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In 1996, a special zebrafish (Danio rerio) issue of the journal Development, with a 481-
page volume containing 37 papers from four different laboratories, published genetic and
phenotypic details of hundreds of different mutants, obtained through mutagenesis screen-
ing. The collective data showed developmental defects in almost every organ or tissue of
the early life stages of zebrafish. Those findings not only revealed a wide array of informa-
tion in the areas of basic science but also provided a plethora of information to investigate
many human diseases. As an emergent vertebrate animal model then, zebrafish has since
become the second most important animal model next to rodents, and research using the
model has become a flourishing field in studying human diseases [1]. A PubMed search
on “zebrafish and human disease modeling” (26 March 2025) yields a total of 1489 papers
showing an exponential increase in published papers in the last two decades (Figure 1).
Zebrafish share 70% of protein-coding genes with humans. One of the major advantages
of using zebrafish in research is that a single female lays hundreds of transparent eggs
that are externally fertilized, which helps researchers increase the sample size for their
experiments. Because of the transparency of the embryos, a longitudinal assessment of
developing organs and reporter transgene expressions can be easily performed by imaging
with microscopes. Additionally, zebrafish can breed at around three months of age, thus
becoming a cost-effective animal model for research. As an alternative animal model,
zebrafish align well with the three Rs (reduction, refinement, and replacement) that are
meant to address the humane use of animals. With comparable genetic and physiologic
make-up between zebrafish and mammals, including humans, zebrafish possess many
advantages for biomedical and toxicological research. Nearly 10 compounds from zebrafish
screens conducted by several different laboratories are in or about to enter the clinic [2].

The Special Issue “Zebrafish: A Model Organism for Human Health and Disease” con-
tains nine papers covering various aspects of pathological conditions modeled in zebrafish
and the underlying mechanisms highlighting strategic interventional avenues. These stud-
ies used both wild-type and genetically modified zebrafish to address tissue/organ-specific
conditions and covered a wide array of topics such as the nervous system, inflamma-
tion, cancer, and the cardiovascular system. The authors provide in-depth insight into
these domains, which can lead to understanding equivalent human conditions along with
predictive scenarios that may be used for future drug discovery.

In the first paper, Ciapaite et al. described the generation of the first zebrafish model
of hypophosphatasia (HPP), which exhibits multiple features characteristic of the human
disease, thus providing a model system for not only the pathophysiology study of HPP
in depth but also the testing of compounds that have therapeutic value [3]. HPP is a rare
inherited metabolic disorder that adversely affects the development of bones and teeth due
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to a pathogenic variation in the enzyme tissue-nonspecific alkaline phosphatase (TNSALP),
encoded by the alpl gene [4]. The authors created the alpl knockout zebrafish using clustered
regularly interspaced short palindromic repeat (CRISPR)/CRISPR-associated protein 9
(CRISPR/Cas9) gene editing. There was decreased bone mineralization in the alpl =™/~
embryos, a hallmark of HPP. These embryos had depleted pyridoxal and its degradation
product 4-pyridoxic acid, suggesting disturbances in broad vitamin Bé6-related metabolism.
This study provides novel mechanistic insight into the development of HPP.
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Figure 1. Number of publications on “Zebrafish and Human Disease Modeling” from 2004 to 2024.

In the second paper, Danila et al. described the differential effect of oxytocin on
stimulus discrimination in albino and non-albino zebrafish [5]. The authors explored the
potential of oxytocin in reducing psychosocial difficulties, such as anxiety, stress, stigmati-
zation, and social isolation, including factors that affect the development and maintenance
of interpersonal relationships, behaviors exhibited by individuals with albinism. The major
goal of the study was to investigate how oxytocin can influence behavior, thus leading to
an insight into interventional avenues and managing the negative effects associated with
albinism [6]. The study used behavioral analyses of adult albino and non-albino zebrafish
and concluded that oxytocin enhanced social interactions in albino zebrafish, suggesting
a potential neurochemical mechanism. The authors propose that their study provides an
encouraging starting point for future research that would have applicability to humans
with similar behavioral disorders.

The third paper by Li et al. revealed the mechanism of how the deletion of Slc1a4
suppresses axon regeneration in zebrafish [7]. Zebrafish are well known for their remark-
able regenerative capacity [8]. In this study, the authors used Sic1a4~/~ mutants created
by the CRISPR-Cas9 genome editing and investigated Mauthner cell axon regeneration
potential in those mutants. Since there is evidence that amino acids play a vital role in
axon regeneration [reviewed in [9]], the study utilized the deletion of Slc1a4, an amino acid
transporter that is involved in the uptake of amino acids. Although Slcla4 deficiency did
not affect Mauthner cell development or motor function, it suppressed Mauthner cell axon
regeneration and negatively affected the associated functions. RNA-Seq analyses revealed
that Slcla4 may influence Mauthner cell axon regeneration via the p53 signaling pathway.
The study also showed that Slcla4 deficiency may inhibit Mauthner cell axon regeneration
thorough suppression of Gap43 (Growth-Associated Protein 43), a marker and a critical
factor of axonal growth and regeneration [reviewed in [10]].

Ricarte et al. [11] undertook an integrative approach that included behavioral analysis
and neurotransmitter profiling to determine the effects of early-life exposure to valproic
acid (VPA) both in the larval and adult zebrafish. Their study was intended to gain further
insight into autism spectrum disorder (ASD) since prenatal exposure to VPA has been linked
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to an increased incidence of autism [reviewed in [12]]. The study showed that VPA-treated
larvae exhibited hyperactivity and compromised visual and vibrational escape responses.
The larvae had altered neurotransmitter levels showing increased glutamate but reduced
acetylcholine and norepinephrine levels. VPA-treated embryos upon reaching adulthood
exhibited larger shoal sizes and a decreased interest for their conspecifics, hallmarks of
impaired social behavior in zebrafish. Their brains had significantly reduced dopamine
and gamma-aminobutyric acid (GABA) levels. Data from this study’s combined behavioral
and biochemical approach validate zebrafish as an ideal model of ASD.

The zebrafish has emerged as a powerful vertebrate model for studying cancer [re-
viewed in [13]]. Mutations in the succinate dehydrogenase subunit B (SDHB) gene are
associated with the highest malignancy rate [14]. In their paper, Miltenburg et al. present
a zebrafish model to study SDHB-associated phaeochromocytomas and paragangliomas
(PPGLs) [15]. Their study revealed that although adult SDHB mutant zebrafish did not
show an obvious tumor phenotype and were anatomically and histologically not different
from their wild-type counterparts, they had significantly increased succinate levels, a char-
acteristic of SDHB-related PPGLs. The authors conclude that they characterized an adult
in vivo zebrafish model that can be used to gain in-depth knowledge on the mechanism
underlying the development of SDHB-associated PPGL pathology.

The angiotensin-converting enzyme (ACE) plays a crucial role in blood pressure regu-
lation by converting angiotensin I to angiotensin I, a vasoconstrictor that narrows blood
vessels, resulting in increased blood pressure [16]. A potential link between ACE deficiency
and gastrointestinal tract inflammation was revealed when several studies showed compro-
mised proliferation and apoptosis of intestinal epithelial cells in ACE-deficient mice [17-19].
In their paper, Wei et al. modeled intestinal inflammation by creating ACE-deficient ze-
brafish using the CRISPR/Cas9 approach [20]. The authors show that the deletion of ACE
in zebrafish not only caused intestinal inflammation but also increased the expression of
several inflammation marker genes. Histopathological data revealed significantly increased
secretion of mucus in the intestines of the ACE mutants compared to their wild-type coun-
terparts. The mutant zebrafish showed increased susceptibility to enteritis. The authors
conclude that such findings validate the zebrafish model to study intestinal inflammation
and gain insight into strategies for potential therapeutic interventions.

In their manuscript on zebrafish olfactory bulb injury and recovery, Rozofsky et al. [21]
show that there is remarkable plasticity of adult dendritic arbor structures following injury,
which reaffirmed the existing knowledge that zebrafish is an ideal model system to study
nervous system injury and neuroregenerative processes. In an earlier study, their laboratory
showed that deafferentation (loss or reduction in sensory input to the central nervous
system) of the olfactory bulb altered mitral cell dendritic arbor morphology [22]. As a
continuation of that investigation, the current study [21] reveals that mitral cell dendritic
branch regeneration and growth was independent of overall growth-related changes. The
adult zebrafish model provided a system to investigate both degeneration and subsequent
regeneration of the mitral cell dendritic branch in the olfactory bulb. The authors suggest
that due to a lack of sufficient information on the effects of deafferentation and the recovery
of aspinous dendrites in adult brain structures, their work on the zebrafish model will
help fill the knowledge gap and serve as a step toward an in-depth understanding of the
processes involved in regeneration following specific injuries.

In a review paper, Yang et al. [23] provide a comprehensive report on the zebrafish
congenital heart disease (CHD) models that are used in research to understand and reveal
the mechanisms of CHDs. The findings from such studies offer potential strategies for
the treatment and intervention of CHDs. The review also outlines the advantages and
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disadvantages of using the zebrafish model in CHD investigation. For example, while
zebrafish and the human heart share a similar electrophysiology, the zebrafish heart does
not have pulmonary circulation in the double-chambered heart due to the absence of
lungs. Nonetheless, the zebrafish model has been successfully used in CHD investigations,
leading to revelations of the mechanisms and filling in the knowledge gap.

Lastly, a review article by Gu and Kanungo [24] details how arsenic-induced su-
pernumerary motor neurons in zebrafish, possibly through the sonic hedgehog (Shh)
pathway [25], presents an opportunity to investigate ASD. The review summarized existing
reports on potential cross talk among Shh signaling, cyclin-dependent kinase 5 (Cdk5)
signaling, and mindbomb (Mib) in generating excess neurons. Generation of a specific
type of neurons in excess can adversely affect the development of other types of neurons.
Ultimately, this will negatively affect proper development of the nervous system, other-
wise known as nervous system patterning, and cause excitation/inhibition imbalance, a
hallmark of ASD [26]. While Shh is obligatory for motor neuron development [27], Cdk5
is predominantly expressed in neurons and plays a crucial role in neuron development
and many neuronal functions [28]. Furthermore, Mib1 has been identified as an autism risk
gene [29]. The review article proposes a potential link among these molecules (Shh, Cdk5,
and Mib) in the development of ASD.

In conclusion, this Special Issue presents a collection of seven original research papers
and two review articles highlighting the successful use of the zebrafish model to investigate
human health-related issues and diseases. The papers cover a range of topics, from
cancer, neurobehavior, and regeneration, to chemical toxicity and various state-of-the-
art techniques, including the CRISPR/Cas9 gene editing technology, providing greater
insights on the respective research areas. Given the increasing popularity of zebrafish as an
alternative animal model in biomedical and toxicological research, this Special Issue will
help expand the understanding of the underlying mechanisms of specific human diseases
and health-related issues.
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Abstract: Hypophosphatasia (HPP) is a rare inborn error of metabolism caused by
pathogenic variants in ALPL, coding for tissue non-specific alkaline phosphatase. HPP
patients suffer from impaired bone mineralization, and in severe cases from vitamin Bg-
responsive seizures. To study HPP, we generated alpl”/~ zebrafish using CRISPR /Cas9
gene-editing technology. At 5 days post fertilization (dpf), no alpl mRNA and 89% lower
total alkaline phosphatase activity was detected in alpl/~ compared to alpl*/* embryos. The
survival of alpl”/- zebrafish was strongly decreased. Alizarin red staining showed decreased
bone mineralization in alpl/~ embryos. Bg vitamer analysis revealed depletion of pyridoxal
and its degradation product 4-pyridoxic acid in alpl”/~ embryos. Accumulation of d3-
pyridoxal 5'-phosphate (d3-PLP) and reduced formation of d3-pyridoxal in alpl”/~ embryos
incubated with d3-PLP confirmed Alpl involvement in vitamin Bg metabolism. Locomotion
analysis showed pyridoxine treatment-responsive spontaneous seizures in alpl”/~ embryos.
Metabolic profiling of alpl/~ larvae using direct-infusion high-resolution mass spectrometry
showed abnormalities in polyamine and neurotransmitter metabolism, suggesting dys-
function of vitamin Bg-dependent enzymes. Accumulation of N-methylethanolaminium
phosphate indicated abnormalities in phosphoethanolamine metabolism. Taken together,
we generated the first zebrafish model of HPP that shows multiple features of human
disease and which is suitable for the study of the pathophysiology of HPP and for the
testing of novel treatments.

Keywords: vitamin Bg; hypophosphatasia; alpl deficiency; zebrafish; direct-infusion
high-resolution mass spectrometry

1. Introduction

Hypophosphatasia (HPP) is a rare inborn error of metabolism that affects the develop-
ment of bones and teeth and is caused by pathogenic variants in the ALPL gene, coding
for the tissue-nonspecific isozyme alkaline phosphatase (TNSALP, EC:3.1.3.1). Since the
first description by Rathbun [1], more than 400 variants in ALPL, predominantly missense,
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have been identified [2], explaining the highly variable clinical phenotype of HPP. Both
autosomal recessive and autosomal dominant modes of inheritance have been reported,
with the former often, but not always, corresponding to a more severe clinical pheno-
type [3]. TNSALP is expressed in the liver, bone (synthesized by the osteoblasts), and
kidney, as well as the brain [4], and it functions as a homodimeric ectoenzyme with a
broad phospho-substrate specificity [5]. Natural substrates of TNSALP include, but likely
are not limited to [5], inorganic pyrophosphate (PP;) [6,7], pyridoxal 5’-phosphate (PLP,
the active form of vitamin Bg) [8-10], and phosphoethanolamine [8,11,12]. The severity
of clinical phenotype strongly correlates with residual TNSALP enzyme activity [3,5,13].
Increased levels of plasma PLP and urinary and plasma PEA along with reduced serum
unfractionated alkaline phosphatase activity serve as diagnostic markers of HPP [5,14].

Accumulation of TNSALP substrates in HPP patients reflects the physiological role of
the enzyme and clarifies the metabolic basis of HPP. Based on the age of diagnosis/onset
of symptoms and severity of clinical phenotype, HPP is classified as perinatal (benign),
perinatal (severe), infantile, childhood (mild), childhood (severe), adult, or odontohy-
pophosphatasia, with the perinatal (severe) and infantile forms being most severe [14]. The
main clinical feature of HPP is abnormal bone mineralization causing premature loss of
deciduous teeth, rickets in children, and osteomalacia in adults. The bone phenotype of
HPP is explained by accumulation of PP;, a potent inhibitor of bone mineralization [15].
Paradoxically, in some cases, premature closure of cranial sutures (craniosynostosis) oc-
curs in infantile and childhood HPP, causing intracranial hypertension [5,16]. In addition,
blocked entry of minerals into the skeleton may lead to hypercalcemia/hypercalciuria,
nephrocalcinosis, and renal impairment [5,17]. In the most severe forms of perinatal and in-
fantile HPP, vitamin B¢-dependent seizures may occur, indicating a lethal prognosis [18-22].
The seizures begin in the first hours after birth and are refractory to standard anticonvulsant
drugs, but are responsive to pyridoxine (unphosphorylated form of vitamin Bg) [18-22].
Bg-dependent seizures are explained by the role of TNSALP in the cellular uptake of PLP
(phosphorylated form of vitamin Bg) [23], with the decreased TNSALP activity presumably
leading to vitamin By deficiency in the central nervous system (CNS) (Figure 1a). The
correlation between the response to pyridoxine and the severity of pediatric HPP reinforces
TNSALP’s role in vitamin B metabolism [24]. Other, less well understood neurological
symptoms of HPP may include depression, memory loss, ADHD, anxiety, headache, and
sleep disturbance [25].

HPP is an incurable disease. In addition to symptomatic treatment, enzyme replace-
ment therapy with asfotase alfa, a mineral-targeted human recombinant TNSALDP, is avail-
able for treatment of the bone phenotype of HPP [5,26]. Therefore, understanding TNSALP
function in the kidney, liver, brain, and other soft tissues as well as the mechanistic basis of
milder neurological symptoms of HPP is becoming more relevant in improving quality of
life of HPP patients.

The zebrafish (Danio rerio) is a promising model organism in the study of human
diseases [27], including HPP [28,29]. Zebrafish have four genes coding for alkaline phos-
phatases: two for intestinal alkaline phosphatases, alpi.1 and alpi.2 (gene duplication),
one for alkaline phosphatase 3, alp3 (also expressed in the intestine), and one for tissue-
nonspecific alkaline phosphatase alpl, which also shows a high degree of genetic conserva-
tion with human ALPL [28,29]. In the present study, we generated the first alpl”/~ zebrafish
line using CRISPR/Cas9 gene-editing technology. Biochemical and behavioral characteri-
zation of alpl/~ zebrafish showed that they display multiple features of infantile HPP.
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Figure 1. Generation and basic characterization of alpl'/ " zebrafish line. (a) Schematic representation
of vitamin By metabolism. (b) Sanger sequencing results showing a 10 bp deletion at the CRISPR site
in exon 5 of the alpl gene (c.623_632del, p.GIn180fs), which is predicted to result in a truncated protein.
(c) Agarose electrophoresis of genotyping PCR products for the CRISPR site in exon 5 of the alpl gene
in wild type (WT), alp*/, alpl”- 5 dpf old zebrafish embryos. (d) Relative alpl mRNA expression in WT,
alpl*/~, and alpl"/~ 5 dpf old zebrafish embryos. Data are means from 7 = 3 pools (10 embryos per pool)
per genotype measured in duplicate 3= SD. **** p < 0.0001. (e) Total alkaline phosphatase activity in
whole-embryo extracts of WT, alpl*/~, and alpl/~ 5 dpf old zebrafish. RLU, relative light unit. Data are
means from n = 3 pools (10 embryos per pool) per genotype =+ SD. **** p < 0.0001 and *** p < 0.001.
(f) Alpl protein expression in total WT and alpl'/ " 5 dpf zebrafish embryo extracts showing lack of
alpl protein in alpl-/~ embryos (predicted molecular weight of alpl protein (NP_957301.2) is 62.5 kDa).
Data are from pools of n = 32 embryos per genotype. Gapdh protein expression was used as the
loading control.

(e)

2. Results
2.1. Generation of the alpl Knockout Zebrafish

The alpl knockout zebrafish were generated using CRISPR/Cas9 gene editing. Sanger
sequencing of F1 embryos derived from outcrossing FO mosaic zebrafish revealed a 10
base pair out-of-frame deletion (c.623_632del, p.GIn180fs), predicted to result in a trun-
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cated protein (Figure 1b,c). Sequencing results also showed an intact reference sequence
at the CRISPR target site in exon 6. The genotyping results of all untreated 5 dpf old
embryos used in the present study (1 = 1752) showed the following genotype distribution:
27% alpl*/*, 51% alpl*/~, and 22% alpl”/-. Upon visual inspection at 5 dpf, alpl/~ embryos
were morphologically normal, indistinguishable from alpl*/* and alpl*/- embryos. Com-
pared to the alpl*/* embryos, ~50% (p < 0.0001) less alp] mRNA was detected in alpl*/-
and virtually no alpl mRNA was detected in alpl”/~ zebrafish embryos at 5 dpf (Figure 1d).
Total alkaline phosphatase enzyme activity measured in the whole embryo extracts was
37% (p < 0.0001) and 87% (p < 0.0001) lower in alpl*/~ and alpl-/~ zebrafish embryos, re-
spectively, compared to WT (Figure 1e). The contribution of other alkaline phosphatase
isoforms, such as intestinal alkaline phosphatase encoded by alpi.1 and alpi.2, and possibly
alkaline phosphatase 3, which is also expressed in the intestine, could explain the residual
enzyme activity measured in alpl”/~ embryos, since intestinal isoforms are insensitive to
(-)-tetramisole HCl [30]. In contrast to WT (alpl+/ *) zebrafish, no Alpl protein was detected
at 62.5 kDa (the predicted molecular weight of alpl protein (NP_957301.2)) by Western
blotting in alpl'/ ~embryos at 5 dpf (Figure 1f).

2.2. Abnormal Bone Mineralization, Vitamin Bg Metabolism and Locomotion in alpl”~ Embryos

Decreased bone mineralization due to accumulation of pyrophosphate, one of the
substrates of TNSALP, is a key feature of HPP [7,8]). To determine the consequences of alpl
knockout on bone mineralization, we stained 5 dpf embryos with acid-free alizarin red
(bone) and alcian blue (cartilage) double stain. Less alizarin red staining of mineralized
structures, such as notochord [31], in alpl”/~ compared to WT and alpl*/~ embryos at 5 dpf
suggested a negative effect of alpl deficiency on bone mineralization (Figure 2a).

Another important TNSALP substrate is extracellular (circulating) PLP (Figure 1a). We
assessed the consequences of alpl knockout on PLP metabolism by measuring the utilization
of d3-PLP by live 5 dpf old embryos. After 3 h incubation with 100 uM d3-PLP in embryo
water, significantly more d3-PLP (Figure 2b) and significantly less d3-PL (Figure 2c) was
observed in alpl”/~ compared to WT and alpl*/~ embryos, indicating impaired d3-PLP
hydrolysis to d3-PL.

The steady-state PLP concentration measured in whole embryo extracts was slightly
but significantly lower in alpl-/~ compared to WT and alpl*/- embryos (Figure 2d). Since Alpl
deficiency is expected to result in increased PLP concentration in fluid extracellular matrix
and decreased intracellular PLP concentration (see Figure 1a), the lower PLP concentration
measured in whole alpl”/~ embryo extracts likely indicates that cell-derived PLP dominated
the total measured PLP. Concentrations of PL and its degradation product 4-PA were
strongly decreased in alpl”/~ compared to WT and alpl*/~ embryos (Figures 2e and 2f,
respectively), in agreement with the predicted negative effect of Alpl deficiency on both the
extra- and intracellular concentrations of these compounds. PMP concentration was not
significantly changed in alpl”/~ compared to WT and alpl*/- embryos (Figure 2g). Negligible
concentrations of PM and PNP were measured in whole embryo extracts, which were
similar in all three genotypes (Figures 2h and 2i, respectively).
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Figure 2. Impaired bone mineralization and abnormal vitamin Bg metabolism in alp! knockout

zebrafish. (a) Decreased alizarin red staining of mineralized structures (notochord, indicated by
arrows) in alpl”/~ compared to WT and alpl*/~ embryos at 5 dpf suggests a negative effect of alpl
deficiency on bone mineralization. (b) Accumulation of d3-PLP and (c) decreased production of
d3-pyridoxal (d3-PL) in alpl'/ ~ compared to WT and alpl+/ ~ embryos incubated with 100 uM d3-PLP
in embryo water (E3) for 3 h at 28 °C. Data are means from n = 3 pools (3 embryos per pool) per
time point and genotype £ SD. (d) Steady-state PLP, (e) pyridoxal (PL), (f) 4-pyridoxic acid (4-PA),
(g) pyridoxamine 5'-phospate (PMP), (h) pyridoxamine (PM), (i) pyridoxine 5'-phosphate (PNP),
and (j) pyridoxine (PN) concentrations in whole embryo extracts. Data are means from n = 8 pools
(3 embryos per pool) per genotype £ SD. **** p < 0.0001, *** p < 0.001 * p < 0.01, * p < 0.05, and
ns—not significant (p > 0.05).

Intracellular PLP deficiency can have negative effects on neurotransmitter biosynthesis,
leading to vitamin Bg-dependent seizures [28]. In zebrafish embryos, seizures cause typical
fast, circular swimming bursts [32-35]. Therefore, we recorded the locomotion of 5 dpf old
WT, alpl*/~, and alpl”/~ embryos with a Zebrabox (Figures 3a and S1). Locomotion analysis
revealed that inactivity count (i.e., number of times spent below the inactivity threshold)
was significantly lower in alpl”/~ compared to WT embryos (Figure 3b) without a change
in the duration of inactivity (Figure 3c). Furthermore, the count, duration, and distance
swum in small movements (speed < 30 mm/s) was significantly lower in alpl"/~ compared
to WT embryos (Figures 3d and 3e, respectively). In contrast, the count, duration, and
distance swum in burst movements (speed > 30 mm/s) was significantly increased in alpl”/~
compared to WT embryos (Figures 3g, 3h and 3i, respectively), indicating spontaneous
seizures in the former. No locomotion parameters of alpl*/~ embryos were significantly
different from WT (Figure 3).
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Figure 3. Locomotion analysis of 5 dpf old WT, alpl*/~, and alpl"/- zebrafish embryos. (a) Examples
of swimming trajectories of 5 dpf old embryos recorded with Zebrabox for 1 h at 28 °C in the dark.
Green—movement speed < 30 mm/s (small activity), red—movement speed > 30 mm/s (burst
activity), black—no movement (inactivity). (b) Inactivity count. (c) Duration of inactivity. (d) Small
activity count. (e) Duration of small activity. (f) Distance swum during small activity. (g) Burst
activity count. (h) Duration of burst activity. (i) Distance swum during burst activity. Data are
means from 7 = 45 (WT), n = 105 (alpl*/*), and n = 42 (alpl"/*) embryos + SD. *** p < 0.001, ** p < 0.01,
* p < 0.05, and ns—not significant (p > 0.05).
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2.3. Pyridoxine Treatment Normalizes Locomotion and Some Metabolic Abnormalities in alpl”-
Zebrafish Embryos

Next, we investigated how vitamin By treatment affects locomotion and biochemical
abnormalities in 5 dpf old alpl/- zebrafish embryos. Initial experiments showed no significant
effects of a single, 3 h treatment with 100 M pyridoxine (PN) on By vitamers and locomotion
parameters in WT and alpl/~ embryos. Increasing the duration of the treatment with 100 uM
PN to 72 h resulted in a strong increase in PN concentrations of a similar magnitude in WT and
alpl”’- embryos (Figure 4a). PN treatment had no significant effect on the PLP concentration in
WT embryos (Figure 4b). In contrast, in alpl”/~ embryos, PN treatment led to an increase in PLP
concentration to a level that was significantly higher than in WT (Figure 4b). Concentrations of
PL and its degradation product 4-PA increased in both WT and alpl"/~ embryos in response to
PN treatment (Figures 4c and 4d, respectively). However, accumulation of both PL and 4-PA
was less pronounced in alpl”/~ embryos (Figures 4c and 4d, respectively). Concentrations of PM,
PMP, and PNP were not significantly affected by PN treatment (Supplemental Figure S2a—,
respectively). Locomotion analysis showed that 72 h of PN treatment resulted in a significant
reduction in parameters indicating spontaneous seizures in alpl”/~ embryos. Specifically, burst
activity count (Figure 4e), duration of burst activity (Figure 4f), and distance swum during burst
activity (Figure 4g) were significantly lower in PN-treated compared to untreated alpl”/~ embryos,
and were not significantly different from WT. Furthermore, the concentration of the inhibitory
neurotransmitter y-aminobutyric acid (GABA), which was significantly lower in untreated alpl/-
embryos, was restored after PN treatment to the WT level (Figure 4h). Since PLP is a cofactor
in many enzymes involved in amino acid metabolism, we analyzed amino acids. Glutamate,
glutamine, and asparagine concentrations were significantly lower in untreated alpl”/~ compared
to WT embryos. These amino acids were normalized after 72 h of PN treatment (Figures 4i
and S3A). Methionine, the only amino acid that significantly accumulated in untreated alpl”/~
embryos, was normalized to WT level after PN treatment (Figures 4i and S3A). Furthermore,
concentrations of several amino acids significantly increased, independent of genotype, in
response to PN treatment (proline, alanine, valine, leucine, serine, tryptophan, and histidine),
and the concentration of only ornithine decreased, independent of genotype, in response to PN
treatment (Figure S3B). The concentrations of the remaining quantified amino acids were not
affected either by genotype nor PN treatment (Supplemental Figure S3C).

To explore the global metabolic response to PN treatment we analyzed the metabolomes
of untreated and 100 M PN-treated WT and alpl”/~ embryo extracts by direct-infusion
high-resolution mass spectrometry (DI-HRMS). Using an in-house developed peak calling
pipeline [36], 1919 mass peaks were annotated with 3941 metabolites that could occur
endogenously. Partial least squares-discriminant analysis (PLS-DA) showed a clear discrim-
ination of alpl”/~ and WT metabolomes, which became less pronounced upon PN treatment,
suggesting normalization of alpl”/~ zebrafish metabolome after 72 h treatment with 100 uM
PN (Figure 5a). Among the metabolites of component 1, identified by PLS-DA as contribut-
ing the most to the separation of the data, were several phosphorylated compounds (adeno-
sine monophosphate (AMP), glycerol 3-phosphate, uridine 5'-monophosphate (UMP)), the
vitamin By degradation product 4-pyridoxic acid (4-PA), as well as several amino acids and
their derivatives (glutamine, GABA, methionine, methionine sulfoxide, and cystathionine)
(Figure 5b). Statistical analysis of the data using one-way ANOVA with Tukey’s post-hoc
test identified 284 significantly altered metabolites (Supplemental Table S2). The heatmap
overview of the 50 highest-ranking metabolites based on one-way ANOVA results is shown
in Figure 5c. Closer inspection of Tukey’s post-hoc test results showed that 144 metabolites
identified by one-way ANOVA were significantly changed in alpl”/~ embryos compared
to WT, of which 64 metabolites were subsequently significantly affected by PN treatment
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(Supplemental Table S2 and Figure S4A). Among phospho compounds that were increased
in alpl"/~ embryos compared to WT, but did not respond to PN treatment and therefore
could be directly related to the alpl phosphatase function, were: inositol cyclic phosphate,
cytidine monophosphate, phosphoguanidinoacetate, (S)-5-diphosphomevalonic acid, phos-
phodimethylethanolamine, and glycerylphosphorylethanolamine (Supplemental Table S2).
In contrast, the level of O-phosphoethanolamine was normalized by PN treatment, indi-
cating that its accumulation was caused by a different, vitamin Bs-dependent, mechanism
(Supplemental Table S2). Figure 5d shows a selection of highest-ranking metabolites that
were responsive to PN treatment. The localization of these metabolites within the metabolic
pathways is marked based on the KEGG pathway database information in Figure 5e. Ab-
normalities in methionine, its oxidation product methionine sulfoxide, and cystathionine
levels in alpl”/~ embryos (Figure 5d) suggested impaired functioning of methionine and/or
folate cycles and the transsulfuration pathway, which in turn is important for synthesis
of glutathione (Figure 5e). These pathways contain vitamin Bs-dependent enzymes (such
as CBS and CGL; see Figure 5e), and the fact that all three metabolites were normalized
after PN-treatment indicated that the effects were likely mediated by these enzymes. While
glutathione levels were similar in WT and alpl”/~ embryos, they significantly increased in
both genotypes upon PN treatment (Supplemental Figure S4B), indicating the sensitivity
of glutathione synthesis to vitamin By availability. Increased levels of 2-hydroxybutyric
acid and propionylcarnitine in alpl”/~ embryos suggested that surplus cystathionine was
diverted from the transsulfuration pathway, possibly due to impaired activity of vita-
min Bg-dependent cystathionine-3-synthase (Figure 5d,e). Moreover, the impairment of
transsulfuration pathway activity could underlie the elevation of N1-acetylspermidine
levels in alpl”/- embryos (Supplemental Figure S4C) by pushing the methionine cycle inter-
mediates into the polyamine pathway (Figure 5e). While none of the measured canonic
folate cycle intermediates were altered in alpl”/~ embryos, we observed accumulation of
10-formyldihydrofolate (Supplemental Figure S4D), which has been shown to participate
in purine synthesis in mammalian cells [37]. Consequently, we found increased levels of
AMP and inosine in alpl”/~ embryos, which decreased after PN treatment (Figure 5d,e).
Additionally, PN treatment-responsive abnormalities in the pyrimidine synthesis path-
way intermediates UMP (Figure 5d,e) and orotidine (Supplemental Figure S4F) in alpl”/-
embryos may have resulted from abnormal folate cycle activity (Figure 5e).

2.4. Progression of Metabolic Abnormalities and Decreased Survival in alpl”’~ Zebrafish Larvae

To assess the progression of metabolic abnormalities, we analyzed 10 dpf old WT
and alpl”/~ zebrafish larvae. Only 24% of alpl”/~ larvae were alive at 10 dpf (Figure 6a).
Treatment with 100 uM PN for 5 days (from 5 dpf to 10 dpf, 30 min/day) led to a significant
improvement in the survival of alpl'/ - zebrafish larvae (Figure 6a); however, it did not
restore the survival to WT levels. While this treatment regimen resulted in increases in
PN and PLP concentrations in alpl”/~ zebrafish larvae, the concentrations of PL and its
degradation product 4-PA remained low (Figure 6b). Locomotion analysis using Zebrabox
did not indicate spontaneous seizures during 1 h of measurement in the surviving larvae, as
indicated by similar burst activity parameters in WT and alpl”/~ larvae (Figures 6¢c and S5A).
However, there was a decrease in all small activity parameters, i.e., distance swum in small
movements (Figure 6c¢), as well as the count and duration of small movements in alpl-/~
larvae (Supplemental Figure S5B), indicating decreased mobility of the mutants, which
was normalized by PN treatment. No differences were observed in the inactivity count and
duration (Supplemental Figure S5C). The concentration of GABA was lower in untreated
alpl/~ larvae, but it was normalized by PN treatment (Figure 6d).
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Figure 4. Normalization of biochemical and locomotion abnormalities in 5 dpf old alpl-/~ zebrafish
embryos after 72 h continuous treatment with 100 uM pyridoxine (PN). Concentrations of (a) pyri-
doxine (PN), (b) PLP, (c) pyridoxal (PL), and (d) 4-pyridoxic acid (4-PA) measured in whole 5 dpf
old embryo extracts. Data are means from n = 4-10 pools (3 embryos per pool) per genotype + SD.
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(3 embryos per pool). **** p < 0.0001, *** p < 0.001, ** p < 0.01, * p < 0.05, and ns—not significant
(p > 0.05).
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Figure 5. Global metabolic response to pyridoxine (PN) treatment in 5 dpf old WT and alpl”/- zebrafish
embryos. (a) Partial least squares-discriminant analysis (PLS-DA) scores plot (principal component 1
(x-axis) and component 2 (Y-axis)). The explained variances are shown in brackets. 95% confidence
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intervals are shown for each group. (b) Important metabolites identified by PLS-DA for principal
component 1. Metabolites with the highest variable importance in projection (VIP) scores are shown.
The colored boxes on the right indicate the relative intensity of the corresponding metabolite in each
group. (c) Heatmap visualization of group-average intensities of the 50 highest-ranking metabolites
based on one-way ANOVA results. Euclidean distance and Ward’s clustering algorithm were used
for the hierarchical clustering of metabolites. (d) Intensities of a selection of the highest-ranking
metabolites based on one-way ANOVA results. Data are means from n = 10 pools (3 embryos per pool)
per genotype and treatment group =+ SD. **** p < 0.0001, *** p < 0.001, ** p < 0.01, * p < 0.05, and ns—not
significant (p > 0.05); comparisons as indicated in the graphs. (e) Schematic visualization of metabolic
pathways where strongest effects of Alpl deficiency were observed followed by normalization after
pyridoxine treatment. Metabolites are shown in green; red arrows indicate the effect of Alpl deficiency.
Key PLP-dependent enzymes are shown in blue: SHMT, serine hydroxymethyltransferase (EC 2.1.2.1);
CBS, cystathionine-p-synthase (EC 4.2.1.22); CGL, cystathionine y-lyase (EC 4.4.1.1); ODC, ornithine
decarboxylase (EC 4.1.1.17).

Next, we analyzed the metabolomes of 10 dpf old WT and alpl”/~ larvae with DI-HRMS.
Consequently, 1899 mass peaks were annotated with 3891 metabolites that could occur
endogenously [36]. Statistical analysis using a t-test identified 183 metabolites significantly
(p < 0.05) altered in alpl”/~ compared to WT larvae (Supplemental Table S3). Further analysis
using a volcano plot identified several metabolites that were strongly and significantly
changed in alpl”/~ larvae (Figure 6e, Supplemental Table S4). Statistical analysis revealed
abnormalities in several neurotransmitters, including decreased levels of GABA (Supple-
mental Table S3) and increased levels of L-DOPA in alpl”/~ larvae (Figure 6f, Supplemental
Table S3). Accumulation of L-DOPA in conjunction with the elevation of vanillactic acid
(Figure 6f) pointed towards abnormal activity of the PLP-dependent aromatic L-amino
acid decarboxylase (AADC, EC: 4.1.1.28) [38]. Consequently, the downstream products of
AADC activity, dopamine and epinephrine, were negatively affected by Alpl deficiency
(Figure 6f). 2-(3-Carboxy-3-(methylammonio)propyl)-L-histidine, a post-translationally
modified histidine that serves as a substrate for diphthine synthase (EC:2.1.1.98), a methyl-
transferase involved in transfer of one-carbon groups, was strongly decreased in alpl”/-
larvae (Figure 6e, Supplemental Tables S3 and S4). Furthermore, changed levels of sev-
eral polyamine species (N-acetylcadaverine, N-acetylputrescine, dehydrospermidine, and
N1l-acetylspermidine (all decreased) and norspermidine (increased)) in alpl”/~ zebrafish
larvae (Figure 6e, Supplemental Tables S3 and S4) indicated altered activity of a polyamine
synthesis pathway. An increase in vitamin A (retinol) and decrease in retinal (oxidized form
of retinol, component of visual pigment [39]) (Figure 6g, Supplemental Tables S3 and S4)
pointed towards abnormalities in vitamin A metabolism in alpl'/ ~larvae. Moreover, accu-
mulation of N-methylethanolaminium phosphate in alpl”/~ larvae (Figure 6h) suggested
abnormal metabolism of phosphoethanolamines.
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Figure 6. Progression of metabolic abnormalities in 10 dpf old alpl”/~ zebrafish larvae. (a) Kaplan—
Meier survival curves of untreated and 100 uM PN-treated WT and alpl"/~ zebrafish until 10 dpf. Data
are from n = 18-42 zebrafish per genotype and treatment condition. (b) Concentrations of pyridoxine
(PN), PLP, pyridoxal (PL) and its degradation product 4-pyridoxic acid (4-PA) in untreated and 100 uM
PN-treated WT and alpl”/~ larvae. Data are means from 1 = 4-10 larvae per genotype and treatment
condition =+ SD. (c¢) Distance swum during burst activity (lardist, movement speed > 30 mm/s) and
during small activity (smldist, movement speed < 30 mm/s) during 1 h measurement using Zebrabox
at 28 °C in the dark. Data are means from n = 9-19 larvae per genotype and treatment condition + SD.

17




Int. J. Mol. Sci. 2025, 26, 3270

(d) Concentrations of GABA in untreated and 100 uM PN-treated WT and alpl'/ ~ larvae. Data are
means from n = 5-7 larvae per genotype and treatment condition + SD. (e) Important features
in metabolome of alpl'/ " larvae selected by volcano plot with fold change (FC) threshold equal to
2 (x-axis) and t-tests threshold of p < 0.05 (y-axis). (f) Accumulation of L-Dopa and vanillactic acid,
and decreased level of dopamine, dopamine sulfate (dopamine 4-sulfate and dopamine 3-O-sulfate)
and epinephrine in alpl”/~ larvae suggest impaired activity of aromatic L-amino acid decarboxylase.
(g) Accumulation of vitamin A (retinol) and decreased level of retinal in ulpl'/ ~larvae. (h) Accumula-
tion of N-methylethanolaminium phosphate in alpl-/~ larvae. Data are means from 1 = 5-7 larvae per
genotype £ SD (panels E-H). **** p < 0.0001, *** p < 0.001, ** p < 0.01, and * p < 0.05.

3. Discussion

While the mechanistic basis of the bone phenotype of HPP is well understood, several
unexplained clinical features remain, including craniosynostosis and neurological man-
ifestations [22,25]. Moreover, the understanding of TNSALP function in the soft tissues,
such as the kidney, liver, and brain, is very limited, underscoring the need for further
fundamental research. In the present study we described the first genetic model of tissue
non-specific alkaline phosphatase deficiency in zebrafish that displayed many key features
of human HPP. Our data showed that like TNSALP in humans, Alpl in zebrafish has a
function in vitamin Bg metabolism, as illustrated by strongly impaired ability of alpl-/~
embryos to hydrolyze d3-PLP to d3-PL. The deficiency in Alpl activity led to lower total
PLP, PL, and 4-PA levels, and to vitamin B¢ (pyridoxine)-responsive seizures. Moreover,
multiple metabolic abnormalities were identified through untargeted metabolomics that
were linked to decreased cellular/tissue PLP levels and impaired activity of PLP-dependent
enzymes. However, pyridoxine treatment improved, but did not fully restore to WT levels,
the survival of alpl/~ zebrafish. This suggests that a deficiency of functions other than those
involved in vitamin Bg metabolism (e.g., bone mineralization) plays an essential role in the
lethality of Alpl deficiency in zebrafish.

There is a high degree of evolutionary conservation of the gene coding for TNSALP in
vertebrates [40,41], indicating that animal models of TNSALP deficiency can yield valuable
insights into the physiological functions of TNSALP and pathophysiology of HPP [29].
Murine models of TNSALP deficiency have already proven essential for the development
of enzyme replacement therapy [42], which is currently the only available treatment option
effective for the bone phenotype of human HPP [26]. The zebrafish is increasingly used as
an alternative model organism to study human diseases due to its ease of breeding, large
number of offspring, and short generation time. The conservation of zebrafish Alpl function
in the skeleton and nervous system was previously postulated based on the comparison
of tissue-specific gene expression patterns in the zebrafish, mouse, and human [41]. In
the present study we describe the first genetic model of TNSALP deficiency in zebrafish
generated using CRISPR/Cas gene editing. Although there was virtually no mRNA nor
protein detectable, there was residual alkaline phosphatase activity in 5 dpf alpl”/~ embryos.
Since enzyme activity measurements were performed in the total embryo extracts, the
most plausible explanation of the residual activity is the contribution of intestinal alkaline
phosphatase (encoded by alpi.1 and alpi.2) and alkaline phosphatase 3, also expressed in
the intestine, to the total measured enzyme activity. Residual alkaline phosphatase activity
was also measured in the serum of the first genetic murine model of TNSALP deficiency
(Akp27"), which was explained by the contribution of genetically distinct intestinal alkaline
phosphatase activity [43]. Furthermore, the biochemical and behavioral characteristics
of alpl"/~ zebrafish described in the present study were comparable to the phenotypic
features of Akp2”~ mice, which recapitulate lethal infantile HPP extremely well, including
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bone abnormalities and vitamin Bg-responsive seizures, with untreated seizing animals
dying before weaning [43—45]. Data from available murine models of TNSALP deficiency
show that in contrast to human TNSALP, murine TNSALP appears to not be essential in
the initial events of bone mineralization during intrauterine development (i.e., no severe
skeletal abnormalities typical to perinatal HPP), but it becomes important for this process
after birth [43—45]. In the present study, we showed that zebrafish Alpl functions in bone
mineralization, as indicated by decreased alizarin staining of notochord, one of the earliest
mineralizing structures in zebrafish embryos [31]. This effect was comparable to the effect
of chemical Alpl inhibition on bone mineralization in wild-type zebrafish embryos [41].

Vitamin Bg (pyridoxine)-responsive seizures are a rare clinical feature of HPP, observed
only in the most severe forms of perinatal and infantile HPP [18-22]. They are presumably
caused by decreased PLP and PL availability in the cells of the central nervous system
due to decreased/absent hydrolysis of extracellular PLP to PL (Figure 1a). Impaired
activity of PLP-dependent enzymes involved in amino acid and neurotransmitter synthesis,
e.g., decreased synthesis of the inhibitory neurotransmitter GABA due to lower activity of
PLP-dependent glutamate decarboxylase (EC: 4.1.1.15), and a resulting imbalance in the
levels of inhibitory and excitatory neurotransmitters, underlies seizures [18,46,47]. Indeed,
by using stably labeled PLP, we could show that the hydrolysis of PLP and production
of PL is strongly impaired in alpl”/~ embryos, leading to lower concentrations of PLP
and PL, as well as 4-PA (degradation product of PL) in total embryo extracts (dominated
by tissue derived PLP and PL). Unfortunately, due to the small size of the embryos, we
were unable to separately quantify PLP in the circulation and in the individual tissues.
However, PLP deficiency in tissues including the brain were suggested by the observation
that GABA concentrations in alpl”/~ 5 dpf embryos and 10 dpf larvae were lower than
in WT zebrafish, and they were normalized by PN treatment. The abnormalities in Bg
vitamer and GABA concentrations in alpl”/~ zebrafish were in line with the findings in
Akp2”7" mice, which have high serum PLP and low PL concentrations, as well as low
PLP and PL concentrations in various tissues including the brain [43,44], and low brain
GABA concentrations [43]. In HPP patients, circulating PLP concentration is elevated [9],
making it a good biomarker of HPP [14], while PL concentration is less often reported,
ranging from normal [18] to low in severe cases [10]. A single report in various post-
mortem tissues of two patients with perinatal HPP showed no alterations in PLP and PL
concentrations [10]. Lastly, similar to Akp2” mice [43-45] and severe forms of perinatal and
infantile HPP [18-22], alpl-/~ zebrafish embryos also developed spontaneous seizures that
were responsive to PN treatment. However, we detected no spontaneous seizures in 10 dpf
alpl”/~ larvae, which may possibly be attributed to the fact that the measurements in larvae
were conducted in a small number of the surviving larvae. Only a subpopulation of Akp27-
mice experience seizures [43]. The underlying cause of phenotypic heterogeneity despite
genetic homogeneity is not clear. We showed that, similarly to Akp2”" mice [43-45] and
HPP patients [18-22], spontaneous seizures in alpl”/~ zebrafish embryos were responsive to
PN treatment, leading to improved survival of the mutants. The lack of complete rescue of
survival by PN treatment is in line with the multiple non-overlapping TNSALP functions,
as demonstrated in AkpZ'/' mice, where PN treatment prevents seizures without a beneficial
effect on the skeletal phenotype [48].

