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Abstract

The ability to orchestrate appropriate physiological and behavioral responses to stress is
important for survival, and is often dysfunctional in neuropsychiatric disorders that account
for leading causes of global disability burden. Numerous studies have shown that the endo-
cannabinoid neurotransmitter system is able to regulate stress responses and could serve
as a therapeutic target for the management of these disorders. We used quantitative
reverse transcriptase-polymerase chain reactions to show that genes encoding enzymes
that synthesize (abhd4, gde1, napepld), enzymes that degrade (faah, faah2a, faah2b), and
receptors that bind (cnr1, cnr2, gpr55-like) endocannabinoids are expressed in zebrafish
(Danio rerio). These genes are conserved in many other vertebrates, including humans, but
fatty acid amide hydrolase 2 has been lost in mice and rats. We engineered transcription
activator-like effector nucleases to create zebrafish with mutations in cnr1 and faah2ato test
the role of these genes in modulating stress-associated behavior. We showed that disrup-
tion of cnr1 potentiated locomotor responses to hyperosmotic stress. The increased
response to stress was consistent with rodent literature and served to validate the use of
zebrafish in this field. Moreover, we showed for the first time that disruption of faah2a attenu-
ated the locomotor responses to hyperosmotic stress. This later finding suggests that
FAAH2 may be an important mediator of stress responses in non-rodent vertebrates.
Accordingly, FAAH and FAAH2 modulators could provide distinct therapeutic options for
stress-aggravated disorders.

Introduction

Neuropsychiatric disorders are responsible for a devastating socioeconomic burden. They are a
leading cause of disability and have afflicted approximately 1 in 5 adults during the past year
[1,2]. Stress is an established risk factor for the onset and progression of these disorders, and
thus there is a strong interest in identifying modulators of stress responses for therapeutic appli-
cations [3-6]. In recent years, the endocannabinoid (eCB) system has emerged as a candidate
for these applications [7]. The lipid-derived neurotransmitters in this system are metabolized
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through multiple convergent and divergent biochemical pathways, and are able to signal
through an array of cognate receptors [8]. The multipartite nature of this system provides an
abundance of potential clinical targets that could be manipulated for the management of stress-
aggravated disorders. For that reason a considerable amount of research has focused on clarify-
ing how components of the eCB system regulate physiological and behavioral responses to
stress.

The gene that has been most extensively investigated in this context encodes cannabinoid
receptor 1, which is best known for its role in mediating the psychoactive affects of marijuana
consumption [9]. However, the exogenous compounds that directly manipulate cannabinoid
receptor 1 signaling have had limited clinical impact because of their adverse side effects [10].
Accordingly, many recent studies have concentrated on altering the activity of enzymes that
metabolize endogenous cannabinoid receptor 1 ligands. Fatty acid amide hydrolase is an eCB
catabolic enzyme that has been of particular interest because rodent models with genetic dis-
ruptions in Faah have increased eCB levels and decreased anxiety-like behaviors [11,12].
Numerous fatty acid amide hydrolase inhibitors have been developed, and in vivo testing has
revealed their ability to similarly increase eCB levels and decrease stress-associated behavioral
responses [13-15]. Nonetheless, the translational potential of these compounds are obscured
to a certain extent because rodent models only have one gene encoding a fatty acid amide
hydrolase while many non-rodent vertebrates, including humans, also have a FAAH2 gene
[16]. A recent case study has suggested that FAAH2 may modulate anxiety in humans, and
warranted the use of new model organisms to study the functions of fatty acid amide hydrolase
homologues [17].

Zebrafish are a vertebrate model with a suite of characteristics that make them ideal for
facilitating studies in this field of eCB biology, including a highly conserved eCB system with
homologues of FAAH2 [18-20]. Several groups have demonstrated that cannabinoid signaling
modulates stress-associated behavior in adult zebrafish and a recent study confirmed the pres-
ence of the fatty acid amide hydrolase substrate anandamide (AEA) in developing zebrafish
[21-25]. After considering these studies, we hypothesized that eCB signaling would modulate
stress-associated behavior in larval zebrafish. To test this hypothesis, we first characterized the
temporal expression patterns of eCB genes implicated in AEA signaling to determine which
were expressed around the 5 dpf time point that coincides with neuroendocrine stress
responses in larval zebrafish [26-28]. We subsequently used transcription activator-like effec-
tor nucleases (TALENS) to create zebrafish lines with indels in two eCB genes of interest, and
examined how these disruptions affected locomotor responses to hyperosmotic stress. We
studied cnrl because the existing rodent literature provided a valuable reference point for
interpreting the results of our approach, and faah2a because the absence of studies on the in
vivo functions of this gene magnified the potential clinical significance of our findings.

