish (emphasizing the brain and spinal cord); genes related to the loss of midbrain-hindbrain boundaries, like pax2a or the optic 
tectum innervation (nox2); and genes related to neural tube formation like rfx4, spast, and prdm12b, among others, are included. Small ze-
brafish black head mainly represents the genes that produce microcephaly. A grey zebrafish shadow is a cyclops fish produced by 
nrd2/cyclops that includes glycine encephalopathy (gldc) and the morphological defects caused by disruption in tardbp1. Circles and squares 
with zebrafish larvae trajectories (in red) represent larvae motility with anesthesia (dbh) or the epileptic or autism phenotype. (A higher reso-
lution / colour version of this figure is available in the electronic copy of the article). 
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Table 1. Gene targeted by CRISPR/Cas9, the neural disease or phenotype studied and the corresponding reference. 

Gene Targeted Disease/phenotype Studied Refs. 

aldh7a1 Pyridoxine-dependent epilepsy (PDE) [82, 96] 

brf1b Cerebellar-facial-skeletal syndrome [130] 

cntn2 Migration (defects?) of facial branchiomotor neurons [85] 

Dbh Genetic depletion of norepinephrine [107] 

Gldc Glycine encephalopathy [92] 

hrh3 Responses to changes in the environment and decreased levels of dopamine and serotonin [104] 

il7r Delay in myelination and microphthalmia [103] 

il34 Microglia number reduction [111] 

kif15 Axon regeneration [84] 

map11 Microcephaly and decreased neuronal proliferation [102] 

ncapg2 Microcephaly. Reduction in the size of the optic tecta and cerebellar hypoplasia [93] 

ndr2 Loss of the medial floor plate, severe deficits in ventral forebrain development and cyclopia [88] 

nox2 Optic nerve thinning and decreased optic tectum innervation [98] 

osgep, tprkb Microcephaly and reduced survival [113, 112] 

pax2a Loss of the midbrain-hindbrain boundary [115] 

pitpnc1a Aberrant neuronal activity and increased wakefulness across the day-night cycle [105] 

plpbp Epilepsy [97] 

prdm12b Lack of eng1b-expressing V1 interneurons [100] 

psmd12 Microcephaly, decreased convolution of the renal tubes, and abnormal craniofacial morphology [106] 

rb1, rbbp4, hdac1 Brain tumors [36] 

rfx4 Role in forming midlines in the caudal neural tube [99] 

shank3b Autism [91] 

Spast Motor neuron and locomotion defects [89] 

stxbp1 Epilepsy. Spontaneous seizures and reduced locomotor activity [95] 

tardbp1 Morphological defects, early lethality, reduced locomotor function, aberrant quantal transmission and 
perturbed synapse architecture at the Neuromuscular Junctions 

[86] 

thraa, thrab, thrb Loss of symmetry and laterality [110] 

Ubtor Effects on Neurodevelopment. Cellular growth regulation and mTOR signaling [108] 

wdr63 Encephalocele and neural tube defects [131] 

zeb2 Transcriptional enhancers during neuronal development [109] 

 

[116]. Confocal and light-sheet microscopy made it possible 
to time-lapse imaging in vivo and track the impact of muta-
tions on neuronal functions after injury [84].  
Ionic sensors are frequently used in neurosciences to indicate 
neuronal activity. Genetically encoded calcium indicators 
(GECIs) have revolutionized the field because they can si-
multaneously record large numbers of neurons in the live 
brain [117, 118]. An example of the power of this approach 

is the simultaneous recording of neuronal activity in live 
embryos engineered with the CRISPR system to both create 
a transgenic fish expressing a calcium sensor under the en-
dogenous slc6a2 promoter (NET, the norepinephrine trans-
porter) (Fig. 3A), thus targeting the expression to the 
noradrenergic system in the brain, and monitor the activity in 
the locus coeruleus, an important region implicated in dis-
eases like Parkinson’s, Alzheimer’s and autism [119]. In this 
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way, it is possible to monitor activity related to the develop-
ment of the disease, especially when structural changes are 
not observed. 

6.2. Optogenetic Tools 

 Optogenetic transcriptional activators/repressors for 
light-based control of transcription offer a finer spatial and 
temporal control of gene expression. These systems have 
been used in diverse animal models including zebrafish. Ide-
ally, zebrafish optogenetic systems should be genetically 
encoded, reversible, not toxic and, if possible, not require 
complex optics. CRY2-CIB1 and EL222 have been applied 
to control the transcription in zebrafish embryos using the 
GAL4/UAS system [120]. The phytochrome B system 
(PHYB-PIF) has been used to modify subcellular protein 
localization in zebrafish embryos [121]. Recently, CRISPR/ 
Cas9 associated with light-sensitive genes has begun to be 
used. In the TAEL (TA4-EL222) system, the blue-light–
activated EL222 has been re-engineered, reducing toxicity 
but conserving fine spatial precision and rapid response ki-
netics. TAEL has also been combined with CRISPR/Cas9 
systems to create a flexible toolkit [122] (Fig. 3B). The 
advantages of using TAEL approach are that minimal 
changes induced by gene disruption can be detected and the 
expression or disruption can be limited in a specific region in 
vivo in the whole fish. CRISPR/Cas has been combined with 
CRY2 and its binding partner CIB1 to regulate transcrip-

tional activation [123]. This system consists of dCas9 fusion 
and sgRNA; dCas9 is fused to CIB1 (trCIB1) to target a ge-
nome sequence, and the activator domain is fused to CRY2. 
In the absence of blue light, dCas9 recognizes genomic tar-
gets without the interaction between CIB1 and CRY2. Oth-
erwise, CIB1 and CRY2 dimerize after exposure to blue light 
and sgRNAs bind to the dCas9 fusion and guide the complex 
to the target sites, thus activating gene expression. This sys-
tem has been successfully tested for controlling the transcrip-
tion level of ASCL1a, BCL6a, and HSP70 (Fig. 3C). 