The untargeted metabolomics analysis of the broader consequences of Alpl deficiency
showed abnormalities in several neurotransmitter levels attributable to decreased cellular
PLP availability. Next to lower GABA levels, increased levels of L-DOPA and vanillactic
acid along with lower levels of dopamine and epinephrine pointed towards decreased activ-
ity of PLP-dependent AADC in alpl”/~ larvae. Impaired AADC activity was also implied in
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HPP patients based on elevated 3-ortho-methyldopa in CSF [18,47] and increased vanillactic
acid in urine [47]. Moreover, we observed that accumulation of N-methylethanolaminium
phosphate (PEA) is detectable in alpl”/~ larvae, but not yet in 5 dpf embryos, indicating
that in zebrafish accumulation of PEA develops gradually. In Akp2”" mice, elevated serum
PEA concentrations were shown in 8-10 day old pups; however, age dependence was not
investigated [43]. Furthermore, we found increased methionine and cystathionine levels in
alpl’/- embryos, suggesting altered activity of the methionine cycle and transsulfuration
pathway, likely caused by the impaired activity of PLP-dependent enzymes, as under-
scored by the normalization of these metabolites in response to PN treatment (Figure 5e).
Interestingly, an elevation in methionine and cystathionine levels was also reported in
the brains of 1-week-old Akp27" mice [49], suggesting common underlying mechanisms
in zebrafish and mice. Furthermore, elevated AMP and inosine levels in alpl”/~ embryos
suggest abnormalities in purine metabolism that could be linked to the deficiency in Alpl
ectophosphatase function and to the mechanisms of chronic pain via an effect on circulating
adenosine levels [50]. Our observation that PN treatment led to normalization of AMP and
inosine levels in alpl”/~ embryos suggests that changes in these compounds were caused
by reduced vitamin Bg availability rather than by the ectophosphatase activity of Alpl.
However, empirical pyridoxine therapy for chronic fatigue and pain in four adult-onset
HPP patients did not provide symptomatic relief [22], suggesting that the underlying
mechanisms are vitamin Bg-independent. It must be noted that due to the contribution of
isobaric compounds to the levels of AMP, inosine, and adenosine (not changed in alpl~/~
embryos determined with DI-HRMS, future follow up research using targeted methods is
required to clarify the involvement of Alpl in the regulation of purine metabolism. This
could contribute to better understanding of the mechanisms of chronic pain and help to
develop new treatments to improve the quality of life of HPP patients.

Lastly, we observed accumulation of vitamin A (retinol) and decreased levels of retinal
in alpl’/~ larvae. Interestingly, high alpl expression and alpl enzyme activity were observed
in the eyes (especially lens and retina) of zebrafish embryos [41], as well as retina of other
vertebrates [51], suggesting that TNSALP has a function in vision. However, no eye-specific
phenotype was reported in HPP patients nor TNSALP deficient mice. Abnormalities in
vitamin A metabolism have been implicated in the development of craniosynostosis and
skeletal abnormalities in humas and zebrafish [52]. The mechanistic basis of how Alpl
deficiency leads to retinol accumulation needs further investigation. Possibly, impaired
Ca?* homeostasis caused by Alpl deficiency could affect retinol transport into the cell,
which is regulated by Ca?* /calmodulin [53], leading to accumulation of circulating retinol
and decreased intracellular retinal production.

4. Materials and Methods
4.1. Zebrafish Maintenance and Treatment Protocols

Zebrafish (Danio rerio) were raised and maintained under standard laboratory condi-
tions [31]. Animal experiments were approved by and performed according to the guide-
lines of the Animal Welfare Body Utrecht, Utrecht University (protocol code 1444WP2B2).

Pyridoxine-treatment experiments were carried out in either 5 dpf embryos and 10 dpf
larvae. For embryo treatment, batches of 2 dpf embryos (not genotyped), generated by in-
crossing alpl*/~ parents, were randomly assigned to untreated or pyridoxine-treated groups.
Next, 0 uM (untreated) or 100 uM (treated) pyridoxine (Sigma-Aldrich, Zwijndrecht, The
Netherlands) was added to E3 medium in a petri dish and embryos were raised to 5 dpf
(3 days continuous treatment). Media were refreshed every 24 h. At 5 dpf, embryos were
anesthetized with tricaine, a sample of caudal fin was dissected for DNA isolation and
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genotyping, and embryos were instantly frozen on dry ice and stored at —80 °C until
analysis. For larvae treatment, zebrafish embryos were genotyped at 3 dpf as described
in [34]. Only alpl*/* and alpl/- embryos were raised to 5 dpf. Starting from 5 dpf, zebrafish
were treated for 5 consecutive days (between 9:00 and 10:30 am) with 0 uM or 100 uM
pyridoxine for 30 min (Supplemental Figure S6). Treatment included placing zebrafish
larvae (n = 18-22 per tank) in plastic tanks containing 500 mL of system water without
pyridoxine (untreated) or 500 mL of system water containing 100 uM pyridoxine (treated).
After 30 min, zebrafish larvae were rinsed and placed in the home tank. At 10 dpf, zebrafish
larvae were anesthetized with tricaine and terminated by instant freezing on dry ice (1 larva
per Eppendorf cup) and stored at —80 °C until analysis.

To assess the utilization of stably labeled pyridoxal 5'-phospate, 5 dpf old embryos
(~60 embryos/petri dish) were incubated with 100 pM pyridoxal-5'-phosphate (methyl-D3)
(d3-PLP) (Buchem, Minden, The Netherlands) in E3 for 0, 1, 2, and 3 h. At specified time-
points, embryos were washed with E3, anesthetized with tricaine, dissected for genotyping,
snap-frozen on dry ice and stored at —80 °C until analysis.

4.2. sgRNA and Cas9 mRNA Design and Synthesis

CRISPR/Cas9 gene-specific regions for alpl were designed by the Sanger Institute
(Hinxton, Cambridge, UK) using a modified version of CHOPCHOP (http://chopchop.
cbu.uib.no (accessed on 11 January 2015)). Target sites were selected in exon 5 and
exon 6 (Supplemental Table S1) [54,55]. The gene-specific oligonucleotides contained
the T7 promotor sequence (5-TAATACGACTCACTATA-3’), the GGN20 target site with-
out the Protospacer Adjacent Motif (PAM), and the constant complementary region
5-GTTTTAGAGCTAGAAATAGCAAG-3'. Oligonucleotides were ordered at IDT (Inte-
grated DNA Technologies, Coralville, IA, USA) and the zebrafish specific pC52-nCas9n
plasmid was obtained from Addgene (Cambridge, MA, USA). Cas9 mRNA transcription
and sgRNA synthesis were performed as described before [56].

4.3. Generation of alpl Knockout Zebrafish

Wild type Tupfel longfin (WT TL) one-cell stage zebrafish embryos were microinjected
in the yolk with approximately 1 nl sgRNA mixture (sgRNA targeting exon 5 and 6, each
30 ng/uL) and Cas9 mRNA (250 ng/uL). CRISPR efficiency was determined in a subpopu-
lation of healthy microinjected larvae at 4 dpf. The rest of the healthy microinjected larvae
were raised till adulthood. Heterozygous variation was assessed in DNA extracted from
healthy embryonal offspring (F1) at 24 dpf. Offspring from a mosaic founder that contained
a 10 bp out-of-frame deletion was raised till adulthood and was fin-clipped for genotyping
at 9 weeks of age. The mutant zebrafish line was maintained in the heterozygous form by
crossing alpl*/~ zebrafish with WT TL. In this study, F6 zebrafish (alpl*/*, alpl*/~ and alpl-/~)
were used, obtained from incrossing F5 alpl+/ - zebrafish.

4.4. DNA Extraction and Genotyping

Depending on the type of experiment, genotyping was performed on the caudal fin
dissections at 3 or 5 dpf (overall experiments), whole 5 dpf embryos (Zebrabox and staining
experiments), or adult zebrafish caudal fin dissections (line maintenance) as described
in detail in [34]. Briefly, tissue was lysed in single embryo lysis buffer (SEL) containing
10 mM Tris pH 8.2, 10 mM EDTA, 200 mM NaCl, 0.5% sodium dodecyl sulfate (SDS),
and 12 U/mL proteinase K (freshly added, Thermo Scientific, Waltham, MA, USA, cat.
#EO0491). DNA was isolated using the following thermocycler program: 60 min 60 °C,
15 min 95 °C, 15 min 4 °C, co 12 °C. Genomic regions flanking the CRISPR target sites were
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amplified with CRISPR site-specific PCR primers (Table 51), using AmpliTaq Gold 360 DNA
polymerase (Applied Biosystems, Waltham, MA, USA, cat. # 4398823) in combination with
a touch down PCR program as previously described [57]. Amplicons were visualized on a
3% agarose gel and mutations were confirmed by Sanger sequencing.

4.5. RNA Isolation and Real-Time PCR

Zebrafish embryos (5 dpf) were placed in sterile Eppendorf tubes on ice (10 em-
bryos/tube per genotype, 3 tubes/genotype). Sterile, RN Ase-free zirconium oxide beads
(0.5 mm) and cold 0.5 mL TRI reagent (Sigma-Aldrich, cat. # T9424) were added to each
tube. Embryos were homogenized using a bullet blender tissue homogenizer (Next Ad-
vance, Troy, NY, USA) for 10 min in stand 8 at 4 °C. Total mRNA was isolated from the
embryo homogenates following the manufacturer’s recommendations. The quantity and
purity of the total RNA was quantified using a NanoDrop spectrophotometer (Thermo
Scientific). One pug of total RNA was reverse transcribed to cDNA using M-MLV reverse
transcriptase (Sigma-Aldrich, cat. # M1302) according to the manufacturer’s protocol. Real-
time PCR was performed with a StepOne Real-Time PCR System (Applied Biosystems,
Waltham, MA, USA) using the SYBR Select Master Mix (Applied Biosystems, cat. # 4472908)
and the primers listed in Table S1. The alpl (ZDB-GENE-040420-1, RefSeq:NM_201007.2)
mRNA levels were normalized to the mRNA level of 3-actin (ZDB-GENE-000329-1, Ref-
Seq:NM_131031.2) and expressed relative to the wild type (calculated according to the
AACt method).

4.6. Alizarin Red and Alcian Blue Staining

Mineralized bone and cartilage were stained in whole 5 dpf embryos with acid-free
alizarin red and alcian blue double stain as described in [58]. Briefly, 5 dpf embryos were
anesthetized with tricaine and up to 20 embryos were collected per 1.5 mL Eppendorf
tube. After removing the medium, 1 mL of 4% paraformaldehyde in phosphate buffered
saline was added per tube and embryos were fixed for 2 h with agitation at 500 rpm in an
Eppendorf thermomixer at room temperature (RT), followed by washing and dehydration
with 1 mL 50% ethanol for 10 min at RT. Embryos were stained overnight with 0.0005%
alizarin red and 0.4% alcian blue working solution with agitation at RT. Stained embryos
were washed and bleached with 1.5% H,O, containing 1% KOH for 20 min at RT. After
removing the bleach solution, 1 mL 20% glycerol containing 0.25% KOH was added and
embryos were incubated for 2 h, followed by overnight incubation with 1 mL 50% glycerol
containing 0.25% KOH at RT. Next, medium was replaced with 50% glycerol containing
0.1% KOH and embryos were stored at 4 °C. Images were captured with a Leica DFC420C
digital microscope camera (Leica Microsystems, Wetzlar, Germany) mounted on a Zeiss
Axioplan brightfield microscope (Carl Zeiss AG, Oberkochen, Germany). After the imaging,
DNA was extracted from stained embryos and genotype was determined as described
in Section 2.4.

4.7. Alkaline Phosphatase Enzyme Activity

Total alkaline phosphatase enzyme activity was determined in the whole embryo ho-
mogenates using assay described in [59]. Briefly, 5 dpf embryos (1 = 30 per genotype) were
homogenized in 200 pL of Dulbecco’s Phosphate Buffered Saline (DPBS, Sigma-Aldrich, cat.
# D8537) containing 0.1% Triton X100 using a bullet blender tissue homogenizer (Next Ad-
vance) for 5 min in stand 8 at 4 °C. Homogenates were centrifuged at 600 x g for 5 min at 4
°C and sonicated using an ultrasonic disintegrator (Soniprep 150 Plus, MSE, Cholet, France)
for 30 s in the pulse mode (1 s on 1 s off, amplitude 10 um) on ice. The assay mix contained
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20 pL of embryo extract (5% diluted in DPBS, final protein concentration in the assay 0.065
mg/mL), 80 uL DPBS, and 100 pL of CSPD ready-to-use reagent (0.25 mM solution; Roche
GmbH, Mannheim, Germany, cat. # CSPD-RO) without Alpl inhibitor (-)-tetramisole HCl
(Sigma-Aldrich, cat. # L9756) or with 20 mM (-)-tetramisole HCI. Alpl activity was mea-
sured by following the chemiluminescence for 5 min at 37 °C using Clariostar microplate
reader (BMG Labtech, Ortenberg, Germany). Alpl activity was expressed as RLU/min/mg
protein. Protein concentration in the embryo homogenates was determined using a Pierce
BCA protein assay kit according to the manufacturer’s protocol (Thermo Scientific, cat. #
23225).

4.8. Western Blotting

Zebrafish embryos (5 dpf, n = 32 per genotype) were placed in Eppendorf tubes
on ice. Then, 150 uL RIPA lysis and extraction buffer (Thermo Scientific, cat. #89900)
containing 2 mM NaF (Sigma-Aldrich) and protease inhibitor cocktail (1:200, Roche) was
added, followed by zirconium oxide beads (0.5 mm). Embryos were homogenized using
a bullet blender tissue homogenizer (Next Advance) for 10 min in stand 8 at 4 °C. Tissue
homogenates were solubilized with agitation for 2 h at 4 °C, followed by centrifugation at
16,200 g for 10 min at 4 °C. Supernatants were mixed with LDS sample buffer (NuPage,
Invitrogen, Waltham, MA, USA, cat. # NP0007) and dithiothreitol (final concentration
50 mM), and denatured at 98 °C for 5 min with agitation. Proteins were resolved on Nu-
PAGE 4-12% Bis-Tris gels (Invitrogen) and transferred to polyvinylidene difluoride (PVDF)
membranes (Immobilon-P) with a semi-dry blotting system (Novex, Invitrogen), follow-
ing the manufacturer’s recommendations. Membranes were blocked with tris-buffered
saline (TBS) containing 0.1% Tween 20 (TBS-T) and 50 g/L bovine serum albumin (BSA,
Sigma-Aldrich) for 1 h at RT. Next, the membranes were incubated overnight at 4 °C with
primary rabbit polyclonal anti-ALPL antibody (1:1000, Sigma-Aldrich, cat. # HPA008765)
or mouse monoclonal anti-glyceraldehyde-3-phosphate dehydrogenase (GAPDH, 1:5000,
Santa Cruz Biotechnology, Dallas, TX, USA, cat. # sc-365062) in TBS-T containing 10 g/L
BSA. After washing three times for 10 min each with TBS-T, membranes were incubated
with a corresponding horseradish peroxidase-conjugated secondary antibody in TBS-T
containing 5 g/L BSA for 1 h at RT. After the final wash of 3 x 10 min with TBS-T, the
immunocomplexes were detected using SuperSignal™ West Atto Ultimate Sensitivity Sub-
strate (Thermo Scientific, cat. # A38554) and images were captured with the ChemiDoc MP
imaging system (Bio-Rad Laboratories, Hercules, CA, USA).

4.9. Bs Vitamer Analysis

Frozen zebrafish 5 dpf embryos (3 embryos/100 uL TCA) or 10 dpf larvae (1 larva/100 pL
TCA) were homogenized in ice-cold trichloroacetic acid (TCA; 50 g/L) with zirconium oxide
beads (0.5 mm) using a bullet blender tissue homogenizer (Next Advance) at a speed of
8 for 10 min at 4 °C. Homogenates were centrifuged at 16,200 x g for 5 min at 4 °C. Next,
80 puL of the supernatant was mixed with 80 uL of a solution containing stable isotope-
labeled internal standards, vortexed, incubated for 15 min in the dark and centrifuged at
16,200 g for 5 min at 4 °C. By vitamers were quantified using ultra-performance liquid
chromatography tandem mass spectrometry (UPLC-MS/MS) as previously described [60],
except for using 10 times lower concentrations of the calibration samples. For the analysis of
pyridoxal 5'-phosphate-(methyl-d3) (d3-PLP) utilization and pyridoxal-(methyl-d3) (d3-PL)
formation, zebrafish embryos were processed and analyzed using the same protocol,
except that no stable isotope-labeled internal standards were added during UPLC-MS/MS
measurement. During all steps, samples were protected from light as much as possible.
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4.10. Non-Quantitative Direct-Infusion High-Resolution Mass Spectrometry (DI-HRMS)

Metabolite profiling was performed in 5 dpf embryos and 10 dpf larvae using a
non-quantitative DI-HRMS method described in [36]. For extraction of metabolites, three
embryos or a single 10 dpf larvae were homogenized in 100 pL of ice-cold 100% methanol
with zirconium oxide beads (0.5 mm) using a bullet blender tissue homogenizer (Next
Advance Inc., Averill Park, NY, USA) at a speed of 8 for 10 min at 4 °C. Homogenates were
centrifuged at 16,200 x g for 5 min at 4 °C. The supernatants (70 uL) were mixed with 60 pL
of 0.3% formic acid (Emsure, Darmstadt, Germany) and 70 pL of internal standard working
solution described in [36], and filtered using a methanol-preconditioned 96-well filter plate
(Pall Corporation, Ann Arbor, MI, USA) loaded onto a vacuum manifold into an Armadillo
high-performance 96-well PCR plate (Thermo Fisher Scientific). Samples were analyzed
using a TriVersa NanoMate system (Advion, Ithaca, NY, USA) controlled by Chipsoft
software (version 8.3.3, Advion). Data were acquired using Xcalibur software (version 3.0,
Thermo Scientific, Waltham, MA, USA). Raw mass spectrometry data were analyzed using
an in-house developed peak calling pipeline written in R programming language (source
code available at https:/ / github.com/UMCUGenetics/DIMS (accessed on 11 January 2015)
that utilizes Human Metabolome DataBase (HMDB) for peak annotation with an accuracy
of 5 ppm with respect to the theoretical m/z value, as described in detail in [36]. The web-
based analysis tool MetaboAnalyst v.6.0 was used for statistical analysis (one factor) [61].
Metabolites with multiple possible annotations (isobaric compounds) were processed as
single metabolite for statistical purposes.

4.11. Amino Acid and ~y-Aminobutyric Acid (GABA) Analysis

Amino acid analysis was performed in 40 uL of zebrafish embryo (3 embryos/100 uL)
extracts in 100% methanol (see Section 4.10 for preparation details) using an UPLC-MS/MS
method described in [62]. GABA was quantified in 10 pL of zebrafish embryo (3 em-
bryos/100 pL) or larvae (1 larva/100 pL) extracts in 100% methanol using an UPLC-MS/MS
method described in [34].

4.12. Locomotion Analysis

ZebraBox system (ViewPoint Behavior Technology, Lyon, France) was used to track
and quantify the locomotion of zebrafish embryos. Populations of 5 dpf old embryos or
10 dpf old larvae (1 embryo/well) were transferred to a 48-well flat-bottom plate (Greiner
Bio-one CELLSTAR) containing 0.5 mL embryo E3 medium. Zebrafish embryos/larvae
were allowed to acclimatize in the measurement chamber in the dark for 15 min prior to the
measurement. Locomotion was assessed in the tracking mode using the following settings:
background 15, inactivity threshold <1 mm/s, and burst activity threshold >30 mm/s.
Temperature was maintained at 28 £ 1 °C. Locomotion was tracked in the dark without
any intervention for 1 h. Movement trajectories were recorded and locomotion parameters
were quantified with ZebraLab software (Viewpoint Behavior Technology, Lyon, France,
https:/ /www.viewpoint.fr/ (accessed on 23 May 2022).

4.13. Statistical Analysis

Data are presented as means £ SD. The number of zebrafish used for a specific
experiment is indicated in the figure legends. Statistical analysis was performed using
GraphPad Prism v.10 (GraphPad Software, San Diego, CA, USA). For comparison of two
groups, Student’s f-test was used. For comparison of three or more groups, one-way
ANOVA followed by Tukey’s post hoc test was used. The level of significance was set at
p < 0.05.
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5. Conclusions

In conclusion, we generated the first zebrafish model of HPP that shows multiple
features of human disease and is suitable for studying the pathophysiology of HPP and
testing novel treatments. We showed that Alpl has a function in vitamin Bg metabolism
and bone mineralization in zebrafish. Untargeted metabolomics revealed a multitude
of metabolic alterations occurring in response to Alpl deficiency, including but not lim-
ited to phosphoetanolamines, neurotransmitters, nucleotides, polyamines, and retinoids,
suggesting potential interesting directions for follow-up research on the mechanisms of
HPP in zebrafish. Furthermore, the normalization of multiple metabolic abnormalities in
response to PN treatment suggests that vitamin Bg supplementation could be beneficial
to HPP patients even in the absence of seizures. This study also revealed the limitations
of performing metabolic research in zebrafish embryos, particularly related to the small
embryo size that constrained the ability to analyze individual tissues/organs. Nevertheless,
the data presented in this study clearly showed that this zebrafish model can serve as a
valuable tool for investigating poorly understood aspects of TNSALP function and for
developing improved therapies in the future.
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Abstract: Zebrafish have the ability, to a certain extent, to distinguish between differ-
ent types of stimuli, including distinguishing between videos of conspecifics and non-
conspecifics, a skill known as stimulus discrimination. In this study, we investigated the
effects of oxytocin on this ability in albino and non-albino zebrafish models, focusing on
the correlations between albinism, sensory deficiencies, and socio-emotional behaviors.
Our hypothesis is based on the premise that oxytocin influences socio-emotional behaviors
in zebrafish, with varying effects depending on phenotype (albino vs. non-albino), social
context, and treatment duration. Studies have shown that albino zebrafish have more
pronounced sensory deficiencies, meaning they may benefit more from oxytocin in terms
of increased social comfort and interactions with conspecifics, while non-albino zebrafish
would experience a reduction in defensive behaviors and anxiety. To test this, two experi-
ments were conducted: one assessing the responses to video predator stimuli and the other
comparing social interactions with real and video conspecifics. The results showed signifi-
cant differences between the two groups: non-albino zebrafish exhibited stronger long-term
reductions in anxiety-related behaviors, such as reaction speed and freezing, suggesting
that oxytocin regulates defensive responses and aggression. Meanwhile, albino zebrafish
showed greater improvements in social interactions, reflecting the nuanced, phenotype-
dependent effects of oxytocin. These results not only confirm existing research but also
highlight the therapeutic potential of oxytocin in treating socio-emotional deficiencies.

Keywords: social discrimination; albino; oxytocin; zebrafish; predator

1. Introduction

Albinism is an autosomal recessive disorder characterized by reduced melanin biosyn-
thesis in melanocytes in the epidermis and hair follicles; the absence or reduction in
pigmentation can occur in the skin, hair, and eyes, known as oculocutaneous albinism,
or it can affect only the pigmentation of the eyes, known as ocular albinism [1,2]. The
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World Health Organization (WHO) recognizes albinism as a genetic condition that affects
individuals from all social classes and from all countries around the world [3]. The global
incidence of albinism is 1 in 17,000-20,000 people in Europe and the United States but
higher among populations in Africa (1 in 1000), particularly within the Tonga tribe in
Zimbabwe, an isolated rural community [4]. Consanguinity and limited geographical
mobility are relevant factors in assessing the current and future prevalence of albinism [5].
There are also much rarer forms of albinism, such as Hermansky-Pudlak syndrome and
Chediak-Higashi syndrome, characterized by more severe phenotypes that affect a wide
range of cell types beyond the pigmentary cells. Studies indicate that albino individuals in
sub-Saharan Africa have approximately 1000 times higher risk of developing skin cancer
compared to the general population, being extremely vulnerable to the harmful effects
of ultraviolet (UV) radiation. This increased susceptibility significantly contributes to the
premature mortality of individuals with albinism, with many dying from skin cancer before
the age of 30 and, frequently, between the ages of 30 and 40 [6-8]. Albinism human patients
often suffer from reduced visual acuity, refractive errors, translucent iris, nystagmus, foveal
hypoplasia, hypopigmentation of the fundus, and abnormal decussation of the optic nerve
fibers at the level of the optic chiasm, which can lead to strabismus and deterioration of
stereoscopic vision [9]. Recently, new genes associated with albinism have been discovered,
both in oculocutaneous and syndromic forms. Specifically, two new genes associated with
oculocutaneous albinism (OCA) have been identified: SLC24A5 and C10orf11, referred
to as OCA6 and OCA?7, respectively. These discoveries contribute to understanding the
genetic complexity of albinism and may facilitate more accurate diagnosis and management
of this condition [10,11]. Thus, albinism and its numerous forms have been extensively
investigated in genetic association studies [12], but qualitative studies regarding the life
experiences of individuals with albinism show that, aside from medical concerns, indi-
viduals with albinism also face psychological and social challenges, such as depression,
anxiety, social discrimination, abuse, and stigmatization affecting self-esteem and educa-
tional and professional opportunities [13]. Although albinism affects a small number of
people compared to other major issues, its extensive implications make it a public health
problem that requires greater attention, especially for increasing awareness and knowledge
in the field [14-16].

Oxytocin, produced in the paraventricular nuclei of the hypothalamus, regulates so-
cial behaviors in animals and promotes prosocial behaviors by encouraging closeness and
reducing avoidance [17,18]. In humans, social bonds are often reflected through emotional
experiences towards others. Therefore, the effects of oxytocin in humans should influence
behavior and our emotional perception of others [19]. Regarding the connections between
oxytocin and affective disorders, it is important to note that oxytocin acts as a modulator
of the neuroendocrine axis, specifically regulating cortisol levels, especially under stress
conditions [20]. Oxytocin is crucial in the mesocorticolimbic dopaminergic circuit (reward
system), with extensive implications in addictive behaviors, motivation, survival, reproduc-
tion, feeding, drinking, and sexuality [21]. These processes are significantly disrupted in
depression, manifested by decreased motivation, reduced appetite, low libido, and suicidal
behavior. At the same time, some clinical studies have clearly indicated the involvement
of oxytocin in other psychiatric disorders and the possible beneficial effects of oxytocin
administration in depression and anxiety [22,23].

Oxytocin is a neuropeptide synthesized in the hypothalamus and released by the
pituitary gland, playing an essential role in regulating social behavior, emotional responses,
and stress levels. Olff et al. (2013) suggest that oxytocin plays a significant role in the
regulation of social behavior, emotional responses, and stress, highlighting its influence
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on brain regions associated with these processes, such as the amygdala and prefrontal cor-
tex [24]. For instance, Parker et al. (2019) suggest that oxytocin interacts with the amygdala
and dopaminergic system to mediate social rewards. This aligns with the findings of our
study, where we observed that albino zebrafish showed an increased preference for social
interactions after oxytocin treatment, indicating a more intense activation of the reward sys-
tem [25]. It is the mechanism of action that involves the activation of oxytocin receptors in
various brain regions, including the amygdala and prefrontal cortex, structures involved in
processing emotions and social interactions. Studies have shown that oxytocin modulates
stress responses by regulating the hypothalamic—pituitary—adrenal axis, reducing cortisol
levels, and promoting prosocial behaviors such as empathy and cooperation.

Individuals with albinism often face psychosocial difficulties, including stigmatiza-
tion, social isolation, and increased anxiety, factors that can affect the development and
maintenance of interpersonal relationships. In this context, oxytocin may play an important
role in improving social adaptation and reducing perceived stress. Evidence from the
literature, such as studies by Jin et al. (2023), suggests that the administration of oxytocin
can facilitate social interactions and reduce anxiety in vulnerable groups, supporting the
idea that this neuropeptide could have a beneficial effect on individuals with albinism who
face challenges related to social integration [26].

Recent studies on albinism and its social and psychological impact create the oppor-
tunity to investigate the role of oxytocin in this context. Oxytocin is known for its role
in facilitating positive social behaviors, including increasing trust and empathy. In the
case of individuals with albinism, who can face social ostracism and the psychological
impact of stigmatization, investigating the effects and how this hormone can influence
social adaptability and emotional resilience becomes essential [27,28]. By examining the
interaction between oxytocin and the psychosocial response of individuals with albinism,
research can contribute to the development of intervention strategies aimed at improving
the quality of life for these vulnerable individuals. Furthermore, a deeper understanding
of how oxytocin influences social perception and adaptive behaviors could have practical
applications in managing and alleviating the negative effects of social and psychological
discrimination associated with albinism [29].

The zebrafish (Danio rerio) is considered an ideal research model for the study of
albinism for several fundamental reasons. Firstly, zebrafish exhibit significant genetic simi-
larity to humans. Many of the genes that control pigment development and melanocyte
function in humans and mice are conserved in zebrafish as well as in other chordates [30-32].
Some examples of conserved melanocyte genes that control the analogous cell type,
melanophores, in zebrafish, include the transcription factor associated with microph-
thalmia (referred to as MITF in humans, Mitf in mice, and mitf in zebrafish), dopachrome
tautomerase (DCT), tyrosinase (TYR), tyrosinase-related protein 1 (TYRP1), and oculo-
cutaneous albinism 2 (OCA2) [33]. In addition to this aspect, zebrafish learn voluntary
behaviors through operant conditioning when the same stimuli serve as consequences of
behavior. Albino zebrafish models exhibit more pronounced behavioral responses to social
and environmental stimuli [34]. Additionally, the lack of pigmentation facilitates detailed
analysis of brain structures and neural pathways using imaging techniques, providing an
in-depth perspective on the effects of oxytocin on neural networks involved in anxiety and
social behavior. Thus, zebrafish have achieved recognition in the neuroscience area and
have a high potential to serve as a connecting bridge between biomedical and behavioral
sciences, including the study of social behavior [35,36]. Using modern technology, it is
possible to monitor the behavioral responses of albino zebrafish treated with oxytocin in
various stimulation contexts.
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Some studies, such as those presented at the Virtual Reality Symposium of the Inter-
national Ethology Congress held in 2015 in Cairns, Australia, ref. [37], use robotic fish in
the context of anti-predator behavior in zebrafish [38], ultimately addressing the construct
validity of paradigms involving zebrafish as biological models of human brain function [39].
Zebrafish have innate abilities to respond to various stimuli, they can hear [13], smell [40],
and perceive low-frequency vibrations through their lateral line (structure equivalent to
the tactile stimulus perception in terrestrial species). In the present study, we focused on
visual stimuli.

In this study, we aimed to investigate the effects of oxytocin treatment on social
behavior in albino zebrafish, considering their visual impairments and socio-emotional
deficiencies, by using real and virtual stimuli to test social preferences, anxiety levels,
adaptability, and responses to risk exposure.

2. Results

2.1. Behavioral Response of Zebrafish to Predator Video Stimuli—Oxytocin Influences Defensive
and Escape Responses in Albino and Non-Albino Zebrafish

Our study investigated whether zebrafish can distinguish between a video stimulus
and a real stimulus, considering their reality recognition abilities suggested by the previous
literature [41,42]. Our hypothesis was that, if the fish perceived the video stimulus as a real
predator, they would exhibit significant changes in behavioral parameters, such as adjusting
their distance from the stimulus, freezing duration, turning angle, and swimming velocity.
However, if they recognized it as a screen, these variables would remain relatively stable
after the initial acclimatization period. To test this hypothesis, the aquarium was divided
into two zones: the “screen zone” (where the video stimulus was displayed) and the “safe
zone” (arefuge area). The fish were exposed to a video depicting a natural predator (African
leaf fish), and behavioral parameters were analyzed at regular intervals. The results indicate
significant differences in behavioral responses depending on zebrafish phenotype and the
timing of oxytocin administration, supporting the idea that this neuropeptide can influence
defensive reactions, but with variable effects depending on the individual characteristics of
the fish.

In the predator video stimulus test, we obtained several interesting findings. As
presented in Figure 1, no significant differences were observed between the albino and
non-albino groups in terms of velocity. However, in the non-albino group, significant
differences were noted between the groups treated 1 h (N1h) and 48 h (IN48h) after oxytocin
administration. Specifically, differences were observed in the first 20 s (p = 0.048) and at
the 60 s interval (when the stimulus appeared) (p = 0.031), suggesting that the behavioral
response to oxytocin varies over time. For the distance to the stimulus, no significant
differences were observed in albino fish, while, in non-albino fish, the control group (CTR N)
showed a significant increase in this parameter between 20 and 60 s (p = 0.044) and between
20 and 80 s (p = 0.019), as well as for 120 s, suggesting the fact that there is a possibility
of recognizing the visual stimulus as a real one. Additionally, a significant difference was
observed between the CTR N and N48h groups during the first 20 s (p = 0.004), indicating
that oxytocin treatment at 48 h influences approach behavior toward the stimulus, with
higher values in the N48h group compared to the CTR N group. Regarding the turn angle,
only non-albino fish displayed differences between the CTR N and N1h groups during the
first 20 s (p = 0.009), with a lower angle in the N1h group compared to CTR N, and between
20 and 40 s in the CTR N group (p = 0.028), suggesting rapid behavioral adaptation to
the predator stimulus. As shown in Figure 2, for freezing duration, only non-albino fish
exhibited significant changes. A notable difference was observed between the CTR N and
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Non-albino models

cm/s

cm/s

N48h groups at 20 s (p = 0.004), with a longer freezing duration in the N48h group compared
to CTR N, and between the N1h and N48h groups (p = 0.01), as well as between the N24h
and N48h groups (p = 0.005), indicating that the effect of oxytocin on freezing behavior
increases significantly, with higher values as time passes after administration. Finally, while
the anxiety index did not show significant differences between groups, visual observations
suggested a possible anxiogenic effect of oxytocin in albino fish, particularly one hour after
administration, when anxiety values were higher in the N1h group compared to CTR N.

Freezing behavior, observed in the predator stimulus test, is clearly defined as an
anxiety-related response. It is a defensive behavior specifically associated with fear and
anxiety reactions when facing a potentially threatening stimulus. The results showed that,
in non-albino fish, oxytocin treatments significantly influenced the duration of freezing,
indicating a modification of the defensive response depending on the timing of oxytocin
administration (p = 0.004 at 20 s and p = 0.005 between the groups treated at 24 h and
48 h). This behavior is linked to anxiety levels, and the observed changes suggest that
oxytocin may influence this anxiety-related response, particularly when the administration
of oxytocin is longer.

Our findings show that non-albino zebrafish exhibit significant behavioral responses
to a predator video, while albino zebrafish do not. Oxytocin influenced defensive behavior
in non-albino fish, especially 48 h post-administration, affecting distance to the stimulus
(p = 0.004), turning angle (p = 0.009), and freezing duration (p = 0.004). These findings sug-
gest that zebrafish can recognize virtual stimuli, with oxytocin modulating their responses
based on phenotype and administration timing.
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Figure 1. Graphical representation of the velocity (cm/s), distance to stimuli (cm), and turn angle
(deg) results for both albino (A) and non-albino (N) zebrafish models in the predator video stimuli
test. “1 h/24 h/48 h” represents the exposure time to oxytocin. The blue mark represents the moment
when the stimulus appeared during the test. The data are expressed as the mean + SEM, and a
p < 0.05 was considered to be statistically significant (* p < 0.05; ** p < 0.01; *** p < 0.001).
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Figure 2. Graphical representation of the freezing duration (seconds) and anxiety index (%) re-
sults for both albino (A) and non-albino (N) zebrafish models in the predator video stimuli test.
“1h/24 h/48 h” represents the exposure time to oxytocin. The blue mark represents the moment
when the stimulus appeared during the test. The data are expressed as the mean + SEM, and a
p < 0.05 was considered to be statistically significant (* p < 0.05; ** p < 0.01).

2.2. Influence of Video vs. Real Conspecifics on Zebrafish Behavior—Oxytocin Affects Anxiety and
Social Behaviors in Albino and Non-Albino Zebrafish

Our hypothesis was that zebrafish can distinguish between a video stimulus and a
real fish, and that oxytocin can influence this ability. Therefore, we aimed to test their
preference between a real conspecific and a virtual one. If the fish perceive the video
as a real conspecific, we expect them to spend a similar amount of time near the screen
and the live fish. If they recognize the difference, they should prefer interacting with the
real fish. To test this hypothesis, we used the conspecific video vs. real fish preference
test, comparing the behavior of albino and non-albino zebrafish before and after oxytocin
administration. To test this, we used a simple maze setup, with a two-option environment:
a screen displaying a zebrafish video and a compartment containing a real fish. Fish activity
was recorded by an overhead camera. Each fish was placed individually at the center of
the arena and allowed to explore freely, choosing between the two options.

In the preference test between the video stimuli and real fish, the behaviors of albino
and non-albino zebrafish were evaluated regarding the time spent in the screen vicinity,
frequency of interactions with it, and distance from the screen. Statistical analysis revealed
several significant results suggesting the influence of oxytocin on the social behavior of
these models (Figure 3). The time spent in the screen zone was significantly higher in
the group treated with oxytocin for 48 h (A48h) compared to the albino control group
(CTR A) (p = 0.048). Similarly, in the non-albino fish, the time spent in the screen zone
was significantly higher in the group treated with oxytocin for 1 h (N1h) compared to
the non-albino control group (CTR N) (p = 0.048). This suggests an effect of oxytocin on
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social behavior. The frequency of interactions with the screen was significantly higher
in the albino group treated with oxytocin for 48 h (A48h) compared to the albino control
group (CTR A) (p = 0.023). Similarly, in non-albino fish, the frequency of interactions
was significantly higher in the group treated with oxytocin for 1 h (N1h) compared to the
control group (p = 0.018), indicating a positive effect of oxytocin on social interactions. In
albino fish, the distance from the screen was significantly smaller in the group treated with
oxytocin for 48 h (A48h) compared to the control group (CTR A) (p = 0.011), suggesting a
closer approach to the visual stimulus. In contrast, no significant differences in distance
from the screen were observed in non-albino fish.
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Figure 3. Graphical representation of the results for both albino and non-albino zebrafish models in
the conspecific video vs. real fish preference test ((A) Frecvency in screen zone non-albino; (B) Time
spent in screen zone non-albino; (C) Distance to screen non-albino; (D) Frecvency in screen zone
albino; (E) Time spent in screen zone albino; (F) Distance to screen albino). The data are expressed as
the mean + SEM, and a p < 0.05 was considered to be statistically significant (* p < 0.05).

In short, in albino zebrafish, the time spent near the screen and the number of inter-
actions significantly increased after 48 h of oxytocin treatment. In non-albino zebrafish,
oxytocin administered for 1 h also increased the number of interactions, but there were
no significant changes in the distance from the screen. These results suggest that oxytocin
affects social behavior, with the effects varying depending on the zebrafish phenotype
(albino or non-albino) and the timing of administration.

3. Discussion

According to research conducted by Onarheim and colleagues (2022), anxiety behav-
iors in zebrafish are characterized by parameters such as freezing duration, reaction speed
to the predator stimulus, and the anxiety index, which reflects defensive responses and
high stress levels. These behaviors are associated with avoiding open areas and reduced
activity in light conditions, indicating a state of distress [43]. In contrast, social behaviors
are expressed through time spent near conspecifics, the frequency of social interactions,
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and the distance from the screen—factors that reflect the desire for social affiliation and
exploratory behaviors. According to the research by Fontana et al. (2021), social behaviors
are related to interactions between individuals and the desire to approach conspecifics,
being correlated with increased social activity, especially in a stimulating environment [44].

The previous research complemented by our study provides a comprehensive under-
standing of the effects of oxytocin on social behavior and anxiety in zebrafish, highlighting
both similarities and differences between various phenotypes and the duration of the
treatment. Existing studies suggest that oxytocin can influence social and anxiety-related
behaviors in zebrafish, with its effects being dependent on the social context and type of
treatment administered [45]. As suggested by studies in the literature, Ricci et al. (2013)
indicate that oxytocin receptors may respond differently depending on the fish’s age or
social context, and, in our study, significant differences were observed between albino and
non-albino fish [46]. Additionally, Chuang et al. (2021) suggest that oxytocin may modulate
not only social behaviors but also defensive reactions, being more effective in reducing
anxiety and behaviors related to speed and freezing, particularly in non-albino fish [47].

The anxiogenic effect observed in the group treated with oxytocin at 48 h could be
explained by the influence of oxytocin on the hypothalamic—pituitary—adrenal (HPA) axis.
Although oxytocin is well-known for its anxiolytic effects, previous studies suggest that it
may have bidirectional effects on emotional stress, depending on the context and individual
factors [48,49]. Specifically, oxytocin can amplify stress responses when individuals are
exposed to unfamiliar environments or threatening stimuli [46,47]. This hypothesis is sup-
ported by studies showing that oxytocin administration can increase amygdala reactivity
to negative stimuli, potentially leading to a paradoxical increase in anxiety under certain
conditions [50,51]. Another possible mechanism for the observed anxiogenic effect could be
the influence of oxytocin on amygdala activity [52]. While oxytocin may reduce amygdala
activity in positive social contexts, some studies have shown that it can have the oppo-
site effect in stressful situations, increasing neuronal reactivity and amplifying defensive
responses. The study by Labuschagne et al. (2010) explores the effects of oxytocin on
amygdala reactivity in stressful contexts, highlighting how this neuropeptide can influence
emotional responses [52]. This reaction may explain why, in our predator stimulus test, the
oxytocin-treated fish exhibited a longer freezing behavior, indicating an increase in anxiety
in the presence of a threatening stimulus.

Regarding anxiety-like behaviors and defensive responses, our research highlighted
an anxiogenic effect of oxytocin, particularly in the group treated for 48 h. This group
exhibited a longer duration of freezing, suggesting a suppression of defensive reactions,
an effect also observed in previous studies. For example, Gemmer et al. [53] and evidence
from other studies suggest that oxytocin regulates aggression and defensive behaviors
in zebrafish. In our study, long exposure time effects were more pronounced in the non-
albino fish groups. Thus, it is confirmed that oxytocin can have a significant impact on
defensive behavior and anxiety, but its effects may vary depending on phenotype and
treatment duration.

Furthermore, we observed a significant increase in the preference for social interactions
in albino fish, especially after 48 h of oxytocin treatment, which aligns with the existing
literature suggesting that oxytocin contributes to the development and maintenance of
social behavior [54]. Prior studies have shown that exposure to oxytocin activates the
social system in zebrafish, with social behaviors being more prominently regulated by
oxytocin, particularly in the context of interactions with conspecifics. Social interaction
behaviors were clearly associated with social preference rather than anxiety reduction. For
example, albino fish treated with oxytocin at 48 h (A48h) showed a significant increase
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in the frequency of interactions with the screen (p = 0.023) and a greater interest in real
conspecifics (p = 0.011 compared to the albino control group). These results suggest
that oxytocin influences social behaviors by enhancing social interaction rather than by
reducing anxiety. Thus, we have clarified that oxytocin reduces anxiety (by influencing
freezing behavior) and enhances social behaviors (by increasing interaction frequency
and interest in real conspecifics). In addition, non-albino fish maintained a consistent
behavior towards stimuli, while albino fish became more attracted to real conspecifics
after oxytocin treatment. These results suggest that oxytocin influences social behaviors
differently, depending on the zebrafish phenotype, contributing more to the social comfort
of albino fish. These observations are supported by prior studies, which show that the
effects of oxytocin depend on the type of stimuli and social context [55,56].

Prior studies also support our results, such as those of Ricci et al. (2013) on the effect
of interdependent movements on the social preferences of zebrafish. Their results showed
a significant preference for interacting with socially interdependent stimuli animated in
3D [46]. Similarly, the study by Chuang et al. (2021) explored an innovative system for
the simultaneous observation of the behavior of eight adult zebrafish to analyze their
responses to these visual stimuli. They found that zebrafish exhibit specific reactions to
visual stimuli, including increased exploratory abilities that elicit a negative optomotor
reaction [47]. Our results show that the responses to virtual stimuli vary depending on
the zebrafish phenotype (albino or non-albino) and the timing of oxytocin administration,
suggesting the high level of impact of oxytocin exposure modulations on this aspect. For
example, the time spent near the screen zone in the social preference test decreases with
increasing duration of oxytocin treatment in albino fish.

Regarding the visual stimuli, Gerlai R. (2017) used, in his study, animated images to
examine zebrafish behavior, allowing for the simulation of visual stimuli and observation of
their reactions in a controlled environment (e.g., exploration, avoidance reactions, freezing
behavior, and social interaction). This method aids in understanding both instinctive and
learned behaviors as well as social interactions [37]. In our study, we investigated the
relevance of oxytocin, which regulates the behavior and emotional responses of zebrafish
in the context of visual and social stimuli.

A connection between oxytocin and the dopaminergic system could be observed,
which regulates social behaviors and emotional processes. Singh and Ousby (2021) demon-
strated that oxytocin modulates the social preferences of zebrafish, with its effects varying
based on their phenotype—a finding confirmed also in our research, where albino fish
exhibited a positive adaptation to social stimuli compared to non-albino fish [57]. Moreover,
the study by Umeoka et al. (2020) deepens the understanding of the interaction between
oxytocin and the dopaminergic system, indicating that oxytocin influences dopamine
release in the nucleus accumbent, having a differential impact on social behavior and
direct interactions. This observation is in line with our results, where oxytocin had a
more significant effect on social behavior in albino zebrafish; this could suggest a direct
link between the dopaminergic system and social responses to stimuli [58]. Addition-
ally, Silva et al. (2019) outlined the anxiolytic effects of oxytocin in zebrafish models by
exploring the role of oxytocin receptor subtypes. These findings, along with ours, which
showed a reduction in anxiety-like behavior and defensive responses in oxytocin-treated
groups, indicate that oxytocin not only regulates social behaviors but also emotional and
defensive responses [59].

Additional knowledge is provided within our findings in the field of confirming
that oxytocin plays an important role in the modulation of social behavior and emotional
responses in zebrafish, particularly with regard to social interactions and anxiety behaviors.
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Consistent with the existing evidence that oxytocin promotes positive social behaviors and
reduces aggressive and defensive behaviors, albino fish benefited more from oxytocin in
terms of social comfort and desire to interact with conspecifics [60].