Materials and methods
Zebrafish husbandry

All zebrafish (Danio rerio) were maintained in accordance with protocols approved by the
Institutional Animal Care and Use Committee at Mayo Clinic. Adult zebrafish lines were
housed within the Mayo Clinic Zebrafish Core Facility, and mated in false bottom containers
to generate offspring for line propagation and experimental purposes. Embryos obtained from
individual pair crosses were mixed at 0 dpf for each experiment. The mixes were then divided
into groups of 60 fish, which were transferred to 100 x 15 mm petri dishes (Becton, Dickinson
and Company) containing 25 ml of 0.5X E2 media [29]. At 1 dpf, all nonviable embryos were
removed from each group and the viable embryos were transferred to dishes containing 25 ml
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of fresh 0.5X E2 media. All embryos were raised in an incubator at 28.5°C with a 14/10-hour
light/dark cycle until they were used in the experiments detailed in following Materials and
methods subsections.

Temporal patterns of eCB gene expression

Zebrafish were obtained from crosses between wild type fish, and raised according to the
Materials and methods, Zebrafish husbandry subsection. The samples were collected at 0.25
dpf, 1.0 dpf, 2.0 dpf, 3.0 dpf, 4.0 dpf, 5.0 dpf, 6.0 dpf, and 7.0 dpf, and were treated and stored
as previously described [28]. The temporal patterns of eCB gene expression were investigated
with quantitative reverse transcriptase-polymerase chain reactions (QRT-PCRs). The samples
were processed, ribonucleic acids (RNA) were isolated, complementary deoxyribonucleic
acids were synthesized, and qRT-PCRs were performed as previously described [28]. The
primers used in the qRT-PCRs were designed to amplify a region of the following eCB genes:
cnrl, cnr2, 1oc793909, abhd4, gdel, napepld, faah, faah2a, and faah2b (S1A Table). Additional
primers were designed and used to amplify regions of four selected reference genes previously
used in zebrafish gene expression studies: rps6kb1b (Forward 5' ~ARATCTCTATGGCGCTCG
GACACC-3',Reverse 5' ~-TGGACTCCTTACACAGCCCGAAATC-3 "), eeflalll (Forward 5' -
TACAAATGCGGTGGAATCGACAAG-3",Reverse 5'-TCGGCCTTCAGTTTGTCCAACAC-3"),
rpl13a (Forward 5' -TCTGGAGGACTGTAAGAGGTATGC-3",Reverse 5' ~AGACGCACAAT
CTTGAGAGCAG-3"),and b2m (Forward 5' -GCCTTCACCCCAGAGAAAGG-3", Reverse
5'-GCGGTTG GGATTTACATGTTG-3"') [30-32]. All primers were obtained from Integrated
DNA Technologies (Integrated DNA Technologies Inc, Coralville, IA, USA). The obtained
data was used to calculate mean expression + 95% confidence intervals (95% CI) relative to the
5 dpf time point for each target gene. Comparisons between time points were made using a
one-way analysis of variance (ANOVA) followed by Sidak’s multiple comparisons test. All sta-
tistical analyses were performed using Prism 6 software (GraphPad Software, San Diego, CA,
USA). To visualize a cross-comparison of all genes’ fold changes in this paper, heatmaps (54-
S11 Figs) were generated using the ‘gplots’ package in R software v3.4.1 (https://www.r-
project.org). Fold changes were calculated using the 24 formula for each gene pair combina-
tion when ACt was 0 or a positive number. However, when the ACt resulted in a negative value
the following formula was used: -2°“",