7. FUTURE PERSPECTIVES AND CONCLUSION 

 Recent studies have used the CRISPR/Cas9 system in an 
attempt to confirm previous findings with MO-induced mu-
tants and chemical mutagenesis, and also to generate new 
loss-of-function mutants to model neural diseases. There are 
still many disease-related genes to be modeled in zebrafish, 
not only those restricted to neural diseases. New studies us-
ing CRISPR/Cas9 will address specific functions related to 
structure and connectivity among brain areas. These will add 
to modifications and improvements of the CRISPR/Cas sys-
tem and, combined with advanced optical techniques, will 
enable faster development of neurosciences and a better un-
derstanding of neuronal diseases. According to a recent re-
port, now it is possible to monitor neuronal activity in freely 
moving zebrafish larvae using the calcium indicator GFP-
aequorin. This tool can be combined with CRISPR/Cas to 

 

Fig. (3). CRISPR/Cas combined with optical tools in zebrafish. A) Generation of transgenic lines with CRISPR system expressing a fluo-
rescent calcium indicator called genetically encoded calcium indicator (GECI) under promoter endogenous NET (norepinephrine transporter) 
to monitor noradrenergic system [119]. B) Optical control gene-editing protein system (TAEL). LOV (lightoxygen-voltage protein), HLH 
(helix-turn-helix DNA-binding domain), Ja (helix), TA photoactive transactivator (GAVPO Gal4 DNA binding domain and p65 activation 
domain), 5x-C120 (regulatory element termed) [122]. C) CRISPR/Cas combined with CRY2 light transcriptional activation. CIBI (crypto-
chrome interacting basic-helix-loop-helix 1), CRY2 (cryptochrome 2) [123]. (A higher resolution / colour version of this figure is available 
in the electronic copy of the article). 
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eliminate some limitations of the current GECI systems. Lo-
calization, dynamics, interactions, and functions of endoge-
nous molecules in the brain could be determined more 
quickly, accurately and in greater detail by combining novel 
imaging techniques and CRISPR transgenic zebrafish lines 
with fluorescent reporters. 

 Optogenetic tools allow the quick modification and con-
trol of many brain gene functions in vertebrates. These tools 
combined with the CRISPR/Cas system could help to under-
stand neurogenerative diseases. Moreover, they have the 
potential of controlling and monitoring the expression of 
several genes at the same time, and of enhancing the under-
standing of complex gene networks, especially considering 
that many cellular responses depend on complex signaling 
cascades [123, 124]. Genetically encoded voltage indicators 
(GEVIs) have been employed to achieve fast and simultane-
ous detection of membrane potential in neurons. These indi-
cators report fast activity in correlation with action potential 
and present high brightness and less cellular damage com-
pared to GECIs, thus improving neural activity recordings 
[125]. However, they have been used in a few physiological 
conditions [126-128]. The CRISPR/Cas system could facili-
tate the use of GEVIs in zebrafish to characterize functional 
connectomes in vivo, allowing researchers to understand 
neurological processes and diseases. 

 CRISPR is routinely used to generate knockouts in spe-
cific genes. Interestingly, CRISPR can generate knockins 
and precise genome editions, which will enable scientists to 
reproduce the mutations equivalent to those in patients to set 
up personalized medicine. Genome editing with the CRISPR 
system and derived technologies will undoubtedly accelerate 
the development of neurosciences using zebrafish and other 
animal models to finally translate to benefit humans. 

LIST OF ABBREVIATIONS 

ALS = Amyotrophic lateral sclerosis 

ASD = Autism spectrum disorder 

CIBI = Cryptochrome interacting basic helix-
loop helix 1 

CRISPR/Cas = Clustered regularly interspaced short 
palindromic repeats and CRISPR-
associated protein 

CRY2 = Cryptochrome 2 

Dbh = Dopamine-beta-hydroxylase 

DSB = Double-strand breaks 

dpf = Days post fertilization 

eGFP = Enhanced green fluorescent protein 

GABA = γ-Aminobutyric acid 

GE = Glycine encephalopathy 

GECIs = Genetically encoded calcium indicators 

GEVIs = Genetically encoded voltage indicators 

HMA = Heteroduplex mobility assay 

HSP = Cause hereditary spastic paraplegia 

InDels = Insertions and/or deletions 

MOs = Morpholinos 

NET = Norepinephrine transporter 

NHEJ = Non-homologous end-joining 

Nox = NADPH oxidase 

NR = Nicotinamide riboside 

ORF = Open reading frame 

PDE = Pyridoxine-dependent epilepsy 

PHYB-PIF = Phytochrome B system 

PITP = Phosphatidylinositol transfer protein 

sgRNA = Single-guide RNA 

TAEL = (TA4-EL222) system 

TALENs = Transcription activator-like effector nu-
cleases 

TIDE = Tracking of indels by decomposition 

ViBE-Z = Virtual brain explorer for zebrafish 

ZEB2 = Zinc finger E-box-binding homeobox 2 

ZFNs = Zinc finger nucleases 
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