Our study suggests a potential role of oxytocin in improving social interactions in
albino zebrafish models, adding knowledge to the evidence that many of the fundamen-
tal mechanisms of oxytocin are evolutionarily conserved, making these results relevant
for further research in mammals and humans, especially regarding the time of oxytocin
administration. Studies in mice and primates have shown that oxytocin influences social be-
haviors and reduces stress, while, in humans, oxytocin administration has been associated
with improved social interactions [61,62]. However, further research is needed, and this
study’s limitations should be considered to validate these results in more complex contexts.

4. Materials and Methods
4.1. Ethical Note

All animals were treated and maintained in accordance with the EU Commission
Recommendation (2007), Directive 2010/63/EU of the European Parliament, and the
Council of 22 September 2010 guidelines for the accommodation, care, and protection of
animals used for experimental and other scientific purposes. The protocol we followed
received approval from the Ethics Committee of the Faculty of Biology, “Alexandru Ioan
Cuza” University, lasi, with registration no. 1349 /20 March 2024.

4.2. Animal Maintenance

For our study, we used 70 adult zebrafish (Danio rerio), 35 normal fish (non-albino) (N),
and 35 albino fish (A) from an authorized breeder. The zebrafish used in this experiment
had an acclimatization period under experimental laboratory conditions for three weeks
prior to the experiments in 10 L aquariums equipped with oxygen pumps and with the
water changed daily. After this period, the zebrafish were randomly distributed into
experimental groups (n = 10/5).

4.3. Experimental Design

The zebrafish were randomly selected and acclimatized within the corresponding
groups under the conditions mentioned above. We created eight experimental groups to
be exposed to oxytocin treatment at a concentration of 33.2 ng/mL for 15 min. According
to previous studies, oxytocin remains active at room temperature in water for 21 days
with normal function. Oxytocin was purchased in pharmaceutical liquid form (Pasteur
Company, Bucharest, Romania, 10 I.U./mL). The dose of oxytocin was determined in
accordance with the existing literature [63-65]. Behavioral responses were analyzed 24 h
after the first dose (groups A 24 h, N 24 h) (n = 10) and 48 h after the administration of
two doses (groups A 48 h, N 48 h) (n = 10), along with two control groups for each specific
model (CTR A, CTR N) (Table 1). In addition, two groups with n = 5 received the same
experimental dose for 15 min and were tested 1 h after exposure (A 1 h, N 1 h). The
following test was assessed:

38



Int. J. Mol. Sci. 2025, 26, 2070

Table 1. Experimental group assignment.

Experimental Group No. of Individuals Cog:eyrt(t):aigon Time ((})lfoltil):;))osure

CN 10 33.2ng/mL -

CA 10 33.2 ng/mL -
A24h 10 33.2ng/mL 24
N24h 10 33.2ng/mL 24
A48h 10 33.2 ng/mL 48
N48h 10 33.2ng/mL 48

Alh 5 33.2ng/mL 1

Ni1h 5 33.2ng/mL 1

4.3.1. Predator Video Stimulus Test

The experimental apparatus consisted of a rectangular tank measuring
30 cm x 20 cm x 20 cm, filled with 6 L of water, equipped with a camera above to record
the fish’s activity during the test. A monitor covering the entire right side of the tank
was placed on the right side (Figure 4). The fish were placed in the apparatus for a 1 min
acclimatization period without visual stimuli, after which a video featuring an African
leaf fish (its natural predator [66]) was played for 2 min. The distance to the visual stimuli,
speed, turning angle, and freezing behavior were recorded using the EthoVision XT 16
Software, Noldus, Netherlands, every 20 s as the mean of the sample once every 0.4 s.

g <——— Camera

<«— Screen

Figure 4. Experimental setup of the predator video stimulus test. Image created in Biorender.com
www.biorender.com Accessed in 2 April 2024.

Our hypothesis, based on previous observations made by us, was that the distance to
the visual stimuli, freezing, turning angle, and velocity (due to high-speed escape episodes)
would increase upon the presentation of stimuli if they recognized it as a real predator;
otherwise, all these parameters would remain normal without specific variations every
10 s, especially after the 1 min acclimatization period [67].

In addition, we evaluated the anxiety index based on suggestions from the literature
and previous studies for both acclimatization and stimulus exposure periods. The anxiety
index was calculated as the time spent in the peripheral zone (peripheral areas) divided by
the total testing time (60 s for acclimatization and 120 s for stimulus exposure) multiplied
by 100 [68,69].
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4.3.2. Video Conspecific vs. Real Fish Preference Test

The experimental configuration was carried out using a cross maze, closing one arm with
lids. The testing arena consisted of a rectangular tank measuring 20 cm x 10 cm x 10 cm
that was made up of two arms which were filled with water and equipped with a camera
above to record the fish’s activity. In the left arm, a monitor displayed a video stimulus
featuring a zebrafish (Figure 5); for the albino models, we used a video of the same fish, and
vice versa. A real zebrafish was placed in the right arm. To initiate the test, the fish were
placed one by one in the center of the testing arena and allowed to explore the environment,
reacting quickly and concisely while choosing between the options. The time spent in the
video stimulus zone and the number of entries into it were recorded by the EthoVision
XT 16 Software, Noldus, Netherlands, for 2 min. Additionally, the distance to the visual
stimuli was recorded every 20 s as the mean of the sample once every 0.1 s.

' <«—— Camera

<
Screen —» b 4
=<

Figure 5. Experimental setup for the video conspecific vs. real fish preference test. Image created in

Biorender.com www.biorender.com Accessed in 2 April 2024.

4.4. Statistical Analysis

The normality and distribution of the data were determined by the Shapiro-Wilk test
using the Graph Pad Prism 9 software (San Diego, CA, USA). Outliers were removed by
ROUT analysis. Multiple comparisons between the groups (by time and group) and post
hoc analysis were then performed using Two-way ANOVA followed by Sidédk’s multiple
comparisons test for the predator video stimuli test and One-way ANOVA followed
by Dunnet’s multiple comparison test for the conspecific video vs. real fish preference
test. The data are expressed as the mean + SEM, and a p < 0.05 was considered to be
statistically significant.

5. Conclusions

Our study suggests that oxytocin plays an important role in enhancing social interac-
tions in albino zebrafish, indicating a potential neurochemical mechanism that may also
be relevant to other species, including mammals. Additionally, our findings highlight the
zebrafish’s ability to recognize and differentiate between real and virtual stimuli, suggest-
ing a stimulus discrimination process that can be influenced by oxytocin administration.
However, it is important to note that extrapolating these results to higher species, such
as mammals or humans, should be performed cautiously, given the complexity of their
neurobiological systems. Additionally, clinical studies investigating the effects of oxytocin
on social behavior in humans have shown mixed results, indicating that therapeutic inter-
ventions with oxytocin need further studies and should be approached with caution and
personalized according to each patient’s needs.
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Based on our findings, we conclude that the preference test between video conspecifics
and real fish revealed that oxytocin enhances social behaviors in zebrafish, particularly in
albino models. Albino fish showed increased interactions and spent more time near real
conspecifics, especially 48 h after oxytocin treatment, indicating that oxytocin promotes
social engagement and reduces social anxiety. In contrast, non-albino fish exhibited stable
interactions with both stimuli, suggesting that oxytocin’s effects are more pronounced in
fish with sensory or social deficits, such as albinos. This highlights the potential of oxytocin
in improving social cognition and adaptation.

Additionally, the conspecific video vs. real fish preference test showed that oxytocin’s
impact on predator stimulus responses varied in non-albino fish, depending on the time
elapsed since administration. While albino fish did not show significant differences in most
parameters, the effects observed in non-albino groups suggest that oxytocin plays a role in
regulating defensive and anxiety-related behaviors. These findings underscore the need for
further research on oxytocin’s influence on social interactions and threat responses both in
albino and non-albino zebrafish models.

Regarding the theoretical foundation, previous research on mammals and humans has
demonstrated that oxytocin plays a role in forming and maintaining social bonds, as well
as in cognitive processes related to recognizing and interpreting social signals. However,
the existing literature also highlights limitations in using oxytocin for therapeutic purposes,
such as the variable effects between individuals and the risks associated with its irregular or
high-dose administration. Therefore, while this study provides a promising starting point
for future research, it is essential to consider these limitations and continue investigating
the impact of oxytocin on social behaviors in a clinical context. Future studies should
ideally employ more rigorous approaches and closely assess how different oxytocin levels
influence social and therapeutic behaviors in individuals with social behavior disorders.
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Abstract: Spinal cord injury (SCI) is a debilitating central nervous system (CNS) disorder that leads
to significant motor and sensory impairments. Given the limited regenerative capacity of adult
mammalian neurons, this study presents an innovative strategy to enhance axonal regeneration
and functional recovery by identifying a novel factor that markedly promotes axonal regeneration.
Employing a zebrafish model with targeted single axon injury in Mauthner cells (M-cells) and
utilizing the Tg (Tol056: EGFP) transgenic line for in vivo monitoring, we investigate the intrinsic
mechanisms underlying axonal regeneration. This research specifically examines the role of amino
acid transport, emphasizing the role of the solute carrier 1A4 amino acid transporter in axonal
regeneration. Our findings demonstrate that Slcla4 overexpression significantly enhances axonal
regeneration in M-cells, whereas Slcla4 deficiency impedes this process, which is concomitant with
the downregulation of the P53/Gap43 signaling pathway. By elucidating the fundamental role of
Slcla4 in axonal regeneration and uncovering its underlying mechanisms, this study thus provides
novel insights into therapeutic strategies for SCI.

Keywords: sic1a4; single Mauthner cell; Gap43; CNS axon regeneration; zebrafish

1. Introduction

Spinal cord injury (SCI) is a highly debilitating central nervous system (CNS) disorder,
with its incidence rate increasing sharply each year, leading to severe motor and sensory
dysfunctions that drastically affect patients” quality of life [1,2]. The primary challenge in
spinal cord injury (SCI) repair lies in the inherent difficulty of axonal regeneration within
the adult human CNS, as opposed to species that are capable of axonal regeneration within
the adult CNS [3,4]. Axons in the adult mammalian CNS face significant obstacles in
regenerating and re-innervating target areas due to both intrinsic and extrinsic factors [5,6].
Extrinsic factors include the presence of inhibitory molecules in the glial scar, such as
chondroitin sulfate proteoglycans, which impede axonal growth [7]. Additionally, the
lack of growth promoting signals in the post-injury environment further complicates
regeneration efforts [8]. Intrinsic factors relate to the inability of mature neurons to re-
enter a growth state and regenerate after development, due to specific physiological and
molecular changes [9].

A substantial body of literature has demonstrated that amino acids play a vital role
in the process of axon regeneration, essential for the recovery of nervous system function
following injury [5,10-12]. For instance, local translation of amino acids in axons is crucial
for protein synthesis necessary for axon growth and repair [10]. Specifically, neutral amino
acids have been identified as particularly influential. It has been demonstrated that serine,
one of the neutral amino acids, can promote axon growth and nerve regeneration through
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its role in the PI3K/Akt/mTOR pathway [11]. Amino acids are crucial for neuron growth,
metabolism, electrical activity, and nutritional support. Slcla4 is an amino acid trans-
porter that facilitates the uptake of neutral amino acids, but its role in axon regeneration
remains unknown [12]. Zebrafish, as a classical model animal, is highly genetically homol-
ogous to humans [13-15]. In recent years, due to its optical transparency, zebrafish has
become an emerging model for studying axon regeneration, allowing for in vivo imaging in
situ [16-18]. Mauthner cells (M-cells) are a pair of central neurons located in the hindbrain
of zebrafish, with large axon diameters that run throughout the spinal cord [19-21].

M-cells exhibit strong regenerative capacity after axonal injury, allowing for the real-
time visualization of axon regeneration at the single-cell level [22]. In this study, we will
take full advantage of in vivo imaging of zebrafish to find out the roles of slcla4 in the
axonal regeneration. Our research aims to investigate the regulation of intrinsic factors
involved in the axonal regeneration process of the CNS. Based on a new analysis, supported
by data, we found that Slcla4, among the seven members of the solute carrier family 1,
exhibits the highest expression level and the most significant changes, with an increase of
several folds compared to the uninjured group (Figure S1). Based on this, we speculate that
Slcla4 is crucial for axon regeneration. In vivo imaging in slcla4 mutant larval zebrafish
constructed by CRISPR-Cas9 technology revealed that the mutation of slc1a4 suppressed the
M-cells” axonal regeneration. Using single-cell electroporation technology, we found that
the overexpression of Slcla4 significantly promotes axonal regeneration in M-cells. RNA
sequencing (RNA-seq) results indicated that the absence of Slcla4 may inhibit regeneration
through the downregulation of the P53/Gap43 axonal regeneration pathway. Real-time
quantitative PCR results demonstrated that the mutation of slc1a4 led to the downregulation
of P53/Gap43 pathway relative genes. Utilizing Western blot experiments, we found that
slcla4 mutation significantly reduced the Gap43 protein expression level. Ultimately, our
study indicates that Slcla4 plays an important role in the process of axon regeneration and
provides new insights into the treatment of SCL

2. Results
2.1. Slc1a4 Overexpression in Mauthner Cells Enhances Axon Regeneration In Vivo

To investigate the role of Slcla4 in the regeneration of M-cells within the zebrafish
CNS (Figure 1a) and to determine whether Slcla4 functions as a critical transporter pro-
tein during the axonal regeneration of M-cells, we developed an overexpression plasmid
system [23]. This setup includes CMV-GAL4-VP16/UAS-mCherry (which served as the
control group) and CMV-GAL4-VP16/UAS-mCherry/UAS-slcla4. First, the effectiveness
of the plasmid and its expression in embryos needed to be confirmed. We utilized mi-
croinjection techniques to introduce the plasmids into embryos [13]. Screening and a
quantitative polymerase chain reaction (qQPCR) analysis were performed at 2 days post-
fertilization (dpf). The findings revealed a significant increase in the expression level of
Slcla4 within the overexpression group. Subsequently, we aimed to further validate the
impact of Slcla4 overexpression on axonal regeneration. We mainly employed the Tg
(Tol-056) line (Figure 1b), which labels M-cells, to explore the function of Slcla4 during the
axonal regeneration of these neurons [23]. With the single-cell electroporation platform
developed by our lab, we transferred the overexpression plasmid system into the cell bodies
of unilateral M-cells in zebrafish larvae at 4 dpf. Two days after electroporation, we carried
out two-photon laser ablation right above the lesioned side of the cloacal pore. Axonal
regeneration was then observed at 8 dpf using confocal imaging. A statistical analysis of the
regenerative lengths indicated that M-cells, after single-cell electroporation with the Slcla4
overexpression plasmid (Figure 1c—e), showed significantly greater regeneration lengths at
2 dpf compared to the control group. Next, we interfered with the expression of Slcla4 to
explore its impact on axonal regeneration (Figure 1f). We then proceeded to explore the
effect of disrupting Slcla4 expression on the post-injury axonal regeneration of M-cells. The
larvae at 4 dpf were subjected to the inhibitor (OH-Pro), the competitive inhibitor of the
Slcla4 protein, followed by two-photon laser ablation at 6 dpf, and the regeneration length
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was measured at 8 dpf. The statistical analysis revealed that following the suppression of
slcla4 function, the length of axon regeneration was significantly reduced compared to the
control group (Figure 1g,h). The inhibitor effect reached a threshold when the inhibitor
concentration was 1 mM, and when it was greater than this concentration, the inhibition
effect was comparable. This further implies that the inhibition of Slcla4 protein function
can suppress the regenerative capacity of zebrafish M-cells after injury, playing an essential
role in the axonal regeneration process of these neurons.
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Figure 1. Overexpression of slcla4 in Mauthner cells promotes axon regeneration in vivo. (a) Timeline
of time points of electroporation, axotomy, and imaging. (b) Pattern diagram of electroporation
and confocal images of positive expression in M-cells; three photos represent position of M-cell
under 40x magnification. Scale bar, 50 um (EGFP: labeled M-cells in Tol-056 zebrafish strain;
mCherry: fluorescent reporter gene in foreign plasmid). (¢) Schematic diagram of microinjection using
two-plasmid system. (d) Representative diagram of confocal imaging of M-cells” axon regeneration.
Asterisk, ablation site; Arrow, regeneration endpoint location. scale bar, 50 pm (control: control;
slcla4 OE: overexpression). (e) Statistical quantitative diagram of axon regeneration. Data shown
as mean =+ sem (control: 280.0 & 18.8 um, n = 5; slcla4 OE: 452.8 & 34.0 um, n = 5). Assessed by
unpaired, two-tailed Student’s ¢-test. *** p < 0.001. (f) Timing of inhibitor processing, laser damage,
and imaging. (g) Representative diagram of confocal imaging of M-cells” axon regeneration between
DMSO and inhibitor (concentration gradient, OH-Pro: 0.5 mM, 1 mM, 1.5 mM). Asterisk: ablation site.
Arrowhead: axon regeneration terminal; scale bar, 50 um. (h) Statistical quantitative diagram of axon
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regeneration. Data shown as mean £ sem (DMSO: 525.6 & 13.9 um, nn = 7; 0.5 mM: 519.0 £ 4.6 um,
n=7;1mM: 4469 £+ 17.0 um, n = 8; 1.5 mM: 427.3 & 4.879 um, n = 7); data were analyzed with
one-way ANOVA. ** p < 0.001; **** p < 0.0001; ns, not significant.

2.2. Identification of slcla4 Mutant Zebrafish

To elucidate the role of Slcla4 in the development of M-cells and their axonal regener-
ation, we employed clustered regularly interspaced short palindromic repeat CRISPR-Cas9
technology to generate an sic1a4 gene knockout zebrafish line [24,25]. This genetically mod-
ified line was created to facilitate further experimental investigations into the functional
implications of Slcla4 deficiency.

The gene knockout target was strategically located on the first exon of the slcla4
gene (Figure 2a,b). Through successive generations of breeding and meticulous tail-clip
sequencing for identification, we successfully established a homozygous slc1a4 knockout
line. Sequencing results revealed a deletion of ten bases in the first exon, which induced a
frameshift mutation. This mutation resulted in the premature appearance of a stop codon,
consequently leading to the early termination of translation (Figure 2c,d).
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Figure 2. Identification of slc1a4 mutant zebrafish. (a) Schematic of Cas9-sgRNA targeted site located
in first exon of sicla4. (b) Schematic of complex injected into one-cell embryos. (c) Procedure for
obtaining slc1a4~/~ mutant lines. (d) Representative sequencing results of wild-type and mutated
zebrafish lines. Mutant sequencing results showed that 10 bp were deleted in slcla4~/~ zebrafish.
(e,f) Western blotting analysis showed that Slcla4 protein expression is inhibited in mutant group
compared with wild type. Protein expressions were quantified by Image ] software version 1.54f.
Experiment was repeated three times with three independent samples. **** p < 0.0001. Assessed by
unpaired t-test.

48



Int. J. Mol. Sci. 2024, 25, 10950

To confirm whether the translation of the slc1a4 gene was indeed disrupted at the
protein level in this knockout line, we conducted Western blotting (WB) analyses [26].
The WB results unequivocally indicated that the expression of the Slcla4 protein was
significantly impaired in the zebrafish knockout line. This impairment was evident from the
absence or drastic reduction in the protein bands corresponding to Slcla4 in the knockout
samples compared to the wild-type controls (Figure 2e,f).

These findings substantiate the successful knockout of the sic1a4 gene and underscore
the resultant deficiency in Slcla4 protein expression. Consequently, this knockout model
provides a robust platform for investigating the physiological and molecular functions of
Slcla4 in M-cell development and axonal regeneration. Future experiments will leverage
this model to elucidate the mechanistic pathways through which Slcla4 influences these
critical neurobiological processes.

2.3. Slc1a4 Deficiency Does Not Impact Mauthner Cell Development or Motor Function

To facilitate further investigation into the impact of Slcla4 on axonal regeneration in
the slc1a4 knockout line, we crossed this homozygous knockout line with the Tg (Tol-056)
line for two consecutive generations. This breeding strategy resulted in a homozygous
zebrafish line with slc1a4 knockout (Figure 3a), marked by enhanced green fluorescent
protein (EGFP) [2].

Given that growth and developmental signals can influence the length of axonal regen-
eration, we aimed to determine whether the absence of Slcla4 affects the development of
M-cells in juvenile fish. We first measured the entire body length of the zebrafish. There was
no significant difference in body length between the control and mutant strains, suggesting
that the mutation in sicla4 did not result in an overall length difference (Figure 3b,e). We
used confocal microscopy to observe the morphology of the M-cell bodies at 6 dpf, using
the cell body area as an assessment criterion (Figure 3c,f). The imaging results showed
that in the absence of Slcla4, the size of M-cell bodies at 6 dpf did not change significantly,
and morphologically, there was no obvious difference between the sic1a4 mutant and the
wild-type cytosol [19]. Therefore, the deficiency of Slcla4 did not affect the development of
the M-cell bodies. Next, to rule out the impact of Slcla4 deficiency on axonal development,
we measured the length of the M-cell axons uniformly. We chose 6 dpf as the time point to
rule out the possibility that the absence of Slcla4 causes differences in the rate of axonal
growth. Using the axon directly above the cloaca as the starting point (which is also the
starting point of injury), we measured its extension to the tail end. This length was used for
a relative comparison of the total length to determine if there were any differences between
the slc1a4 knockout group and the WT (Figure 3d,g). Imaging results showed that the axon
length of M-cells was not affected by the absence of Slcla4, being similar to that of WT, with
no significant differences. In addition, juvenile fish treated with an Slcla4 inhibitor did not
exhibit significant changes in spontaneous movements compared to controls (Figure 3h,i).
In addition, we treated zebrafish with an inhibitor of slc1a4 and then examined spontaneous
movements after treatment. After the assay, the results showed that the inhibitor treatment
did not affect the spontaneous movements of zebrafish (Figure S2a,b). Based on these
findings, we conclude that the lack of Slcla4 does not impact the growth and development
of M-axons on the whole.
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Figure 3. Deficiency in Slcla4 does not affect development of M-cells and motor function of juvenile
fish. (a) Hybridization of transgenic line: Tg (Tol 056: EGFP) and slc1a4 mutants were crossed
for two consecutive generations to obtain Tg (Tol 056: EGFP)/ slc1a4*/~ and Tg (T056: EGFP);
slclad=/~ lines. (b) Representative images of embryos from wild type and mutant at 6 dpf (scale
bar, 500 um). (c) Representative images of area of cell body (scale bar, 50 um). (d) Representative
images of relative axon length from cloacal pore to end (scale bar, 50 pm). Asterisk, ablation site.
(e) Statistical quantitative diagram represents length of fish at 6 dpf. Data shown as mean + sem
WT/AB:41+0.1mm,n=09; slcla4=/~: 42 + 0.0 mm, n = 10). Assessed by unpaired t-test. ns,
not significant. (f) Statistical quantitative diagram represents area of cell body. Data shown as
mean + sem (WT/AB: 399.3 + 59 um?, n = 6; slclad=/~: 399.7 + 3.9 um?, n = 6). Assessed by
unpaired f-test. ns, not significant. (g) Statistical quantitative diagram represents relative axon
length. Data shown as mean + sem (WT/AB: 1498.0 &+ 6.1 um, n = 6; slcla4—/~: 1485.0 + 3.0 um,
n = 6). Assessed by unpaired t-test. ns, not significant. (h,i) Line illustrates 6 dpf zebrafish larvae’s
swimming trajectory differences from WT and slelad=/— groups evaluated over 1 h. Data shown as
mean + sem (WT/AB: 1230.0 £ 70.1 cm/h, n = 6; slclad=/—: 8442 +58.0 cm/h, n = 12). Assessed by
unpaired t-test. ns, not significant.
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2.4. Slc1a4 Deficiency Suppresses Mauthner Cell Axon Regeneration and Associated Functions
In Vivo

To explore the effect of Slcla4 on regeneration after axonal damage, we followed
the same timeline as before for processing the slc1a4 mutant line (6 dpf for laser damage,
8 dpf for imaging statistical length) [27]. After the data analysis, it became evident that
the regeneration length of axons significantly decreased in the absence of Slcla4 compared
to WT (Figure 4a—c). In addition, we looked at the regeneration of the slc1a4*/~ mutant
lines, and after counting, it is clear that even single-stranded mutations result in differences
in regeneration length (Figure S3a,b). Previous studies have indicated that M-cells are
particularly important for rapid escape responses. The C-Start is a very fast startle or escape
reflex where M-cells play a crucial role [28-30]. Under predator pressure, zebrafish exhibit
C-Start escape behavior. After receiving a stimulus, M-cells generate a strong electrical
signal, which causes a strong and rapid contraction upon reaching the muscles, leading to
the fish making a C-shape curve movement. Based on these principles and other studies, we
constructed a C-Start escape response device for testing the function of Mauthner neurons
(Figure 4d). The main indicators for assessing the recovery of Mauthner neuron function
are the maximum deflection angle reached by the zebrafish after stimulation and the time
taken to reach this maximum deflection angle (Figure 4e).
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Figure 4. Deficiency in Slcla4 suppresses Mauthner cell axon regeneration and relative function
in vivo. (a) Representative images of confocal imaging of M-cell axon before and after ablation by
two-photon laser above cloacal pore (scale bar, 50 um). (b,c) Representative diagram of confocal imag-
ing of M-cells” axon regeneration between WT and slcla4=/~. Data shown as mean =+ sem. Scale bar,
50 um. Assessed by unpaired t-test. **** p < 0.0001. Asterisk, ablation site; Arrow, regeneration end-
point location. (d) Device for testing escape behavior. (e) Representative images of original orientation
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and maximal turn angle position from WT and slc1a4~/~ zebrafish larvae in uninjured and injured
groups. Red lines indicate heading direction. (f) Series of images of movement trajectory from WT
and slclad—/~ zebrafish larvae in uninjured and injured groups. (g h) Statistical diagram of maximal
turn angle, 6. Data shown as mean & sem. Uninjured: ns, not significant (WT/AB: 161.2 & 11.89°,
n=7; slclad=/~: 1529 + 10.36°, n = 8); injured: **** p < 0.0001 (WT/AB: 113.9 + 3.1°, n = 7;
slclad=/—:82.36 +£2917°, n = 10). ns, not significant. Scale bar, 1 mm. Assessed by unpaired ¢-test.
(i,j) Statistical diagram of time to maximal turn angle. Data shown as mean + sem. Uninjured,
ns, not significant (WT/AB: 124 &+ 02 ms, n = 7; slcla4=/~: 13.75 4+ 1.386 ms, 1 = 8); injured,
*p<0.05(WT/AB:19.86 £1.143ms, n=7; slclad4=/~: 2450 + 1.586 ms, n = 10); ns, not significant;
* p < 0.05. Assessed by unpaired ¢-test.

We performed laser ablation at 6 dpf and conducted behavioral tests at 8 dpf. After
the statistical analysis, it was found that in the group where Mauthner neurons were not
damaged, there were no significant differences in the time taken to reach the maximum de-
flection angle or the maximum deflection angle itself after stimulation (Figure 4f). However,
in the knockout strains, significant changes were observed in both the time taken to reach
the maximum deflection angle and the maximum deflection angle itself after the damage.
This further indicates that the knockout of slc1a4 severely inhibits the axonal regeneration
ability and functional recovery of Mauthner neurons (Figure 4g—j).

In summary, the knockout of slc1a4 did not affect the development of the M-cell bodies
and axons, allowing us to exclude development as a factor in the influence of Slcla4 on
axonal regeneration. Moreover, our behavioral results also indicate that Slcla4 does not
affect the activity level of the larvae, thus ruling out spontaneous activity as an influencing
factor on axonal regeneration.

2.5. RNA-Seq Revealed That Slc1a4 May Influence Mauthner Axons” Regeneration through P53
Signaling Pathway

To uncover the specific molecular mechanisms affecting regeneration, we performed
whole-genome transcriptome sequencing (Figure 5a) on slcla4~/~ zebrafish and wild-
type (WT) zebrafish at 4 dpf [31]. The bioinformatics analysis of the sequencing data
revealed 4372 out of 24,064 core genes with significant expression changes, including
1863 upregulated and 2509 downregulated genes (Figure 5b,c).

The Gene Ontology (GO) enrichment analysis (Figure 5d) and Kyoto Encyclopedia of
Genes and Genomes (KEGG) functional enrichment analysis (Figure 5e) revealed that a
subset of these differentially expressed genes are primarily enriched in the P53 signaling
pathway, amino acid metabolism, and regeneration processes. Research indicates that the
P53 signaling pathway is associated with neuronal regeneration [32,33]. Existing research
indicates that tp53 influences the expression levels of known neuronal regeneration-related
factors such as gap43, rab13, and coroninla.

These findings suggest that the P53 signaling pathway may play a crucial role in
mediating the effects of Slcla4 on axonal regeneration. The differential expression of genes
involved in this pathway highlights a potential molecular mechanism through which Slcla4
deficiency impacts the regenerative capacity of Mauthner neuron axons. Further investiga-
tion into these specific genes and their interactions within the P53 signaling pathway could
provide deeper insights into the molecular underpinnings of axonal regeneration and the
role of Slcla4 in this process.
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Figure 5. RNA-seq revealed that Slcla4 may influence regeneration of Mauthner axons through
P53 signal pathway. (a) Timeline of time points of RNA extraction and RNA-seq. (b,c) Heatmap
shows downregulated and upregulated genes in slc1a4 mutant zebrafish (downregulated genes: 2509;
upregulated genes: 1863). (d) GO enrichment analysis of upregulated genes. (e) Enrichment for
KEGG pathway analysis of downregulated genes.

2.6. Slc1a4 Deletion May Inhibit Mauthner Axons’ Regeneration via Gap43 Suppression

The sequencing results showed that genes such as tp53, gap43, and rab13 all experi-
enced a significant decrease (Figure 6a). Based on the sequencing results, it is speculated
that the lack of Slcla4 may lead to a deficiency of nutritional factors, resulting in the gener-
ation of nutritional stress signals, which in turn causes a decrease in the expression level of
tp53. This leads to a synchronous decrease in the expression levels of genes such as gap43
and rab13, thereby affecting the ability of axonal regeneration. To prove this hypothesis,
we tested the expression levels of these genes. After the qPCR assay, it can be found that
the expression levels of tp53, gap43, and rab13 in the slcla4~/~ mutant lines all underwent
a significant reduction relative to the wild type (Figure 6b). After the WB assay, it can
be seen that a significant reduction in the protein expression level of gap43 occurred in
the slc1a4~/~ mutant line (Figure 6¢,d). It is tentatively possible to conclude that mutant
strains of sicla4~/~ may affect axon regeneration through a pathway that affects tp53 and
gap43.
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Figure 6. Slcla4 deletion may inhibit Mauthner axons’ regeneration via Gap43 suppression.
(a) RNA-seq analysis of P53 signaling pathway-related gene expression in mutant and wild-type lines.
TPMs: Transcripts Per Kilobase of exon model per Million mapped reads. Assessed by unpaired
t-test. * p < 0.05. ** p < 0.01. *** p < 0.001 (b) qPCR detection of tp53 and gap43 and rab13 expression.
**p < 0.01. (c,d) Gap43 was decreased in knockout group as shown via Western blot quantification.
Data shown as mean + sem. Unpaired Student’s two-tailed t-test; ** p < 0.01.

3. Discussion

In this study, we investigated the role of the slc1a4 gene in axonal regeneration using a
zebrafish model with single axon injury on Mauthner cells (M-cells). Our results demon-
strated that the overexpression of Slcla4 significantly promotes axonal regeneration, while
a deficiency of Slcla4 severely impedes this process. This impairment in regeneration was
associated with the downregulation of key genes in the P53 signaling pathway, including
gap43 and rab13. These findings suggest that Slcla4 is a critical factor in the axonal regener-

54



Int. J. Mol. Sci. 2024, 25, 10950

ation of M-cells, potentially through its regulation of amino acid homeostasis and the P53
signaling pathway.

Both extrinsic factors and intrinsic factors are crucial for successful axonal regener-
ation [6,34-36]. Traditional models of axonal regeneration have predominantly utilized
animal models such as rodents and invertebrates. These models have been instrumental
in understanding the molecular and cellular mechanisms underlying axonal regenera-
tion [34,37]. For instance, rodent models, particularly mice and rats, have been extensively
employed to study spinal cord injuries and peripheral nerve regeneration. However, one
of the significant challenges in studying axonal regeneration is the heterogeneity among
neurons [38—41]. To address the issue of neuronal heterogeneity, our research focuses on
the use of single M-cells. Dissimilar to what has been shown in a mouse model of axonal
regeneration, after an M-cell was damaged, it showed strong regenerative ability. After
two-photon laser damage to the axon, the regeneration length can reach about 500 pm at
2 days post axotomy, which is very convenient for the study of axons. In M-cells’ model,
single-cell overexpression technology was utilized to overexpress slcla4, leading to the
conclusion that slcla4 overexpression may promote axon regeneration in single M-cells.

Many studies have shown that SLC1A4, also known as ASCT1, is a neutral amino
acid transporter that has been implicated in various physiological processes, including
amino acid homeostasis, neurotransmission, and cellular metabolism [12,42—44]. Previous
studies have primarily focused on its role in the CNS and its involvement in neurological
disorders. For instance, mutations in Slcla4 have been linked to developmental delay,
microcephaly, and hypomyelination, highlighting its critical role in brain development
and function [42]. SLC1A4 is also involved in the regulation of d-serine levels in the brain,
which is essential for NMDA receptor function and neurodevelopment [12]. Despite these
significant findings, the role of SLC1A4 in axonal regeneration remains largely unexplored.
Our research aims to fill this gap by investigating the function of Slcla4 in neuronal axonal
regeneration. Utilizing in vivo imaging techniques, we have demonstrated that Slcla4-
mediated neutral amino acid transport may influence axonal regeneration through the
P53/Gap43 signaling pathway. After treatment with an inhibitor of slc1a4, it was found
that the regeneration of M-cells in zebrafish would be significantly inhibited. The mutation
of slc1a4 inhibits axonal regeneration and motor function recovery.

Previous studies have shown that GAP43 (Growth-Associated Protein 43) is a well-
established marker of axonal growth and regeneration [45-48]. This phosphoprotein plays
a crucial role in axonal outgrowth, synaptic plasticity, and neural development. Predomi-
nantly expressed in growth cones of developing neurons and regenerating axons, GAP43 is
a key player in neuronal repair processes [49]. The importance of GAP43 in axonal regenera-
tion has been highlighted through various studies. For instance, the upregulation of GAP43
is associated with axonal growth in the rat spinal cord following compression injury [50-54].
Building on the established role of GAP43 in axonal regeneration, our research introduces a
novel finding: the knockout of slc1a4 significantly impacts the expression of Gap43, thereby
inhibiting axonal regeneration. This discovery provides new insights into the molecular
mechanisms underlying axonal regeneration. It suggests that Slcla4 is not only involved
in amino acid transport but also plays a pivotal role in the regulation of key regenerative
proteins like Gap43. This finding opens up potential therapeutic avenues for enhancing
axonal regeneration by targeting the Slcla4/Gap43 pathway. In conclusion, while previous
studies have firmly established the role of Gap43 in axonal regeneration, this research
highlights the regulatory effect of Slcla4 and Gap43. While transcriptomic sequencing and
WB have identified Slcla4 as a potential regulator of Gap43 expression, thereby influencing
axonal regeneration, the direct experimental validation of the interaction between Slcla4
and Gap43 remains to be established [43—46].

The use of the Mauthner-cell model has indeed provided significant advantages by
addressing the issue of neuronal heterogeneity. This model allows for a more controlled
and precise investigation of axonal regeneration mechanisms. However, the Mauthner-cell
model is inherently limited due to its specificity and uniqueness. The findings derived from
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this model may not be universally applicable across different neuronal types and organisms.
To gain a comprehensive understanding of the role of SLC1A4 in axonal regeneration, it
is essential to extend the investigation to other models. Exploring the function of Slcla4
in diverse neuronal systems and organisms will help to validate the findings from the
Mauthner-cell model and provide broader insights into its role in axonal regeneration.
Such studies would involve using various in vivo and in vitro models, including rodent
models, zebrafish, and other well-established systems for studying neuronal repair. This
approach will help to establish the generalizability of the Slcla4/Gap43 interaction and
its implications for axonal regeneration across different biological contexts. In conclusion,
while the Mauthner-cell model has provided valuable insights into the role of Slcla4
in axonal regeneration, further research using a variety of models is necessary to fully
elucidate the molecular mechanisms involved. The direct experimental validation of the
interaction between Slcla4 and Gap43, along with studies in different neuronal systems, will
enhance our understanding of the pathways regulating axonal regeneration and potentially
lead to the development of targeted therapeutic strategies for neuronal repair.

Despite the significant differences in neural regeneration abilities between zebrafish
and mammals, particularly humans, this study has revealed the crucial role of the Slcla4/
P53/Gap43 signaling pathway in axonal regeneration in zebrafish, offering a potential
target for human spinal cord injury (SCI) treatment strategies. This discovery underscores
the importance of identifying and utilizing factors, such as P53 and Gap43, that promote
axonal regeneration in the research of human SCI treatment to improve neurological
function recovery. Future research should focus on exploring the pathways through which
Slcla4 affects axonal regeneration in mammals and further investigating the conservation
of its mechanism in regulating P53 and Gap43. This will enhance our understanding of
the similarities and differences in this process across different species, thereby laying a
foundation for designing more effective treatment methods for human SCL

In summary, we discovered that Slcla4-mediated neutral amino acid transport influ-
ences Gap43 expression through the P53 signaling pathway in zebrafish. In vivo imaging
revealed that Slcla4 plays a crucial role in axonal regeneration. The loss of Slcla4 dis-
rupts amino acid homeostasis, leading to the accumulation of transported neutral amino
acids and subsequently reducing axonal regeneration levels. These findings provide new
insights into the molecular mechanisms underlying axonal regeneration and suggest po-
tential therapeutic targets for enhancing neuronal repair in spinal cord injuries. Despite
some limitations, our research contributes to a better understanding of the intrinsic fac-
tors involved in axonal regeneration and offers a foundation for future studies aimed at
improving outcomes for patients with CNS injuries.

4. Materials and Methods
4.1. Zebrafish Strains and Maintenance

In this study, adult zebrafish were maintained in an aquatic system at 28.5 °C with
a 14/10 h light/dark cycle (14 h light and 10 h dark cycle). Embryos were collected from
natural spawning after mating male and female zebrafish in a 3:2 ratio and raised at
28.5 °C in an incubator with 5 mM NaCl, 0.17 mM KCL, 0.33 mM CaCl,, 0.33 MgSOy, and
0.1% methylene blue at pH 7.0. From 2 dpf, embryos were supplemented with 0.003% N-
phenylthiourea (PTU, Sigma-Aldrich, St. Louis, MO, USA) to prevent pigmentation [55-57].
The transgenic line used was Tg (Tol 056: EGFP), where M-cells express enhanced green
fluorescent protein. The USTC (University of Science and Technology of China) Animal
Resources Center and University Animal Care and Use Committee provided the guidelines
that experiments followed. Protocols needed approval by the USTC ethics committee
(license number: USTCACUC1103013).

4.2. Genome Editing

The CRISPR-mediated genome editing for generating slcla4~/~ mutants was im-
plemented. Cas9 mRNA was synthesized in accordance with the appropriate plasmid
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(108301, Addgene, Watertown, MA, USA) through the mMessage mMachine T7 Ultra Kit
(AM1345 mMESSAGE mMACHINE™ T7 ULTRA, Thermo Fisher, Waltham, MA, USA).
The single-guide RNA (sgRNA) that targeted the slc1a4 sequence was fabricated by using
the aforesaid plasmids with the Megashortscript T7 kit. We delicately combined the Cas9
mRNA (300 ng/pL) with the sgRNA (40 ng/pL), and thereafter, microinjected this mixture
into embryos at the one-cell stage.

4.3. Single-Cell Electroporation

Prior to electroporation, 4 dpf larvae were anesthetized using ethyl 3-aminobenzoic
methanesulfonate (MS222, Sigma-Aldrich) and embedded in 1% low-melting agarose
(Sangon, Shanghai, China) within an electroporation chamber. A micropipette tip pulled by
a micropipette puller (Sutter Instrument, Novato, CA, USA) was filled with plasmids and
positioned near the M-cell soma. Electric stimulation was applied to the zebrafish larvae to
deliver the plasmids, with a concentration of 120 ng/uL, into the unilateral M-cell.

4.4. Two-Photon Axotomy

Before axotomy, anesthetized zebrafish larvae at 6 dpf were fixed in 1% low-melting
agarose in a chamber. A Zeiss microscope (LSM980; Carl Zeiss, Oberkochen, Germany)
equipped with two photons was utilized at a wavelength of 800 nm and an intensity
ranging from 15% to 35% to ablate the M-cell axons under a 25x oil immersion lens.

4.5. In Vivo Imaging

Larvae were sedated with MS222 and then embedded in 1% low-melting agarose
in a chamber [58]. Larvae were photographed two days after axotomy using a confocal
system (FV1000; Olympus, Tokyo, Japan) and a water immersion lens (40 x, 0.85 numerical-
aperture objective). Z-stack images were acquired at 3 um intervals.

4.6. Quantitative Real-Time PCR

Total RNA was extracted from the entire larvae through the use of RNAsio (TAKARA),
and approximately 1 ug of RNA was reverse-transcribed into cDNA with the assistance
of HiScript II qRT SuperMix II (Vazyme, Nanjing, China). The qPCR application was
carried out in a total volume of 10 uL in a contained 5 puL. of ChamQ Universal SYBR Green
qPCR Master Mix and 1 pL of the cDNA template on a real-time quantification system
(LightCycler 96, Roche, Pleasanton, CA, USA). The mRNA expression levels were analyzed
by means of the comparative Ct relative quantification method formula 2-#4¢T with the
housekeeping gene 3-actin mRNA serving as an invariant control to normalize the mRNA
of the target genes [59]. This was repeated three times for each sample. All the primers
used are detailed in Table 1.

Table 1. Primes used in qPCR experiments.

Primers Sequences (5'-3')
B-actin-qPCR-F CATTGGCAATGAGCGTTTC
B-actin-qPCR-R TACTCCTGCTTGCTGATCCAC

tp53-qPCR-F TGGAGAGGAGGTCGGCAAAATCAA
tp53-qPCR-R GACTGCGGGAACCTGAGCCTAAAT

gap43-qPCR-F TGCTGCATCAGAAGAACTAA

gap43-qPCR-R CCTCCGGTTTGATTCCATC

rab13-qPCT-F GCATACTACAGAGGGGCCA

rab13-qPCT-R CATTCGACTTACACCCGCTG

slelad-sgRNA-F TAATACGACTCACTATAGGCGAAATCAACGGACACGCTGT
TTTAGAGCTAGAAATAGC
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Table 1. Cont.

Primers Sequences (5'-3')
slcla4-sgRNA-R AGCACCGACTCGGTGCCACT
slc1a4-qPCR-F TACCATCATCCCTAGCCCGA
slc1a4-qPCR-R ATGGAGGAGAAGAAGAGCGAAATCA

4.7. Protein Extraction and Western Blotting

Wild-type and sic1a4~/~ mutant larvae at 4 dpf were collected and lysed with an RIPA
(Radio Immunoprecipitation Assay Lysis) buffer supplemented with a protease inhibitor
and phosphatase inhibitor (Sangon, Shanghai, China). The lysates were centrifuged and
the collected supernatant was maintained on ice. In accordance with the manufacturers’
instructions of the BCA Protein Assay Kit (Beyotime, Shanghai, China) the concentration
of each protein sample was determined on a microplate reader. Samples were boiled
for 4 min and run on a 10% SDS-PAGE gel along with a loading buffer (5x) and then
transferred to a PVDF membrane. After incubation in 5% nonfat milk and TBST for 60 min
at room temperature, the membranes were washed once with TBST and incubated with
antibodies against Slcla4 (1:1000; Proteintech, Wuhan, China) or Gapdh (1:2000; HuaAn,
Wenzhou, Zhejiang, China) or 3-tubulin (1:2000; GeneTex, Irvine, CA, USA) at 4 °C for 12 h.
Subsequently, the membranes were incubated with secondary goat anti-rabbit antibodies
(1:5000; Proteintech) for 1 h at room temperature. The blots were washed with TBST
three times and visualized by the enhanced chemiluminescence (ECL) system (Thermo
Fisher, MA, USA). The densities of the bands were quantified by Image] software (National
Institutes of Health, Bethesda, MD, USA) and normalized to protein Gapdh or (3-tubulin.

4.8. Drug Treatment

The OH-Pro (Cat.No.H54409, MCE, Shanghai, China) induces Slcla4 downregulation.
At 4 dpf, the larvae were treated with drugs by different concentrations. The concentration
gradient of OH-Pro is 0.5 mM, 1 mM, and 1.5 mM. The control group is 0.1% DMSO. At
6 dpf, the axons were ablated and continued to be restored in drugs. The M-cells” axon
regeneration was observed and statistically analyzed at 8 dpf.

4.9. Escape Behavior Assay

The device system was comprised of a high-speed camera (1000 fps, Revealer, Hefei,
China), a computer, and a loudspeaker. The 8 dpf zebrafish larvae were placed in a Petri
dish with EM and moved to a platform with suitable light. The computer was linked to the
loudspeaker near the Petri dish, and the high-speed camera was adjusted appropriately.
Before each test, the larvae were left for 5 min without any disturbance. Movement
trajectories were induced by sound stimulation of sinusoidal waves (500 Hz, 20 ms), and
video acquisition was controlled by specialized software. For the injured group, unilateral
M-cells were ablated with two-photon axotomy at 6 dpf before the escape behavior assay.