Spatial patterns of eCB gene expression

Zebrafish in the experimental groups were obtained from crosses between wild type fish, while
the zebrafish in the control groups were obtained from outcrosses between heterozygous
casz1™ 'S+ and wild type fish (caszI*'*) [30]. All fish were raised as described in the Mate-
rials and methods, Zebrafish husbandry subsection. The samples were collected at 2 dpf and 4
dpf as previously described [33]. Digoxigenin-labeled probes for mRFP were developed from
cDNA clones as previously described [30]. Similarly, primers were obtained from Integrated
DNA Technologies and used to develop digoxigenin-labeled probes for faah, faah2a, and
faah2b (S1B Table). The in situ hybridization (ISH) experiment was performed using a previ-
ously published protocol with the following modifications [33]. In the modified protocol, the 2
dpf samples were treated with proteinase K (Roche) for 20 min and the 4 dpf samples were
treated for 40 min. The proteinase K reactions were stopped with 3X 5 min PBT (Bio-Rad Lab-
oratories) washes. The samples were refixed with a 4% PFA solution for 20 min, and then
gently shaken during 5X 5 min PBT washes on a rotator (Fischer Scientific). The prehybridiza-
tion step was completed using a 5 min wash with a 50% hybridization mix / 50% PBT solution,
followed by a 4h incubation at 65°C with the hybridization mix. The hybridization step was
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completed using an overnight incubation at 65°C with hybridization mixes containing probes
(1 ng/ul) for each gene of interest. Stringency washes were performed at 65°C to gradually
replace the hybridization mixes with SSC buffer containing 0.1% Tween 20 (Bio-Rad Laborato-
ries), which in turn was progressively replaced at room temperature with maleic acid buffer
(0.1 M maleic acid, 0.15 M sodium chloride, pH = 7.5) containing 0.1% Tween 20 (MABT)
(Bio-Rad Laboratories). The nonspecific antibody binding sites were blocked with 2% Block-
ing Reagent (Roche) in MABT. The samples were incubated in anti-digoxigenin-AP fab frag-
ments antibody (Roche) diluted at 1:5,000 with blocking buffer. The antibody solution was
removed and the samples were washed using 8X 15 min washes with MABT at room tempera-
ture. The samples were then equilibrated and stained. A series of single focal plane brightfield
images was acquired for each sample using Specimen in a Corrected Optical Rotational Enclo-
sure imaging techniques [34]. The image series were taken on an Axioplan 2 microscope (Carl
Zeiss Microscopy) equipped with a Powershot G6 camera (Canon). Each series of images was
compiled into a single composite image with Helicon Focus software (Helicon Soft).

TALEN-mediated mutagenesis of eCB genes

The National Center for Biotechnology Information (NCBI) Danio rerio Annotation Release
105 was used to identify the predicted splice variants associated with each eCB gene of interest
[35]. The Basic Local Alignment Search Tool (BLAST) was used to identify sequences encod-
ing amino acid residues in faah2a that were putative homologues of the fatty acid amide
hydrolase 2 serine-serine-lysine catalytic triad [16,35]. The TALENSs were designed to recog-
nize sites conserved in all predicted splice variants by using the Mojo Hand Version 2 software
available online at http://www.talendesign.org [36]. The cnrl TALEN binding sites were posi-
tioned around a 15 base pair spacer sequence containing a BstUI restriction enzyme site (S1A
Fig). The faah2a TALEN binding sites were positioned around a 13 base pair spacer sequence
containing a BsrI restriction enzyme site just upstream of the sequence predicted to encode a
catalytic lysine (S1B Fig). Primers were designed to flank these sites so that the fish could be
genotyped via restriction fragment polymorphism (RFLP) analyses (S1C Table) [37]. The
TALEN vectors were created using the Golden Gate method with a pT3TS-GoldyTALEN des-
tination vector [37,38]. The TALEN mRNAs were synthesized and microinjected as previously
described [37]. The fish harboring mutant eCB alleles were outcrossed with a dominant leop-
ard line (Cx41.8"'%7°) to eventually establish populations of heterozygous F2 mutants [39].
The indels were characterized by sequencing, and the sperm from the F2 populations was
cryopreserved [37]. The cnrl mutant line was assigned the Zebrafish Information Network
(ZFIN) designator cnr1™*, and the faah2a mutant line was assigned the ZFIN designator faa-
h2a™"° [40].