4.10. Statistical Analysis

Graphs and statistical significance were analyzed using GraphPad Prism 10.2.3 soft-
ware (San Diego, USA), Adobe Photoshop CC2020, and Adobe Illustrator CC 2020. Data
are presented as the mean =+ standard error of the mean (SEM). Experiments were analyzed
using unpaired two-tailed Student’s t-tests. Experiments with more than two groups were
analyzed using one-way analyses of variance (ANOVAs), and experiments involving two in-
dependent variables were analyzed using two-way ANOVAs. Experiments were repeated
at least three times. Differences were considered significant when * p < 0.05, ** p < 0.01,
***p <0.001, and **** p < 0.0001. The figure legends provide all other pertinent information,
such as sample size and precise statistical tests used.
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then it was fragmented into short fragments with a fragmentation buffer and reversely
transcribed into cDNA using the NEB Next Ultra RNA Library Prep Kit for Illumina (Cat.
No. #7530, New England Biolabs, Ipswich, MA, USA). The cDNA libraries were sequenced
on the Illumina sequencing platform by Sangon Biotech (Shanghai) Co., Ltd. (Shanghai,
China). In order to obtain high-quality clean reads, we filtered it using fastp (version
0.18.0) [60]. Bowtie2 (version 2.2.8) was used to remove ribosome RNA (rRNA) reads by
aligning to the zebrafish rRNA database. Then, HISAT2 [61] was used to make paired-end
clean reads’ map to the reference zebrafish genome (Ensembl_release109) [15]. RSEM
was used to calculate the expression abundance, and it was normalized to Transcripts Per
Kilobase of exon model per Million mapped reads (TPMs). A bioinformatic analysis was
performed using RStudio version cd7011dc. The differentially expressed genes (DEGs)
were identified using the DESeq2 package version 1.42.0 [62]. The Gene Ontology (GO)
and Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analyses of DEGs
were conducted using the clusterProfiler package version 1.10.1 [63-65]. The enrichment
significance was determined by Fisher’s exact test, and the false discovery rate (FDR) was
corrected. The heatmap of DEGs was generated using the pheatmap package version 1.0.12.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/ijms252010950/s1.

Author Contributions: Conception and design: K.L., D.F.,, Z.Z. and B.H.; Acquisition of data: K.L.,
D.F. and A.H.; Data analysis: K.L. and D.F; Manuscript draft and revision: K.L., D.E, AH., ZS.,].Z,,
X.T. and B.H. All authors have read and agreed to the published version of the manuscript.

Funding: This work was funded by the National Natural Science Foundation of China, No. 82071357,
the Center for Advanced Interdisciplinary Science and Biomedicine of IHM (QYZD20220002) and the
Ministry of Science and Technology of China, No. 2019YFA 0405600 (to B.H.).

Institutional Review Board Statement: All protocols were approved by the University of Science
and Technology Animal Experimentation Ethics Committee (license number: USTCACUC1103013).

Informed Consent Statement: Not applicable.

Data Availability Statement: All data generated or analyzed during this study are included in this
published article and its Supplementary Information files.

Acknowledgments: Thanks to the Core Facility Center for Life Sciences, University of Science and
Technology of China. Thanks to Shin-ichi Higashijima (RIkagaku KENkyusho/Institute of Physical
and Chemical Research, RIKEN), who provided the Tg (Tol-056) zebrafish strain with which M-cells
were labeled by enhanced green fluorescent protein (EGFP). Thanks to the Revealer (Hefei, Anhui,
China) for the help with the high-speed camera.

Conflicts of Interest: The authors declare that they have no conflicts of interest.

Arch. Phys. Med. Rehabil. 2007, 88, 1643-1648. [CrossRef] [PubMed]

2. Functional Role of a Specialized Class of Spinal Commissural Inhibitory Neurons during Fast Escapes in Zebrafish | Journal of
Neuroscience. Available online: https://www.jneurosci.org/content/29/21/6780.short (accessed on 25 June 2024).
3. Fawcett, ].W. The Struggle to Make CNS Axons Regenerate: Why Has It Been so Difficult? Neurochem. Res. 2020, 45, 144-158.

[CrossRef] [PubMed]

4. Hilton, B.J.; Husch, A ; Schaffran, B.; Lin, T.; Burnside, E.R.; Dupraz, S.; Schelski, M.; Kim, J.; Miiller, J.A.; Schoch, S.; et al. An
Active Vesicle Priming Machinery Suppresses Axon Regeneration upon Adult CNS Injury. Neuron 2022, 110, 51-69.e7. [CrossRef]
5. Curcio, M.; Bradke, F. Axon Regeneration in the Central Nervous System: Facing the Challenges from the Inside. Annu. Rev. Cell

Dev. Biol. 2018, 34, 495-521. [CrossRef] [PubMed]

59



Int. J. Mol. Sci. 2024, 25, 10950

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.
23.

24.

25.

26.

27.

28.

29.

30.

31.

Tedeschi, A.; Bradke, E Spatial and Temporal Arrangement of Neuronal Intrinsic and Extrinsic Mechanisms Controlling Axon
Regeneration. Curr. Opin. Neurobiol. 2017, 42, 118-127. [CrossRef]

Chondroitinase ABC Promotes Functional Recovery after Spinal Cord Injury | Nature. Available online: https://www.nature.
com/articles/416636a (accessed on 10 July 2024).

Silver, J.; Miller, ].H. Regeneration beyond the Glial Scar. Nat. Rev. Neurosci. 2004, 5, 146-156. [CrossRef]

Liu, K,; Tedeschi, A.; Park, K K.; He, Z. Neuronal Intrinsic Mechanisms of Axon Regeneration. Annu. Rev. Neurosci. 2011, 34,
131-152. [CrossRef]

Wu, S; Xu, J.; Dai, Y.; Yu, B.; Zhu, J.; Mao, S. Insight into Protein Synthesis in Axon Regeneration. Exp. Neurol. 2023, 367, 114454.
[CrossRef]

Wang, Y.; Gao, B.; Chen, X,; Shi, X.; Li, S.; Zhang, Q.; Zhang, C.; Piao, F. Improvement of Diabetes-Induced Spinal Cord Axon
Injury with Taurine via Nerve Growth Factor-Dependent Akt/mTOR Pathway. Amino Acids 2024, 56, 32. [CrossRef]

Kaplan, E.; Zubedat, S.; Radzishevsky, I.; Valenta, A.C.; Rechnitz, O.; Sason, H.; Sajrawi, C.; Bodner, O.; Konno, K.; Esaki, K; et al.
ASCT1 (Slcla4) Transporter Is a Physiologic Regulator of Brain <span Class=. Proc. Natl. Acad. Sci. USA 2018, 115, 9628-9633.
[CrossRef]

Barut, B.A.; Zon, L.I. Realizing the Potential of Zebrafish as a Model for Human Disease. Physiol. Genom. 2000, 2, 49-51. [CrossRef]
[PubMed]

Zebrafish: An Emerging Model System for Human Disease and Drug Discovery—Kari—2007—Clinical Pharmacology &
Therapeutics—Wiley Online Library. Available online: https://ascpt.onlinelibrary.wiley.com/doi/full/10.1038/sj.clpt.6100223
(accessed on 10 July 2024).

The Zebrafish Reference Genome Sequence and Its Relationship to the Human Genome | Nature. Available online: https:
/ /www.nature.com/articles/nature12111 (accessed on 25 June 2024).

Cells | Free Full-Text | Know How to Regrow—Axon Regeneration in the Zebrafish Spinal Cord. Available online: https://www.
mdpi.com/2073-4409/10/6/1404 (accessed on 10 July 2024).

Gonzalez, D.; Allende, M.L. Current Advances in Comprehending Dynamics of Regenerating Axons and Axon-Glia Interactions
after Peripheral Nerve Injury in Zebrafish. Int. J. Mol. Sci. 2021, 22, 2484. [CrossRef] [PubMed]

Li, J.-H.; Shi, Z.-].; Li, Y.; Pan, B.; Yuan, S.-Y.; Shi, L.-L.; Hao, Y.; Cao, F-].; Feng, 5.-Q. Bioinformatic Identification of Key Candidate
Genes and Pathways in Axon Regeneration after Spinal Cord Injury in Zebrafish. Neural Regen. Res. 2020, 15, 103. [CrossRef]
[PubMed]

Takahashi, M.; Narushima, M.; Oda, Y. In Vivo Imaging of Functional Inhibitory Networks on the Mauthner Cell of Larval
Zebrafish. J. Neurosci. 2002, 22, 3929-3938. [CrossRef]

Kimmel, C.B.; Sessions, S.K.; Kimmel, R.J. Morphogenesis and Synaptogenesis of the Zebrafish Mauthner Neuron. . Comp.
Neurol. 1981, 198, 101-120. [CrossRef]

Wang, Z.; Wang, X.; Shi, L.; Cai, Y.; Hu, B. Wolfram Syndrome 1b Mutation Suppresses Mauthner-Cell Axon Regeneration via ER
Stress Signal Pathway. Acta Neuropathol. Commun. 2022, 10, 184. [CrossRef] [PubMed]

Becker, T.; Becker, C.G. Axonal Regeneration in Zebrafish. Curr. Opin. Neurobiol. 2014, 27, 186-191. [CrossRef]

Kim, D.; Lee, Y.-R.; Choi, T.-I; Kim, S.-H.; Kang, H.-C.; Kim, C.-H.; Lee, S. Comparative Proteome Research in a Zebrafish Model
for Vanishing White Matter Disease. Int. J. Mol. Sci. 2021, 22, 2707. [CrossRef]

Hwang, W.Y,; Fu, Y.; Reyon, D.; Maeder, M.L.; Tsai, S5.Q.; Sander, ].D.; Peterson, R.T.; Yeh, J.-R.J.; Joung, ] K. Efficient Genome
Editing in Zebrafish Using a CRISPR-Cas System. Nat. Biotechnol. 2013, 31, 227-229. [CrossRef]

Cui, N.; Faure, G.; Singh, A.; Macrae, R.; Zhang, F. Microfluidic Enrichment and Computational Analysis of Rare Sequences from
Mixed Genomic Samples for Metagenomic Mining. CRISPR |. 2022, 5, 677-684. [CrossRef]

Scheldeman, C.; Mills, ].D.; Siekierska, A.; Serra, I.; Copmans, D.; Iyer, A.M.; Whalley, B.J.; Maes, ].; Jansen, A.C.; Lagae, L.; et al.
mTOR-Related Neuropathology in Mutant Tsc2 Zebrafish: Phenotypic, Transcriptomic and Pharmacological Analysis. Neurobiol.
Dis. 2017, 108, 225-237. [CrossRef] [PubMed]

Banu, S.; Gaur, N.; Nair, S.; Ravikrishnan, T.; Khan, S.; Mani, S.; Bharathi, S.; Mandal, K.; Kuram, N.A.; Vuppaladadium, S.; et al.
Understanding the Complexity of Epimorphic Regeneration in Zebrafish: A Transcriptomic and Proteomic Approach. Genomics
2021, 114, 110300. [CrossRef] [PubMed]

How Stimulus Direction Determines the Trajectory of the Mauthner-Inthated Escape Response in a Teleost Fish | Journal of
Experimental Biology | The Company of Biologists. Available online: https:/ /journals.biologists.com/jeb/article/161/1/469/64
21/How-Stimulus-Direction-Determines-the-Trajectory (accessed on 26 June 2024).

Liu, Y.-C.; Bailey, I.; Hale, M.E. Alternative Startle Motor Patterns and Behaviors in the Larval Zebrafish (Danio Rerio). J. Comp.
Physiol. A 2012, 198, 11-24. [CrossRef] [PubMed]

Roberts, A.C.; Reichl, J.; Song, M.Y.; Dearinger, A.D.; Moridzadeh, N.; Lu, E.D.; Pearce, K.; Esdin, J.; Glanzman, D.L. Habituation
of the C-Start Response in Larval Zebrafish Exhibits Several Distinct Phases and Sensitivity to NMDA Receptor Blockade. PLoS
ONE 2011, 6, €29132. [CrossRef] [PubMed]

Herrero-Turriéon, M.J.; Rodriguez-Martin, I.; Lopez-Bellido, R.; Rodriguez, R.E. Whole-Genome Expression Profile in Zebrafish
Embryos after Chronic Exposure to Morphine: Identification of New Genes Associated with Neuronal Function and Mu Opioid
Receptor Expression. BMC Genomics 2014, 15, 874. [CrossRef]

60



Int. J. Mol. Sci. 2024, 25, 10950

32.

33.

34.
35.

36.
37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.
50.

51.

52.

53.

54.

55.

56.

57.

Yeo, M.-K.; Pak, S.-W. Exposing Zebrafish to Silver Nanoparticles during Caudal Fin Regeneration Disrupts Caudal Fin Growth
and P53 Signaling. Mol. Cell. Toxicol. 2008, 4, 311-317.

Hu, Z.; Holzschuh, J.; Driever, W. Loss of DDB1 Leads to Transcriptional P53 Pathway Activation in Proliferating Cells, Cell
Cycle Deregulation, and Apoptosis in Zebrafish Embryos. PLoS ONE 2015, 10, e0134299. [CrossRef]

He, Z.; Jin, Y. Intrinsic Control of Axon Regeneration. Newuron 2016, 90, 437-451. [CrossRef]

Sun, F; He, Z. Neuronal Intrinsic Barriers for Axon Regeneration in the Adult CNS. Curr. Opin. Neurobiol. 2010, 20, 510-518.
[CrossRef]

Mabhar, M.; Cavalli, V. Intrinsic Mechanisms of Neuronal Axon Regeneration. Nat. Rev. Neurosci. 2018, 19, 323-337. [CrossRef]
PTEN Deletion Enhances the Regenerative Ability of Adult Corticospinal Neurons—PubMed. Available online: https://pubmed.
ncbi.nlm.nih.gov /20694004 / (accessed on 2 October 2024).

Smith, T.P,; Sahoo, PX.; Kar, A.N.; Twiss, ].L. Intra-Axonal Mechanisms Driving Axon Regeneration. Brain Res. 2020, 1740, 146864.
[CrossRef] [PubMed]

Kiyoshi, C.; Tedeschi, A. Axon Growth and Synaptic Function: A Balancing Act for Axonal Regeneration and Neuronal Circuit
Formation in CNS Trauma and Disease. Dev. Neurobiol. 2020, 80, 277-301. [CrossRef] [PubMed]

Renthal, W.; Tochitsky, I.; Yang, L.; Cheng, Y.-C.; Li, E.; Kawaguchi, R.; Geschwind, D.H.; Woolf, C.J. Transcriptional Repro-
gramming of Distinct Peripheral Sensory Neuron Subtypes after Axonal Injury. Neuron 2020, 108, 128-144.e9. [CrossRef]
[PubMed]

Neural Regeneration Research. Available online: https:/ /journals.lww.com/nrronline/fulltext/2021/16010/Neuroregeneration_
and_functional_recovery_after.13.aspx/1000 (accessed on 12 July 2024).

Mutations in SLC1A4, Encoding the Brain Serine Transporter, Are Associated with Developmental Delay, Microcephaly and
Hypomyelination | Journal of Medical Genetics. Available online: https:/ /jmg.bmj.com/content/52/8/541.short (accessed on 13
July 2024).

Pujol-Giménez, J.; Mirzaa, G.; Blue, E.E.; Albano, G.; Miller, D.E.; Allworth, A.; Bennett, ].T.; Byers, PH.; Chanprasert, S.; Chen, J.;
et al. Dominant-Negative Variant in SLC1A4 Causes an Autosomal Dominant Epilepsy Syndrome. Ann. Clin. Transl. Neurol.
2023, 10, 1046-1053. [CrossRef] [PubMed]

Odeh, M.; Sajrawi, C.; Majcher, A.; Zubedat, S.; Shaulov, L.; Radzishevsky, A.; Mizrahi, L.; Chung, W.K,; Avital, A.; Hornemann,
T.; et al. A New Type of Blood-Brain Barrier Aminoacidopathy Underlies Metabolic Microcephaly Associated with SLC1A4
Mutations. Brain |. Neurol. 2024, awael34. [CrossRef] [PubMed]

Watson, D.C.; Bayik, D.; Storevik, S.; Moreino, S.S.; Sprowls, S.A.; Han, J.; Augustsson, M.T,; Lauko, A.; Sravya, P; Resland, G.V,;
et al. GAP43-Dependent Mitochondria Transfer from Astrocytes Enhances Glioblastoma Tumorigenicity. Nat. Cancer 2023, 4,
648-664. [CrossRef]

Zuo, Z.; Fan, B.; Zhang, Z.; Liang, Y.; Chi, ].; Li, G. Interleukin-4 Protects Retinal Ganglion Cells and Promotes Axon Regeneration.
Cell Commun. Signal. CCS 2024, 22, 236. [CrossRef]

Hu, M.; Veldman, M.B. Intraocular Axon Regeneration in a Model of Penetrating Eye Injury. J. Ocul. Pharmacol. Ther. Off. ]. Assoc.
Ocul. Pharmacol. Ther. 2023, 39, 563-571. [CrossRef]

Williams, R.R.; Venkatesh, I.; Pearse, D.D.; Udvadia, A.J.; Bunge, M.B. MASH1/Asclla Leads to GAP43 Expression and Axon
Regeneration in the Adult CNS. PLoS ONE 2015, 10, e0118918. [CrossRef]

Skene, ].H.P. Axonal Growth-Associated Proteins. Annu. Rev. Neurosci. 1989, 12, 127-156. [CrossRef]

Curtis, R.; Green, D.; Lindsay, R.M.; Wilkin, G.P. Up-Regulation of GAP-43 and Growth of Axons in Rat Spinal Cord after
Compression Injury. . Neurocytol. 1993, 22, 51-64. [CrossRef] [PubMed]

Schaden, H.; Stuermer, C.A.O.; Bahr, M. Gap-43 Immunoreactivity and Axon Regeneration in Retinal Ganglion Cells of the Rat. J.
Neurobiol. 1994, 25, 1570-1578. [CrossRef]

Zhang, Y.; Bo, X.; Schoepfer, R.; Holtmaat, A.].D.G.; Verhaagen, J.; Emson, P.C.; Lieberman, A.R.; Anderson, PN. Growth-
Associated Protein GAP-43 and L1 Act Synergistically to Promote Regenerative Growth of Purkinje Cell Axons in Vivo. Proc.
Natl. Acad. Sci. USA 2005, 102, 14883-14888. [CrossRef] [PubMed]

Kusik, B.W.; Hammond, D.R.; Udvadia, A J. Transcriptional Regulatory Regions of Gap43 Needed in Developing and Regenerating
Retinal Ganglion Cells. Dev. Dyn. 2010, 239, 482-495. [CrossRef]

Carriel, V.; Garzon, 1.; Campos, A.; Cornelissen, M.; Alaminos, M. Differential Expression of GAP-43 and Neurofilament during
Peripheral Nerve Regeneration through Bio-Artificial Conduits: GAP-43 and Neurofilament during Nerve Regeneration. . Tissue
Eng. Regen. Med. 2017, 11, 553-563. [CrossRef]

Kim, D.-C.; Kim, S.; Hwang, K.-S.; Kim, C.-H. P-Coumaric Acid Potently Down-Regulates Zebrafish Embryo Pigmentation:
Comparison of in Vivo Assay and Computational Molecular Modeling with Phenylthiourea. Biomed. Sci. Lett. 2017, 23, 8-16.
[CrossRef]

Li, Z,; Ptak, D.; Zhang, L.; Walls, E.K.; Zhong, W.; Leung, Y.F. Phenylthiourea Specifically Reduces Zebrafish Eye Size. PLoS ONE
2012, 7, e40132. [CrossRef] [PubMed]

Huang, W.-C.; Hsieh, Y.-S.; Chen, I.-H.; Wang, C.-H.; Chang, H.-W.; Yang, C.-C.; Ku, T.-H.; Yeh, S.-R.; Chuang, Y.-]. Combined Use
of MS-222 (Tricaine) and Isoflurane Extends Anesthesia Time and Minimizes Cardiac Rhythm Side Effects in Adult Zebrafish.
Available online: https://www.liebertpub.com/doi/10.1089/zeb.2010.0653 (accessed on 26 June 2024).

61



Int. J. Mol. Sci. 2024, 25, 10950

58.

59.

60.

61.

62.

63.

64.

65.

Livak, K.J.; Schmittgen, T.D. Analysis of Relative Gene Expression Data Using Real-Time Quantitative PCR and the 2~AACT

Method. Methods 2001, 25, 402—408. [CrossRef]

Ultrafast One-pass FASTQ Data Preprocessing, Quality Control, and Deduplication Using Fastp—Chen—2023—iMeta—Wiley
Online Library. Available online: https:/ /onlinelibrary.wiley.com/doi/10.1002/imt2.107 (accessed on 25 June 2024).

Rapid and Accurate Alignment of Nucleotide Conversion Sequencing Reads with HISAT-3N. Available online: https://genome.
cshlp.org/content/31/7/1290 (accessed on 25 June 2024).

Graph-Based Genome Alignment and Genotyping with HISAT2 and HISAT-Genotype | Nature Biotechnology. Available online:
https:/ /www.nature.com/articles /s41587-019-0201-4 (accessed on 25 June 2024).

Love, M.I; Huber, W.; Anders, S. Moderated Estimation of Fold Change and Dispersion for RNA-Seq Data with DESeq2. Genome
Biol. 2014, 15, 550. [CrossRef]

Yu, G.; Wang, L.-G.; Han, Y.; He, Q.-Y. clusterProfiler: An R Package for Comparing Biological Themes Among Gene Clusters.
OMICS ]. Integr. Biol. 2012, 16, 284-287. [CrossRef]

clusterProfiler 4.0: A Universal Enrichment Tool for Interpreting Omics Data—ScienceDirect. Available online: https://www.
sciencedirect.com/science/article/pii/52666675821000667?via=ihub (accessed on 26 June 2024).

Kanehisa, M.; Goto, S. KEGG: Kyoto Encyclopedia of Genes and Genomes. Nucleic Acids Res. 2000, 28, 27-30. [CrossRef]
[PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

62



ﬁ

International Journal of
Molecular Sciences

Article

Short- and Long-Term Neurobehavioral Effects of
Developmental Exposure to Valproic Acid in Zebrafish

Marina Ricarte 2, Niki Tagkalidou !, Marina Bellot 2, Juliette Bedrossiantz !, Eva Prats 3, Cristian Gomez-Canela 2,
Natalia Garcia-Reyero # and Demetrio Raldda 1-*

1 Institute for Environmental Assessment and Water Research (IDAEA-CSIC), 08034 Barcelona, Spain;
marina.ricarte@idaea.csic.es (M.R.); niki.tagkalidou@idaea.csic.es (N.T.);

juliette bedrossiantz@idaea.csic.es (J.B.)

Department of Analytical and Applied Chemistry, School of Engineering, Institut Quimic de Sarria,
Universitat Ramon Llull, 08017 Barcelona, Spain; marina.bellot@igs.url.edu (M.B.);
cristian.gomez@iqs.url.edu (C.G.-C.)

Research and Development Center (CID-CSIC), 08034 Barcelona, Spain; eva.prats@cid.csic.es
Institute for Genomics, Biocomputing & Biotechnology (IGBB), Mississippi State University,
Starkville, MS 39762, USA; natalia@icnanotox.org

*  Correspondence: demetrio.raldua@idaea.csic.es

Abstract: Autism spectrum disorder (ASD) is a neurodevelopmental disorder characterized by
impairments in social interaction and communication, anxiety, hyperactivity, and interest restricted
to specific subjects. In addition to the genetic factors, multiple environmental factors have been
related to the development of ASD. Animal models can serve as crucial tools for understanding
the complexity of ASD. In this study, a chemical model of ASD has been developed in zebrafish by
exposing embryos to valproic acid (VPA) from 4 to 48 h post-fertilization, rearing them to the adult
stage in fish water. For the first time, an integrative approach combining behavioral analysis and
neurotransmitters profile has been used for determining the effects of early-life exposure to VPA both
in the larval and adult stages. Larvae from VPA-treated embryos showed hyperactivity and decreased
visual and vibrational escape responses, as well as an altered neurotransmitters profile, with increased
glutamate and decreased acetylcholine and norepinephrine levels. Adults from VPA-treated embryos
exhibited impaired social behavior characterized by larger shoal sizes and a decreased interest for
their conspecifics. A neurotransmitter analysis revealed a significant decrease in dopamine and
GABA levels in the brain. These results support the potential predictive validity of this model for
ASD research.

Keywords: valproic acid; animal model; zebrafish; autism spectrum disorder; social behavior; neuro-
transmitter

1. Introduction

Autism spectrum disorder (ASD) is a neurodevelopmental disorder characterized by
impairments in social interaction and communication, anxiety, hyperactivity, and interest
restricted to specific subjects [1-3]. It is believed that the emergence of autism involves
a combination of anatomical brain abnormalities, genetic anomalies, and neurochemical
imbalances [2,4,5]. Epidemiological studies emphasize the significance of genetic factors, re-
vealing that autistic disorder ranks among the most genetically influenced neuropsychiatric
conditions [6]. While candidate genes implicated in autism primarily involve proteins that
regulate neuronal network patterning and the balance between excitatory and inhibitory
signaling, ASD is highly polygenic, with no specific gene or locus associated with a large
group of patients [6-8]. Approximately 20% of patients exhibit genetic mutations affecting
known major genes, contributing to the complexity of clinical manifestations and etiology,
without a specific biological hallmark identified for this disorder [2]. In addition to the
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genetic factors, multiple environmental factors have been related to the development of
ASD [1,3,6,7].

Animal models in ASD research can serve as crucial tools for understanding the
complexity of the disorder, as they allow testing specific hypotheses of its causes and
identifying potential therapeutic strategies [9,10]. However, challenges persist in creating
models that faithfully represent the complexity of ASD due to its unclear etiology and
heterogeneous symptomatology [9]. Replicating ASD symptoms through animal models is
crucial for the identification of the neurobiological basis associated with it [2].

Molecular genetic models allow for the simulation of core features of human autism,
including the disruption of glutamatergic synaptic transmission, loss of inhibitory GABAer-
gic interneurons, and impairments in synaptic plasticity [11]. However, while mammalian
models expressing autism-linked genetic mutations have been developed, their utility is
constrained by the associated costs. Thus, simpler models, such as Danio rerio, are proposed
for initial mechanistic and screening studies [7]. Zebrafish, a widely used model in biomed-
ical research, emerges as an ideal candidate for behavioral screening in ASD research, as
its predominant social behavior along with other advantages make it a valuable tool for
investigating the neurobiological basis of the disorder [12-14].

Environmental factors, such as drug and toxin exposure; viral infections; and immune
dysfunctions during pre- and postnatal stages can influence ASD risks [6-8]. For instance,
prenatal exposure to valproic acid (VPA) has been associated with an increased incidence of
autism [7,15]. Because of the association observed in humans between maternal treatment
with VPA and ASD, the use of prenatal VPA exposure has been used to build chemical
models in different animal models, including zebrafish, to study ASD [9,16,17]. VPA
dysregulates key transcription factors; signal transduction pathways; inositol metabolism;
and direct modulation of epigenetic regulators, specifically histone deacetylases (HDACs),
resulting in more compact DNA-histone packaging and reduced gene transcription [8,9].
Moreover, VPA exposure has been reported to lead to changes in gamma-aminobutyric
acid (GABA) levels in the central nervous system [18-20].

In this study, an integrative approach combining behavioral analysis and neurotrans-
mitters profile has been used, for the first time, to determine the effects of early-life exposure
to VPA both in the larval and adult stages. With this aim, 4 h post fertilization (hpf) ze-
brafish embryos have been exposed to 48 mM VPA for 48 h, and then, transferred to clean
fish water. The effect of early-life exposure to VPA on basal locomotor activity and the
escape response evoked by visual and vibrational stimuli were determined at 8 days post-
fertilization. At the adult stage (3 months), social behavior (shoaling and social preference
tests) was analyzed, and metabolomic changes in the brain were determined.

2. Results
2.1. Systemic and Developmental Effects in Zebrafish Larvae Exposed to VPA during Early
Development

Embryos exposed to VPA exhibited a significant delay in hatching time compared
to controls. At 48 hpf, around 40% of the control embryos, but none of those exposed to
VPA, had hatched (Supplementary Figure S1A; z = —8.33, p < 0.0001). At 72 hpf, 95% of the
control and 80% of the VPA-exposed embryos had hatched (Supplementary Figure S1B;
z = —5.75, p < 0.0001).

When the toxicity of the VPA treatment was determined in 7 dpf larvae, the VPA-
exposed group exhibited a similar cumulative mortality to the control group
(Supplementary Figure S1C). However, VPA exposure led to a mild but significant increase
in phenotypic abnormalities, such as pericardial and yolk sac edemas
(Supplementary Figure S1D; 0.83% and 4.65%, median values for control and VPA, re-
spectively; z = —3.52, p < 0.0001).

VPA exposure during early development (4-48 hpf) also led to a significant in-
crease in heart rate when larvae reached 8 dpf, compared to the corresponding controls
(Supplementary Figure S2; t (31) = 3.504, p = 0.0014).
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2.2. Neurobehavioral Effects in Zebrafish Larvae Exposed to VPA during Early Development

For neurobehavioral assessment, 8 dpf zebrafish larvae without any evidence of
systemic toxicity were selected. Moreover, no differences in the standard length were found
between the control and the VPA-treated groups [t (18) = 1.852, p = 0.08]. As shown in
Figure 1, the exposure of embryos to VPA from 4 to 48 hpf led to significant changes in all
three analyzed behaviors. While BLA increased in the treated larvae (z = —2.92, p = 0.0034),
the escape response evoked by a visual and a vibrational stimulus decreased (z = —2.35,
p = 0.0185 for VMR; z = —3.86, p < 0.0001 for VSR).
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Figure 1. Effects of embryonic exposure to VPA on the behavior of zebrafish larvae. (A) Percentage
of basal locomotor activity relative to the control; (B) percentage of light-off visual motor response
relative to the control; (C) percentage of vibrational startle response relative to the control. Data
reported as a scatter plot with the median (n = 160-209). * p < 0.05, ** p < 0.01, *** p < 0.001;
Mann-Whitney U test. Data from 3 independent experiments.

The following step was used to determine if the observed changes in the different
behaviors might be related to changes in the neurotransmitter profile of larvae exposed
to VPA during early development. As shown in Figure 2 and Supplementary Table S1,
larval heads exposed to VPA during early development presented a significant reduction in
the levels of acetylcholine (U(Ncontrol = 7, Nypa = 7) = 6.00, p = 0.017) and norepinephrine
(U(Ncontrol =7, Nypa =7) =4.00, p = 0.007), whereas the levels of glutamate increased in
this group (U(Ncontrol = 7, Nypa =7) = 48.00, p = 0.001). VPA-exposed larvae also showed
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a significant decrease in epinephrine levels (U(N¢ontrol = 7, Nypa = 7) = 2.00, p = 0.002;
Supplementary Table S1).
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Figure 2. Effects of embryonic exposure to VPA on the neurotransmitter profile of zebrafish lar-
vae. The neurotransmitters analyzed in the larval heads include catecholamines (dopamine, nore-
pinephrine, and epinephrine), serotonin, acetylcholine, GABA, aspartic acid, and glutamate. Data
reported as a scatter plot with the median (n =7) * p < 0.05, ** p < 0.01; Mann-Whitney U test. Data
from two independent experiments.

2.3. Neurobehavioral Effects in Adult Zebrafish Exposed to VPA during Early Development

The adult zebrafish selected for behavioral analysis had a similar body length
(19.97 £ 0.28 mm for the control and 18.95 £ 0.34 for the VPA-treated group), and no
differences in the total distance moved in 6 min were found between the VPA-exposed and
control fish (Supplementary Figure S2).

The effects of early-life exposure to VPA on adult social behavior were explored using
two experimental paradigms, the shoaling test and the social preference test. The shoaling
test (Figure 3A) showed significantly higher average interfish distance (U(Ncontro1 = 18,
Nypa = 16) = 261.00, p = 1.28 x 107°) and farthest interfish distance (t (32) = —8.667,
p = 6.65 x 10719), a behavioral phenotype consistent with social isolation, in the adults
exposed to VPA during early development. The social preference test (Figure 3B) showed a
significant decrease in both the time spent and distance moved by treated fish in the zone
closest to conspecifics (time: ¢ (31) = 2.350, p = 0.025; distance: ¢ (31) = 2.348, p = 0.025),
and a concomitant increase in the time spent and the distance moved by these fish in the
empty virtual zone (time: t (31) = —2.112, p = 0.043; distance: t (31) = —2.125, p = 0.042).
These results are consistent with the social isolation phenotype suggested by the shoaling
test results.

As shown in Figure 4, when the levels of different neurotransmitters in the brain were
analyzed, a significant decrease in the levels of GABA (U(N ontrol = 6, Nypa = 6) = 3.00,
p = 0.015) and dopamine (U(N¢ontrol = 6, Nypa = 6) = 5.00, p = 0.041) was found in VPA-
exposed fish compared to controls. A trend to a reduction in glutamate levels was also
found in the brain of the exposed fish (U(N¢ontrol = 6, Nypa = 6) = 6.00, p = 0.065).
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Figure 3. Effect of early-life VPA exposure on social behavior. (A) VPA exposure during the early
embryonic development increases the average interfish distance and the farthest interfish distance in
the shoaling test. (B) VPA exposure during early embryonic development decreases the time that
fish spend in the zone closest to conspecifics, increasing, however, the time spent in the empty zone
in the social preference test (SPT). In the SPT, the time spent in each virtual zone for each fish was
normalized to the total time of the assay. Data reported as a scatter plot with the median (n = 16-18)
*p <0.05, *** p < 0.001; t-test or Mann—Whitney U test. Data from two independent experiments.
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Figure 4. Effects of embryonic exposure to VPA on a neurotransmitter profile in the brain of an adult
zebrafish. The neurotransmitters analyzed include catecholamines (dopamine and norepinephrine),
serotonin, acetylcholine, GABA, and glutamate. Data reported as a scatter plot with the median
(n=6)* p <0.05; Mann—-Whitney U test. Data from two independent experiments.
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3. Discussion

VPA is a medication widely used to treat epilepsy, bipolar disorder, and migraines [21].
Despite its therapeutic effect, exposure to VPA during the first three months of pregnancy
can result in a rare condition known as fetal valproate syndrome (FVS) [21]. Children
with FVS also have an increased risk of ASD [22,23]. In fact, VPA is commonly used to
build chemical models of ASD in different animal species, including zebrafish [12,24]. In
this study, an integrative approach combining behavioral analysis and neurotransmitter
profiles has been used, for the first time, to determine the effects of early-life exposure
to VPA both in the larval and adult stages. First of all, we have found that the exposure
of 4 hpf zebrafish embryos to 48 uM VPA for 48 h did not result in mortality when this
endpoint was evaluated at 7 dpf. Consistently, no mortality in zebrafish embryos has
been reported by other authors using the same [12] or similar exposure conditions [25]
to VPA. However, the effect of VPA exposure on zebrafish embryo mortality is, anyway,
controversial. Whereas in one report, embryos exposed to 40 uM VPA from 8 to 120 hpf
showed a 96% mortality at 7 dpf [26], in another report, the exposure of 8 hpf zebrafish
embryos for 100 h to 1500 uM VPA did not result in mortality [16].

In our study, we have found that exposure of zebrafish embryos during the first
48 h of development to VPA led to a mild (4.65%) but significant increase in phenotypic
abnormalities [21]. In contrast, no phenotypic effects have been reported in exposed
embryos by other authors using similar exposure conditions [12,25]. While morphological
alterations were also not reported after exposure of embryos to 75 pM VPA from 4 to
120 hpf [17] or to 50 uM VPA from 8 to 108 hpf [16], exposure to 30 uM VPA from 8 to
120 hpf showed 30.5% malformations.

The observed variability in mortality and malformation rate among these studies
based on waterborne exposure to VPA could be related to the differences in the final pH
of the experimental solutions. VPA is a weak acid with a pK, of 4.86, and depending on
the pH of the experimental solution, the chemical will be ionized (low bioavailability) or
non-ionized (high bioavailability). The percentage of non-ionized VPA molecules is higher
at low pH (39% of VPA is in its non-ionized form at pH 5.0) than at the physiological
pH 6.3 (3.1% non-ionized) [27]. Therefore, VPA uptake should be significantly higher
in studies using experimental solutions with low pH than in those using experimental
solutions with a final pH above 7. In fact, when we performed the first experiments with
VPA, using our standard fish water to prepare the experimental solution of VPA (pH 6.5),
we found a huge mortality of exposed embryos. At pH 6.5, about 1.96% of the VPA is
expected to be in the form of valproate (non-ionized form) and, therefore, bioavailable. The
pH of the fish water was then raised to 7.5 in both fish water and experimental solutions by
adding bicarbonate, and at this pH, the non-ionized fraction should be only 0.23%. When
this water was used to prepare the experimental solutions, we found no mortality and a
very limited percentage of malformations. In addition to the potential differences in VPA
bioavailability, the sensitivity of the zebrafish strain and batch could have also played a
role, as some malformations were observed on the controls too.

The hyperactivity found in VPA-exposed larvae in this study aligns with the results
obtained by most of the previous studies using this chemical [12,16,26,28] and may be
related to the dysregulation of dopaminergic and glutamatergic neurotransmission in
certain brain regions, as suggested for ADHD (attention-deficit hyperactivity disorder), a
disorder related to and co-occurring with ASD [29-32]. However, no effects on BLA have
been reported in shank3b~/~ zebrafish larvae, a result suggesting that hyperactivity is a
VPA effect unrelated to ASD [14].

In this study, we have also found a decrease in the light-off VMR in larvae exposed to
VPA during early development, a result consistent with that reported by Bailey et al. [33]
in 6 dpf larvae exposed to 30-50 uM VPA from 4 to 120 hpf, but not with the significant
increase reported by Joseph et al. [26] in 5 and 7 dpf larvae exposed from 8 to 108 hpf
to 5-10 uM VPA and by Baronio et al. [34] in 5 dpf larvae exposed to 25 uM VPA from
10 to 24 hpf. A similar decrease in light-off VMR was also reported in shank3b~/~ ze-
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brafish larvae, suggesting that this effect of VPA could be related to ASD. The decrease
in the VMR could be related to the excitatory—inhibitory imbalance in the visual cortex
suggested to happen in ASD patients [34]. We also observed a significant decrease in the
vibrational-evoked startle response in the larvae exposed to VPA during early embryonic
development. Interestingly, Gupta et al. [25], in a seminal article on neuroanatomical map-
ping of the zebrafish brain, found that 6 dpf zebrafish larvae exposed to 50 uM VPA during
early development presented a loss of glutamatergic signal in part of the statoacoustic
ganglion, leading to a decreased acoustic startle responsiveness. Glutamate dysregulation
is thought to be implicated in the changes in startle response through the NMDA and
mGlu> receptors [34-37].

It is difficult to explain the behavioral changes found in the VPA-exposed larvae based
on the observed changes in the neurotransmitter profiles found in their heads. For instance,
hyperactivity has been linked to the increase in the dopamine, acetylcholine [38,39], and/or
norepinephrine [40,41] levels in the zebrafish larvae. However, the levels of acetylcholine
and norepinephrine in the heads of the exposed larvae decreased, and no changes were
found in dopamine levels. The observed hyperactivity is also not explained by the increased
glutamate levels in the head of VPA-exposed larvae, as glutamate has been reported to
reduce the motor activity of zebrafish larvae [42]. In our opinion, the difficulty of correlating
behavioral changes with changes in the neurotransmitter profile observed in the larval
heads has two components. First, the UHPLC-MS/MS analysis used in this study provides
information on the entire set of neurotransmitters present in the larval head, and not only
those released in the synaptic spaces, which are the ones directly involved in behavior. This
is a clear limitation of the zebrafish model, in which, due to its small size, it is not possible
to use microdialysis [43] to selectively determine neurotransmitters in the synaptic clefts
of specific CNS nuclei, as for example is conducted in rats. The second limitation of this
methodology is that the analysis is performed on the entire head, not discrete nuclei. It
is often reported that a chemical increases the levels of a neurotransmitter in some nuclei
and decreases them in others. Therefore, even if the total pool of these neurotransmitters
does not change in the context of the whole brain, small differences in the neurotransmitter
released at specific nuclei of the brain could explain the observed behavioral changes.

The decrease in the social behavior found in this study in adult zebrafish (90 dpf)
exposed to VPA during early embryonic development is consistent with previous studies
reporting increased size of the shoals [33] and decreased preference for being near con-
specifics [12] in VPA-treated zebrafish. Similar disorders of social behavior have been
described in genetic models of ASD constructed in zebrafish [13,14]. Interestingly, the
decrease found in the dopamine levels in the brain of the VPA-treated fish has also been re-
ported in different mammalian models [44,45]. Since the dopaminergic system is involved
in social behavior, the observed decrease in dopamine levels could be behind the impaired
social behavior found in ASD [44,46,47]. Moreover, the significant decrease in GABA levels
found in the brain of adult fish exposed to VPA during early development is consistent
with the decrease in this neurotransmitter reported in ASD patients [48,49].

In summary, the neurobehavioral short- and long-term effects of developmental
exposure to valproic acid in zebrafish have been analyzed, with special emphasis on
determining the relationship between behavioral and neurochemical changes. Our results
suggest the importance of the pH of the experimental solution on the bioavailability of the
VPA and, therefore, on the severity of the observed effects. Moreover, our results show
that the developed ASD model exhibited an impaired social behavior, characterized by
increases in the average inter-fish distance and in the shoaling test and by decreases in
the time spent and distance moved in the closest zone to conspecifics and in the social
preference test. The impairment of social behavior combined with the significant decrease
found in the brain levels of dopamine and GABA in adult zebrafish treated with VPA
during early development strongly suggests that this model could be of great interest for
both the study of FVS and ASD. However, additional efforts are needed to determine the
predictive validity of this model in ASD research.
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4. Materials and Methods
4.1. Zebrafish Housing and Husbandry

Adult zebrafish were supplied by Pisciber BSF (Terrassa, Barcelona, Spain) and main-
tained at the Research and Development Center of the Spanish Research Council (CID-CSIC)
facilities in fish water [FW: reverse-osmosis purified water containing 90 pg/mL of In-
stant Ocean® (Aquarium Systems, Sarrebourg, France), 0.58 mM CaSO,-2H,0, pH 6.5] at
28 £1 °C. A 12:12 light-dark photoperiod was used. The fish were fed twice a day with
flake food (TetraMin, Tetra, Germany).

For breeding, a series of polycarbonate crossing tanks were prepared with a total of
five adult zebrafish in each one, with the ratio of female:male being 3:2. After a treatment
with 0.1% methylene blue, the embryos were maintained in crystallizing dishes with fish
water inside the incubator (at 28 °C, 12:12 light-dark photoperiod). At 4 hpf, the embryos
at the sphere and dome stages [50] were selected and transferred to 6-well cell culture
plates (20 embryos/well) with the exposure medium.

All procedures were approved by the Institutional Animal Care and Use Committees
at the CID-CSIC and conducted in accordance with the institutional guidelines under a
license from the local government (agreement number 11336).

4.2. Experimental Procedure

Sodium valproate (VPA; CAS: 1069-66-5) was purchased from Sigma-Aldrich (St Louis,
MO, USA). For treatment, an exposure protocol similar to that described by Zimmermann
et al. (2015) was used [12]. Basically, the day of the experiment, a fresh 48 uM VPA
solution was prepared in FW, and then, pH was adjusted to 7.5 with a 1 M NaHCO;
solution. At 4 hpf, embryos at sphere-dome stages were exposed to the VPA solution
(treated group) or to FW (also adjusted to pH 7.5, control group) for 48 h without medium
renewal. Zimmermann et al. (2015) reported that this concentration of VPA is stable in fish
water for at least 48 h [12]. At 52 hpf, the embryos were removed from the experimental
solutions, washed, and transferred to pH 7.5 FW (28 °C and 12L:12D photoperiod) until
8 dpf, when the behavioral effects of early exposure to VPA were initially tested. Afterwards,
the larvae were placed in a 2 L tank with fish water and fed twice a day. After three months,
when the zebrafish reached the adult state, social behavior was determined. Finally, the fish
were euthanized by inducing a hypothermic shock in ice-chilled water (2—4 °C), and the
brains were immediately dissected and individually stored at —80 °C for neurotransmitter
and transcriptional analysis.

4.3. Phenotypic Analysis

Live embryos and larvae were examined with a Nikon SMZ 1500 stereomicroscope
(Nikon, Champigny sur Marne, France) every 24 h to observe the phenotype, recording the
lethality, malformations, and hatching time in both the control and VPA-exposed groups.
The standard length of the animals from both experimental groups was determined at 8, 30,
60, and 90 dpf from pictures taken with a GigE camera mounted on the stereomicroscope
using the GIMP software (version 2.10.32).

4.4. Neurobehavioral Assay in Larvae

Behavioral assays including basal locomotor activity (BLA), light-off visual motor
response (VMR), and vibrational startle response (VSR) assay were conducted and analyzed
in a DanioVision platform driven by EthoVision XT 13 software (Noldus, Wageningen,
The Netherlands). The behavioral assays in the larvae were conducted as previously
described [51,52].

At day 7, larvae with no signs of systemic toxicity were placed in 48-well microplates,
with 1larva per well in 1 mL FW. For the behavioral analysis, the larvae were first acclimated
to the new environment inside the observation chamber for 10 min in darkness, after which
the plate received one vibrational stimulus by means of a solenoid (tapping stimulus). The
distance (cm) moved in response to the tapping routine corresponds to the vibrational
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startle response (VSR). After delivering the tapping, the larvae were maintained in the dark
without any stimuli for 15 min. The last 10 min in the dark were used to calculate their
basal locomotor activity (BLA), corresponding to the total distance moved during that time.
The routine continued by switching a light on for 10 min and then turning it off for 15 more
minutes. The light-off visual motor response (VMR) was calculated as the distance moved
in the first two minutes of darkness minus the distance moved in the last two minutes of
light. After the behavioral battery, the larvae were euthanized by inducing a hypothermic
shock in ice-chilled water (2—4 °C) and then their heads were cut. Eight pools of fifteen
heads were prepared for each experimental condition and stored at —80 °C.

4.5. Neurobehavioral Assays in Adults

All tests were conducted in an isolated behavioral room at 27-28 °C. To assess the
effects on social behavior, a shoaling and social preference test (SPT) was performed
following the protocol described by Bedrossiantz et al. [53]. Ethovision XT 13.0 (Noldus,
Wageningen, The Netherlands) was used for the video-tracking analysis. After these tests,
the fish were euthanized by inducing hypothermic shock in ice-chilled water (24 °C), and
the brain of each individual was dissected and transferred into an Eppendorf tube. Eight
brains of each concentration were used for the analysis. During all of the processes, the
samples were maintained on ice. When all the samples were prepared, they were kept in a
freezer at —80 °C until the day of the extraction.

4.6. Neurochemical Analysis by UHPLC-MS/MS

For the neurochemical extraction of larval heads and adult brains and UHPLC-MS/MS,
a protocol similar to that described by Ricarte et al. [51] was used. Basically, samples were
homogenized by means of a bead mill (TissueLyser LT, Quiagen, Hilden, Germany) and
centrifuged. The supernatant was filtered, using 0.22 um nylon filter, into chromatographic
vials that were kept at —20 °C until the analysis. To extract and conduct the analysis of
neurotransmitters, acetonitrile (ACN), HPLC-MS grade, was supplied from VWR chemicals
Prolabo (Leuven, Belgium); formic acid (FA) from Fisher Scientific (Loughborough, UK);
and ammonium formate from Sigma-Aldrich (St. Louis, MO, USA). Ultra-pure water was
obtained through the Millipore Milli-Q purification system (Millipore, Bedford, MA, USA).

The neurochemical content of the extract was determined by UHPLC-MS/MS, using
conditions described elsewhere [54,55]. A BEH Amide column was used for separation and
elution, and the detection was performed in MRM mode with ESI+, ensuring specificity
during detection and quantification. For the calibration curve, pure reference standards
were used: serotonin hydrochloride (5-HT), dopamine hydrochloride (DA), y-aminobutyric
acid (GABA), epinephrine (Epi), and acetylcholine (ACh) were supplied by Sigma-Aldrich
(St. Louis, MO, USA). Glutamic acid (Glu) was supplied by BLD Pharmatech (Shanghai,
China), and norepinephrine (NE) was obtained from Tocris Bioscience (Ellisville, MO, USA).
A mixture of isotopically labelled standards was used as an internal standard. 5-HIAA-d5,
5-HTP-d4, 5HT-d4, NE-d6, DA-1,1,2,2-d4, and 3-MT-d4 were purchased from Toronto
Research Chemicals (TRC, Toronto, ON, Canada).

4.7. Statistical Analysis

The data were analyzed with IBM SPSS v29 (Statistical Package 2010, Chicago, IL,
USA) and GraphPad Prism 9 for Windows (GraphPad software Inc., La Jolla, CA, USA) and
plotted with GraphPad Prism 9 for Windows (GraphPad software Inc., La Jolla, CA, USA).

In order to determine if the samples followed a normal distribution, a Shapiro-Wilk
test was used. For normally distributed groups, an Unpaired t-test was used for deter-
mining statistical significance and one-way ANOVA followed by Dunnett’s as a multiple
comparison test. When parametric assumptions could not be made, statistical signifi-
cance was determined by a Mann-Whitney U test and a Kruskal-Wallis test followed by
Dunn-Bonferroni’s test to see if there were any differences between more than two groups.
Significance was set at p < 0.05.
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Abstract: Phaeochromocytomas and paragangliomas (PPGLs) are rare neuroendocrine tumours
arising from chromaffin cells. Pathogenic variants in the gene succinate dehydrogenase subunit B (SDHB)
are associated with malignancy and poor prognosis. When metastases arise, limited treatment options
are available. The pathomechanism of SDHB-associated PPGL remains largely unknown, and the lack
of suitable models hinders therapy development. Germline heterozygous SDHB pathogenic variants
predispose to developing PPGLs with a life-long penetrance of around 50%. To mimic the human
disease phenotype, we characterised adult heterozygous sdhb mutant zebrafish as a potential model
to study SDHB-related PPGLs. Adult sdhb mutant zebrafish did not develop an obvious tumour
phenotype and were anatomically and histologically like their wild-type siblings. However, sdhb
mutants showed significantly increased succinate levels, a major hallmark of SDHB-related PPGLs.
While basal activity was increased during day periods in mutants, mitochondrial complex activity
and catecholamine metabolite levels were not significantly different. In conclusion, we characterised
an adult in vivo zebrafish model, genetically resembling human carriers. Adult heterozygous sdhb
mutants mimicked their human counterparts, showing systemic elevation of succinate levels despite
the absence of a tumour phenotype. This model forms a promising basis for developing a full tumour
phenotype and gaining knowledge of the pathomechanism behind SDHB-related PPGLs.

Keywords: zebrafish; phaeochromocytoma; paraganglioma; succinate dehydrogenase subunit B (SDHB)

1. Introduction

Phaeochromocytomas and paragangliomas (PPGLs) are rare types of neuroendocrine
cancers arising from chromaffin cells in the adrenal medulla or extra-adrenal paraganglia,
respectively. In human patients with PPGLs of sympathetic origin, most signs and symp-
toms are due to the tumour’s catecholamine-secreting properties, resulting in paroxysmal
palpitations, headache, hyperhidrosis, nausea, hypertension, and hyperglycaemia [1]. Ap-
proximately 40% of patients affected by PPGL are predisposed to this condition as a result
of a heterozygous germline pathogenic variant in one of more than 20 identified suscep-
tibility genes [2]. It is hypothesised that the acquisition of a second (somatic) mutation
in addition to the existing germline mutation is one of the involved pathomechanisms
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of tumorigenesis [3]. Mutations in the various susceptibility genes are associated with
distinct molecular and clinical phenotypes, and tumours can therefore be subdivided into
three molecular clusters, with mutations causing (1) pseudohypoxic signalling, (2) aberrant
kinase signalling, or (3) aberrant Wnt signalling [3]. Of all identified PPGL cases, 20% show
mutations in one of the subunits of the succinate dehydrogenase (SDH) complex, leading to
SDH deficiency and a pseudohypoxic phenotype. Mutations can occur in genes encoding
one of four SDH subunits, SDHA-D, collectively referred to as SDHx mutations. Mutations
in the gene succinate dehydrogenase subunit B (SDHB) are the most common and are associ-
ated with the highest malignancy rate. Other tumours associated with mutations in SDHB
are renal cell carcinoma (RCC), gastrointestinal stromal tumour (GIST), and pituitary ade-
noma [4]. On average, the age of onset for SDHB-associated PPGLs is between thirty and
fifty years old, but they may arise at any age [2]. When tumours arise, disease progression
is monitored closely. In addition to universal monitoring techniques, such as imaging and
symptom monitoring, disease (progression) in endocrine active tumours can be followed by
the metabolisation of the tumour’s secreted catecholamines into metanephrines, measured
in blood plasma or urine [5]. In the absence of metastases, management usually consists
of surgical removal of the tumour. When metastases arise, in up to 50% of SDHB-related
PPGL, treatment is challenging and is usually in a palliative setting [6].

SDHB encodes one of four subunits of the SDH complex, which is involved in the
citric acid (TCA) cycle (converting succinate to fumarate) and the electron transport chain.
Defects in SDH therefore lead to an accumulation of succinate and defective energy
metabolism [7,8]. Succinate subsequently acts as an oncometabolite, altering the gene
expression of genes involved in multiple pathways, including cell migration, cell invasion,
and blood vessel formation [9]. Additionally, succinate inhibits demethylation, leading to
epigenetic changes through genome hypermethylation [10].

The gaps in knowledge of the precise pathomechanism make it difficult to treat
patients and develop new targeted therapies. Therefore, there is an urgent need to unravel
the pathophysiological mechanisms behind SDHB-associated PPGL tumorigenesis.

To study the pathophysiology behind SDHB-associated PPGLs, a suitable model
system is essential. Several model systems have been employed, from cell culture to
canines, with varying levels of success [11]. In murine models, a homozygous mutation in
Sdhb is embryonically lethal, whereas heterozygosity does not lead to a disease phenotype.
Allografted mice models using SDHB-silenced cell lines showed tumour growth and
developed metastases [12]. However, because of the genetic make-up of the allografted
cells, their suitability as a disease model is limited. To date, the most accurate model
system is a xenograft model, where PPGL cells derived from primary tumours in irradiated
germline Sdhb-mutated rats were xenografted into immunocompromised mice. Resulting
tumours recapitulated several human SDHB-associated PPGL characteristics, such as
increased succinate levels, metabolic reprogramming, and transcriptional alterations related
to defective electron transport and hypoxia [13]. These animals still lack natural tumour
development following an SDHB mutation and therefore fail to recapitulate the human
disease situation faithfully.

Recently, we proposed zebrafish as a model organism for SDHB-associated PPGLs.
Generally, zebrafish have been established as an excellent cancer model system [14]. Apart
from the obvious advantages of zebrafish as a model organism, such as transparency
during early development, rapid development, and ease of inducing genetic alterations,
there is a high degree of conservation of genes involved in cancer development, such as
tumour suppressor genes, oncogenes, and cell-cycle genes. Moreover, their tumours are
histologically similar to their human counterparts [14]. In the zebrafish inter-renal gland—
the fish equivalent of the adrenal gland—chromaffin cells line the major blood vessels.
Functionally, these chromaffin cells are homologous to mammalian adrenal medullary cells,
synthesising and secreting catecholamines [15]. In addition, sdhb has been conserved in
zebrafish and is a functional orthologue of human SDHB [16].
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Previously, we developed a zebrafish model by CRISPR-Cas9 genome editing. In
these zebrafish, homozygous sdhb mutant larvae showed human PPGL characteristics such
as increased succinate levels and impaired energy metabolism, while their heterozygous
and wild-type (WT) siblings showed a normal phenotype. However, homozygous larvae
showed a severely decreased lifespan (up to 14 days), hindering possible observations of
tumour formation in later life stages [16]. Therefore, the aim of the current study was to
characterise the adult heterozygous sdhb mutant zebrafish. Adult mutants were charac-
terised with respect to their behavioural phenotype, as well as anatomically, histologically,
endocrinologically, and metabolically, to evaluate their suitability as a model for mimicking
natural PPGL development in human carriers of pathogenic variants in SDHB.

2. Results
2.1. Lifespan and In Vivo Phenotypical Monitoring

A total of 288 heterozygous sdhb mutant zebrafish and 385 WT zebrafish were moni-
tored from the start of adulthood until death or a maximum of 2 years of age. No significant
differences were observed in the 2-year survival rate (%) between heterozygous sdhb mu-
tants (93%) and WT zebrafish (88%) (Figure 1). Deceased fish were either found dead, or
a humane endpoint was applied. Of the observed heterozygous sdhb mutant zebrafish,
29 showed abnormalities during their lifespan, as opposed to two of their WT siblings
(Figure S1). Five of those abnormalities were lumps, defined as abnormal growth, which
were all identified in heterozygous sdhb mutant zebrafish of 1 year of age and older, without
histological evidence of PPGL formation.
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Figure 1. Monitoring of adult heterozygous sdhb mutant and WT zebrafish. Survival in heterozygous
sdhb mutants and WT zebrafish. No significant difference (p > 0.05) was observed in the survival rate
(%) between heterozygous sdhb mutants (n = 288) and WT zebrafish (n = 385). Statistical significance
was tested with a log-rank (Mantel-Cox) test.

2.2. Behavioural Analyses

During general observations, no obvious alterations in swimming ability or behaviour
were observed in heterozygous sdhb mutant zebrafish compared to their WT siblings. To
investigate their swimming behaviour in more detail, 1.5-year-old fish were subjected to
two locomotor tests for 5 days each. Basal activity, defined as seconds moved per hour,
was significantly higher in heterozygous sdhb mutant zebrafish compared with their WT
siblings during the day (p < 0.05) but not during the night. There were no differences in
swimming velocity between WT and mutants during the day (p = 0.08) or night periods
(Figure 2A,B).
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Figure 2. Behavioural analysis of adult heterozygous sdhb mutant (n = 5) and WT (n = 5) zebrafish.
Swimming behaviour was tracked in two locomotor tests of 5 days. Ticks indicate 12-hour intervals.
(A) Swimming velocity in centimetres per second. (B) Basal activity is displayed as cumulative
seconds of movement. Basal activity was increased in heterozygous sdhb mutants during day
periods (p < 0.05). There was no difference in swimming velocity between mutants and WT siblings
during the day (p = 0.08) or night periods. The area under the curve (AUC) was used to evaluate
statistical significance.

2.3. Anatomy, Histology, and Chromaffin Cell Morphology

General anatomy, kidney morphology, and chromaffin cell morphology were analysed
in heterozygous sdhb mutant and WT zebrafish (representative pictures shown in Fig-
ure 3A,B,D,E). H&E stainings of 34 heterozygous sdhb mutant zebrafish and 35 WT siblings
were studied. No major overall anatomical differences were found between the heterozy-
gous sdhb mutant and WT zebrafish. In addition, no differences in kidney morphology
were observed between the two groups concerning tubular necrosis, tubular regeneration,
haemorrhage of the interstitium, or tubular lumen enlargement. Ten heterozygous sdhb
mutants and nine WT siblings were analysed in higher detail for chromaffin morphology
(Figure 3C,F). No significant differences in the fluorescent area (region of interest; ROI),
number of nuclei within that area, or fluorescence intensity were observed between the
two groups (Figure 3G-I; Figure S2). Fluorescent area per nucleus was used as a proxy
of cell size (Figure 3], cell area per nucleus). There was a trend towards an increase in
approximate cell size in heterozygous sdhb mutants (p = 0.0933).
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Figure 3. General histology, kidney morphology, and chromaffin cell morphology of adult heterozy-
gous sdhb mutant and WT zebrafish. (A,D) General histology of adult heterozygous sdhb mutant
(n = 34) and WT (n = 35) zebrafish (Representative images; H&E staining, 0.8x magnification).
(B,E) Head kidney morphology (H&E staining, 10x magnification). (C,F) Immunohistochemical
staining of tyrosine hydroxylase in the head kidney of heterozygous sdhb mutant (n = 10) and WT
(n =9) zebrafish (10 x magnification). (G-J) Quantification of tyrosine hydroxylase staining (ImageJ2).
Student’s t test was used to evaluate statistical significance. No significant differences were found in
any of the analyses.

2.4. Mitochondrial, Metabolomic, and Endocrine Phenotype

Muscle tissue metabolite profiling showed significantly elevated succinate levels
and succinate/fumarate ratio in heterozygous sdhb mutant zebrafish compared with WTs
(p <0.05, Figure 4A). No differences were observed for the other metabolites (fumarate,
iso-citrate, lactate, malate, aspartate, and asparagine) measured. Comparing mitochondrial
complex activities, no significant differences in complex II activity were observed in het-
erozygous sdhb mutant zebrafish (Figure 4B; p = 0.13). Lastly, analyses of catecholamine
metabolites 3-methoxytyramine (3-MT) and normetanephrine (NMN) revealed no differ-
ences in 3-MT and NMN levels in fish water of heterozygous sdhb mutant and WT zebrafish
(Figure 4C). Metanephrine levels were under the limit of detection and were therefore
excluded from analysis.
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Figure 4. Metabolomics, mitochondrial complex activity, and metanephrine levels of adult heterozy-
gous sdhb mutant and WT zebrafish. All values are standardised relative to the associated WT mean
and expressed in arbitrary units (a.u.). (A) Abundance of metabolites in muscle tissue of heterozygous
sdhb mutant (n = 44) and WT (n = 49) zebrafish (n is the total of three replicates). Succinate levels and
succinate/fumarate ratios were significantly increased in heterozygous sdhb mutants compared with
their WT siblings. (B) Mitochondrial complex activity in heterozygous sdhb mutant (n = 3) and WT
(n = 6) zebrafish. Activity levels for all mitochondrial complexes were not significantly different. CI-D:
complex I; CI-Q: quinone; CII: complex II; CIII: complex III; COX: complex V/cytochrome c oxidase;
SCC: cytochrome P-450; CS: citrate synthase. (C) Catecholamine metabolite levels in the swimming
water of heterozygous sdhb mutant (n = 23) and WT (n = 12) zebrafish. 3-MT: 3-Methoxytyramine;
NMN: Normetanephrine. Student’s f test for metabolomics analysis and catecholamine metabolite
analysis, Mann-Whitney U test for mitochondrial complex activity analysis. * p < 0.05.

3. Discussion

In this study, we characterised adult heterozygous sdhb mutant zebrafish to evaluate
their potential as a model to study SDHB-related PPGLs. We showed that heterozygous
mutants have a similar lifespan as their WT siblings. Mutant zebrafish were anatomically
and histologically similar to their WT siblings. Behaviourally, sdhb mutant zebrafish
showed higher basal activity compared with their WT siblings during day periods, with
no differences in swimming velocity during day or night. The number of chromaffin cells
in WT and heterozygous fish was similar, while there was a trend towards an increase in
approximate cell size in heterozygous sdhb mutants. Moreover, there was no difference
between heterozygous sdhb mutant and WT zebrafish in mitochondrial complex II activity.
Notably, succinate levels were increased in the muscle tissue of heterozygous sdhb mutants.
The remaining TCA cycle metabolites and mitochondrial complexes showed no differences
in level or activity, nor did metanephrine(s) concentrations in swim water.
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Genetically, our model represents the human SDHB carrier situation, possessing one
mutated and one WT allele. In humans, mutations of SDHB are inherited in an autosomal
dominant manner and portray incomplete penetrance, resulting in not all individuals with
a pathogenic variant developing disease-related characteristics. Recent studies report 21%
of SDHB carriers having developed at least one tumour at age 50, compared with 42% at
age 70 [17]. Thus, of the currently published human SDHB mutation carriers, around half
are expected to develop tumours during their lifetime. There are no known environmental
risk factors for the development of PPGLs that explain why some carriers develop tumours
and others do not.

During the two-year follow-up in this study, there were no differences in survival
between heterozygous sdhb mutants and WT zebrafish. Of the limited number of ab-
normalities observed, there were five observations of abnormal growth, all observed in
heterozygous sdhb mutants. We could provide no histological evidence of PPGL formation.
While you could speculate that monitoring of the entire life span could provide us with
more insight into possible natural PPGL development, it is questionable if tumours would
arise at a later stage and if they would then be specifically PPGLs or solely age-related,
let alone impractical to wait more than two years for natural tumour development. We
expected a two-year time frame of study, which translates to 50 to 75% of the zebrafish lifes-
pan, to be sufficient for tumour development, if this process were to occur naturally. Other
germline-mutated zebrafish cancer models have been shown to develop tumours within
twelve months of age, but these contain additional mutations to the mutation of interest,
such as a knockout of p53 [18]. In addition to previously mentioned incomplete penetrance
observed in humans, there are of course interspecies differences between zebrafish and
humans that could explain the absence of tumour development. Moreover, laboratory
animals are kept in sterile environments compared with regular human life, where we
are exposed to all sorts of harmful environmental factors. It might thus be necessary to
aggravate the genetic phenotype with treatments that accelerate the tumorigenesis process,
such as SDH inhibitors.

A major hallmark of SDHB-related PPGLs is SDH deficiency and the ensuing accu-
mulation of succinate. Succinate accumulation leads to the inhibition of x-ketoglutarate-
dependent dioxygenases such as prolyl hydroxylase, which, under normoxic conditions,
targets the transcription factor hypoxia-inducible factor for degradation. Prolyl hydrox-
ylase (PHD) inhibition results in hypoxia inducible factor (HIF) stabilisation, inducing a
pseudohypoxic response under normoxic conditions and altering the expression of genes
involved in angiogenesis, cell migration, and cell invasion [9]. To investigate (early) signs
of chromalffin cell hyperplasia, proliferation, or invasiveness, we analysed heterozygous
sdhb mutant zebrafish and their WT siblings histologically. We observed no differences
in chromaffin cell numbers or morphology between heterozygous sdhb mutant and WT
zebrafish, providing no evidence of chromaffin cell hyperplasia or proliferation.

An important characteristic of PPGLs is the increased production and secretion of
catecholamines. Zebrafish and mammalian endocrine systems are highly similar. While
there are differences in endocrine gland structure, cellular processes are highly conserved.
The endocrine function of chromaffin cells was histologically approximated by quantifi-
cation of the staining intensity of tyrosine hydroxylase (th), a rate-limiting enzyme in the
catecholamine synthesis pathway in chromalffin cells. However, we did not observe an
increase in staining intensity in the chromaffin cells of heterozygous sdhb mutant zebrafish.
In humans, TH is used solely as a marker for chromaffin cells. While, in our zebrafish
model, we too use th as a marker for chromaffin cells, and staining intensity might also
provide a proxy for transcript abundance and thus endocrine activity. This is reflected
by studies in a rat-derived cell line for pheochromocytoma, where Sdhb silencing and
consequent loss of complex II activity was associated with increased Th expression [19].
In addition, previous studies have shown that, in rats and a rat-derived PPGL cell line,
(pseudo)hypoxia is associated with changes in Th mRNA levels and Th activity through
altered phosphorylation [20,21]. The absence of differences in staining intensity in our
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model could possibly reflect that the systemic increase in succinate levels, measured in
muscle tissue of heterozygous sdhb mutants in the presence of sustained complex II activity,
is insufficient to drive altered chromaffin cell morphology or endocrine function, and
additional triggers are necessary.

A limitation of this quantification is the high variability between histological sections
because of variations in the sectioning plane. This causes high variation in the visualisation
of chromaffin cells, complicating the quantification of chromaffin cells. However, histologi-
cal analysis does allow us to observe tumour development when any arise. A transgenic
line, fluorescently labelling chromaffin cells, could provide a solution for this, allowing for
their isolation via fluorescence-activated cell sorting (FACS). Next to the exact quantification
of chromaffin cell numbers, this would enable additional analyses such as gene expression
analyses by quantitative PCR or methylation assays. The high variability in the histological
sections now forces us to look at group averages, while interindividual differences are large,
also because of the aforementioned incomplete genetic penetrance. Moreover, looking at
the individual would allow for the correlation of multiple measurements, such as relating
chromaffin cell functionality to succinate levels.

To reliably assess the endocrine function of chromaffin cells, catecholamine and
metanephrine levels were assessed, the latter being the metabolised product of the former.
Of note is that while the methodology to measure catecholamines and their metabolites in
blood plasma, urine, and tissue extracts is well established [22], we are, to our knowledge,
the first to measure excreted catecholamines and their metabolic by-products in fish water.
In patients, most signs and symptoms are due to the tumour’s catecholamine-secreting
properties. In agreement with our histological analyses, we observed no differences in
metanephrine levels, probably reflecting the lack of difference in chromaffin cell mass
between heterozygous sdhb mutant and WT zebrafish.

SDH deficiency and succinate accumulation in SDHB-related PPGLs is accompanied
by a decrease in other TCA cycle metabolites, including fumarate, cis-aconitate, and
isocitrate [23]. Consequently, an increased succinate/fumarate ratio is used as a metabolic
marker to diagnose SDHB-related PPGLs [24]. Interestingly, we found a significant increase
in succinate and the succinate/fumarate ratio in heterozygous sdhb mutants compared
with WT zebrafish, with no differences in other TCA cycle metabolites, indicating at least
impaired SDH enzymatic activity despite the presence of a WT allele. In this aspect, again,
this model is a faithful and unique representation of the human SDHB carrier situation, as
SDHx mutation carriers often have elevated succinate levels in the absence of tumours or
other symptoms [25,26]. This is as opposed to complete homozygosity leading to complete
SDH deficiency and a clear metabolic phenotype, such as in Leigh syndrome [27].

The presumed residual SDH activity is reflected by the mitochondrial complex activity.
We observed no significant differences between heterozygous mutants and WT zebrafish
measured in muscle tissue. This can be most likely attributed to the functional copy present
in heterozygous mutants but might be partly attributed to the analysed tissue type or small
sample size. This agrees with earlier observations in the larval stages of this model, where
there was almost complete loss of complex II activity in homozygous sdhb mutant larvae
but no decrease in heterozygous mutants [16]. Again, our model reflects the human SDHB
carrier situation by portraying elevated succinate levels in the absence of a decrease in
complex II activity.

Impaired energy metabolism is another characteristic of SDHB-related PPGLs because
of the role of SDH in the electron transport chain. SDHx-mutated tumours have been shown
to have impaired ATP production, increased activity of complexes I, III, and 1V, and an
increased number of morphologically and functionally abnormal mitochondria [7]. Indeed,
this was reflected in the larval stages of this model, where energy metabolism, illustrated
by swimming behaviour, was shown to be impaired in homozygous sdhb mutant larvae
with no differences in swimming behaviour between heterozygous sdhb mutant and WT
larvae [16]. In addition, succinate has been reported to be involved in energy homeostasis
through succinate receptor 1 (SUCNRI1) signalling [28,29]. We showed that, upon ageing,
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succinate accumulates in heterozygous mutants. These mutants also show increased basal
activity during day periods, with no differences in swimming velocity between mutant and
WT zebrafish, neither during the day nor the night periods. This difference in behaviour
cannot be solely attributed to energy metabolism but could be the cumulative result of
many additional factors, such as anxiety or stress levels.

We were unable to discern evidence of PPGL tumour development in adult heterozy-
gous sdhb mutant zebrafish. In humans, a second hit is often necessary to develop PPGLs [3].
This is reflected in mice models, where systemic Sdhb heterozygosity is insufficient to induce
tumour formation [10,11], Sdhb knock-out in medullary adrenal cells solely led to increased
succinate levels in the absence of other PPGL hallmarks, but additional NfI mutations in-
duced SDHx-like PPGLs [30]. The introduction of additional mutations could be beneficial
to induce tumour formation in our model. However, the molecular genetics underlying
PPGL development are complex, resulting in different molecular tumour subtypes for
different pathogenic variants [3]. Therefore, to faithfully recapitulate the human disease
situation, it is crucial to reflect the patient situation genetically. Compared with the above-
mentioned animal models for SDHB-related PPGLs, our model is the first adult model
to recapitulate the relevant genetic background faithfully while partially recapitulating a
disease phenotype. Genetically and metabolically, our model represents the human SDHB
carrier situation, where heterozygosity is associated with an increase in succinate levels in
the absence of any other symptoms [23]. Although no natural tumour development has
been confirmed as of yet, this model forms a solid base for future research, where we aim to
aggravate the current phenotype by altering the involved signalling pathways or inducing
additional mutations in a tissue-specific manner. The current absence of natural tumour
development allows for the investigation of the trigger necessary for tumour initiation
when a heterozygous SDHB pathogenic variant is already present.

In conclusion, we characterised an adult in vivo zebrafish model for SDHB-related
PPGLs, showing a partial disease phenotype through elevated succinate levels. However,
increased succinate could not be correlated to other phenotypic abnormalities, indicating
that sdhb heterozygosity in itself is insufficient to cause a full PPGL phenotype. While the
current model does not allow for investigating tumour initiation and development, it is
a unique model representing the human carrier situation genetically and metabolically,
enabling research into risk factors associated with SDHB heterozygosity. In future studies,
additional mutations to stimulate a second hit might be necessary to induce a full disease
phenotype. In addition, we intend to aggravate the current partial phenotype by altering
involved pathways, thereby hopefully identifying the trigger necessary for tumour forma-
tion. Altogether, we present an adult zebrafish model with promising prospects to gain
knowledge of the pathomechanism behind SDHB-related PPGLs.

4. Materials and Methods
4.1. Zebrafish Husbandry

Experimental procedures were conducted in accordance with institutional guidelines
and National and European legislation. Ethical approval of the experiments was granted by
Radboud University’s Institutional Animal Care and Use Committee (IACUC, application
number RU-DEC 2020-0030). A germline heterozygous sdhb mutation was introduced in
zebrafish larvae (Danio rerio), in an Oregon AB background, through CRISPR-Cas9 genome
editing by our group previously (sdhb™<?%; ZFIN: ZDB-FISH-220110-2; [16]). This resulted
in zebrafish harbouring a 13-base pair deletion at the exonl-intronl boundary, leading to a
frameshift. Heterozygosity of the mutant allele or WT sdhb was confirmed through PCR
amplification. Eggs were obtained from natural spawnings. Larvae were maintained and
raised by standard methods [31].

4.2. Genotyping

Adult zebrafish were briefly anaesthetised in 2-phenoxyethanol (0.1%, v/v). To obtain
genomic DNA, a small section of the tail fin was cut using microscissors. The sample
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was placed in 25 uL lysis buffer (40 mM NaOH, 0.2 mM EDTA), followed by incuba-
tion at 95 °C for 30 min. After incubation, samples were neutralised by adding 75 uL
0.33 mM Tris-HCI. The extracted genomic DNA was used as a PCR template. Primer
sequences used to amplify sdhb exon 1 were 5'-CATGGCGGCTGTGTGTTTCT-3' (fw) and
5'-ACGGGTTATTGATGAGCGGTG-3' (rv). As input, 15.1 pL water, 0.2 uL Dreamtaq
(5 U/pL, Thermo Scientific™, Waltham, MA, USA), 0.5 uL dNTPs (10 uM), 1 uL fw primer
(10 pM), 1pL rv primer (10 uM), 2 uL PCR buffer, and 1 pL of genomic DNA were used.
The cycling conditions were as follows: 94 °C 2 min, 35 cycles of 94 °C 155,58 °C 305,72 °C
30's, and 72 °C 2 min. The obtained amplicons (WT: 123 base pairs (bps); heterozygous sdhb
mutant: 123 bp and 110 bp) were visualised on a 2% Tris-borate-EDTA (TBE) agarose gel.

4.3. Behavioural Assessment

Using EthoVision XT7 (Noldus Information Technologies, Wageningen, The Nether-
lands), the locomotion of adult zebrafish aged 1 to 1.5 years old was tracked. This study
was conducted using five heterozygous sdhb mutant zebrafish and five WT siblings, placed
in two separate aquaria (15 x 30 cm) on an infrared light source, equipped with an Area
scan camera (Basler, Ahrensburg, Germany, 106588). The zebrafish were tracked for 5 days.
Tracking was performed twice with the same batch of fish. Cumulative time moved (s)
and velocity (cm/s) were used as read-outs for behaviour. The data were analysed using
Graphpad Prism software (Version 10.1.1 for macOS).

4.4. Histology and Immunohistochemistry

Adult zebrafish were euthanized using an overdose of 2-phenoxyethanol (0.1% v/v).
After euthanasia, a ventral incision was made to ensure complete fixation. Fish were fixated
in 4% paraformaldehyde (Sigma, Saint Louis, MO, USA) overnight and subsequently
rinsed in tap water (1 h) before a 3-day decalcification in Mol-DECALCIFIER (Menarini
Diagnostics, Florence, Italy). After another tap water rinse (1 h), the tissue was kept in
4% paraformaldehyde for sample transfer to tissue processing. Tissue processing from
paraformaldehyde to paraffin was performed using the overnight MAGNUS protocol as
follows: after a 60-min fixation at 37 °C and a 70 min fixation at 50 °C, samples were
subsequently incubated in ethanol (60 min, 55 °C), isopropanol (110 min, 55 °C), and finally,
isopropanol (245 min, 65 °C). Vaporisation was performed at 500 mBar (1.5 min), after
which the samples were impregnated with wax in a 7-step impregnation series as follows:
(1) 25 min, 500 mBar, 70 °C, (2) 15 min, 400 mBar, 70 °C, (3) 10 min, 300 mBar, 70 °C,
(4) 10 min, 200 mBar, 70 °C, (5) 10 min, 150 mBar, 70 °C, (6) 150 min, 100 mBar, 65 °C, and
(7) 20 min, 800 mBar, 65 °C.

To assess morphology, paraffin sections (5 um) were mounted on SUPERFROST®
PLUS Menzel-Glaser (Thermo Scientific™, Waltham, MA, USA) slides and dried overnight
at 37 °C. The slides were stained with haematoxylin and eosin as described previously [32]
and imaged with a Zeiss Axioskop (Zeiss, Oberkochen, Germany) light microscope.

To visualise chromaffin cells for the detection of PPGLs and/or hyperplasia, selected
slides based on correct morphology were stained for tyrosine hydroxylase (TH), the rate-
limiting enzyme in the catecholamine synthesis pathway. Selected sections were deparaf-
finized with xylene (2 x 10 min), followed by rehydration in decreasing ethanol dilutions
(96, 90, 80, 70 and 50%, 3 min each), demineralised water (3 min), and phosphate-buffered
saline (PBS). After antigen retrieval (10 mM Citrate buffer, pH 6.0), the slides were blocked
with 2% bovine serum albumin (BSA) in PBS for 1 h at room temperature (RT). The slides
were washed with PBS (3 x 5 min) and incubated with Anti-Tyrosine Hydroxylase Anti-
body (Merck, Rahway, NJ, USA, AB1542; 1:1000 in 2% BSA in PBS) overnight at 4 °C. The
slides were then washed again with PBS (3 x 5 min) before incubation with the secondary
antibody (Alexa Fluor 488 Donkey Anti-Sheep; Thermo Fisher Scientific, Waltham, MA,
USA; 1:1000 in 2% BSA in PBS) for 1 h at RT in the dark. From there on, the slides were
kept in a dark environment. After washing with PBS (3 x 5 min), the slides were counter-
stained with Sudan Black (0.1% in 70% ethanol) for 10 min at RT. After washing with PBS
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(8 x 5 min), the slides were coverslipped using DAPI-Fluoromount-G (ITK Diagnostics,
Uithoorn, The Netherlands) and dried overnight at RT before imaging head kidney regions,
containing chromaffin cells, and other regions of interest. Imaging was performed using a
Zeiss Axio Imager (M1) (Zeiss, Oberkochen, Germany) equipped with an AxioCam MRm.

Image analysis was performed using FIJI software (ImageJ2, version 2.12.0/1.54f),
excluding images of an incorrect anatomical location or containing major staining artefacts
affecting downstream image analysis. An automated script was generated to perform
objective quantitative image analysis (10.6084/m9.figshare.25522921). The fluorescent
area (region of interest; ROI), number of nuclei in the fluorescent area (maxima), and
staining intensity of the fluorescent area (mean grey value; MGV) were used as read-outs
for chromaffin cell morphology.

4.5. Mitochondrial Complex Activity Measurements

Mitochondrial complex activity levels were measured in the muscle tissue of WT and
heterozygous sdhb mutant adult zebrafish. After euthanasia, approximately 10 mg of muscle
tissue was taken from the tail of the zebrafish. The samples were weighed, snap-frozen in
liquid N2, and stored at —80 °C. Defrosted material was homogenised in 1450 pL 10 mM
Tris-HCl, pH 7.6. Then, 250 pL 1.5 M sucrose was added, followed by 10 min 14,000 g
centrifugation at 2 °C. The supernatant was discarded, and the pellet was resuspended
in 200 pL 10 mM Tris-HCL, pH 7.6. The enzymatic activities of OXPHOS complexes I to
V, citrate synthase, and the sample protein content were assayed spectrophotometrically
as previously described [33]. Assays were performed in duplicate using a Konelab 20XT
auto-analyser (Thermo Fisher Scientific, Waltham, MA, USA).

4.6. Mass Spectrometry of TCA Cycle Metabolites and Amino Acids

Using a mass spectrometry-based assay, metabolites involved in the TCA cycle were
measured in the muscle tissue of WT and heterozygous sdhb mutant adult zebrafish.
After euthanasia, approximately 10 mg of muscle tissue was taken from the tail of the
zebrafish. The samples were weighed, homogenised in 100 uL. methanol together with
an internal standard mixture, centrifuged to precipitate insolubles, and dried in a speed
vac concentrator. Metabolite extracts were resuspended in the mobile phase and analysed
by liquid chromatography with tandem mass spectrometry (LC-MS/MS) as described
elsewhere [34]. Data were normalised based on weight.

4.7. Metanephrine Measurements

To detect PPGL-related catecholamine excess, catecholamine metabolite levels were
measured in the fish water of WT and heterozygous sdhb mutant adult zebrafish. Zebrafish
were individually housed in 500 mL water for three days before sample collection. The
samples were snap-frozen in liquid nitrogen and stored at —80 °C until analysis. Cate-
cholamine metabolite levels were measured in fish water after solid-phase extraction (SPE)
of 1 mL sample volume using a liquid chromatography-mass spectrometry (LCMS) based
method, as described previously [35].

4.8. Statistical Analysis

Graphpad Prism software (Version 10.1.1 for macOS) was used to generate scatter
plots, calculate mean values, and perform statistical analyses. The data were tested for
Gaussian distribution. The log-rank (Mantel-Cox) test was used for the survival curve
analysis, student’s f test for metabolomics analyses, catecholamine metabolite analysis, and
immunohistochemical staining quantification, and the Mann-Whitney U test for mitochon-
drial complex activity analyses. Behavioural data were statistically tested using area under
the curve (AUC) analysis. R software (R 4.3.2 GUI 1.80 Big Sur ARM build (8281)) was used
to generate density plots.
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Abstract: Congenital heart defects (CHDs) are common human birth defects. Genetic mutations
potentially cause the exhibition of various pathological phenotypes associated with CHDs, occur-
ring alone or as part of certain syndromes. Zebrafish, a model organism with a strong molecular
conservation similar to humans, is commonly used in studies on cardiovascular diseases owing to
its advantageous features, such as a similarity to human electrophysiology, transparent embryos
and larvae for observation, and suitability for forward and reverse genetics technology, to create
various economical and easily controlled zebrafish CHD models. In this review, we outline the pros
and cons of zebrafish CHD models created by genetic mutations associated with single defects and
syndromes and the underlying pathogenic mechanism of CHDs discovered in these models. The
challenges of zebrafish CHD models generated through gene editing are also discussed, since the
cardiac phenotypes resulting from a single-candidate pathological gene mutation in zebrafish might
not mirror the corresponding human phenotypes. The comprehensive review of these zebrafish
CHD models will facilitate the understanding of the pathogenic mechanisms of CHDs and offer new
opportunities for their treatments and intervention strategies.

Keywords: zebrafish model; congenital heart defects; single-defect heart disease; heart disease
syndrome

1. Introduction

Heart disease is a significant global cause of mortality and reduced life expectancy,
with the current global prevalence of congenital heart defects (CHDs) being 9.410%, which
is lower than that in China (4.905%). CHDs are structural abnormalities occurring during
embryonic and neonatal heart development, accounting for approximately 30% of cardiac
cases in infancy, and mortality rates are associated with the severity of these defects [1].
These defects can manifest in various heart parts, such as the heart lining, the septum
between the atria and ventricles, the valves, and major arteries and veins [2]. CHDs exhibit
variability in their prevalence, severity, and affected cardiac tissues and can occur alone or
as part of syndromic diseases impacting multiple organs [3]. Animal models, particularly
the zebrafish, have become significant in investigating the pathogenesis of CHDs, owing
to their small size, high reproduction rate, rapid growth cycle, and genetic similarity to
humans, with 82% of related genes having orthologous genes in humans [4]. Over the
last two decades, zebrafish models have been extensively used in studies involving heart
development and cardiovascular diseases [5]. Researchers have effectively used gene edit-
ing techniques to establish numerous zebrafish CHD models, enabling the verification of
genome-wide association study data in patients with cardiovascular disease and facilitating
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clinical treatment investigations [6]. In this context, this review evaluated the application
of zebrafish in CHD studies, offering insights for further leveraging this model to explore
CHD pathogenesis, clinical diagnosis, and treatment.

2. Relevant Sections

In this section, we discussed the advantages and disadvantages of using zebrafish as a
model for CHDs in vertebrates, as well as the early development of the zebrafish heart. We
also summarized the former point into a table (Table 1).

Table 1. Summary of advantages and disadvantages of zebrafish as a model for CHDs in vertebrates.

Advantages Disadvantages

. . Absence of pulmonary circulation in the
Similar to the electrophysiology of the human heart. double-chambered heart.
Embryos can survive for a certain period even with impaired
cardiovascular function.
Heart can regenerate after being injured. The ventricles are primarily filled through atrial contraction.
Embryonic heart develops rapidly. There are still differences in the ionic flow.
The formation pattern of the aortic arch is similar to that
of mammuals.

Central venous pressure differs from that in humans.

Lack of sarcolemmal T-tubules in cardiomyocytes.

Embryos and young fish are optically transparent. Force—frequency relationship is distinct from that in humans.
The usability and accessibility of gene editing. Lack a conduction system with specialized Purkinje fibers.
High homology with human genes. Relatively limited antibodies and reagents.
Embryo development outside the body. Fewer fibroblasts in adult fish hearts.
Ease, speed, and affordability of maintenance and breeding. Genome duplication.

2.1. Advantages of Zebrafish as a Model of Vertebrate CHDs
2.1.1. Cardiovascular System Has Physiologically Advantageous Characteristics

Zebrafish is significant among model organisms owing to its similarity in heart rate to
that of humans. An adult zebrafish exhibits clear P, QRS, and T waves on electrocardio-
gram analysis [7], closely resembling human cardiac electrophysiology [8-10]. In contrast,
traditional animal models, such as mice, excessively rely on the cardiovascular system for
obtaining oxygen during early embryonic development. When CHDs occur in mouse em-
bryos, they can rapidly cause poor overall health or even death, with limited regenerative
capacity post-birth, occurring only within the first 7 days [11-13]. Conversely, zebrafish
embryos can survive for a period even without a fully functional cardiovascular system,
obtaining oxygen through passive diffusion. Notably, the zebrafish heart can fully regen-
erate after injury [14-17]. Moreover, the zebrafish embryo’s heart develops considerably
faster than that of other model animals, beating for just one day as opposed to a week for
mice [5,18]. The zebrafish has six pairs of aortic arch arteries, unlike mammals that possess
only five pairs. Nonetheless, the formation and pattern of aortic arch arteries in zebrafish
closely resemble that in mammals [19-21]. These unique characteristics make zebrafish an
excellent model for studying various aspects of cardiovascular development, CHDs, and
cardiac regeneration mechanisms.

2.1.2. Imaging Technology Is Mature

Optogenetics involves measuring and manipulating cellular activity using genetically
encoded light-sensitive proteins [22,23]. In terms of cardiology, optogenetics has wide
applications [24]. With their optical transparency, zebrafish embryos and larvae enable
the visualization of morphological changes in the cardiovascular system during devel-
opment through transmitted light or fluorescence imaging techniques [20]. Additionally,
two-photon microscopy facilitates the imaging and analysis of cardiac functions in ze-
brafish [25]. Leveraging transgenic zebrafish technology, researchers can simultaneously
observe instantaneous cardiac calcium changes and contractions in juvenile fish [26,27].
Zebrafish have become significant in cardiac optogenetic studies with technological ad-
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vancements. For example, researchers use optical tools and transgenic zebrafish possessing
light-gated ion channels (rhodopsin) to locate pacemaker points in the heart and apply
specific light-stimulation methods. This approach enables the optical control of the heart
rate, the simulation of various heart disease states (such as tachycardia and bradycar-
dia), and the elucidation of organ function emergence during development [28]. For
example, researchers utilized optogenetics to study the impact of the zebrafish Popeye
domain containing a gene 2 knockout. This led to irregular atrial and ventricular activities,
atrioventricular node conduction failure, and varying degrees of atrioventricular block-
age [29]. With the continuous improvement of optogenetic techniques [24], research into
the pathological or physiological structure and function of the heart using zebrafish has
become feasible.

2.1.3. Gene Editing Tools Are Mature

Comparing the human reference genome with the zebrafish genome revealed that
approximately 70% of human genes have at least one clear zebrafish ortholog [4]. Recent
studies have further revealed a more comprehensive map of zebrafish genetic data, building
upon the known genome sequence of zebrafish [30]. Forward and reverse genetics methods
have mature application technologies in zebrafish embryos. The forward genetics method
involves inducing random mutations through radiation, chemical treatment, or the inser-
tion of exogenous DNA to obtain a strain with a stable pathological phenotype, enabling
the exploration of the genetic basis of diseases. For example, forward genetics methods
have been pivotal in screening and identifying mutations that cause valve defects and aortic
coarctation [31,32]. Conversely, reverse genetics involves using gene editing technology
to directionally alter previously identified genes and analyze the consequential effects of
these genetic changes on organisms [33]. An example of this approach includes using the
clustered regularly interspaced short palindromic repeats (CRISPR)/Cas9 technology to
develop a hegl knockout zebrafish strain, revealing the regulatory role of hegl in heart
failure and thrombosis and its potential application in cardiovascular drug screening [34].
The high degree of genetic conservation, ease of genetic manipulation, external develop-
ment, and availability of large numbers of embryos daily accelerate research on CHDs,
making zebrafish an excellent model for studying CHDs. In the Section 3 below, we focus
on reviewing the use of gene editing to model CHDs in zebrafish, which will contribute to
our understanding of the mechanism of CHDs.

2.2. Disadvantages of Zebrafish as a Model of Vertebrate CHDs

The heart is the first organ to develop and function in the embryo of zebrafish. In
contrast to those in mammals, the coronary vessels in zebrafish develop within the first
few weeks post-fertilization, and the myocardial trabeculae do not undergo compaction, re-
maining as permanent structures [5,35]. In addition, some limitations stem from differences
between zebrafish and mammalian anatomy and physiology; zebrafish have only two wall
chambers, lack a pulmonary circulation, and lack a conduction system with specialized
Purkinje fibers, which limits the generation of models of septal defects or conduction
system diseases. Furthermore, in fish, diastolic ventricular filling is primarily determined
by atrial contraction, unlike the central venous pressure in humans [36].

Most of the calcium responsible for ventricular cardiomyocyte contraction in humans
originates from intracellular sarcoplasmic reticulum stores; however, in zebrafish sarcoplas-
mic reticulum, calcium release is limited [37]. The lack of sarcoplasmic T-tubules is less
dependent on sarcoplasmic reticulum calcium cycling and more dependent on sarcoplasmic
T-type calcium currents [38]. The majority of calcium sources are extracellular and enter
primarily through sarcoplasmic T-type calcium channels [38,39]. In contrast, in humans,
the calcium-induced generation of sarcolemmal calcium currents occurs through L-type
calcium channels, while T-type calcium channels are significantly absent [40]. In the healthy
mammalian heart, the force-frequency relationship is positive; that is, the force of myocar-
dial contraction increases with increasing heart rate [41]. These differ from observations in
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zebrafish [42]. These aspects need to be considered when using zebrafish to model human
myocardial contractility-related diseases. Despite the similarity of the electrophysiological
basis of the heart between zebrafish and humans, as previously recounted, there are still
differences in the flow of ions, that is, the depolarizing flow of sodium ions, calcium ions,
and the repolarizing flow of potassium ions [39]. Therefore, a better understanding of
zebrafish cardiac electrophysiology and its limitations is needed to model diseases related
to human cardiac electrophysiology. Notably, there has been successful modeling of human
genetic repolarization disorders using zebrafish [7,43,44]. Notably, this may be a model
of choice for cardiac electrophysiology associated with abnormal repolarization but may
be less suitable for the study of depolarization disorders or calcium-regulated arrhyth-
mias [45]. Moreover, the adult zebrafish heart contains a small number of fibroblasts [46].
While various stimuli trigger fibrosis in mammals, they do not produce similar results in
zebrafish, limiting our capacity to mimic specific fibrotic pathologies [47,48].