Behavior assays

The zebrafish were obtained from in crosses between the F2 heterozygous eCB mutant lines
described in the Materials and methods, TALEN-mediated mutagenesis of eCB genes subsec-
tion. All viable fish were raised according to the Materials and methods, Zebrafish husbandry
subsection. At 3 dpf the fish were individually transferred in 400 pl of fresh 0.5X E2 media to
wells on 48-well tissue culture plates (Corning). All of the behavior assays were completed
using previously published protocols with the following modifications [41,42]. The 48-well
plates were transferred from the incubator to light-box apparatuses 30 min after the onset of
the light cycle on 5 dpf. All experiments were performed at 28.5°C, and the light-box appara-
tuses were configured with custom acrylic templates designed to align two 48-well plates. The
apparatuses housed one pair of plates during each assay, with one plate serving as a control
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Fig 1. Temporal expression patterns of eCB receptor genes. The time points on all graphs are
represented as means + 95% Cl (0.25—1 dpf: 20 larvae/n, n = 3; 2-7 dpf: 10 larvae/n, n = 3). * Indicates that a
group is significantly different from the 5 dpf group (Sidak’s multiple comparisons test, P <0.05). (A) The fold
change of cnr1 transcript levels relative to 5 dpf as determined by qRT-PCR. (B) The fold change of cnr2
transcript levels relative to 5 dpf as determined by gRT-PCR. (C) The fold change of loc793909 transcript
levels relative to 5 dpf as determined by gRT-PCR.

https://doi.org/10.1371/journal.pone.0190897.9001

plate and the other as an experimental plate. During the hyperosmotic stress assays fish were
acclimated to the apparatus for 45 min before the experiment was initiated. The pre-treatment
locomotor baseline activity of the fish was filmed for 15 min, and then the treatments were
applied to each plate. The control plates were treated with 100 ul of E2 media and the experi-
mental plates were treated with 100 pl of a 500 mM sodium chloride (Sigma-Aldrich) solution
prepared in E2 media (+100 mM final sodium chloride concentration). The post-treatment
locomotor activity of the fish was filmed for 31 min. During the nicotine assays fish were accli-
mated to the apparatus for 20 min before the experiment was initiated. The pre-treatment
baseline locomotor activity of the fish was filmed for 5 min, and then the treatments were
applied to each plate. The control plates were treated with 100 ul of E2 media and the experi-
mental plates were treated with 100 pl of a 250 uM nicotine (Acros Organics) solution pre-
pared in E2 media (+50 uM final nicotine concentration). The post-treatment locomotor
responses of the fish were then filmed for 5 min. The locomotor activity of the fish was ana-
lyzed at 1 second intervals with MATLAB software (The MathWorks, Natick, MA, USA) to
calculate the distances travelled by each fish. After the behavior assays were completed, the
individual larval zebrafish were genotyped using the RFLP analysis described in the Materials
and methods, TALEN-mediated mutagenesis of eCB genes subsection. The locomotor data
was used to calculate means + 95% CI. Comparisons between groups were made using a two-
way analysis of variance (ANOVA) followed by Tukey’s honest significant difference test. All
statistical analyses were performed using R software. All graphs were generated using R soft-
ware, and Illustrator CC software (Adobe, San Jose, CA, USA).

Results
eCB gene expression occurs early in development

The transcript levels of nine eCB genes were analyzed by qRT-PCR using rps6kb1b as the pri-
mary housekeeping gene. These levels were assessed relative to 5 dpf, because it corresponded
with the stage of development used in our hyperosmotic stress assays. The stage of develop-
ment significantly affected the expression levels of each eCB gene that was profiled [cnr:
F(7,16) =117.70, P < 0.0001; cnr2: F(7, 16) = 58.35, P < 0.0001; loc793909: F(7, 16) = 13.61,

P < 0.0001; abhd4: F(7, 16) = 93.30, P < 0.0001; gdel: F(7, 16) = 58.94, P < 0.0001; napepld:
F(7,16) = 123.80, P < 0.0001; faah: F(7, 16) = 91.65, P < 0.0001; faah2a: F(7, 16) = 278.10,