During teleost evolution, the zebrafish genome underwent a duplication event, lead-
ing to the existence of two copies of several genes that typically perform redundant
functions [49,50]. This genomic duplication poses a challenge in generating mutants, as it
necessitates the simultaneous knockdown of both copies of the genes. Compared to mam-
malian models, the availability of antibodies and other reagents for zebrafish is relatively
limited. In addition, some zebrafish genes have no homologs of known human genes but
exercise functions similar to other genes. This should be remembered when researching a
specific gene related to CHDs in zebrafish.

2.3. Early Heart Development in Zebrafish

During zebrafish embryonic development, the early heart originates from the ven-
trolateral cardiogenic zone of embryos at 3—4 h post-fertilization (hpf). By 5 hpf, atrial,
ventricular, and endocardial progenitor cells cluster in the ventrolateral region before
migrating toward the midline and dorsal side. In this migration process, the cells reach
both sides of the midline by 16 hpf. Subsequently, at 20 hpf, the precursor cells on both
sides gradually coalesce to form the cardiac cone, transitioning into the cardiac tube. By
24 hpf, the atrial cell population is distinctly positioned to the left and in front of the
ventricular cell population. Visible atrial and ventricular cavities begin to form at 30 hpf.
At 36 hpf, the embryonic heart adopts a circular morphology, signaling the progressive
differentiation and specialization of the heart tube regions. Simultaneously, the head-end
develops a primitive outflow tract, and endocardial cells start to form at the atrioventricular
intersection, with matrix materials moving closer to the cardiac cushion tissue. By 48 hpf,
the endocardial cushion tissue matures into a functional valve. Figure 1 shows the visual
representation of these developmental stages from a to i.
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Figure 1. Zebrafish heart development process. (a) Cardiac precursor cells are initially on the
ventrolateral side, while ventricular precursor cells are on the dorsal side and edge of atrial precursor
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cells. Endocardial precursor cells are on the medial side of both precursor cells; (b) cardiac precursor
cells migrate medially; (c) intracardiac mesangial cell groups form the cardiac disc at the midline,
and the ventricular and atrial precursor cell groups migrate toward the midline; (d) the myocardium
begins to fuse from the posterior portion of the cardiac disc formed by the endocardium and continues
to surround the endocardium to form the cardiac cone. For the ventricular anterior, the somatic cell
group is at the tip, and the atrial precursor cell group is at the bottom; (e) the cardiac cone rotates
and tilts for the atrial precursor cells to be located to the left of the ventricular precursor cells, and
the endocardium and cardiomyocytes fuse; (f) the cardiac cone extends for the atrial precursor cell
group to be located to the left and in front of the ventricular precursor cell group; (g) the heart tube
undergoes circularization to form a slightly “S”-shaped tube, and the atrial and ventricular cavities
are formed; (h) the heart undergoes circularization to form a morphology; and (i) the chamber
expands, and endocardial cells and the matrix form heart cushion tissue, which form a valve and
perform valve function.

3. Discussion

Heart defects result from an intricate interplay of genetic and environmental factors.

During heart development, any slight mistake may lead to deformity or dysfunction.
Mutations can affect cardiac development alone or produce a series of defects, including
developmental syndromes. We discuss the genes related to single-defects and syndromes
(Table 2) and highlight that the zebrafish embryo serves as a valuable model for studying
the impact of teratogens on heart development.

Table 2. Summary of zebrafish CHD model.

Simulated

Human Gene Knock

Human Disease Orthologs Zebrafish Gene Zebrafish Main Phenotype References
NR2F1 nr2fla The atria and atrioventricular canals are smaller. [51]
Heart chamber h Jiac chambers b ller: th di
size defects e cardiac chambers become smaller; the cardiac
SEMASE sema3fb muscle cells in the chamber become smaller. [52]
NODAL spaw Abnormal cardiac looping. [53,54]
DANDS5 dand5 Abnormal cardiac looping and displacement. [53]
. Asymmetrical defects in the internal organs
Looping defects PKD2 pkd2 (including the heart) and brain. [55]
WNT3a wnt3a Cardiac asymmetrical defects. [56]
HAS2 has?2 Displacement of the heart tube to the midline. [571]
KLF2 klf2a Valvular hypoplasia; absence of leaflets. [58]
PKD1 pkdla Increased incidence of retrograde blood flow. [59]
Atrioventricular . Phenotypes such as slow heart rate, lack of valve
valve defects TNNIT trnilb leaflets, and cardiac tube malformations. [60]
NFATCI nfatel Atrial enlargement; ret.rograde blood flow in the [61,62]
atrioventricular canals.
TRAE7 traf7 Embryonic heart (.:hsplacemel?t; pericardial edema [63]
and facial and cranial defects.
Outflow tract
stenosis PAK1 pakl Outflow tract obstruction. [64]
ACVRL1 acorll Outflow tract stenosis. [65]
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Table 2. Cont.

Simulated Human Gene Knock . .
Human Disease Orthologs Zebrafish Gene Zebrafish Main Phenotype References
BVES boes Abnormal circularization; v.entrlcular outflow [66]
tract stenosis.
Tetralogy of Fallot b 1 circularizati T heart
normal circularization; narrowed hear
WDR62 wdr62 chambers and thin walls. (671
CHARGE CHD7 chd7 Abnormal branch of first branch arch. [21]
syndrome
Noonan PTPN11 ptpnlla Cardiac edema; craniofacial defects. [68,69]
syndrome
JAGL;AG2 jagla;jag2b Cardiac edema. [70,71]
Alagille Perinortic h N 1h N P
syndrome MIB1 mibl eriaortic hemorrhage; cranial hemorrhage; an [72,73]
pericardial sac dilatation.
Cardiac edema; hypoplastic ventricles; short
FOXCI foxcla outflow tract; and poor ventricular contractility. [74,75]
Axenfeld-Rieger FOXC1 foxclb Cardiac looping defect. [75-77]
syndrome
PITX? pitx? Abnormal cardiac morphology; cardiac arrhythmia; 78]

and fibrosing cardiomyopathy.

3.1. Zebrafish Single-Defect CHD Model
3.1.1. Heart Chamber Size Defects

During the process of chamber formation, an abnormal expression or mutations of
certain chamber development-related genes, such as nuclear receptor subfamily 2 group F
member 2 (NR2F2), may cause human CHDs. Proper cardiac chamber size and proportions
are essential for effective cardiac function in vertebrates, as blood circulation relies on
the continuous contraction of the atria and ventricles [79-81]. The two-chamber heart
of zebrafish provides a simpler model for studying mechanisms related to chamber size
regulation compared with the four-chamber hearts of vertebrates [82-85]. Using zebrafish
models, previous studies have investigated genes and transcription factors involved in
regulating chamber size.

NR2F proteins, such as NR2F1 and NR2F2, are highly conserved solitary nuclear
receptors. NR2F1 is crucial in neurodevelopment, and NR2F2 is implicated in cardiac
genesis [86]. The expression levels of both proteins overlap in the atrial cardiomyocytes
of the heart [87-90]. NR2F2 has been particularly highlighted as being associated with
CHD:s [79]. Notably, it has been shown that, in zebrafish, Nr2fla promotes atrial develop-
ment and differentiation at a level equivalent to NR2F2 in mammals [51]. The atrium of
nr2fla mutants was observed to be smaller than that of the wild-type zebrafish, indicating
a potential regulatory role of NR2F1a in atrial size and development through bone morpho-
genetic protein (Bmp) signaling, as revealed by a recent study [51]. This study introduces
novel avenues for investigating the etiology of CHDs associated with atrial size.

Semaphorins are a large family of secreted or membrane-associated glycoproteins [91].
Among them, class 3 semaphorins (Sema3s) are used as guidance signals for cardiovascular
development [92,93]. Sema3 signaling is mediated through the plexin receptor and its
coreceptors, neuropilins [91]. In previous studies, a sema3fb knockout zebrafish model was
established to investigate the molecular mechanism of chamber-specific cardiomyocyte
differentiation [52]. The findings revealed that at 3 hpf, both cardiac chambers of the sema3fb
knockout fish were smaller than those of the wild-type, with the ventricular differentiation
process remaining unaffected by Sema3fb deletion; however, the cardiomyocytes in the
atria were smaller than their wild-type counterparts. This discrepancy may be caused
by a disruption in the expression of specific differentiation genes [52]. The secretion of
Sema3 signals by cardiomyocytes potentially facilitates the establishment of a boundary
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between the ventricle and the atrium via spatially specific regulatory signals. This activity
is essential for the normal chamber development to its appropriate size [52]. Studies
involving zebrafish models have revealed an association between CHDs and aberrations in
Sema3 signaling, offering valuable insights for the clinical understanding, diagnosis, and
treatment of CHD-related conditions [94,95].

3.1.2. Left and Right Asymmetry (Looping Defects)

Heart development is significantly influenced by left-right pattern disorders, with
deviations in this pattern potentially causing heart defects [96]. An illustration of this is
the development of abnormal asymmetry in the heart, causing defects in cardiac circu-
lation and leading to CHDs during embryonic development, such as left or right atrial
isomerism [97]. Zebrafish, similar to vertebrates, such as humans, mice, and chickens,
undergo heart development guided by a left-right asymmetric pattern with a comparable
anatomy and molecular mechanisms [98,99]. Notably, the various stages of cardiac asym-
metry, commencing from the formation of the heart field to the heart tube and looping, are
observable through microscopic examination [100]. Researchers have meticulously inves-
tigated the distinctive stages of asymmetric cardiac development through the zebrafish
model, scrutinizing the associated events, processes, and molecular mechanisms.

The asymmetric development of the heart in zebrafish starts from the Kupffer’s
vesicle (KV) [101]. This is a transient structure that marks the first break in the left-right
symmetry within the embryo [102]. Within the KV, cilia act as mechanical sensors of shear
force, generating a directional liquid flow known as the nodal flow; the perception of
mechanical forces by the cilia is pivotal in establishing left-right patterning, and wnt3a and
8a modulate cilia generation [56,101,103]. Polycystin-2 (PKD2) is crucial for intraciliary
calcium oscillations within the left-right organizer. These mechanical stimuli, transmitted
through ciliary structures, influence calcium transients, regulating the expression of vital
asymmetric molecules [55,103,104]. However, curly up (cup) affects the gene homologous to
zebrafish pkd2, which encodes a Ca?*-activated non-specific cation channel Pkd2 [55], and
southpaw (spaw) is an early asymmetrically expressed gene around the KV [54]. During the
4-6 somite stage, Spaw is symmetrically expressed around the KV and gradually expands
toward the left lateral plate mesoderm (LPM) from the 10-12 somite stage; this asymmetric
expression depends on the leftward nodal flow within the KV [105]. spaw expression
is regulated by left—right determination factor 1 (leftyl), Bmp signaling, and dand5. Bmp
signaling can modulate spaw expression through lefty1, influencing spaw expression in the
LPM, while inducing leftyl expression in the midline [106], and lefty1 should maintain a
specific ratio with spaw expression [107-109]. Furthermore, a localized Bmp protein source
induces heart tube localization, whereas the asymmetric expression of hyaluronan synthase
2 affects the correct guidance of locally expressed Bmp proteins to the heart tube [57].

The characteristic feature of lateral defects is the left-right patterning defect during
embryonic development. A study used exome sequencing to screen for candidate genes in
70 patients with CHDs and lateral defects, identifying candidate genes TRIP11, DNHDI,
CFAP74, and EGR4 [110]. Owing to the rapid development, ease of operation, and highly
conserved left-right patterning process across vertebrate species, the zebrafish was selected
for analyzing candidate genes. The knockdown of zebrafish trip11, dnhdl, and cfap74
results in significant cardiac looping abnormalities, a disturbed expression of spaw and
related genes (lefty2 and pitx2), and the altered formation and function of KV cilia during
embryonic development, respectively. The left-right asymmetric defects of these mutant
hearts can be effectively rescued by introducing the corresponding candidate mRNAs [110].
Cilia are crucial for regulating left and right patterning, and defects in genes related to their
function can cause abnormal cardiac development. Therefore, zebrafish models are vital in
investigating the specific roles of these genes in left-right patterning to understand CHDs
resulting from human gene variations and are essential for CHD diagnosis and treatment.
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3.1.3. Atrioventricular Valve Defects

Heart valves are crucial in maintaining the one-way blood flow within the heart.
Defects, malformations, or aberrant expression of related genes during valve development
are common factors contributing to CHDs, such as bicuspid aortic valve and mitral valve
prolapse [111-113]. Therefore, understanding the developmental processes and molecular
mechanisms underlying heart valve formation is crucial for developing effective treatment
methods and preventive measures. The zebrafish is a valuable model for investigating early
valve development because its heart can be visualized in vivo during embryonic stages
with single-cell resolution [25,114]. The formation of heart valves involves collaboration
between endocardial cells and the extracellular matrix [115-117]. Endocardial cells are
responsive to stimuli from blood flow, activating Kriippel-like factor 2a (Klf2a)-mediated
mechanosensitive channels. The disruption of these mechanically sensitive channels can
impact the valve morphology [118]. kIf2a knockdown in zebrafish embryos results in
underdeveloped valves, usually lacking leaflets altogether [58]. Moreover, Klf2a expression
is influenced by the PKD family, which is crucial in valve formation through its mediation
by Camk2g [59,119]. Mutant larvae deficient in pkdla exhibit an increased incidence of
retrograde blood flow at 78 hpf, with only 66% of surviving larvae displaying elongated
upper leaflets, a lower rate than that of a normal development [59].

In human patients with valvular heart disease, the expression of troponin I type
1 (I'NNI1) is inhibited or inactivated [120]. The loss of tnnil inhibits the myocardial
Wnt signaling pathway, causing defects in atrioventricular valve development. tnnilb
overexpression in homozygous zebrafish embryos can partially resolve valve development
defects. When tnnilb (a homolog of human TNNI1, a structural and regulatory protein
involved in cardiac contraction) is knocked out in zebrafish, phenotypes, such as a slowed
heart rate, lack of valve leaflets, and cardiac tube malformations, occur. Additionally, all
homozygous embryos died within 1 week [84]. The expression levels of other sarcomeric
genes, such as ctnnt, ctnnc, myl7, myh7, and myh6, remain unaffected, further confirming that
abnormalities in TNNI1b contribute to the observed cardiac phenotype in the mutants [60].
However, further studies are required to determine the precise mechanism by which
TNNI1b influences the myocardial Wnt signaling pathway.

NFATC1, a nuclear factor-kB-related transcription factor, has been associated with
congenital heart valve septal defects in humans [121-123]. Zebrafish studies have revealed
that nfatcl deletion results in heart valve defects, and nfatcl knockout mutants display
enlarged atria compared with wild-type fish [61]. This atrial enlargement resembles the
condition observed in patients with mitral regurgitation [62], and nfatc] knockout zebrafish
exhibit retrograde blood flow in the atrioventricular canal [61]. nfatc] deficiency may
cause a diminished recruitment and proliferation of valve interstitial cell (VIC) precur-
sors, causing VIC defects and disturbances in valve extracellular matrix organization [61].
nfatcl-mediated regulation is crucial for early VIC establishment, which is essential in
valve development during the embryonic stage and subsequent normal valve function in
adulthood.

3.1.4. Outflow Tract Stenosis

Neural crest cells are principal cell sources in the development of the cardiac outflow
tract (OFT) [124], a critical component for proper cardiac function. Their migration and
differentiation within the OFT region are crucial in cardiac development. However, ab-
normalities arising in the OFT during development can cause CHDs, which are prevalent
among approximately 30% of cases [125,126]. Consequently, understanding the role of
neural crest cells in OFT development is essential for comprehending CHD pathogenesis
and exploring potential therapeutic interventions.

Cardiac neural crest cells are derived from a cell population originating from the
cranial part of the neural tube [127]. Tumor necrosis factor receptor-associated factor 7
(TRAF7), a member of the multifunctional TRAF family, exhibits high expression levels
in the neural crest and its derivatives, particularly in the cardiac OFT [63]. In zebrafish
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models, traf7 knockout causes an increased probability of abnormal embryonic heart tube
displacement, accompanied by noticeable pericardial edemas, irregular cardiac looping,
and craniofacial anomalies [63]. While no OFT-specific abnormalities have been docu-
mented, the migration ability of neural crest cells to form OFT pads underscores their
potential significance in this process [127]. Additionally, the significant reduction in the
expression of the neural crest marker (sox10) in zebrafish embryos after traf7 knockout
indicates a possible association with the observed OFT defective phenotype [63]. Therefore,
further investigations into the OFT defective phenotype in traf7 knockout zebrafish are
required.

During embryonic development, the neural crest is regulated by p21-activated protein
kinase 1 (Pak1l). This study demonstrated that pakl knockout in zebrafish embryos causes
defects in neural crest development and, subsequently, blockage in the OFT. This finding
highlights the significance of the Pak/Mek/Erk/Gata6 signaling pathway in normal neural
crest development. Gata6 signaling activation via extracellular regulated protein kinases
(Erk) is reportedly a central mechanism in this process [64]. Notably, GATA6 mutations
in humans have been associated with various CHDs, including OFT malformations [128].
This association underscores the significance of understanding the molecular pathways
involved in neural crest development for preventing and treating CHDs.

Studies revealed that activin A receptor-like type 1 (Alkl), a transmembrane ser-
ine/threonine receptor kinase belonging to the TGF- family and encoded by ACVRLI, is
related to the occurrence of CHDs [129,130]. acurll mutations have been shown to affect
zebrafish OFT morphology. While applying the zebrafish model, a study suggested a novel
perspective on OFT development: biological signals generated by fluid forces can stimulate
endocardial proliferation and an acvrl1-dependent increase in endothelial cells, contributing
to the formation of the OFT cavity with a specific endocardial thickness [65]. In zebrafish
embryos where Acvrll is knocked down, OFT endocardial cells fail to accumulate normally
at 51 hpf, causing the narrowing of the OFT cavity [65]. This investigation introduces new
insights for evaluating the etiology of CHDs associated with abnormal OFT morphology.

3.1.5. Tetralogy of Fallot (TOF)

The most common type of cyanotic CHD is TOF, with an incidence rate of 0.34 per
1000 live births [131]. TOF can occur in the setting of additional non-cardiac anomalies
or in isolation [132]. TOF is characterized anatomically by four structural defects, namely
ventricular septal defects, right OFT/pulmonary artery stenosis, an overriding aorta, and
right ventricular hypertrophy [133]. A vital clinical indicator for diagnosing TOF is the
degree of right ventricular outflow tract (RVOT) stenosis [134].

The first genetic cause of TOF identified was NKX2.5 mutation, a crucial transcription
factor that controls heart development [135,136]. Similarly, GATA4 mutation can hinder
its interaction with NKX2.5, contributing to TOF [137]. Blood vessel epicardial substance
(BVES), also known as POPDC1, is a highly evolutionarily conserved membrane protein
that is highly expressed in the adult vertebrate heart [138,139]. Mutations or reduced BVES
gene functioning are found in patients with non-syndromic TOF and heart failure [140-142].
In mice, Boes is expressed in the developing cardiomyocytes and coronary endothelial
cells and in the conduction system in adult mice [143-145]. A study has found that the
rs2275289 (p.R129W) single nucleotide polymorphism in BVES reduces its own expression
and likely decreases the expression of NKX2.5 and GATA4 [141], and in studies involving
bves knockdown zebrafish, abnormal annularization and ventricular OFT stenosis were ob-
served, in addition to reduced nkx2.5 and gata4 expression levels, causing the manifestation
of TOEF, a congenital heart disease [66]. Therefore, further exploration of the connection and
detailed regulatory mechanisms between the downregulation of BVES and the occurrence
of RVOT stenosis in patients with TOF is required. Another recent study highlighted WD
repeat domain 62 (WDRG62) as a novel susceptibility gene associated with CHDs through
sequencing analysis in a large number of human patients with CHDs, with a relatively
high mutation frequency associated with TOF [67]. Subsequently, it was demonstrated that
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wdr62 was abundantly expressed in the zebrafish heart through whole-mount in situ hy-
bridization. The knockdown of wdr62 by morpholino in zebrafish resulted in heart defects
in 80% of zebrafish, including abnormal cardiac looping, narrowed chambers, thin chamber
walls, impaired OFT rotation, and TOF-related defects, as evidenced in histological sections.
Insights from this study revealed the correlation between WDR62 and CHDs, indicating
that WDR62 could influence cardiac development by affecting spindle assembly and the cell
cycle of cardiomyocytes [67]. While zebrafish hearts have a relatively simple two-chamber
structure and generate lower pressures than those of humans, the aberrant annularization
of fish embryos observed in bves and wdr62 knockdown zebrafishes, with the former also
exhibiting OFT stenosis, implies potential limitations in fully recapitulating all four clas-
sic TOF phenotypes [66,67]. Malformations in the OFT during embryonic development,
similar to those observed in human patients, can trigger the emergence of the other three
structural defects, even if all phenotypes are not present [146—148]. Given the critical role
of OFT development in the pathogenesis of TOF, emphasizing abnormalities in this process
through the zebrafish model can provide valuable insights into the pathophysiology of
human TOF.

3.2. Zebrafish CHD-Related Syndrome Model
3.2.1. CHARGE Syndrome

CHARGE syndrome (Coloboma, heart defects, Atresia of the choanae, retarded
growth and mental development, genital anomalies, and Ear malformations), an auto-
somal dominant genetic disease, occurs at a frequency of 1 in 8500 to 1 in 15,000 live
births worldwide [149,150]. Among individuals affected by CHARGE syndrome, approx-
imately 80% will develop CHD [151]. These cardiac abnormalities can manifest as OFT
defects, patent ductus arteriosus, atrioventricular septal defects, and aortic arch abnor-
malities [152]. Notably, CHD7 mutations are identified in approximately two-thirds of
patients with CHARGE syndrome, and such mutations have been detected in some indi-
viduals with isolated CHDs [152-154]. This suggests that CHD7 and its downstream genes
are possibly crucial in the development of cardiac defects in CHARGE syndrome [155].
Chd7 heterozygous mice show various signs of CHARGE syndrome, including growth
retardation and severe head bobbing, destruction of the lateral semicircular canals, septal
defects, and genital abnormalities [156,157]. In contrast, Chd7 heterozygous mice only live
until 10.5 days after birth, making it impossible to study the overall function of CHD7 and
drug screening [154,156]. The recognized causes of death include growth retardation, axial
rotation failure, peri-cardial swelling, and tail structure formation failure [158]. Zebrafish
exhibit a lower tolerance to cardiovascular defects than other models, and chd7 mutants
display craniofacial anomalies, cardiac defects, gastrointestinal narrowing, and cranial
nerve defects [21,159-161]. This is more advantageous for studying the overall function of
CHDY7 and cardiovascular-related diseases. Therefore, the zebrafish model is considered
more suitable for studying the overall function of chd7 and cardiovascular-related diseases
than other models with a lower tolerance to cardiovascular defects [21]. The chd7 mutant
zebrafish model effectively mimics the cardiovascular phenotype observed in CHARGE
and non-syndromic patients with CHD, with the mutant zebrafish displaying abnormal
first-branch arch branches similar to the clinical symptoms of patients with CHARGE syn-
drome [21]. Despite similarities in the initial formation and pattern of arch arteries between
zebrafish and mammals, zebrafish do not undergo the same complex remodeling of the
aorta and pulmonary arteries [20]. As many patients with CHARGE syndrome require
surgical interventions for conditions, such as cardiovascular malformations and tracheoe-
sophageal fistula, complications, including decreased oxygen saturation, respiratory rate,
and abnormal heart rate, usually arise post-operatively [162]. Furthermore, these surgical
interventions expose patients to increased doses of anesthesia and frequent experiences of
adverse effects during anesthesia, such as an abnormal heart rate, reduced oxygen satura-
tion, and decreased respiratory rate [163]. Observations show that chd7 mutant zebrafish
exhibit decreased heart rates, prolonged anesthesia requirements, and elevated respiratory
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rates upon awakening from anesthesia [164], and a study investigated the gene expression
of phox2ba and phox2bb in a zebrafish model of CHARGE syndrome. As PHOX?2B is in-
volved in neural crest development, similar to CHD?, the loss of PHOX2B function can lead
to respiratory issues resembling those in patients with CHARGE syndrome [149,164-166].
Leveraging the chd7 mutant zebrafish model to simulate the anesthesia process in patients
with CHARGE syndrome can deepen the understanding of the molecular underpinnings
of these adverse events, enhancing the safety of anesthetic procedures in this population.

3.2.2. Noonan Syndrome (NS)

Cardiac damage is a prominent NS feature, with CHDs occurring in 80% of patients [167].
The most prevalent manifestation of CHDs in NS is pulmonary valve stenosis (PVS), at
approximately 40%, followed by atrial or ventricular septal defects (ASDs) and atrioventric-
ular canal defects (AVCDs), at 8% and 15%, respectively [168]. PTPN11 pathogenic variants
are responsible for approximately 80% of cases involving PVS or ASDs [169]. Similarly,
patients with AVCD and NS predominantly exhibit pathogenic variants in PTPN11 [170].
Consequently, PTPN11 emerges as a gene closely associated with NS-related CHDs. The
(SHP2) protein encoded by PTPN11 is distributed in the heart and regulates crucial pro-
cesses, such as cell proliferation, migration, and differentiation during development [171].
In mouse Ptpn11 knockout embryos, the embryos are damaged during implantation [172].
In zebrafish embryos, the complete absence of functional Shp2 allows for survival until
5-6 dpf; notably, the zebrafish genome encodes two ptpn11 variants, ptpnlla and ptpnllb,
and their respective encoded proteins Shp2a and Shp2b share 91% and 64% homology,
respectively, with human SHP2 [173,174]. Further studies on zebrafish have revealed that
double-knockout embryos for ptpnlla and ptpnllb exhibit severe cardiac edemas and
craniofacial defects [68]. Creating the Shp2-D61G NS zebrafish model provides a specific
disease target for different shp2 mutants. Symptom variations in this mutant zebrafish
model mirror those seen in individual human patients, with defects ranging in severity
from mild to severe, including reduced body axis extension, heart edemas, craniofacial
deformities, cardiac and mandibular edemas, significant developmental delays, and mor-
tality before adulthood. Children with NS who have the D61G mutation are more likely to
develop juvenile myelomonocytic leukemia-like myeloproliferative neoplasm (JMML-like
MPN). Zebrafish embryos with the Shp2-D61G mutation also exhibited JMML-like MPN
characteristics, including myeloid lineage expansion, mild anemia, and thrombocytopenia.
Given the importance of fetal hematopoiesis in the development of JMML-like MPNs, the
zebrafish Shp2-D61G mutant also serves as a dependable and distinctive model resembling
JMML for studying the hematopoietic abnormalities resulting from SHP2 mutations in
NS [69].

Shp2, a positive effector of Erk/mitogen-activated protein kinase (Mapk) signal trans-
duction located downstream of most receptor tyrosine kinase (Rtks), is crucial in cellular
processes [171,175]. The aberrant activation of the Mapk signaling pathway reportedly
impairs ciliary function [176], particularly in NS, where pathogenic mutations in NS-related
genes enhance this signaling cascade [177,178]. This emphasizes the significance of mod-
ulating Mapk signaling to prevent or ameliorate the onset of NS. One approach is the
targeted inhibition of the rat sarcoma (Ras)/Mapk pathway, as demonstrated in a study
that involved using trametinib, a MEK inhibitor, in infants with severe hypertrophic car-
diomyopathy (HCM) and PVS associated with NS [179]. Notably, treatment with trametinib
caused improvements in HCM and PVS, suggesting that the inhibition of Ras/Mapk over-
activation could facilitate the remodeling of abnormal heart valves. Given the promising
clinical outcomes observed with trametinib in NS, further systematic investigations are
required to evaluate the impact of CHDs and their underlying biological mechanisms in NS.
The zebrafish model is an attractive avenue for such studies because it can be rapidly used
to assess the bioactivity and toxicity of various compounds using its absorbent gills and
skin [180-182]. Zebrafish offer practical advantages over rodent models, including cost-
effectiveness, ease of maintenance, and accelerated developmental processes, which can
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expedite study timelines and minimize animal stress induced by invasive procedures [183].
Trametinib has been less explored in zebrafish NS models, and existing studies primarily
focus on its efficacy in zebrafish tumor models [184-187]. However, considering the benefits
of zebrafish models and the clinical efficacy of trametinib, the zebrafish is a promising
model system for investigating the intricate relationship between this drug and CHDs
in NS.

3.2.3. Alagille Syndrome (AGS)

AGS is an autosomal dominant, complex multisystem disorder with a clinical inci-
dence rate of 1/100,000 live births [188,189]. TOF is the most common complex structural
abnormality in AGS, occurring in up to 16% of cases [189,190]. Other malformations include
ventricular septal defects, atrial septal defects, aortic stenosis, and aortic constriction, which
significantly contribute to the high morbidity and mortality in patients with AGS [189].
AGS is commonly associated with the Notch signaling pathway [191], with most patients
exhibiting pathogenic mutations in JAGGED1 (JAG1)-encoding Notch pathway ligands or
in the receptor NOTCH?2 [73]. The existing AGS zebrafish model, generated by knocking
down jagged1b and jagged2b, has primarily focused on studying liver pathology [70,192].
However, recent studies have shown that jag1b- and jag2b- knockout double mutants and
jag2b knockout zebrafish develop cardiac edemas and liver abnormalities [70,71]. Although
the cardiac defects in the AGS zebrafish model do not sufficiently replicate CHDs in hu-
man patients with AGS, the underlying molecular mechanisms causing heart defects are
evolutionarily conserved. This finding offers valuable insights into the clinical treatment
and pathogenesis of human-related diseases associated with AGS.

The ubiquitination of the Notch ligand intracellular tail and its subsequent activation,
a process requiring Mind bomb 1 (Mib1) and Mib2 [193,194], is crucial for cellular signal-
ing. Similarly, MIB1 is significant in the Wnt/ 3-catenin signaling pathway, influencing its
regulation [195]. Knockout zebrafish lacking mibl exhibit cardiovascular abnormalities,
including periaortic and intracranial hemorrhages and pericardial sac dilatation [72]. The
significant differences in phenotypic characteristics between mib1 knockout zebrafish and
individuals with AGS question the fidelity of the zebrafish model in simulating AGS [73].
Despite this limitation, the study reveals the potential use of the zebrafish mutagenesis
model for efficiently evaluating novel genetic variations, particularly in cardiovascular con-
texts. This model can facilitate the early identification of disease-causing factors, expediting
CHD diagnosis and treatment [72].

3.2.4. Axenfeld—-Rieger Syndrome (ARS)

ARS is an autosomal dominant disorder characterized by ocular abnormalities. It
also involves defects in cardiac development, such as mild left ventricular hypoplasia and
abnormal valve and OFT formation [196-198]. The disease has an estimated prevalence of
approximately 1 in 50,000 to 100,000 live births [199]. Approximately 40% of patients with
ARS carry mutations in FOXC1 or PITX2 [200,201].

In zebrafish, there are two genes homologous to human FOXC1, namely foxcla and
foxc1b, with the proteins encoded by each sharing 66% and 55% homology with human
FOXC1, respectively [202]. The genetic redundancy of foxc1 in zebrafish has been previously
reported [202]. When foxc1a is knocked out, juvenile fish exhibit various cardiovascular de-
fects, including cardiac edemas, hypoplastic ventricles, shorter OFT, defective valve leaflets,
and poor ventricular contractility, shortening their survival time [74,75]. These observed
defects in zebrafish are similar to the clinical cardiac abnormalities in patients with ARS
and Foxc1 knockout mice [197]. Conversely, foxc1b knockout in zebrafish causes only a few
juvenile fish to exhibit circulation defects, with no evident phenotype in adults [75-77].
Concurrent disruptions of both genes have been conducted subsequently, revealing that
most double homozygous (foxcla —/—; foxclb —/—) zebrafish embryos develop heart
defects, accompanied by more severe craniofacial malformations than those in foxcla knock-
out homozygotes [75,203]. Furthermore, zebrafish with three mutant alleles (foxcla +/—;
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foxclb —/—) exhibit mild pericardial edemas and low survival rates, attributed to the
thicker and denser myocardial zone in the fish, which impacts cardiac function [75,203].
Notably, other allele combinations do not exhibit visible phenotypes in embryos or adults.
These findings suggest that foxc1b may compensate for foxcla deficiency later in zebrafish
heart development. When foxc1b is entirely lost, the normal phenotype cannot be main-
tained, underscoring the concept of genetic buffering by two paralogs. The evaluation of
mutated genes in zebrafish embryos provides valuable insights into their potential roles
in patients carrying the mutation, underscoring the significance of understanding the
functional implications of genetic mutations in disease pathogenesis.

Recent studies have demonstrated that zebrafish pitx2c mutations can cause cardiac
defects similar to those in individuals with ARS [204,205]. An investigation indicated that
pitx2c mutant zebrafish larvae did not exhibit the full spectrum of cardiac abnormalities
associated with ARS; however, it confirmed that the asymmetrical development of the
heart tube and morphogenesis were unaffected by the mutation [206]. In contrast, another
study focusing on adult zebrafish models with pitx2c loss-of-function mutations revealed
the development of cardiac morphological irregularities, such as atrial dysplasia, increased
fibrosis, arrhythmias, and fibrotic cardiomyopathy [78]. These findings reveal the cardiac
phenotype observed in a subset of clinical patients with ARS, suggesting a potential
association. However, these cardiac complications in adult fish may be a secondary effect
of altered cell metabolism in the heart, an event that causes cardiac dysfunction [78].
Consequently, the collective findings underscore the significance of further investigating
the role of metabolic pathways in ARS pathogenesis, leveraging the zebrafish mutation
model as a valuable tool for future studies.

3.3. Teratogen-Induced Models of Embryonic Heart Development Defects

Approximately 80,000 synthetic chemicals are manufactured annually, with some of
them being teratogens [207]. Compared to mammalian models (such as mice), zebrafish
are an excellent model for studying the effects of teratogens on heart development, owing
to their high fecundity, external embryo development, and independence from the mother
during embryogenesis. In the following section, we discuss the impact of teratogens on
zebrafish embryo heart development.

In pregnant women, diabetes increases the risk of congenital heart defects in the fetus
by three to five times [208]. Hyperglycemia is a primary teratogenic condition that can
affect the expression of genes essential for heart development [209]. In animal experiments,
exposure to hyperglycemia can cause fetal malformations, similar to those observed in
diabetic embryos, even when the mother does not have diabetes [210-212]. These studies
support the view that hyperglycemia itself is teratogenic to embryos. Exposing zebrafish
embryos to hyperglycemia results in a range of cardiac abnormalities, such as an increased
incidence of ventricular stagnation and valve regurgitation, decreased peripheral blood
flow, pericardial edemas, increased diameter and thinning of the heart wall, and the
abnormal expression of tbx5a [210]. In another study, embryos treated with high glucose
concentrations exhibited an abnormal tbx5 expression, pericardiac edemas, patent hearts,
and valve regurgitation [213]. TBX5 mutation in humans can cause CHDs [214], and the
deletion of tbx5 results in heart defects in zebrafish embryos, causing the swelling and
relaxation of heart mitochondria [215]. TBX5 is possibly the main factor involved in fetal
heart malformation induced by hyperglycemia.

Fish are highly susceptible to dioxin exposure, showing toxic effects, such as the cardio-
vascular dysfunction observed in other vertebrates [216]. Zebrafish eggs exposed to dioxins
shortly after fertilization exhibited severe cardiac abnormalities in embryos, such as re-
duced cardiac output, diminished peripheral blood flow, and pericardial edemas [217-219].
The damage detected decreases as time after fertilization increases [217]. Adult zebrafish
injected with a lethally high dose of dioxin did not exhibit any morphological changes in
their hearts [220]. Research demonstrated that dioxins significantly influence embryonic
development. Exposure to dioxins reduces the number of myocardial cells, as indicated by
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the expression of the marker gene cmic2 at 48 hpf [218]. Activating aryl hydrocarbon recep-
tor 2 in zebrafish cardiomyocytes leads to the same defects, indicating that cardiomyocytes
are the targets of dioxins [221].

Alcohol, the most widely used and consumed drug in daily human life, has a wide
range of irreversible side effects on human fetuses. Maternal alcohol consumption is con-
sidered to have a high teratogenic effect on fetuses, affecting their development, including
the heart. Research shows that in zebrafish embryos, exposure to ethanol can result in
significant increases in cardiac edemas, decreases in cardiac volume, and reductions in
ventricular thickness [222]. Alteration in the Bmp and Notch signaling pathways results in
abnormal valve morphology [223]. During embryogenesis, the Bmp signal transduction
pathway is essential for various stages of heart development, including cardiac speci-
fication, differentiation, endocardium differentiation, cardiac ring formation, chamber
morphogenesis, and outflow tract separation [17,224-227]. The Notch signaling pathway is
essential for endocardial differentiation and the formation of the OFT [228-230]. Folic acid
has the potential to mitigate the damage caused by ethanol to embryonic heart morphology,
although it does not fully remove it [231,232]. Folic acid’s antioxidant properties may
weaken the oxidative stress caused by ethanol [233,234]. Thus, studying the impact of
teratogens on the heart structure, morphology, and gene expression of zebrafish embryos,
along with genetic techniques or drugs, can enhance our comprehension of disease origins
and preventive strategies.

4. Future Directions

The zebrafish, a classic vertebrate with a high degree of genetic homology to humans,
offers a valuable platform for examining the genes and mechanisms underlying CHDs.
Using mature genetic and molecular technologies, researchers can efficiently screen and
understand the genetic basis of human CHDs. Recognizing that certain pleiotropic gene
mutations can cause numerous subclinical phenotypic effects is essential, as these events
may collectively impact the fitness of affected individuals. Therefore, when specific disease
candidate genes identified in patients with CHD are individually disrupted in zebrafish,
corresponding phenotypes may manifest. In contrast, in humans, mutations in a single
gene may not always cause observable effects and can involve multiple genes, highlighting
the cumulative impact of pleiotropic genes. While the knockout of a single gene in zebrafish
may not fully replicate the phenotypes in patients with heart disease-related syndromes, it
may unveil evolutionarily conserved regulatory mechanisms governing vital developmen-
tal events in cardiac syndrome phenotypes. At the same time, human pluripotent stem cell
models are used to corroborate findings obtained from the zebrafish model in investigating
events, as the human genetic background can be preserved [235]. A further understanding
of the defective phenotypes of gene deletions can offer insights into the origins of other
phenotypes in humans, revealing potential treatment strategies for CHDs. Furthermore,
by tracking cell lineage in regions affected by gene mutations associated with specific
diseases, researchers can infer how genes influence other conditions during embryonic
development. In recent years, several single nucleotide variants (SNVs) linked to CHDs
have been discovered in humans, although the functions of many remain uncertain [236].
Preserving a substantial number of coding SNVs in zebrafish allows for quickly prioritizing
disease variants in FO and confirming their initial functional relevance in F1 [237]. The
new base editing framework developed in this study is applicable to a wide range of
SNV-susceptible traits in zebrafish, contributing to direct candidate validation and the
prioritization of detailed mechanistic downstream studies [237]. The potential of zebrafish
as a model for identifying the effects of SNV on cellular function during morphogenesis
would be valuable. Leveraging the strengths of zebrafish in cardiac studies to establish a
model for human CHDs can help elucidate the mechanisms underpinning these conditions
and generate innovative approaches for their treatment and management.
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Abstract: Inflammatory bowel disease (IBD) is a nonspecific chronic inflammatory disease resulting
from an immune disorder in the intestine that is prone to relapse and incurable. The understanding
of the pathogenesis of IBD remains unclear. In this study, we found that ace (angiotensin-converting
enzyme), expressed abundantly in the intestine, plays an important role in IBD. The deletion of ace
in zebrafish caused intestinal inflammation with increased expression of the inflammatory marker
genes interleukin 1 beta (i/1b), matrix metallopeptidase 9 (mmp9), myeloid-specific peroxidase (mpx),
leukocyte cell-derived chemotaxin-2-like (lect2]), and chemokine (C-X-C motif) ligand 8b (cxcI8b).
Moreover, the secretion of mucus in the ace™~ mutants was significantly higher than that in the
wild-type zebrafish, validating the phenotype of intestinal inflammation. This was further confirmed
by the IBD model constructed using dextran sodium sulfate (DSS), in which the mutant zebrafish
had a higher susceptibility to enteritis. Our study reveals the role of ace in intestinal homeostasis,
providing a new target for potential therapeutic interventions.

Keywords: teleost; angiotensin-converting enzyme; inflammatory bowel disease; enteritis

1. Introduction

Chronic intestinal inflammation is a result of a breakdown in intestinal homeostasis.
Intestinal inflammation occurs with many gastrointestinal diseases, among which inflam-
matory bowel disease (IBD) is typical. IBD includes Crohn’s disease (CD) and ulcerative
colitis (UC) [1,2]. IBD occurs primarily in the mucosa of the large intestine, leading to
debilitating conditions including diarrhea, rectal bleeding, and weight loss [3-5]. Animals
with IBD have abnormal expressions of proinflammatory molecules such as IL-6, IL-1b,
and TNFa and immunoregulatory cytokines such as TGFb, IL-10, and IL-35 [6,7]. Various
undetermined environmental and genetic factors, even an inappropriate immune response
to gut bacteria, contribute to the disease [8-11]. However, there is currently no clear patho-
genesis of IBD. A widely used model to investigate the pathogenesis of IBD is the dextran
sulfate sodium (DSS)-induced colitis model in mice [12-15].

Zebrafish (Danio rerio) have been used as animal models for human intestinal in-
flammation diseases including IBD [14,16-18]. Many genes that function in inflammatory
responses are conserved between zebrafish and mammals. In mammals, for example,
NOD1 and NOD2 are both involved in the detection of bacteria and contribute to gastroin-
testinal inflammation. In zebrafish, Nod1 and Nod2, which are expressed in intestinal
epithelial cells and neutrophils, are also IBD-susceptible genes [19,20]. Other genes such
as I1-13 and Sst3 also have a similar function in the innate immune response between
zebrafish and mammals [21-23]. Therefore, zebrafish have proven to be effective models
for studying intestinal damage.
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The angiotensin-converting enzyme (ACE) is an essential enzyme in the renin-angiotensin-—-
aldosterone system (RAAS), which regulates blood pressure by the cascading of enzyme
proteolysis [24]. Two isoforms of mammalian ACE are recognized: the somatic form (sACE)
and the germinal form (gACE) [25-28]. ACE was implicated in the pathological processes
of brain ischemic injury, cardiovascular disorders, lung injury, and other processes [29]. In
mice lacking ace, manifestations of hypotension, renal vascular thickening, and impaired urine
concentration were observed [30-33]. It was reported that the apoptosis and proliferation of
intestinal epithelial cells within the intestinal epithelium are compromised in mice with ACE
deficiency [34-36]. Thus, potential correlations of ACE with inflammation in the gastrointestinal
tract were demonstrated [37-39]. Nevertheless, the exact mechanism by which ACE exerts its
regulatory effects on the gastrointestinal tract remains unclear.

Based on this, the aim of this study is (1) to understand the evolutionary conservation
of zebrafish Ace among vertebrates and its specific expression in the intestine; (2) to
investigate the role of Ace in the development and progression of IBD; (3) to analyze the
effects of ace deletion in zebrafish on intestinal inflammation; and (4) to confirm the role of
Ace in intestinal inflammation using a dextran sodium sulfate (DSS)-induced IBD model.

2. Results
2.1. Ace Is Evolutionarily Conserved in Vertebrates

The zebrafish ace gene was cloned based on the gene information from Ensembl
database (Ensembl ID: ENSDARG00000079166). The Ace protein in zebrafish was identified
to have two metalloproteinase domains and a transmembrane region, which are conserved
among vertebrates (Figure 1A). Also, they have a similar 3-D structure (Figure 1B). The
phylogenetic analysis showed that zebrafish Ace proteins are clustered with those from
other vertebrates (Figure 1C), and there is syntenic conservation of ace between zebrafish
and flameback cichlids; however, no conservation was observed among zebrafish ace
genomic neighborhoods and those of humans and xenopus (Figure 1D), suggesting that
genomic rearrangements, such as inversions or translocations, may have occurred between
ray-finned fishes and tetrapods over evolutionary time, leading to the difference in gene
order and synteny.
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Figure 1. Cont.
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Figure 1. Homology comparison of Ace homologues in different species. (A) The secondary structures
of Ace homologues in D. rerio, H. sapiens, M. musculus, and X. tropicalis. This diagram was generated
using SMART online software (http://smart.embl-heidelberg.de/, accessed on 1 December 2023).
Red squares, signal peptides; blue rectangles, transmembrane regions; M2, metallopeptidase 2 do-
main. The similarity index was derived by DNAMAN software (9.0.1.116). (B) The three-dimensional
structures of D. rerio ACE, H. sapiens ACE, M. musculus ACE, and X. tropicalis ACE. This diagram was
generated using the Alphafold online server (https://colab.research.google.com/github/deepmind/
alphafold/blob/main/notebooks/AlphaFold.ipynb accessed on 5 December 2023). AlphaFold pro-
duces a per-residue model confidence score (pLDDT, predicted local distance difference test) between
0 and 100. Some regions below 50 pLDDT may be unstructured in isolation. (C) A phylogenetic tree
of Ace homologues of various species was constructed with IQ-tree using the maximum likelihood
method. Hs: H. sapiens (NP_000780), Mm: M. musculus (NP_997507), Gg: G. gallus (NP_001161204),
La: L. agilis (XP_033024785), Xt: X. tropicalis (NP_001116882), Cc: C. carcharias (XP_041029546),
Dr: D. rerio (XP_694336), Pn: P. nyererei (XP_005721704), Lo: L. oculatus (XP_015217378), Pm: P. marinus
(XP_032821231, XP_032807619), Ci: C. intestinalis (XP_026693950), Sk: S. kowalevskii (XP_002741143),
and Ta: T. adhaerens (XP_002111333). Each node was bootstrapped with 1000 replications to estimate
its reliability. (D) Syntenic analysis among zebrafish ace genomic neighborhoods and those of humans,
frogs, and flameback cichlids. Different colors indicate different genes. Orthologs of these genes in
other species are shown in corresponding colors.