P < 0.0001; faah2b: F(7, 16) = 291.20, P < 0.0001]. The transcript levels of eCB receptors
encoded by cnrl and cnr2 increased to a peak at 5 dpf, and then exhibited declines at 6 dpf and
7 dpf (Fig 1A and 1B). The transcript levels of the eCB receptor encoded by loc793909
increased at 2 dpf, and then exhibited an insignificant decrease that was followed by stability
through 7 dpf (Fig 1C). The transcript levels of eCB anabolic enzymes encoded by abhd4 and
napepld increased through the first 5 dpf, and then exhibited declines at 6 dpf and 7 dpf (Fig
2A and 2C). In contrast, the transcript levels of the eCB anabolic enzyme encoded by gdel
peaked at 1dpf, then declined through 7 dpf (Fig 2B). The transcript levels of eCB catabolic
enzymes encoded by faah and faah2a increased through the first 4 dpf, then declined from 5-7
dpf (Fig 3A and 3B). The transcript levels of the eCB catabolic enzyme encoded by faah2b
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Fig 2. Temporal expression patterns of eCB anabolic enzyme genes. The time points on all graphs are
represented as means + 95% Cl (0.25—1 dpf: 20 larvae/n, n = 3; 2—7 dpf: 10 larvae/n, n = 3). * Indicates that a
group is significantly different from the 5 dpf group (Sidak’s multiple comparisons test, P <0.05). (A) The fold
change of abhd4 transcript levels relative to 5 dpf as determined by gRT-PCR. (B) The fold change of gde1
transcript levels relative to 5 dpf as determined by gRT-PCR. (C) The fold change of napepldtranscript levels
relative to 5 dpf as determined by gRT-PCR.

https://doi.org/10.1371/journal.pone.0190897.9002

dropped between 0.25 dpf and 1dpf, subsequently increased through 4 dpf, and then declined
again through 7 dpf (Fig 3C). The qRT-PCR threshold cycle (Ct) values recorded at 5 dpf for
each eCB gene were included in the Supporting Information (S2A Table). The trends in eCB
gene expression from 1-7 dpf were largely conserved regardless of the reference gene that was
used, however, the stability of reference gene expression was not always conserved at the 0.25
dpf time point (S4-S11 Figs). In addition to the qRT-PCR experiments, ISH was used to inves-
tigate the spatiotemporal expression patterns of faah, faah2a, and faah2b. The expression of
these genes were not detected by ISH in wild type fish at 2 dpf, however, they were detected at
4 dpf (S2A Fig). The expression of all three serine hydrolases was detected in the intestinal
bulb. Additionally, faah and faah2a expression was detected in the liver. Background staining
was accounted for by examining mRFP expression in a mix of siblings obtained by outcrossing
heterozygous casz1™"*%*'S* fish with wild type (caszl™'") fish [30]. The mRFP expression pat-
tern of the GBT0001 line mimics that of casz1, and is only present in fish that harbor the gene-
break transposon [30]. In these control fish—which were prepared alongside the experimental
groups—no background staining was observed in the negative control wild type siblings while
staining was observed in the positive control heterozygous caszl™**°'“"* siblings (S2B Fig).

eCB genes modulate stress-associated behavior

TALENSs were used to generate zebrafish lines with frameshift mutations in the eCB receptor
gene cnrl and the eCB metabolic enzyme gene faah2a. One pair of TALENs was designed for
a target sequence in exon 1 of cnrl and used to generate a F2 heterozygous mutant line with a
20 base pair deletion (Fig 4, S1A Fig). This mutant line was then used to study how cnrI regu-
lated stress-associated behavior (Fig 5A). Another pair of TALENs was designed for a target
sequence in exon 3 of faah2a and used to generate a F2 heterozygous mutant line with a 10
base pair deletion (Fig 6, S1B Fig). Similarly, this mutant line was then used to study how
faah2a regulated stress-associated behavior (Fig 7A). We have previously demonstrated that 5
dpf zebrafish elevate whole-body cortisol levels when challenged with hyperosmotic condi-
tions, and that this neuroendocrine stress response correlated with an increase in stress-associ-
ated locomotion [28,42,43]. In the present study, a main affect of treatment was observed in
the hyperosmotic stress assays performed with 5 dpf zebrafish obtained from F2 heterozygous
eCB mutant in crosses [cnrl: F(1, 663) = 53.75, P < 0.0001; faah2a: F(1, 474) = 54.60, P <
0.0001]. A main affect of genotype was also observed in both of these assays [cnrl: F(2, 662) =
5.307, P < 0.01; faah2a: F(2,473) = 3.502, P < 0.05]. No significant interaction was observed
between treatment and genotype [cnrl: F(2, 659) = 2.114, P > 0.0.5; faah2a: F(2, 470) = 2.516,
P > 0.05]. The wild type post-treatment Stress group exhibited a statistically significant
increase in locomotor activity relative the wild type post-treatment Control group in each
assay (Figs 5B and 7B). The homozygous cnrl mutant Stress group displayed a significantly
higher locomotor response than the homozygous cnrl mutant Control group and the wild
type Stress group (Fig 5B). The homozygous faah2a mutant stress group displayed a locomotor
response that was not significantly different from the homozygous faah2a mutant Control
group, and that was significantly lower than the wild type Stress group (Fig 7B). A nicotine
assay was performed to demonstrate that the attenuated response of the homozygous faah2a
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Fig 3. Temporal expression patterns of eCB catabolic enzyme genes. The time points on all graphs are
represented as means + 95% Cl (0.25—1 dpf: 20 larvae/n, n = 3; 2—7 dpf: 10 larvae/n, n = 3). * Indicates that a
group is significantly different from the 5 dpf group (Sidak’s multiple comparisons test, P <0.05). (A) The fold
change of faah transcript levels relative to 5 dpf as determined by qRT-PCR. (B) The fold change of faah2a
transcript levels relative to 5 dpf as determined by gRT-PCR. (C) The fold change of faah2b transcript levels
relative to 5 dpf as determined by gRT-PCR.