2.2. Zebrafish ace Expressed in Intestines during Early Development

The relative transcript levels of ace were examined in different tissues of adult zebrafish.
We observed that the highest expression of ace was detected in the intestinal tissue of adult
zebrafish. During the early stages of development, ace expression became detectable
starting from 14 hpf. As the development progressed, the expression of this gene gradually
increased (Figure 2C).

To further explore the spatio-temporal expression pattern of ace during development,
WISH was performed. The results indicated that the ace gene was specifically expressed in
the intestine of zebrafish at 4 dpf and 5 dpf (Figure 2D). This finding was corroborated by
sections of the larvae following in situ hybridization (Figure 2E).
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Figure 2. Expression patterns of ace mRNA in zebrafish. (A) Transcriptional expression patterns
of ace mRNA in different tissues (heart, liver, spleen, gill, kidney, muscle, intestine, eye, brain,
skin, testis, and ovary) were detected by RT-PCR. S-actin was used as an internal control. (B,C)
Relative transcriptional expression of ace in different tissues and different developmental stages as
measured by RT-qPCR. hpf: hours post-fertilization. B-actin was used as an internal control. (D)
Spatio-temporal expression patterns of ace in embryos detected by WISH. “a—d” represents the results
of anti-sense probe hybridization, while “e-h” represents the results of sense probe hybridization
(negative control). dpf: days post-fertilization. (E) The intestinal region of the larvae at 5 dpf after
WISH was frozen and sectioned (8 pm). The red line indicates the position of the frozen section.

2.3. Ace Localized on the Cell Membrane

To investigate the subcellular localization of Ace, HEK293 T cells were transfected
with either pcDNA3.1/V5/ace/eGFP or pcDNA3.1/V5/eGFP (control). Following transfection,
the cells were stained with DAPI. In comparison to the control, which displayed a uniform
distribution of eGFP throughout the cells, Ace exhibited distinct green fluorescence on the
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cell membrane and endoplasmic reticulum (Figure 3). This observation may be attributed
to the transmembrane region of Ace [40].

ACE

5 um

Control

eGFP DAPI Merge

Figure 3. Subcellular localization of Ace in HEK293T cells. Recombinant plasmids pcDNA3.1/V5/
Ace/eGFP and pcDNA3.1/V5/eGFP (control) were transiently transfected into HET293T cells. DAPI
stained the nucleus. Red arrows point to the cell membrane and white arrowheads point to the
endoplasmic reticulum.

2.4. Ace Deficiency Does Not Result in Intestine Defects in Zebrafish

To investigate the function of ace, we generated an ace knockout (ace™/~) zebrafish
by the CRISPR/Cas9 approach. The mutation induced a frameshift in the protein-coding
region, leading to premature termination of translation (Figure 4A). As expected, mRNA
levels in ace™/~ mutants were significantly reduced compared to those in the wild type
(Figure 4B). Surprisingly, during development, the ace-deficient zebrafish appeared normal,
exhibiting survival to adulthood and fertility without any observable morphological or
developmental abnormalities. To explore whether the absence of ace impacts intestinal
tube development, we synthesized the intestinal marker fabp2 to probe intestinal devel-
opment. The WISH analysis did not indicate any noticeable abnormalities, suggesting
that the intestinal development program is not evidently affected at 5 dpf (Figure 4B).
This was further confirmed by a histological examination (HE staining) of intestinal sec-
tions (Figure 4C). Thus, our results suggest that ace deficiency does not significantly alter
intestinal development.
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Figure 4. Knockout of ace and morphological examination of ace™/~ mutant larvae. (A) The

generation of ace mutations in zebrafish through CRISPR/Cas9 technology. (a). The targeted exon 8
of ace containing the knockout site. Exons are indicated by boxes, blue box means coding region of
exon, while white box means non-coding region of exon, introns are represented by fold lines. The
red letter in the wild type (WT) means the position some changes will happen, while the dotted line
and blue letter corresponded to red letters means deletion and transition happened in the mutant
(MT), respectively. (b,c). In comparison to the wild type, the mutants had a deletion of 7 nucleotides
in exon 8, leading to skipped mutation (red letters), and premature termination of translation at the
468th amino acid. The asterisk in the figure indicates the position of protein translation termination.
(d). To assess the impact of ace knockout, RT-PCR was performed to analyze ace expression in both
ace™/~ and wild-type samples (B) Expression patterns of fabp2 in ace™/~ mutants and wild-type
larvae at 5 dpf, as detected by WISH. (C) The morphology of the intestinal epithelium in ace™/~
mutants and wild-type larvae at 5 dpf, as shown by HE staining.

2.5. Ace Deficiency Induces Intestinal Inflammation

To investigate the differential expressed genes (DEGs) between wild-type and ace ™/~
mutant larvae at 5 dpf, an RNA-seq analysis was performed. The results of the Gene Ontology
(GO) analysis indicated an upregulation of endopeptidase activity in the absence of ace
(Figure 5A). Additionally, Kyoto Encyclopedia of Genes and Genomes (KEGG) analyses
revealed an enrichment of DEGs in the phagosome signaling pathway, suggesting a potential
involvement in immunity (Figure 5B). Notably, the DEGs also included genes expressed in
the intestinal epithelium and associated with inflammation (Figure 5C). Further, ace is mainly
expressed in leukocytes in fxr—/~ zebrafish larva intestine at 6 dpf [41], which is in line with
the RN A-seq results above, indicating that ace plays an important role in intestinal immunity
(Figure 5D).

117



Int. J. Mol. Sci. 2024, 25, 5598

A B
Heme binding Autophagy-animal
Cysteine-fype endopepfidase activity o Amino sugar and nucleotide
Endopeptidase inhibitor activity ® sugar metabolism
Serine hydrolase activity [ ] Folate biosynthesis
Serine-type peptidase activity [ ] 5 2 s
Endopeptidase regulator activity ° C-type lectin receptor signing pathway
Peptidase inhibitor activity [ ) Citrate cycle (TCA cycle)
Pepidase regular activity ® . .
Serine-type endopeptidase activity ) Count mTOR signaling pathway
Endopeptidase activity L ] oun mRNA surveillance pathway
Integrin complex ® 20 Glutathi boli
MICOS complex ® 40 utathione metabolism
Pore complex: @ 60 Propanoate metabolism
Hemoglobin complex : :
Membrane microdomain padj _ Tyrosine metabolism
Membrane region 1.00 Intestinal immune netyvork for
) g - - . o IgA Jnoduct;ou
Membrane raft 0.75 Glycine, serine an tiu'eoilme
Exocyst o metabolism
Extracellular matrix 0.50 Lysine degradation
_ Extracellular space [ ] 0.25 Glyoxylate and dicarboxylate
Regulation of endopeptidase activity]| ® W 000 mebabolism
Regulation of peptidase activity ® : Cytokine-cytokine receptor interaction
Negative regulation of endopeptidase activity| °® ) e
Negative regulation of hydrolase activit [s] ECM-receptor interaction
Response to bacterium [ ] Drug metabolism-cytochrome P450
Negative regulation of proteolysis [ ] Phenvlalani taboli
Negative regulation of peptidase activity [ ] lenyiatanim emelaDatiSm:
Response to other organism [ ] Herpes simplex virus 1 infection
Response to external biotic stimulus ]
Response to biotic stimulus [ Phagosome
0.02 0.04 0.06
Gene Ratio
Gene ID Log2FoldChange Pvalue Gene name  Gene chr
ENSDARG00000014031  7.50335555016198  4.66x107! abcc2 13
ENSDARGO00000114451  6.89471776976595  2.64x10*  mmpl3a 10
ENSDARG00000042816  4.56163500506937 2.21x107® mmp9 8
ENSDARG00000012076  —4.25755706746673 6.84x10  apoala 5
ENSDARGO00000043406  —5.63009142383027 3.29x10718 slc8alb 17
ENSDARGO00000098700  4.01385587230294  1.24x107!! ilib 10
ENSDARGO00000102299  3.54935545659283  1.05x107° cxcl8b.1 7
ENSDARGO00000019521  2.12085638345123  1.73x107° mpx 10
D
40
35
30
w)
g 25
=)
o
“ 20
15
10
5
A\ 4
0 — —_— — — — —_— — — — W — — — — S— —

Count

e 10
15
® 20
@25
@30

0.01

002 0.03 0.04 0.05

Gene Ratio

Gene description

ATP-binding cassette, sub-family C (CFTR/MRP), member 2

matrix metallopeptidase 13a

matrix metallopeptidase 9

apolipoprotein A-Ia

solute carrier family 8 (sodium/calcium exchanger), member 1b

interleukin 1, beta

chemokine (C-X-C motif) ligand 8b, duplicate 1

myeloid-specific peroxidase

[l EEC_1

[ EEC 2

EEC_3

B EEC 4

EEC_5

. Enterocytes 1 precursors
D Enterocytes_segment 1
] Enterocytes_segment 2
] Goblet_cells_1

] Goblet_cells_2

] Goblet_cells_3

[ Tonocytes_1

O Ionocytes 2

[ Leukocytes

[ Secretory_precursor

Figure 5. RNA-seq analysis of ace/~ mutants and wild type at 5 dpf. (A,B) GO and KEGG analysis
of the pathways through the enrichment of DEGs between ace™/~ mutants and wild type. The red
box signifies the peptide enzyme or immune-related signaling pathways. (C) The table shows some

DEGs with significant changes, including genes highly expressed in intestinal epithelium and some
immune genes. (D) Single-cell profile of ACE in fxr_/ ~ zebrafish larvae at 6 dpf.
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We then assessed the disparity in inflammatory cytokine expression between wild-
type and ace™/~ zebrafish larvae by real-time PCR. The results clearly demonstrate that
the absence of ace substantially augments the expression of interleukin 1 beta (i/1b), matrix
metallopeptidase 9 (mmp9), leukocyte cell-derived chemotaxin-2-like (lect2l), chemokine (C-
X-C motif) ligand 8b (cxcI8b), and the neutrophil marker myeloid-specific peroxidase (mpx)
(Figure 6A), as well as some other validated members of the MMP families, such as mmp9,
mmp13a, mmpl4b, and mmp30 (Figure 6B). The heightened levels of pro-inflammatory
cytokines in ace™~ zebrafish indicate the occurrence of an inflammatory response. It
is known that goblet cells secrete mucus to safeguard the intestines against infection,
primarily concentrated in the mid- and posterior intestine regions. The abundance of
intestinal mucus was further evaluated through AB-PAS staining. Interestingly, ace™~
mutants, but not the wild type, exhibited enriched mucus in their digestive tracts at 5 dpf
(Figure 6C,D), indicating that goblet cells and mucus could promote intestinal defense and
homeostasis. The observation of heightened mucus secretion and elevated expression of
pro-inflammatory cytokines in ace-deficient zebrafish suggests that the deletion of ace may
contribute to the induction of intestinal inflammation and defense.

A B
%k %k Xk %k %k % %% % %k *k * %k

*% *% *k
— 60_
40 m= WT 5 dpf
30 40 == MT 5 dpf
50-) 2 20
i A = o
N ] =
T T T

2\
0 T T 0 T T T

mmpl4b mmp30 mmpl3a

w

level of expression
)
1
level of expression

illb cxcl8b lect2] mmp9 mpx

C
Intestinal Bulb Mid Intestine Posterior Intestine Intestinal Bulb Mid Intestine Posterior Intestine
WT 5 dpf MT 5 dpf
D
% %k %k
5000 l
< 4000
E
2
g 3000
o
=
S 2000
g
=
< 1000
0 T
WT 5 dpf MT 5 dpf

Figure 6. Inflammatory response evaluation for ace™/~ mutants and wild-type larvae at 5 dpf.
(A,B) qRT-PCR analysis of selected inflammation-related genes. (C) AB-PAS staining sections label
mucus in the intestine of both ace ™/~ mutants and wild-type larvae at 5 dpf (upper panel). The lower
panels provide enlarged photographs of the intestinal bulb and mid- and posterior intestine regions.
The red arrowhead in the figure indicates the staining signal. (D) Cell statistics for Alcian blue
staining in the digestive tract of ace~/~ mutants and wild-type larvae at 5 dpf. Data are presented as
the mean + SD of 10 fish. ** p < 0.01, ** p < 0.001. The experiments were independently repeated
three times.
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2.6. Ace-Deficient Zebrafish Are Susceptible to IBD

To determine whether ace-deficient zebrafish are susceptible to IBD, we first used DSS
to construct an intestinal infection model. Three days after drinking DSS, the expression
of pro-inflammatory factors, such as i1b, lect21, cxcl8b, mmp9, and mpx, was increased,
indicating that the intestinal infection model was successfully generated (Figure 7A,B).
When zebrafish larvae were exposed to DSS at a dose between 0.5 and 1% (w/v), the
survival rate of ace ™/~ mutants was lower than that of the wild type (Figure 7C). By HE
staining on intestinal sections, we found that the intestinal tract of the ace ™/~ mutant larvae
was significantly smaller, with a thickened wall and a smaller diameter (Figure 7D).
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Figure 7. The IBD model was successfully constructed using DSS. (A) A diagram of IBD model
development. (B) Changes in DSS-treated and untreated wild-type larvae were examined by qRT-
PCR for several pro-inflammatory factors: ilb, lect2l, cxcl8b, mmp9, and mpx. Data represent the mean
£ SD. *p <0.05, ** p < 0.01. Three independent biological replicates were performed. (C) Line chart
of survival rates comparing ace™/~ mutants and wild-type larvae treated as the DSS dose (% (w/v))
increased from 0% to 1% (n = 50). The significance of differences is annotated above the nodes in
the line chart. * p < 0.05, ** p < 0.01. (D) HE staining shows a more severely disorganized intestinal
epithelium in ace ™/~ mutants compared with the wild type at 6 dpf following DSS treatment.
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Furthermore, AB-PAS staining showed more mucus in the ace™/~ mutants compared to
wild-type zebrafish (Figure 8A). Additionally, we compared the expression of inflammatory
factors between ace™/~ mutants and wild-type larvae treated with DSS. Compared to that
in wild-type zebrafish, the expression of il1b, mmp9, lect2l, cxcl8b, and mpx was significantly
upregulated in ace-deficient zebrafish (Figure 8B). Collectively, our data indicate that ace-
deficient zebrafish are highly susceptible to IBD.
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Figure 8. Histopathological assessment comparing ace ™/~ mutant and wild-type larvae treated
with DSS. (A) AB-PAS staining sections highlighting mucus in the intestine of DSS-treated and
untreated ace/~ mutants and wild-type larvae (upper panel). The lower panels show enlarged
photographs of the intestinal bulb and the mid- and posterior intestine regions. At the bottom,
the control group exhibits AB-PAS staining sections that did not undergo DSS treatment. The red
arrow in the figure indicates the staining signal. (B) (a). Quantification of Alcian blue-stained cells
in the digestive tract of ace ™/~ mutants and wild-type larvae at 6 dpf. Data represent the mean
=+ SD of 10 fish. (b—f). The expression of several pro-inflammatory factors in ace”/~ mutants and
wild-type larvae examined by qRT-PCR. Data are presented as the mean + SD. Different lowercase
letters indicate significant differences (p < 0.05) within the group; different uppercase letters indicate
significant differences (p < 0.05) between the groups after DSS treatment; different Latin letters
indicate significant differences (p < 0.05) between the groups before DSS treatment.
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3. Discussion

Angiotensin-converting enzyme (ACE), a zinc-dependent dipeptidyl carboxypeptidase
composed of two metalloproteinase domains, plays a vital role in the renin-angiotensin—
aldosterone system (RAAS) and is involved in immune regulation [42,43]. In mice, ace
deficiency has been reported to affect intestinal epithelial renewal, but its precise function in
intestinal inflammation remains unexplored [34]. In this study, we characterized zebrafish
ace and found that its deletion induced intestinal inflammation, thereby expanding our
understanding of ACE’s functions.

In humans, ACE contains sACE and gACE isoforms. sACE is significantly expressed
in various tissues such as the small intestine, duodenum, lungs, kidneys, choroid plexus,
and placenta [44,45], while gACE is specifically expressed in testes and is associated with
male fertility [46,47]. Notably, the highest expression level of sACE was observed in the
small intestine [48]. This is in line with our finding in zebrafish that the expression of the
ace gene is highest in the intestine. However, an analysis of tissue expression revealed a
lack of notable expression in the testes in zebrafish, and we also found that both female
and male ace mutants’ reproduction was not affected when compared to the wild type; this
is different from the gACE detected in human, suggesting that there is no functional gACE
in zebrafish.

Although the absence of ace appears to have no discernible impact on the zebrafish’s
intestinal development as indicated by its morphology, transcripts of the ace gene were
detected as early as 14 hpf and continued to be expressed throughout development in
different adult tissues including the spleen and intestine. The zebrafish begins to form
a digestive tract in a segmental fashion at the mid-somite stages (18 hpf) and completes
gut tube morphogenesis at 34 hpf; after the onset of exogenous feeding (5 dpf), there is a
dramatic increase in the size of the intestine and the appearance of epithelial cells and other
cell types [49]. In accordance with this process, from 4 to 5 dpf, ace specifically localized
in the intestine. Moreover, a single-cell transcriptome analysis of zebrafish intestine at
6 dpf showed that ace expressed in many cell types, including the highest expression in
leukocytes and moderate expression in enteroendocrine cells (EECs), enterocytes, goblet
cells, ionocytes, and secretory precursors [41], suggesting that ace may play an important
role in intestinal homeostasis and immunity.

More mucus was secreted in the mid- and posterior intestine of ace ™/~ mutants com-
pared to the wild type at 5 dpf, indicating the occurrence of intestinal inflammation. Further,
the transcriptome sequencing of 5 dpf larvae revealed that the absence of ace had a sig-
nificant impact on immune pathways, leading to a notable increase in the expression of
proinflammatory factors including il1b, lect21, cxcl8b, mpx, and mmp9, as well as several
other members of the mmp gene family, such as mmp9, mmp13a, mmpl4b, and mmp30. 1t
has been observed that some of the MMP family members are associated with various
inflammatory responses [50,51]. Thus, there is a potential correlation between intestinal
inflammation and the deletion of ace. This correlation was further supported by the con-
structed IBD model, where intestinal inflammation induced by DSS showed a similar
expression pattern of proinflammatory factors to that observed in ace ™/~ mutants. More-
over, compared to the wild-type larvae, the ace™~ mutants exhibited a significantly lower
survival rate, increased mucus secretion in the intestine, and a notable upregulation of
various inflammatory factors in this IBD model, suggesting that both ace deletion and DSS
induction synergistically contribute to the occurrence and progression of inflammation.
Although ACE in wild-type larvae is mildly upregulated in a dextran sodium sulfate colitis
model [52], it is possible that ace deficiency impedes the ability of larvae to mount an
appropriate immune response and increases their vulnerability to DSS stimuli, ultimately
resulting in earlier mortality compared to the control group.

Many studies have documented the relationship between ACE and inflammation
in mammals, and some results seem controversial. For example, ACE overexpression in
myeloid-derived cells has been shown to increase the production of pro-inflammatory
cytokines, such as IL-123, TNE, or nitric oxide, while ACE overexpression in neutrophils
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has been shown to increase resistance to infections with MRSA, Klebsiella pneumoniae, and
Pseudomonas aeruginosa [40]. Ace™/~ mice have a less vigorous immune response to MRSA
infection [40]. However, ACE-overexpressing macrophages have been shown to attenuate
neuropathology and neuroinflammation [51]. Although ACE inhibitors have been shown
to reduce vascular inflammation, there is no convincing evidence indicating that ACE
inhibitors reduce plasma levels of major inflammatory markers in hypertension models [53].
This controversy is partly attributed to the possibility that inflammatory responses may be
controlled by local rather than global immune, vascular, and inflammatory cell responses to
infection or injury [54], with other localized factors involved in the inflammation process.

In this study, ACE was specifically localized in the intestine and was highly expressed
by leukocytes present in intestinal tissue. A deficiency of ACE induced a mild inflammatory
response in the intestine of zebrafish, indicating a potential role for ACE in immune
regulation and gut health. It appears that other factors also participate in the ace-deficiency-
induced inflammatory response, which are likely to depend on immune cells and molecules
at the site of tissue damage or infection.

4. Materials and Methods
4.1. Ethics Statement

Embryos were produced through natural mating. All zebrafish studies were con-
ducted according to the Animal Care and Use Committee of the Ocean University of
China (SD2007695).

4.2. Zebrafish Strains and Mutants

Zebrafish (D. rerio) from the AB strain were kept at 28 °C and fed twice daily during
dark periods of 10 h and 14 h. The fragments of ace were amplified using the specific primers
S1 and AS1 by PCR (Table 1). Using CRISPR/Cas9 technology, ace ™/~ mutant lines were
derived from the AB line of zebrafish. This study used 5-TGGCTTCCATGAGGCCATCG-
3’ in exon 8 as the knockout target. Mixtures of Cas9 mRNA and targeting gRNA were
microinjected into one-cell-stage zebrafish embryos. A comparison with the wild-type
zebrafish sequence confirmed the mutation sites. Fish from the F1 generation carrying a
7 bp deletion were crossed to obtain the F, generation [55,56].

Table 1. Primers used in this study.

Name Sequence (5'-3') Sequence Information
S1 CGCAACCAGTAACTACGCATT
For ace knockout (ace)
AS1 CTCTCCACTGAACACACTCCAT
52 CTCCACAGCATTGACCTCCT
For WISH (ace)
AS2 GTAAGCGTTCCAGACCTCCT
S3 CGCTCTACCTCAGCGTTCAT
For RT-qPCR (ace)
AS3 GCCCACATGTTTCCAAGCAG
54 GGTATTGTGATGGACTCTGGTGAT
For RT-qPCR (B-actin)
AS4 TCGGCTGTGGTGGTGAAG
S5 CCGGAATTCATGAACAGAGGGAAAAGGGAGAG
For recombinant (ace)
AS5 CCGGATATCCCTTGAGCTCCATCTGAGACATGG
S6 GATCCGCTTGCAATGAGCTAC
For RT-qPCR (il1b)
AS6 TCAGGGCGATGATGACGTTC
57 TCAGGGCGATGATGACGTTC
For RT-qPCR (mmp9)
AS7 TAGCGGGTTTGAATGGCTGG
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Table 1. Cont.

Name Sequence (5'-3') Sequence Information
S8 CCAGAACCAGTGAGCCTGAG
For RT-qPCR (mpx)
AS8 ACTCTCTTCTTCTGCCCCCA
59 TAGCTTGAGTGGAGGAGGTCT
For RT-qPCR (lect2l)
AS9 CATGGGAAGTGATGCCAGGA
S10 GTGCGCCAATGAGGGTGAA
For RT-qPCR (cxcl8b)
AS10 ACCCACGTCTCGGTAGGATT
S11 CGCCAACAACCAGGTTTACAGTTAT
For RT-qPCR (mmp13a)
AS11 TCAGGACGCGTAACAGCTTG
S12 ACAATGCGTTCTGTCGATGC
For RT-qPCR (mmp14b)
AS12 AGCGGGAGAATACAGACGTT
S13 GCAGCTCTCATCCTTGTGGT
For RT-qPCR (mmp30a)
AS13 ACTGCGACAAATACGCCTCT

4.3. Bioinformatics Analysis

A set of 12 ACE sequences was primarily collected from National Center for Biotech-
nology Information (NCBI) website (http://www.ncbi.nlm.nih.gov/). Protein domains
were predicted by the SMART website (http://smart.embl.de/); protein 3-D structures
were predicted by Alphafold (https://alphafold.com/). A phylogenetic tree was con-
structed using 1Q-tree with the maximum-likelihood algorithm, the L+G4 model, and
1000 bootstrap replications.

4.4. Whole-Mount In Situ Hybridization (WISH) in Zebrafish Larvae

The zebrafish embryos for WISH were cultured from 12 h post-fertilization (hpf) in
E3 embryo medium containing 0.004% PTU (Sigema, P6148, Fukushima, Japan). The
fragments of ace were amplified using the specific primers 52 and AS2 by PCR (Table 1).
The fragments were digested with Sph I (Takara Bio, 1246S, Kusatsu, Japan), and Sp6 RNA
polymerase (Thermo Scientific, EP0131) (Waltham, MA, USA) was used to synthesize an
antisense probe labelled with digoxigenin (DIG) (Sigema, 11277073910). WISH followed the
protocol in its procedures [57]. Stereomicroscopy (Nikon, SMZ1270/1270i, Tokyo, Japan)
was used to observe and photograph stained embryos.

4.5. RNA Extraction and RT-gPCR from Zebrafish Samples

Zebrafish total RNA was extracted using Total RNA Kit I (Omega, R6834-02) (Biel /Bienne,
Switzerland). DNase was used to treat the RNA, and PrimeScript™ RT reagent with gDNA
Eraser (TaKaRa, RP047A) was used to synthesize the cDNA. As controls, reverse transcriptase-
free samples were added. Quantitative PCR was performed on an ABI 7500 machine with
ChamQ SYBR Color qPCR Master Mix (Vazyme, Q431-02) (Nanjing, China). To normalize
the data, the B-actin gene was used as the internal reference gene. A comparative Ct method
(2784Ct method) was used to calculate relative expression levels. All quantitative PCR
experiments were conducted in triplicate. This study used the primers shown in Table 1.

4.6. AB-PAS Staining and HE Staining in Zebrafish Larvae

Ice-cold acetone was used to fix zebrafish embryos. Wuhan Servicebio Technology
Company performed microtomy and staining of the embryos. In each section (8 pm) after
AB-PAS staining, mucus-containing areas of the staining in the mid-intestine and posterior
intestine were quantified using Image] software (1.48v). The image processing followed
the protocol in its procedures [58].
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4.7. RNA-Seq Analysis

RNA was extracted from both wild-type and ace™~ larvae at 5 days post-fertilization
(dpf). The same batch of samples was sequenced for both control and knockout groups. The
transcriptome was sequenced using Novogene (Beijing, China). The gene abundance was
calculated and normalized using RPKM (reads per kb per million reads). DEGs (differentially
expressed genes) between groups were determined using the EdgeR package (http://www.r-
project.org/). Differential gene expression analysis was conducted with a fold change criterion
of >2 or <0.5, and a false discovery rate (FDR) of <0.05 was considered significant. Subse-
quently, the KEGG pathways (Kyoto Encyclopedia of Genes and Genomes) were analyzed for
enrichment. The single-cell profile of ACE in fxr~/~ zebrafish larvae at 6 dpf was generated
using the Single Cell Portal website (https:/ /singlecell broadinstitute.org/single_cell/study/
SCP1675/ zebrafish-intestinal-epithelial-cells-wt-and-fxr?genes=ace&tab=distribution#study-
visualize, accessed on 1 December 2023), and the raw data can be accessed from the NCBI
GEO Database: GSE173570 [41].

4.8. DSS Treatment

Analyses of DSS (Yeasen Biotech, 60316ES25) effects were conducted on wild-type and
ace™/~ larvae. All embryos (n = 26-32 larvae per concentration) were cultured to 3 dpf in
E3 embryo medium before the tests. From a 10% DSS stock solution (w/v), dilutions were
prepared (0.5%, 0.6%, 0.7%, 0.8%, 0.9% w/v, 1.0%) with the medium replaced daily. After
3 days of treatment, the survival rate was calculated. Later experiments (0.5% DSS) used
the lowest toxicity dosage. From 3 dpf to 6 dpf, the wild-type and ace ™/~ DSS groups were
cultured in 0.5% DSS in E3 embryo medium, while the corresponding control groups were
cultured in parallel in E3 embryo medium only. The RNA was isolated from half of the
larvae at 6 dpf, and the other half were used for histopathological analysis [23,59].

4.9. Subcellular Localization

To examine the Ace protein localization in subcellular compartments, a subcellular
localization assay was conducted. The pcDNA3.1/V5-His A plasmid was used to create the
pcDNA3.1/V5/eGFP vector by cloning eGFP. Next, with primers that contain EcoR I and
EcoR V restriction enzyme cutting sites, the complete coding region of ace was amplified
by PCR using specific primers (55, AS5). Recombinant plasmids were constructed by
inserting the fragments upstream of pcDNA3.1/V5/eGFP. To investigate the subcellular
localization of Ace in HEK293 T cells, the pcDNA3.1/V5/ace/eGFP and pcDNA3.1/V5/eGFP
recombinant plasmids were separately transfected. DAPI staining was performed 24 h
post-transfection, and observations were made using confocal microscopes after washing
the samples with PBS [60].

4.10. Statistical Analysis

Statistical analyses were conducted using Graphpad Prism 9.0.0 software. The data
are presented as the mean =+ standard deviation. Student’s t-test was used for statistical
analysis. p < 0.05 was considered statistically significant.

5. Conclusions

In summary, we demonstrated the evolutionary conservation of zebrafish ace among
vertebrates, with specific expression observed in the intestine. Interestingly, deficiency in
ace does not lead to intestinal defects in zebrafish but rather triggers intestinal inflammation.
Furthermore, zebrafish lacking ace show heightened susceptibility to inflammatory bowel
disease (IBD) phenotypes. Future studies are warranted to identify the particular cell types
impacted by Ace deficiency, along with the specific signaling pathways in which Ace is
involved in innate immunity. This understanding holds significant potential for advancing
novel therapeutic strategies for inflammatory bowel diseases in human patients.
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Abstract: The role of afferent target interactions in dendritic plasticity within the adult brain remains
poorly understood. There is a paucity of data regarding the effects of deafferentation and subsequent
dendritic recovery in adult brain structures. Moreover, although adult zebrafish demonstrate ongoing
growth, investigations into the impact of growth on mitral cell (MC) dendritic arbor structure
and complexity are lacking. Leveraging the regenerative capabilities of the zebrafish olfactory
system, we conducted a comprehensive study to address these gaps. Employing an eight-week
reversible deafferentation injury model followed by retrograde labeling, we observed substantial
morphological alterations in MC dendrites. Our hypothesis posited that cessation of injury would
facilitate recovery of MC dendritic arbor structure and complexity, potentially influenced by growth
dynamics. Statistical analyses revealed significant changes in MC dendritic morphology following
growth and recovery periods, indicating that MC total dendritic branch length retained significance
after 8 weeks of deafferentation injury when normalized to individual fish physical characteristics.
This suggests that regeneration of branch length could potentially function relatively independently
of growth-related changes. These findings underscore the remarkable plasticity of adult dendritic
arbor structures in a sophisticated model organism and highlight the efficacy of zebrafish as a vital
implement for studying neuroregenerative processes.

Keywords: zebrafish; deafferentation; olfactory bulb; mitral cell; retrograde labeling

1. Introduction

The zebrafish olfactory system provides an excellent platform for the study of brain
plasticity due to the well-known regenerative abilities of zebrafish [1] and the inherent
constitutive and regenerative processes of the olfactory system [2,3]. As in other animals,
zebrafish exhibit life-long plasticity in both the olfactory epithelium and the olfactory
bulb [4,5]. Several methods have been developed in adult zebrafish to cause damage to the
olfactory organ that results in deafferentation of the olfactory bulb [6-10]. Degeneration
and regeneration of the zebrafish olfactory bulb following deafferentation has been shown
to result in numerous changes to bulb morphology and neurochemistry [6,7]. These effects
are accompanied by social behavioral deficits that return to normal when given time to
recover [8,11]. Of note for the current study is the ability to perform repeated chemical
ablation to the olfactory epithelium to cause long-term, chronic, partial deafferentation of
the olfactory bulb [7], resulting in morphological, pharmacological, and behavioral effects.
With cessation of treatment, the olfactory bulb recovers, showing that this is a reversible
deafferentation model [11]. Calvo-Ochoa and Byrd-Jacobs [5] performed an extensive
review of deafferentation-induced changes in the zebrafish olfactory bulb that outlines
additional results and reinforces the use of zebrafish as a model system for neural plasticity.

The teleost olfactory bulb is organized in a diffusely ordered laminar structure, with
output neurons found throughout the glomerular layer and mitral cell (MC) dendrites
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synapsing with olfactory sensory neuron axons [12]. Zebrafish MCs are morphologically
heterogeneous and possess both multi- and uni-dendritic arbors [12]. Upon receiving
sensory information from the olfactory epithelium, MCs serve as the primary relay neurons
within the olfactory bulb propagating the signal from the olfactory bulb to higher order
brain structures via the medial and lateral olfactory tracts [13-15]. The role of afferent-
target interactions in maintenance of dendritic morphology in the adult brain is not well
understood, and a reversible deafferentation technique is effective in the exploration of
this process.

Dendritic trees form a foundational network in the nervous system, and plasticity
of dendritic structures relates to injury and recovery processes within the adult brain.
Numerous animal models have been used to study dendritic plasticity. In mice, exposure
to physical and social stress is associated with increased dendritic spine density in the
nucleus accumbens, with adolescents showing different responses to social stress compared
to adults [16]. Additionally in mice, whisker trimming induces functional reorganization
of intracortical circuits within the barrel cortex resulting in destabilization of persistent
spines and stabilization of new spines in pyramidal neurons [17]. Dendrites of optic tectal
neurons in young Xenopus substantially increase in complexity when exposed to tyrosine
hydroxylase [18]. It is rarer to find studies of dendrite plasticity in adult animals, but
zebrafish provide a good model for this. For example, in the retina of adult zebrafish,
dendritic field size and complexity of bipolar neurons is restored after chemical damage,
showing recovery of dendritic morphology in an adult [19].

The olfactory system’s inherent adaptability makes it a good model for this area of
study. In the Xenopus olfactory bulb, dendritic plasticity is influenced by olfactory stimu-
lation and deprivation. Single-cell electroporation of granule cells with green fluorescent
protein allowed for short and long-term imaging of synaptic structure plasticity with odor
stimulation resulting in increased stability of dendrites [20]. Another study in Xenopus used
sparse cell electroporation of a dextran to show that mitral /tufted cell dendritic tufts are
less complex and smaller following olfactory nerve transection [21]. This deafferentation ef-
fect is transient and dendritic complexity returns with reinnervation. In rodents, large scale
plasticity of dendritic dynamics has been shown in numerous cell types in the olfactory bulb.
Periglomerular neurons in the mouse olfactory bulb imaged using two photon microscopy
under odor-enriched environments demonstrate accelerated dendritic development [22].
Adult-born mouse granule cell dendrites are regulated in early maturational stages through
the activation of NMDA receptors [23]. Information specific to zebrafish dendritic plasticity
is lacking, despite that model organism’s prevalence in regeneration studies.

MC dendritic morphology is impacted by loss of afferent input. Permanent abla-
tion of the olfactory epithelium in adult zebrafish disrupts glomerular structures after
3 weeks, with fluorescently labeled phallotoxin showing loss of axonal and dendritic com-
ponents [24]. Following 8 weeks of permanent deafferentation, phallotoxin labeling shows
indistinguishable glomeruli and decreased bulb volume. In addition, retrograde labeling of
MCs reveals significant reductions in total length of major dendritic branches, area of the
dendritic field, and optical density measures of the fine processes in the dendritic tuft [24].
Similarly, 8 weeks of chronic, partial deafferentation results in numerous morphological
changes in MC dendrites and significant reductions in olfactory bulb MC dendritic ar-
borization measures including modified Sholl analysis, number of major branches, total
length of major dendritic branches, area of dendritic field, and distribution of fine pro-
cesses [24]. Given that this chronic, partial deafferentation method in zebrafish is reversible,
it is possible to explore the ability of MC dendrites to recover from this deafferentation-
induced damage.

Building upon the results of Pozzuto and colleagues [24] demonstrating the loss of
MC dendritic structures following injury in zebrafish, this study examined the effects of
cessation of treatment after long-term chronic deafferentation in order to explore dendritic
plasticity during recovery from damage. Our hypothesis was that the cessation of deaf-
ferentation would allow for the recovery of MC dendritic arbor structure and complexity.
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Additionally, considering that zebrafish exhibit continued growth with age [25] and these
experiments included survival times of up to four months, we hypothesized that there
would be changes in dendritic arbor structures due to growth.

2. Results
2.1. Recovery of Mitral Cell Dendritic Arbors

Our previous study showed that 8 weeks of repeated chemical ablation of the olfactory
epithelium causes significant effects on MC dendritic arbors (Figure 1A,B), including
diminished secondary branches, reduction in the number of major dendritic branches,
significantly reduced total length of major dendritic branches, decreased relative size of
dendritic arbor, and reduction in the optical density of the distribution of fine processes
within the dendritic arbor [24]. To explore the ability of MC dendrites to recover from
these deafferentation-induced effects, dendritic arbors were analyzed for complexity after
various time periods following reinnervation, using our reversible deafferentation model [7].
Morphological analysis included the previously mentioned measures, as well as modified
Sholl analysis, performed 3 and 8 weeks after cessation of treatment (Figure 1C-F).

Internal Control Deafferented

3 Week Recovery 8 Week Tx

8 Week Recovery

Figure 1. The ability of mitral cell dendritic arbor morphology to recover was examined at 3 and 8 weeks
after cessation of treatment following 8 weeks of chronic, partial deafferentation. (A) Control mitral
cell dendritic arbors had numerous branches (arrowheads) and a dense tuft of fine processes (*). With
deafferentation (B), there was an obvious reduction in fine processes and branches. When allowed 3 weeks
of recovery, internal control mitral cells (C) exhibited control morphologies. Previously deafferented
mitral cells (D) still lacked smaller branches and fine processes typical of control cells,
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though major branches were present (arrowheads) and were more abundant than in deafferented
cells. Internal control cells (E) following 8 weeks of recovery exhibited control morphologies and
appeared to be larger in size than control cells at previous time points. Following 8 weeks of chronic
partial deafferentation and 8 weeks of recovery, mitral cell dendritic arbors appeared to return to
control morphology, with abundant primary, major, and fine dendritic branches (F). Scale = 20 um,
for all.

There was a significant reduction in the number of major branches in MC dendritic
arbors at 8 weeks post-deafferentation as reported previously [24]. When allowed 3 weeks
of recovery, the number of major branches of previously deafferented cells returned to
control levels, with no significant differences when compared to internal control cells
and unlesioned control cells (Figure 2A). Additionally, following 8 weeks of recovery the
total number of major branches within MC dendritic arbors in internal control cells was
increased significantly compared to unlesioned control cells (Figure 2A).
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Figure 2. The potential of mitral cell dendritic arbor structures to recover following chronic, partial
deafferentation was investigated. (A) Following 8 weeks of chronic, partial deafferentation there was a
significant reduction in the number of major branches compared to internal control and unlesioned
day 0 control cells. With 8 weeks of recovery there were significantly more major branches in internal
control bulbs compared to day 0 controls. (B) Eight weeks of chronic, partial deafferentation results in
effects on total length of mitral cell major dendritic branches. With 3 weeks of recovery, significant
decreases remained, while the length of major dendritic branches within the internal control bulb were
still significantly greater than those in day 0 unlesioned control bulbs. Following 8 weeks of recovery
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there was a significant increase compared to day 0 control cells, but no differences were seen between
internal control and treated sides. (C) There was a significant decrease in the relative size of the
dendritic field following 8 weeks of partial chronic deafferentation and these effects remained
significantly reduced when allowed 3 weeks of recovery. There were significant increases in internal
control cells compared to day 0 unlesioned control cells with 3 weeks of recovery, and in both internal
control and previously deafferented cells following 8 weeks of recovery. (D) Following 8 weeks of
partial chronic deafferentation there was a significant decrease in optical density of the dendritic
arbor compared to day 0 unlesioned control cells, and there was a difference between internal control
and treated sides. LOB = left, internal-control olfactory bulb, ROB = right, treated olfactory bulb. For
day 0 control, n = 5 fish, 26 mitral cells (LOB), 28 mitral cells (ROB). For 8wk TX, n = 4 fish, 21 mitral
cells (LOB), 26 mitral cells (ROB). For 3wk Rec, n = 4 fish, 21 mitral cells (LOB), 20 mitral cells (ROB).
For 8wk Rec, n =5 fish, 26 mitral cells (LOB), 26 mitral cells (ROB). Paired t-test compared to internal
controls, # = p < 0.05; Two-way ANOVA, with Tukey’s multiple comparisons test compared to day
zero controls, *** = p < 0.0001; *** = p < 0.001; ** = p < 0.01; * = p < 0.05. F-value is 16.31 (A), 44.22 (B),
19.75 (C), and 7.58 (D). Degrees of freedom is three, for all. 95% Confidence Interval is 0.51 to 1.53
(A), 28.66 to 54.65 (B), 158.90 to 392.90 (C), and 0.01 to 0.07 (D).

It was previously shown that following 8 weeks of chronic, partial deafferentation there
is a significant decrease in the length of major branches in deafferented cells compared to
internal control and unlesioned control cells, and cells in the contralateral internal control
bulb at 8 weeks post-deafferentation are significantly longer than those in unlesioned
control cells [26]. At 3 weeks following cessation of deafferentation there were significant
decreases in the total length of major dendritic branches when compared to internal control
cells (Figure 2B). Furthermore, the total length of major dendritic branches of internal
control MCs was significantly increased from the lengths of those in unlesioned control
fish. With 8 weeks of recovery there were no significant differences in major dendritic
branch length between the left and right olfactory bulbs of previously deafferented animals;
however, the total dendritic branch lengths of these cells were significantly longer than
those of the unlesioned control fish quantified at day 0 (Figure 2B).

Projections of z-stack images were used to estimate the relative size of the dendritic
arbor. At 8 weeks post-deafferentation there is a significant decrease in the size of the
denderitic field between dendritic arbors of deafferented cells compared to internal control
cells and unlesioned control cells, as shown before [24]. With 3 weeks of recovery, there
were significant decreases in MC dendritic arbor size between the left and right olfactory
bulbs, and the size of the dendritic arbors in the internal control bulb were significantly
increased compared to unlesioned control animals (Figure 2C). Following 8 weeks of
recovery, MC dendritic arbor size was significantly larger in both the left and right olfactory
bulbs compared to unlesioned control cells (Figure 2C).

The optical density for dextran labeling of the dendritic arbor was used to estimate
the effects of deafferentation on the fine processes of the dendritic arbor that could not be
accurately traced. Pozzuto et al. [24] showed previously that with 8 weeks of partial chronic
deafferentation there is a significant decrease in the optical density of dextran labeling in
deafferented MC dendritic arbors compared to internal control cells and unlesioned control
cells. When allowed 3 and 8 weeks of recovery there were no significant differences in the
distribution of fine processes of the dendritic arbor between left and right olfactory bulbs
of recovered animals (Figure 2D).

Modified Sholl analyses were used to estimate the recovery of dendritic arbor complex-
ity following deafferentation. Due to dendritic arbor distance from the soma in unidendritic
zebrafish MCs, a modified Sholl analysis where the concentric circles started at the base of
the arbor was used to examine the overall complexity of the dendritic arbors [24]. Our pre-
vious study showed that 8 weeks of partial, chronic deafferentation resulted in a significant
decrease in the overall complexity of MC dendritic arbors [24]. Following 3 and 8 weeks
of recovery, overall dendritic complexity returned to control levels, with no significant
differences in the complexity of MC dendritic arbors between left and right olfactory bulbs
of previously deafferented animals (Figure 3A,B).
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Figure 3. A modified Sholl analysis was used to determine whether the significant decline in overall
dendritic complexity that occurs following 8 weeks of chronic, partial deafferentation could be
reversed. (A) When allowed to recover for 3 weeks, there were no significant differences (p = 0.63)
in the number of intersections at any distance from the base of the arbor or in overall dendritic
complexity, though there is some variability: n = 4 fish, 21 mitral cells (LOB), 20 mitral cells (ROB).
(B) Following 8 weeks of recovery there were no significant differences (p = 0.08) in the number of
intersections or in overall dendritic complexity: n = 5 fish, 26 mitral cells (LOB), 26 mitral cells (ROB).
Kolmogorov-Smirnov test compared lines formed by the average number of intersections at various
distances from the base of the arbor. LOB = left, internal-control olfactory bulb, ROB = right, treated
olfactory bulb.

2.2. Growth

Examination of the above data led to the observation that 8 weeks of deafferentation
and 8 weeks of recovery, totaling 16 weeks after unlesioned control fish were processed,
appeared to allow substantial growth of dendritic arbor structures. To examine the effects
of potential growth-related changes to the dendritic arbors of zebrafish MCs over time, a
group of cohort control animals were examined alongside the chronic deafferentation and
recovery animals. All animals in these studies were taken from the same animal population
concurrently with experimental animals, and fish lengths, weights, brain weights, and
sex were recorded. In control animals, there was a significant increase in body length at
8 weeks and 16 weeks when compared to the length of control animals at day 0 (Figure 4A).
Additionally, animal weights significantly increased at 8 and 16 weeks compared to day 0
control animal weights (Figure 4B). There was also a significant increase in brain weight
from day 0 to 16 weeks (Figure 4C).
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Figure 4. The potential growth of unlesioned control animals over 16 weeks was examined. (A) There
was a significant increase in body length compared to day 0 control animals (n = 5) at both 8 (n = 4)
and 16 (n = 4) weeks. (B) After 8 and 16 weeks there were significant increases in animal weight
compared to day 0 control animal weights. (C) Brain weights of unlesioned cohort control animals at
16 weeks were significantly increased compared to day 0 control animals. Unpaired t-test, * = p < 0.05
compared to day 0 unlesioned control animals.

To examine potential growth-related changes in MC dendrites, the total number of
major dendritic branches, the length of those branches, the relative area of the dendritic
arbor, and the optical densities of dextran labeling of dendritic tufts of MCs were examined
in control fish at day 0, 8 weeks, and 16 weeks. There were no significant differences in the
total number of major dendritic branches between the right and left olfactory bulbs in day
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0, 8-week, and 16-week control MC dendritic arbors (Figure 5A). There was, however, a
significant increase in the total number of major branches in MC dendritic arbors of left
olfactory bulbs at 8 and 16 weeks when compared to day 0 controls (Figure 5A). The total
length of the major dendritic branches was not significantly different between the left and
right olfactory bulbs of day 0, 8-week, and 16-week controls (Figure 5B), but at 8 weeks and
16 weeks the total length of major dendritic branches was significantly increased compared
to day O control cells. Additionally, the total length of major dendritic branches of MCs
in the right olfactory bulb at 16 weeks was significantly increased from those in the right
olfactory bulb at 8 weeks, indicating substantial growth-related changes to the dendritic
arbor over time (Figure 5B).
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Figure 5. The potential for growth-related changes to dendritic arbor structure was examined in a
group of unlesioned cohort control animals over 16 weeks. (A) Compared to day 0 control animals,
there was a significant increase in the number of major branches in the left olfactory bulbs of animals
examined at 8 and 16 weeks. (B) At 8 weeks there was a significant increase in the total length of
major dendritic branches of mitral cells in the left and right olfactory bulbs compared to day 0 control
cells, and this increase was maintained at 16 weeks. Also, at 16 weeks the lengths of major dendritic
branches in the right olfactory bulb were significantly longer than those in the right olfactory bulb
at 8 weeks. (C) There was a significant increase in the relative size of the dendritic field of mitral
cells in the left olfactory bulb at 8 weeks compared to day 0 control cells, and at 16 weeks mitral cell
dendritic arbors in both the right and left olfactory bulbs were significantly larger than those at day 0.
(D) The distribution of fine processes in the dendritic arbor remained fairly stable over time, with
the only significant increase occurring in cells found in the right olfactory bulb at 16 weeks when
compared to those present in the right olfactory bulb at 8 weeks. LOB = left, internal-control olfactory
bulb, ROB = right, treated olfactory bulb. For day 0 control, n = 5 fish, 26 mitral cells (LOB), 28 mitral
cells (ROB). For 8-week controls, n = 4 fish, 21 mitral cells (LOB), 20 mitral cells (ROB). For 16-week
controls, n = 4 fish, 21 mitral cells (LOB), 20 mitral cells (ROB). Two-way ANOVA, with Tukey’s
multiple comparisons test, **** = p < 0.0001; *** = p < 0.001; ** = p < 0.01; * = p < 0.05. F-value is
10.48 (A), 41.38 (B), 17.98 (C), and 6.12 (D). Degrees of freedom is 2, for all. 95% Confidence interval
is —0.48 to 0.94 (A), —19.78 to 14.61 (B), —181.10 to 115.90 (C), and —0.04 to 0.03 (D).
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The size of the dendritic field of MCs in the left olfactory bulb at § weeks, and both
olfactory bulbs at 16 weeks, were significantly larger than the size of the dendritic field
of MCs examined at day 0 (Figure 5C), although there were no differences in the size of
the dendritic field between MCs in the left and right olfactory bulbs at day 0, 8 weeks, or
16 weeks. Optical density of dextran labeling of MC dendritic arbors showed no differences
in the estimate of fine processes between left and right bulbs of animals at day 0, 8 weeks,
or 16 weeks, but there was a significant increase in the optical density labeling of MC
dendritic arbors in the right olfactory bulb at 16 weeks when compared to that in the right
olfactory bulb at 8 weeks, indicating a slight change over time in the distribution of fine
processes within the dendritic arbors of MCs (Figure 5D).

The overall dendritic complexity of MCs of untreated, cohort control animals was
analyzed at day 0, 8 weeks, and 16 weeks using a modified Sholl analysis. Kolmogorov-
Smirnov tests indicated that the dendritic arbors of MCs in the left and right olfactory bulbs
of animals at 16 weeks were significantly more complex than MC dendritic arbors at both
day 0 and 8-week timepoints, indicating that MC dendritic arbors become more complex
with growth over time (Figure 6A,B).

Growth Analysis B Growth Analysis
Left Olfactory Bulb Right Olfactory Bulb
105
-+ Control 8-
= 8 Week @ g
ab + 16 Week g a,b
= 6
S H
Eg
£f
2
T T T T 1 0+ T T T y
20 40 60 80 100 0 20 40 60 80
Distance (pm) Distance (um)

Figure 6. A modified Sholl analysis was used to determine the potential effects of growth on overall
dendritic arbor complexity in unlesioned cohort control fish over time. (A) In the left olfactory bulb
there was a significant increase in overall dendritic complexity at 16 weeks compared to both day
0 (p = 0.002) and 8-week (p = 0.011) controls. (B) In the right olfactory bulb there was a significant
increase in overall dendritic complexity at 16 weeks compared to both day 0 (p = 0.02) and 8-week
(p = 0.01) controls. For controls, n = 5 fish, 26 mitral cells (LOB), 28 mitral cells (ROB). For 8-week
controls, n = 4 fish, 21 mitral cells (LOB), 20 mitral cells (ROB). For 16-week controls, n = 4 fish,
21 mitral cells (LOB), 20 mitral cells (ROB). Kolmogorov-Smirnov test compared lines formed by the
average number of intersections at various distances from the base of the arbor, a = p < 0.05 compared
to day 0 control cells, b = p < 0.05 compared to 8-week control cells.

2.3. Injury and Recovery Normalized to Growth-Related Changes

To distinguish whether recovery of MC dendritic morphology was a measure of re-
generation as opposed to an artifact of growth-related changes, the data were normalized
to individual values for the physical characteristics of body length, fish weight and brain
weight. As shown in Figure 4, these parameters increased significantly with age. MC
total dendritic branch length retained significance at the 8-week chronic deafferentation
timepoint when normalized to body length, fish weight and brain weight (Figure 7A-C),
suggesting that regeneration of branch length could potentially function relatively inde-
pendently of growth-related changes. Additionally, normalization of the data revealed
significant increases in the left olfactory bulb at the 8-week recovery timepoint compared
to the day 0 control and in the right olfactory bulb compared to the 8-week deafferentation
timepoint (Figure 7A). For all other MC measures when normalized to body length, fish
weight and brain weight, the number of major branches, the area of the dendritic arbor and
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measures of optical density were no longer significant at the 8-week chronic deafferentation
timepoint, suggesting that recovery of these characteristics could be a function of growth.
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Figure 7. Total length of major dendritic branches normalized to body length, fish weight and brain
weight following 8 weeks deafferentation and 3 weeks or 8 weeks of recovery. (A) After normalizing
total length of major dendritic branches to fish body length, the treated right olfactory bulbs were still
significantly different following 8 weeks of chronic, partial deafferentation compared to the internal
control left olfactory bulb. Following 8 weeks of recovery, normalized data showed the left and
right olfactory bulbs were increased significantly compared to day 0 controls and the 8-week injury
timepoint, respectively. (B) When normalized to fish weight, total length of dendritic branches in the
treated right olfactory bulbs were still significantly different following 8 weeks of chronic, partial
deafferentation compared to the internal control left olfactory bulb. (C) Normalizing total length
of major dendritic branches to brain weight still showed a significant difference in the treated right
olfactory bulbs following 8 weeks of chronic, partial deafferentation compared to the internal control
left olfactory bulb. LOB = left, internal-control olfactory bulb, ROB = right, treated olfactory bulb.
Paired t-test compared to internal controls, # = p < 0.05; Two-way ANOVA, with Tukey’s multiple
comparisons test, *** = p < 0.001; * = p < 0.05. F-value is 10.54 (A), 5.22 (B), and 3.15 (C). Degrees of
freedom is 3, for all. 95% Confidence interval is 5.54 to 18.26 (A), —51.39 to 237.20 (B), and 1327 to
10,596 (C).

3. Discussion

Plasticity of synaptic connections is essential for the development and maintenance of
dendritic shape, which is critical for proper neural functioning [26-28]. Research involving
the effects of afferent activity on dendrites has been conducted primarily in developmental
systems [29,30]. Fewer studies have been performed in adult animals, and most of those
examine the plasticity and response to deafferentation of dendritic spines [31-33]. Some re-
searchers have taken advantage of the fact that the olfactory bulb is an adult brain structure
that is continually developing, so developmental processes can be examined in an adult
animal. Mizrahi [34] investigated dendritic development in adult-born periglomerular
neurons. Among his findings was that the dendrites of aspinous periglomerular neurons
are more dynamic, while spinous periglomerular and granule neurons show stability in
the dendritic branches and plasticity in the spines. His group also examined mitral/ tufted
cell dendrites and found that they too are stable in adult mice, even with increased activity
through odor training or with pharmacology [35]. Another group examined adult-born
granule cells in olfactory bulb slices and found that the dendrites of these spinous neurons
are more dynamic in early stages of formation but showed less filopodial activity as they
mature [23].

In general, there is a lack of information on the effects of deafferentation and recovery
on aspinous dendrites in adult brain structures, and we set out to fill in this gap using a
popular model animal. Additionally, while it is known that adult zebrafish maintained in a
constant, optimal temperature environment exhibit continued growth with age [25], we
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found no studies examining the role of growth on dendritic arbor structure and complexity.
The fact that our study included long treatment times in an indeterminate grower allowed
us also to examine effects of growth in adults. The purpose of this study was to examine
the potential recovery of MC dendritic arbor structures that are reduced by chronic partial
deafferentation and observe any potential growth-related changes to adult MC dendritic
arbors over time.

Our model of reversible deafferentation allows us to investigate both degeneration
and regeneration in the olfactory bulb of adult zebrafish. Chronic, partial deafferentation
of the olfactory bulb results in severe alterations to MC dendritic arbor morphology [24].
It is known that some mitral cells project their axons through the anterior commissure
to a similar location in the contralateral olfactory bulb [36]. Thus, in the current study,
comparisons were made both to internal control olfactory bulbs and to the olfactory bulbs
of untreated, external control fish. Following 8 weeks of deafferentation, MCs retain some
of their major dendritic branches; however, smaller secondary branches are noticeably
diminished, and the fine processes that establish the dendritic tuft of control cells are notably
lacking in deafferented MCs. The morphology of deafferented MCs is in harsh contrast
to the control morphology of unidendritic cell arbors, which maintain normal dendritic
arbor characteristics. We show here that adult zebrafish MCs can recover their dendritic
structure when afferent input is restored. When given time to recover for 3 weeks following
deafferentation, dendritic arbors continued to lack fine processes and smaller branches, but
appeared to be in a transitory state of returning to control levels. Following 8 weeks of
recovery, MC dendritic morphology regained robust fine processes as well as control levels
of primary and major branches. When allowed 3 weeks of recovery, the number of major
branches, the distribution of fine processes and overall dendritic complexity were no longer
significantly decreased. This indicates that the process of recovering dendritic structures
occurs much more quickly than the process of losing them. When allowed 8 weeks to
recover from chronic, partial deafferentation there were no differences between previously
deafferented MCs in general morphology or in dendritic arbor quantifications compared to
internal control cells; however, both were significantly increased from day 0 unlesioned
control cells. Increased dendritic complexity in developing hippocampal neurons is activity
dependent and uses a Semaphorin 3A pathway [37]. Relatedly, adult-born granule cells
of the olfactory bulb show increased dendrite dynamics in response to activity as they
are developing, but they do not require activity for filopodia extension when mature [23].
Interestingly, Mizrahi [34] found that sensory deprivation from naris occlusion in mice had
no effect on dendrite complexity, at least during development of adult-born periglomerular
cells. Our report of recovery of dendritic arborization following return of afferent input is
consistent with some of these findings, and the fact that activity is not necessary in some
instances is likely due to developmental stage of the neurons, where our study focused on
mature mitral cells of the adult olfactory bulb.

The discovery of differences between day 0 control cells and internal control cells at
recovery time periods led to the examination of potential growth-related changes to MC
dendritic arbors. Unlesioned control fish were examined over time, and results revealed
that over the course of a 16-week long experiment there were significant increases in
animal length, weight, and brain weight. These changes may correspond to the significant
increases in the number of major branches, the total length of those major branches, and
the size of the dendritic field of MCs. Most notably, there were significant increases in
the overall complexity of dendritic arbors at 16 weeks when compared to both day 0
and 8-week control arbors indicating that there was continued growth and elaboration of
MC dendrites.

Many molecules involved in dendrite morphogenesis have been identified across
different model systems and locations [38,39]; however, most of these have been shown in
culture or in developing animals [18,40,41]. The process by which dendritic arbors elaborate
and grow in proportion to animal growth during development is referred to as dendritic
scaling [36], and this may continue throughout life. Growth and elaboration of dendritic
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arbors in correlation to animal size has been rarely studied in adult animals, although
examples do exist. Goldfish demonstrate continued growth of dendritic arbors in retinal
ganglion cells [42,43]. Examination of pyramidal neurons in the prefrontal cortex and
basolateral amygdala of rats growing from juvenile to pubescent stages show an increase in
overall dendritic length, complexity and spine density; growth from puberty into adulthood
results in decreased dendritic spines and increased number of dendritic branches [44].
Many questions remain as to how and why dendrites coordinate and regulate adult arbor
structures. It is interesting to find that the normalized data for MC total dendritic branch
length, when considering individual growth-related physical characteristics, uniquely
measures regenerative plasticity in the zebrafish olfactory bulb. For other measures of
dendritic morphology, further experimentation may be required to elucidate whether the
changes in complexity are functions of regenerative or growth-related plasticity. We report
here that mitral cells in the adult zebrafish olfactory bulb recover from deafferentation-
induced loss of dendritic branches and that fish growth likely influences the dendrite
recovery process. Regardless of whether the restoration of dendritic arbors results from
normal, age-related growth or dendritic regeneration, the capacity for the restoration of
adult dendritic arbors to baseline morphology is novel, as this has not been previously
shown in other studies. This study provides evidence of the plasticity of adult dendritic
arbor structures in a complex model organism and further proves that the zebrafish is a
superb model organism for understanding neuroregeneration.

4. Materials and Methods
4.1. Animals

A total of 19 adult male and 19 adult female zebrafish, Danio rerio, over 6 months of
age were used, and 276 mitral cells were examined. The fish were maintained in 15-gallon
aquaria filled with conditioned fish water (reverse osmosis water treated with dechlori-
nating solutions and conditioning salts) at 28.5 °C and were fed twice daily (morning and
afternoon) with commercial flake food (Tetra) under natural lighting conditions. Charac-
teristics including sex, length, weight, and brain weight were collected at the conclusion
of the experiment. Fish were obtained from local commercial sources and all animal care
protocols and experimental procedures were approved by the Institutional Animal Care
and Use Committee.

4.2. Chronic Deafferentation

Chronic, partial deafferentation of the olfactory bulb was achieved via repeated chem-
ical lesioning of the olfactory epithelium with detergent as described previously [7,24].
Zebrafish were anesthetized with 0.03% MS222 (3-amino benzoic acid ethyl ester, Sigma-
Aldrich, St. Louis, MO, USA) in fish water. After anesthesia was confirmed with caudal fin
pinch, fish were placed on a clay dish and a pulled Wiretrol capillary pipette tip was used to
lavage the right nasal cavity with approximately 1 pL of 0.7% Triton X-100 (Sigma-Aldrich,
St. Louis, MO, USA) and 0.005% methylene blue in 0.1 M phosphate-buffered saline, leaving
the left olfactory epithelium to serve as the untreated internal control. The Triton X-100
solution was kept in contact with the tissue for two minutes. This procedure was repeated
once every three days for eight weeks after which fish were euthanized or allowed to recover
for three or eight weeks. Cohort control fish were euthanized along with the deafferented
fish, and day 0 control fish were euthanized on the first day of the experiment.

4.3. Olfactory Tract Tracing

MCs from deafferented and control fish were labeled using retrograde tract tracing
from the olfactory tracts [12,24]. For this technique, fish were over-anesthetized with
0.03% MS222 and then perfused with pH 7.4 phosphate-buffered saline before immediate
brain dissection under a stereomicroscope. Approximately 0.05-0.1 pL of Texas Red
Dextran (10,000 MW, 5 mg/mL in PBS, ThermoFisher Scientific, Waltham, MA, USA,
catalog # D1863) was injected into both the medial and lateral olfactory tracts within
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the telencephalon. Following injection, brains were incubated at 28.5 °C in artificial fish
cerebrospinal fluid [100 mM NaCl, 2.46 mM KCl, 1 mM MgCl,H;0O, 0.44 mM NaH,PO4H,0O,
1.13 mM CaCl,H,0, 5 mM NaHCOj3; [45]] with 3-5% CO, for approximately four hours [12,
24]. Whole-brain specimens were then fixed in 4% paraformaldehyde for 24 h at 4 °C,
rinsed in buffer, mounted between two coverslips, and viewed on a Nikon C2 confocal
microscope.

4.4. Dendritic Analysis

Unidendritic MCs are the most predominant and uniform cell type within the zebrafish
olfactory bulb [12]. For dendritic analysis, a minimum of five unidendritic cells were
selected randomly from each right and left olfactory bulb from at least four fish from
each treatment or control group. Confocal microscopy with z-stack imaging was used to
gather fine optical sections of tissue throughout the olfactory bulb at 0.25 um intervals.
Cellular profiles were used to create two-dimensional projection images analyzed with Fiji,
an open platform for biological image analysis [46]. Utilizing the Simple Neurite Tracer
Plugin, quantification of major dendritic branches, total length of dendritic branches, size
of dendritic field, optical density measures of fine processes of the dendritic arbor, and
modified Sholl analysis were performed by tracing the two-dimensional outline of the arbor
of the major primary, secondary, tertiary, and quaternary branches that possessed clearly
defined borders. Optical density was measured with Fiji by converting the mean gray level
from the area of the arbor using the formula OD = —log (intensity of background/intensity
of area of interest). Examination of overall complexity was conducted using a modified
Sholl analysis, where the concentric circles originated at the base of the dendritic arbor [24].
Data from cells from right and left olfactory bulbs were compared within groups using
paired, two-tailed t-tests and between groups using ANOVA with Tukey’s test for multiple
comparisons. Data from the Sholl analysis was analyzed using paired t-tests to compare
the number of intersections at each distance from the base of the arbor, and a Kolmogorov-
Smirnov test was performed to determine significant differences in the lines formed by the
number of intersections at each distance from the base of deafferented and control dendritic
arbors; p values less than 0.05 were considered significant.
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Abstract: The exact mechanisms of the development of autism, a multifactorial neurological disorder,
are not clear. The pathophysiology of autism is complex, and investigations at the cellular and
molecular levels are ongoing to provide clarity. Mutations in specific genes have been identified
as risk factors for autism. The role of heavy metals in the pathogenesis of autism is subject to
many studies and remains debatable. Although no exact neuronal phenotypes have been identified
linked to autistic symptoms, overproduction and reduction of specific neurons have been implicated.
A growing literature on generating genetic and non-genetic models of autism aims to help with
understanding mechanistic studies that can explain the complexity of the disorder. Both genetic
and non-genetic methods of zebrafish have been used to model autism. For several human autism
risk genes, validated zebrafish mutant models have been generated. There is growing evidence
indicating a potential link between autism and inorganic arsenic exposure. We have previously
shown that inorganic arsenic induces supernumerary spinal motor neurons via Sonic hedgehog
(Shh) signaling pathway, and Cdk5 knockdown causes an overproduction of cranial and spinal
motor neurons in zebrafish. Here, in this review, we provide a perspective on what these findings of
neurogenic phenotypes mean in terms of dysregulated pathways of motor neuron development and
their applicability to understanding cellular and molecular underpinnings of autism.

Keywords: arsenic; zebrafish; Sonic hedgehog; autism; motor neuron

1. Introduction

Autism spectrum disorder (ASD), commonly known as autism, is a complex neurode-
velopmental disorder [1,2]. Due to the broad spectrum of this neurodevelopmental disorder,
a diagnosis of autism remains a challenge and is based on the individual’s behavioral pat-
terns and developmental history, while the severity and variability of the symptoms can
vary among individuals [3,4]. Autism causes motor defects such as difficulty in walking,
postural irregularities causing clumsiness, and balance issues, while non-motor defects
include memory and cognitive deficits, irritation, anxiety, and aggressive behavior [5].

Over the past two decades, the prevalence of autism reported worldwide has been
steadily increasing. In 2000, according to Autism and Developmental Disabilities Moni-
toring (ADDM), the incidence of autism was estimated to be 1 in 150 children. In 2006,
the incidence was 1 in 110 children, and by 2008, the incidence had increased to 1 in 88
children [6]. A recent estimate shows that more than 70 million people, i.e., 1.5% to 2%
worldwide, suffer from autism [7]. In 2023, the Center for Disease Control (CDC) reported
that the incidence increased to 1 in 36 (2.8%) [8].

With hitherto unknown specific causes, autism, a multifactorial neurodevelopmental
disorder, is found to be highly heritable, and many studies reveal that genetic factors (the in-
volvement of many genes) as well as environmental factors are the major contributors/risk
factors for the development of autism [2,9,10]. Environmental chemicals can contribute
to human diseases, including autism [11]. Mounting evidence indicates that autism re-
sults from complex interactions between genes and the environment [12,13]. A systematic
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review and meta-analyses of 53 studies involving 5054 children described an association
between autism and heavy metal exposure including arsenic, cadmium, mercury, and
lead [14]. Arsenic is considered a potential contributor to the development of autism [15].
Multiple studies have shown an association of arsenic with autism (reviewed in [14]). An
epidemiological study on 397 autism cases and 1034 controls under the Norwegian Mother,
Father and Child Cohort Study showed a positive association between prenatal exposure
to arsenic and autism risk [16] A report showed that populations living closer to industrial
facilities that emit heavy metals such as arsenic, lead, and mercury to the air had a higher
occurrence of autism [17]. Epidemiological studies show that arsenic exposure during
critical periods of neurodevelopment could pose as an environmental risk factor for autism
development [18,19]. Significantly higher levels of arsenic in the urine [20-23], blood [24],
and hair [22] of children with autism have also been reported [20,21]. Arsenic exposure
through drinking water at 10-50 ppb has been shown to cause peripheral neuropathy
in humans [25]. In children, central nervous system (CNS) impairment may occur at
> 50 ppb [26]. Mice, after prenatal exposure to arsenic, showed an increased number of
pyramidal neurons of the prelimbic cortex, which has been linked to behavioral inflexibility
in adulthood due to cortical disarrangement [27]. Although arsenic’s effects on specific
neurons in the brain have been well studied, very few studies have focused on its effects
on motor neurons. An epidemiological study in arsenic-contaminated regions showed
a 16.7% higher risk of mortality associated with motor neuron disease [28]. Additional
epidemiological studies show a potential association of heavy metals, including arsenic,
with autism (reviewed in [14]) that warrants further studies in order to determine whether
there is a direct link between these heavy metals and autism.

Mutations in cyclin-dependent kinase 5 (Cdk5) have been reported in patients with
non-syndromic intellectual disability [29]. Selective loss of Cdk5 in the dorsolateral stria-
tum of mice caused increased locomotor activity with attenuated motor learning [30].
Valproic acid, prenatal exposure to which causes autism-like behavioral abnormalities and
brain malformation in animal models including zebrafish [31,32], downregulates Cdk5
activity in cultured mouse neurons [33]. The effects of the downregulation of Cdk5 ac-
tivity on specific neuron development (a specific neuronal phenotype) can help unravel
cellular and molecular mechanisms behind autism-like symptoms in animal models with
follow-up studies.

One of the pathological mechanisms of autism underlies impaired functions of spe-
cific brain regions and dysfunctional neural circuits [13]. For example, functional studies
of an autism-associated gene, Shank3, a synaptic scaffold protein that is enriched at the
postsynaptic excitatory synapses [34], show that mice lacking Shank3 not only exhibit hy-
pertrophy of the striatum but also experience decreased cortico-striatal excitatory synaptic
transmission and show repetitive behaviors [35]. Lately, various animal modeling studies
have revealed several types of viable mutations, which can shed light on the underlying
mechanisms of autism pathogenesis [13]. Due to the evolutionary conservation of the
developmental processes of the nervous system between zebrafish and mammals, zebrafish
are used to investigate autism using both genetic and non-genetic methods (reviewed
in [2]). Zebrafish exhibit similar behavioral responses as in mammals, such as social in-
teractions and preference, as well as repetitive behaviors, making it possible to model
phenotypes with ASD-like symptoms [36]. A list of zebrafish mutant lines for twelve
autism risk genes has been curated (https://www.sfari.org/resource/zebrafish-models/
(accessed on 10 December 2023)) by the Simons Foundation for Autism Research Initiative
(SFARI). As an alternative animal model, data from zebrafish autism studies can add to the
knowledge gap that exists in mammalian studies, reveal mechanistic pathways, and help
with drug discovery.

Chronic arsenic exposure altered social behavior, a characteristic of autism, in juvenile
zebrafish, which was ameliorated by the antioxidant N-acetylcysteine [37]. In zebrafish
larvae, arsenic caused motor behavioral deficit as well as mild impairment in behavior
towards color preference [38]. Transgenerational changes in motor activity and anxiety-like
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behavior upon arsenic exposure, accompanied by a reduction in brain-derived neurotrophic
factor level and increased histone methylation, have been reported in zebrafish [39]. Arsenic
caused hypoactivity of zebrafish larvae in a photomotor response assay [40]. Anxiety-like
behavior and alteration in long-term memory have also been reported in adult zebrafish
upon arsenic exposure [41]. Based on existing studies both in mammals and zebrafish, this
review provides a perspective on what the neurogenic phenotypes indicate in terms of
modeling autism.

2. Risk Genes of Autism and Zebrafish

Many reliable risk genes for autism development have been discovered (reviewed
in [2]), and approximately 5% of autism cases result from single-nucleotide polymorphisms
(SNPs) in genes such as NLGN3, NLGN4, NRXN1, MECP2, SHANK3, FMR1, TSC1/2, and
UBE3A (reviewed in [2]). Genetic alterations that can increase the risk of autism include
changes in UBE3A, a ubiquitin protein ligase E3A [42], MAPK3 (mitogen-activated protein
kinase 3) [43], as well as an increase in the copy number variants, such as single nucleotide
polymorphisms (SNPs), for example, in the chromosomal region 15q11-q13.3 [42]. In addi-
tion to this, epigenetic mechanisms that include histone modification, DNA methylation,
chromatin remodeling, and micro-RNA activity are involved in the regulation of social
behavior in autism [44].

A study on zebrafish using high-throughput functional analysis of 10 autism risk
genes identified convergence of dopaminergic and neuroimmune pathways [45]. The func-
tions of 12 autism genes (ARID1B, CHDS, CNTNAP2, DYRK1A, GRIN2B, FMR1, MECP2,
NRXN1, PTEN, SCN2A, SHANK3, and SYNGAPI) have been studied in zebrafish [2].
In zebrafish embryos, morpholino (MO)-mediated knockdown of CHDS, a chromatin-
binding protein that targets many other autism-related genes, results in macrocephaly
consistent with human autism cases with CHDS loss of function [46]. Knockdown of
FMR1 in zebrafish larvae resulted in autism-like behavior [47] similar to the valproic-acid
treated zebrafish larvae [48]. MECP2 knockout in zebrafish caused behavioral and motor
deficits [49], and MECP2 knockdown suppressed neural precursor cell differentiation [50].
Double mutation in CNTNAP2a/b zebrafish caused reduced GABAergic neurons [51]. Ze-
brafish DYRK1A mutants have microcephaly [52]. Homozygous recessive loss-of-function
mutation in scnlalab, a voltage-gated sodium ion channel, caused abnormal neuronal
firing, hyperactivity, and convulsive behaviors in zebrafish that are consistent with ef-
fects shown in mice and humans [53]. Shank3a/b knockout zebrafish embryos/larvae as
well as adults had reduced revels of synaptic proteins and displayed robust autism-like
behaviors with reduced locomotor activity [54]. Syngapla/b knockdown embryos had
significantly decreased GABAergic neurons [55]. These studies emphasize the utilization of
the zebrafish model for autism studies that can reveal useful information on this complex
neurodevelopmental disorder.

3. Autism and Overproduction and Reduction of Specific Neurons

A preliminary study reported brain overgrowth and an excess number of neurons
in the pre-frontal cortex of autistic male children [56]. An overproduction of upper-layer
neurons in the neocortex in mice has been shown to lead to autism-like features, suggesting
a causal link between the overproduction of certain neurons and autism, which offers some
insight into the etiology of the disorder [57]. It has been reported that although the number
of mature neurons of the human amygdala increases from childhood into adulthood under
normal development, in autistic individuals, an initial excess of neurons in the amygdala
during childhood is followed by a reduction of neurons in adulthood [58]. Such develop-
mental anomalies might offer critical information on the etiology of autism. Decreased
cortical interneurons in autism have also been reported, indicating that interneuron hypo-
function could be a primary driver of erroneous circuit engagement and dysfunction in
autism [59]. Furthermore, a study on organoids derived from induced pluripotent stem
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cells from patients with Fragile X Syndrome (a known cause of autism) showed a lower
density of GABA-expressing neurons [60].

Autopsies of patients with autism have shown significant structural changes of their
brains, e.g., altered grey and white matter ratios, increased neuronal numbers accom-
panied by reduced neuronal body volume, increased numbers of glia, and changes in
dendritic spines and cerebral vasculature [61]. Longitudinal imaging studies on toddlers
(18 and 60 months old) with autism revealed an enlarged amygdala [62], and children with
autism had 67% more neurons in the prefrontal cortex [56]. On the other hand, Purkinje
cells were decreased in the cerebellar hemispheres of autistic individuals, who also had
reduced numerical density of neurons in the putamen and nucleus accumbens [63]. Brain
tissues of individuals with autism have supernumerary neurons in the cerebral cortical
subplate [64]. The increased brain size in subjects with autism [65] has been attributed to
an increased number of neurons or increased neuropil when there was no change in neuron
numbers [66]. Malformations of the CNS resulting from such abnormal neurodevelopment
(lack of or over-abundance of specific neurons) can lead to autism, cognitive delay, and
intractable epilepsy [67,68].

Moreover, early assessments of autism show striatal hypertrophy with reduced amyg-
dala volume albeit increased neuronal density in the region covering the medial, central,
and lateral nuclei that plays critical roles in anxiety, fear conditioning, and social behav-
ior [13,69,70]. Additionally, prenatal exposure to valproic acid, which, clinical evidence
indicate, has a strong association with autism [71,72], enhanced untimely embryonic neuro-
genesis in mice, leading to a depletion of the neural precursors and resulting in decreased
levels of adult hippocampal neurogenesis [73]. In zebrafish embryos, valproic acid ad-
versely affected neurogenesis in the optic tectum [74], reduced midbrain size, and reduced
the number of neuronal progenitors, along with perturbations in the secondary motor
neuron neurite development [75]. Modeling the genetic as well as environmental aspects in
zebrafish embryos can offer an ideal system for an in-depth investigation of the potential
mechanisms of autism development, since manipulation of individual risk genes in these
embryos may lead to the identification of phenotype-based mechanistic pathways.

4. Arsenic and Zebrafish Motor Neurons: Relevance to Autism

Recently, we reported that arsenic induced supernumerary spinal motor neurons in
transgenic (hb9-GFP) zebrafish that express green fluorescent protein (GFP) in the motor
neurons via Sonic hedgehog pathway (Figure 1A—C) and also increased the density of
tyrosine hydroxylase-positive dopaminergic neurons [76]. However, arsenic did not alter
the density of serotonergic neurons [76]. In vertebrates, the formation of motor neurons
depends on Hedgehog (Hh) signaling, which is mediated by Gli zinc finger proteins [77].

There are three Hh family members, Sonic Hedgehog (Shh), Indian Hedgehog (Ihh)
and Desert Hedgehog (Dhh). These three proteins activate a common signaling pathway,
called Hh signaling, and arsenic activates Hh signaling [78]. Shh, a secretory protein acts as
a developmental morphogen, and Shh signaling plays an integral role in embryogenesis in-
cluding neurodevelopment and neurodegeneration [79]. The Shh signaling pathway plays
an important role in development [80]. Vertebrate Patched (a receptor) binds to the Shh lig-
and [81]. Such binding relieves the inhibitory effect of Patched on a seven-transmembrane
protein, Smoothened, resulting in transcription of the Gli transcription factors, including
Gli2 [82,83]. Gli2, a positive regulator of Shh signaling, is then activated [84-86]. However,
supernumerary motor neuron development is inhibited by the Shh signaling inhibitor
Gant61 [76]. While Glil can induce Nkx2.1-positive ventral forebrain neuron development,
both Glil and Gli2 can induce Hb9-positive spinal motor neuron development [87]. In
arsenic-treated zebrafish, Patched gene expression was not altered [88]. Whether protein
levels of Patched and Shh changed in arsenic-treated embryos remains under investigation.
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Figure 1. Inorganic arsenic-induced supernumerary motor neuron development is inhibited by the
Shh inhibitor, Gant61. Five hours post fertilization (hpf), transgenic embryos (hb9-GFP) that express
green fluorescent protein (GFP) in the motor neurons were exposed to 200 mg/L of sodium arsenite
(internal concentration of 387.8 £ 26.9 pg/embryo). Fluorescent images of spinal cord regions of the
72 hpf embryos are shown for control (A), 200 mg/L sodium arsenite-treated (B), 200 mg/L sodium
arsenite with 5 tM Gant61-treated (C). Arrows indicate GFP-expressing motor neurons. YE indicates
yolk extension (Adapted from Kanungo et al. [76]).

Shh is secreted from the notochord and is critical for the development of the mo-
tor neurons in vertebrates [87] (Figure 2). Shh signaling activates Gli genes, which are
known to affect motor neuron development and positioning in the spinal cord during
early development of vertebrates [89,90]. In the CNS, Shh plays a critical role in ventral
specification along the neural axis. Overexpression of Shh in the spinal cord has been
shown to alter the positioning of the motor neurons and results in the aberrant structure
of the motor column [90]. Misexpression of Shh can induce the differentiation of floor
plate cells including motor neuron differentiation at ectopic locations in the spinal cord in
vertebrate embryos [91-93]. A schematic presentation of motor neuron development in
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zebrafish pertaining to the Shh signaling pathway is shown in Figure 2. The cross-sectional
view of the neural tube flanked dorsally by the ectoderm and ventrally by the endoderm
shows the location of the roof plate, sensory neurons, interneurons, motor neurons, floor
plate, and notochord, the latter producing the Shh that induces motor neuron development
(Figure 2). This pathway of motor neuron development is conserved in vertebrates [94].

Sensory neurons

Interneurons

Notochord

- Ventral Endoderm

Figure 2. Schematic presentation of motor neuron development in zebrafish. The neural tube
develops from the neural plate with the dorsal location of the sensory neurons, intermediate location
of the interneurons, and ventral location of the motor neurons. The dorsal ectoderm above the roof
plate and the ventral endoderm below the notochord are shown. Sonic hedgehog (Shh) is expressed
in the floor plate and notochord, which triggers the development of motor neurons from the neuronal
progenitors of the floor plate.

Based on rodent studies, it has been postulated that the motor dysfunction caused
by arsenic ingestion may be a consequence of arsenic’s direct influence on motor neu-
rons rather than other processes, such as demyelination [95]. In children with autism,
significantly higher levels of serum Shh protein have been reported [96]. A low dose of
arsenic can induce Hh signaling in vitro and in vivo [78]. Dysregulation of Shh signaling
leads to many physiological changes that precede neurological disorders such as autism
and cognitive decline (reviewed in [97]). These data suggest a mechanistic link between
arsenic, motor dysfunction, and some of the symptoms commonly observed in ASD. In
mouse models of autism, mechanisms involving cellular and synaptic functions of the
neurons of the peripheral somatosensory system, as well as spinal cord neurons, have been
shown to contribute to tactile over-reactivity [98-102]. Further studies on arsenic-induced
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supernumerary neurons in zebrafish are needed to explore the molecular and behavioral
changes related to autism. The questions that remain to be answered are whether arsenic
alters Shh expression at the gene and/or protein level and whether downstream Gli genes
are induced by arsenic.

In the hb9:GFP zebrafish embryos, it was difficult to discern brain motor neurons as
opposed to those in the spinal cord [76]. Future research using high-resolution microscopy
might reveal a clearer picture.

5. Cdk5 Knockdown and Zebrafish Motor Neurons: Relevance to Autism

Cdk5 is a member of the family of serine/threonine cyclin-dependent kinase, which
is highly expressed in neurons [103]. A multi-functional protein kinase, Cdk5 regulates a
wide range of neuronal functions, including neuronal survival and migration and plays a
critical role in neuronal differentiation [103]. Additionally, Cdk5 is essential in regulating
a number of cellular processes of the nervous system including protein trafficking, neu-
rite and synapse development, dopaminergic function, learning, and memory [104,105].
Dysregulation of Cdk5 activity can cause a wide range of pathological processes affecting
the nervous system development, leading to neurodegeneration [103]. Suppressing Cdk5
activity in cultured cortical neurons leads to compromised neurite outgrowth, whereas
ectopic expression of exogenous Cdk5 and its regulator p35 produce longer neurites [106].
Cdk5-null mice that are embryonically lethal show an aberrant development of the cortex
and cerebellum [107]. We have previously shown that the suppression of Cdk5 activity
through MO-mediated Cdk5 knockdown or overexpression of the dominant negative
human Cdk5 (hCdk5 DN) mRNA generated supernumerary motor neurons in vivo in
zebrafish [108] (Figure 3A-F). In the islet-1-GFP transgenic zebrafish embryos that express
GFP in the motor neurons, morpholino-mediated Cdk5 knockdown (translational inhibi-
tion) and hCdk5 DN-mediated suppression of Cdk5 activity caused supernumerary motor
neuron generation in both cranial and spinal regions (Figure 3) [108]. In these embryos,
CdkS5 activity was significantly reduced [108]. Although using a single morpholino may not
be sufficient to provide a conclusive statement about a gene function in studies conducted
lately, as the specificity of the morpholinos needs more controls, overexpression of the
kinase-dead hCdk5 DN mRNA increasing motor neuron density further strengthens the
finding (Figure 3). In agreement with this, the study also showed that overexpression of
Cdk5 mRNA reduced the motor neuron density in the zebrafish embryos compared to the
control [108].

CdkS5 has been implicated in the pathogenesis of various neurological disorders in-
cluding autism [109]. Downregulation of Cdk5 has been associated with attention deficit
and hyperactivity disorder [110], epilepsy [111], and schizophrenia [112]. Cdk5 rescued
hippocampal synaptic plasticity in a mouse model of Fragile X Syndrome, a genetic form
of intellectual disability associated with epilepsy, autism, and mood disorders, suggesting
that activation of Cdk5 activity might be a pharmacological tool to treat Fragile X Syn-
drome [113]. However, no association between polymorphisms in Cdk5 with autism was
found in a Chinese Han population [114]. On the other hand, studies explored a severe
neurodevelopmental disorder that was characterized by intellectual disability, early-onset
seizures, and autistic features resulting from mutations in the X-linked cyclin-dependent
kinase-like 5 (CDKL5) gene [115-117]. The mechanism behind this link between the CDKL5
mutation and autistic behavior is not known.

We have shown that Cdk5 activity is significantly reduced in zebrafish mindbomb
1 (Mindbomb E3 ubiquitin protein ligase 1) mutants [118]. The mindbomb 1 (Mibl) gene
was first identified as an E3 ubiquitin ligase in zebrafish through genetic mutagenesis
screens [119]. In zebrafish, Mib1 positively regulates the Notch pathway [119] necessary
for cell fate specification [120]. While MibI-null mice are embryonically lethal [121], the
loss-of-function zebrafish mutant (mindbomb 1) exhibits developmental defects due to a loss
of Notch signaling-induced lateral inhibition, thus resulting in a neurogenic phenotype
characterized by increased supernumerary primary neurons [119]. In addition to defects in
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neurogenesis, severe defects in angiogenesis and somitogenesis occur in zebrafish Mib1
mutants [122-124]. In humans, Mibl mutations contribute to congenital heart disease
through disruptions in heart development [125]. Mib1 homozygous mutant zebrafish do
not live beyond four days, whereas Mib1 heterozygotes (a recessive mutation) are able to
survive and breed [126].

A—

N AT

Noninjected Cdks5 MO

Figure 3. Cdk5 knockdown through microinjection of Cdk5 morpholino and dominant negative
human Cdk5 (hCdk5 DN) mRNA caused supernumerary motor neuron generation in zebrafish
embryos. Images of live 72 hpf islet-1-GFP transgenic zebrafish embryos show motor neurons in the
brain; (A) noninjected (vehicle only) control, (B) Cdk5 morpholino (MO)-injected, and hCdk5 DN
mRNA-injected (C); spinal regions of (D) noninjected (vehicle only) control; (E) Cdk5 morpholino
(MO)-injected embryos; and (F) hCdk5 DN mRNA-injected embryos. Arrows indicate the GFP-
expressing motor neuron populations in the brain (upper panel) and spinal cord (lower panel). YS
indicates the yolk sac; e indicates the eye; YE indicates yolk extension. (Adapted from Kanungo
et al. [108]).

Mindbomb mutant zebrafish exhibit spontaneous seizures accompanied by altered
gene expression in the GABA signaling pathways [127]. Loss of function due to point
mutations in human ubiquitin E3A ligase has been reported in patients with autism [128].
Additionally, small deletions or mutations in the human ubiquitin E3A ligase gene have
been linked to autism [129]. Mib1 has been shown to regulate neurite morphogenesis by
interacting with Cdk5 and its regulator p35 [130]; however, it is not clear why mindbomb
mutant zebrafish have reduced Cdk5 activity [118]. A potential pathway of the reduction
in CdK5 activity in the mindbomb mutant zebrafish has been proposed, which suggests that
overexpression of Cdk5 beyond a threshold limit can reduce its own activity [118]. This
study indicated that reduction of Cdk5 activity but not Cdk5 mRNA level itself is critical
for the overproduction of primary neurons, and Notch inhibition (mindbomb/Mibl mutant)
is upstream of the downregulation of Cdk5 activity [118].

Mib1 ubiquitinates and induces the degradation of survival of motor neuron proteins
(SMNs), and Mib1 knockdown increases SMN protein levels in HEK-293T cells, suggesting
a beneficial effect on the survival of motor neurons [131]. Similar to Mib1 mutation, arsenic
has been shown to block Notch signaling in a human small-cell lung cancer cell line [132,133].
Whether arsenic inhibits Notch signaling in zebrafish, which could be responsible for the
neurogenic phenotype we have reported [76], warrants further studies that would reveal
divergent or convergent pathways linking the phenotypes to the upstream events.

6. Conclusions

An overproduction and reduction of specific neurons have been reported in autism,
which can potentially explain the excitation/inhibition imbalance displayed in individuals
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with this serious and complex disorder [59]. In the phenotypes discussed above, data are
lacking on whether the overproduction of tyrosine hydroxylase positive neurons in the brain
by arsenic or motor neurons in the spinal cord by Cdk5 knockdown and arsenic in zebrafish
occurred while there was reduction in other types of neurons (e.g., interneurons). Arsenic and
Cdk5 knockdown, inducing supernumerary motor neurons and producing a similar outcome
in motor neuron development, indicates that such phenotypes can occur through many
different mechanisms and may cause an imbalance in specific neuron functions, e.g., excitatory
to inhibitory imbalance—a hallmark of autism (Figure 4). Arsenic also increased tyrosine
hydroxylase positive neurons in the brains of zebrafish embryos [76]. These phenotypes may
be utilized as preclinical models for in-depth studies to demonstrate whether the alteration in
the neuronal development patterns predisposes the organism to exhibit autism-like symptoms
(Figure 4). Zebrafish have been utilized to model phenotypes related to autism either through
genetic manipulation or chemical exposure (e.g., valproic acid) (reviewed in [2]). Although
these phenotypes of zebrafish cannot completely simulate the pathological processes of autism
reported in human beings, they will help to understand the triggers and molecular precursors
of the development of autism. Therefore, alterations in early development of specific neurons
in autism risk-gene mutants or those that are induced by chemicals need to be investigated.
Furthermore, exposing specific autism risk-gene mutants of zebrafish to arsenic and examining
the effects on specific neuron types would reveal deeper understanding of the multifactorial
nature of the disease. While stem cell models have been able to reveal that disruptions in
specific molecular processes, such as calcium and Wnt signaling, and chromatin remodeling
can contribute to the pathogenesis of autism [46,134], being a vertebrate with conserved
genetic and physiologic pathways [135], zebrafish carry an advantage in phenocopying cellular
and behavioral aspects of autism that can reveal hitherto unknown mechanisms. The early
detection of defective neuronal development would help delineate the mechanism of the role of
environmental factors in autism development, which would shed light on gene/environment
interactions and provide opportunities for therapeutic drug discovery. The current perspective
presents a scenario that warrants further investigation of the zebrafish phenotypes with an
overproduction of specific neurons in order to determine whether autism can be modeled to a
certain extent, if not completely, using these embryos.

/ Arsenic Mindbomb (Mib1) Cdk5 knockdown

: mutant
}

HE
Shh )
signaling / \ \Reduced Cdk5 activity}

1 Excessive primary Decreased secondary l
neurons neurons
Supernumerary Supernumerary
motor neurons motor neurons

Potential Autism
\ Models? /

Figure 4. Schematic presentation of scenarios occurring in zebrafish treated with arsenic, the mindbomb
(Mib1) mutant, and morpholino (MO)-mediated Cdk5 knockdown or human dominant negative Cdk5
mRNA expression that caused decreased Cdk5 activity. How arsenic could modulate Shh signaling is

not known. Nonetheless, supernumerary (excessive) neurons (primary and motor neurons) resulting
from these cases may be used to model and study cellular and molecular mechanisms of autism in a
lower vertebrate like zebrafish.
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Abbreviations

ASD Autism spectrum disorder

Cdk5 Cyclin-dependent kinase 5

CHDS8 Chromodomain helicase DNA binding protein 8
FMR1 Fragile X Messenger Ribonucleoprotein 1

GFP Green fluorescent protein

Gli Glioma-associated oncogene, a zinc finger protein
MECP2 Methyl CpG binding protein 2

Mib1 Mindbomb E3 ubiquitin protein ligase 1

NLGN3 Neuroligin-3

NLGN4 Neuroligin-4

NRXN1 Neurexin 1

SH3 and multiple ankyrin repeat domains 3 (also known as proline-rich
synapse-associated protein 2)

TSC1/2 Tuberous sclerosis complex 1/2

UBE3A Ubiquitin-protein ligase E3A (also known as E6AP ubiquitin-protein ligase)

SHANK3
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