https://doi.org/10.1371/journal.pone.0190897.9003

mutants was specific to the hyperosmotic stress assay, and not simply attributed to a reduced
capacity for locomotion (S3A Fig). Nicotine treatment has been shown to elicit robust locomo-
tor responses from larval zebrafish, and in the present study a main affect of treatment was
observed in the nicotine assay [faah2a: F(1, 90) = 81.51, P < 0.0001] [41,44]. No main affect of
genotype was observed [faah2a: F(2, 89) = 1.890, P > 0.05], and no significant interaction
between treatment and genotype was observed [faah2a: F(2, 86) = 1.224, P > 0.05]. There were
no significant differences in the responses of each genotype to nicotine treatment (S3B Fig).

Discussion

The eCB system is known to have a critical role in mediating responses to stress, including
stress-associated behavior. For this reason, there is increasing interest in therapeutically
manipulating the eCB system to manage a repertoire of stress-aggravated disorders. Even so,
there is still a limited understanding of how individual eCB genes contribute to the regulation
of stress responses. This interface could be rapidly explored by using a genetically amenable,
high-throughput model organism like zebrafish. We started our study by assessing the ontog-
eny of zebrafish eCB gene expression in the first week of development to provide context for
our later investigations of gene function. We specifically focused on genes that are implicated
in AEA signaling because this eCB has been regarded as a gatekeeper of stress responses [45].
Most of the genes profiled in our qRT-PCR experiments, including cnrl and faah2a, exhibited
time-dependent increases of corresponding mRNA levels. These data provided the most

(A)

Target
Site

Start cnri End

2,000 bp

(B)

Wild Type:  GTTGTGTGTGATTCTGCAGTCGCGTACGCTGCGCTGCAGGCCGTCCT
BstUI
Mutant: GTTGTGTGTGATTCTGCAG: :::::::rzriisis:::GCCGTCCT

Fig 4. TALEN-mediated mutagenesis of cnr1. (A) The cnr1 TALEN target site was designed in exon 1 so that
mutagenesis would disrupt all predicted splice variants. NCBI Accessions: Gene ID, 404209; DNA, NC_007131.6;
mRNA (i), NM_212820.1; Protein (i), NP_997985.1. (B) An alignment of wild type and mutant cnr? sequences
reveals the TALEN-induced indel in the target BstUI restriction enzyme site.

https://doi.org/10.1371/journal.pone.0190897.9g004

PLOS ONE | https://doi.org/10.1371/journal.pone.0190897 January 5, 2018 10/19


https://doi.org/10.1371/journal.pone.0190897.g003
https://doi.org/10.1371/journal.pone.0190897.g004
https://doi.org/10.1371/journal.pone.0190897

o ®
@ : PLOS | ONE Zebrafish endocannabinoid genes and stress responses

(A)

o
I=3

N
o

N
o

o

Mean Distance Travelled (mm/min)

-5 0 5 10 15 20 25 30
Time (min)

(B)

60 7 c c bc

b b a
40 1
20 1
LH B
n=285

n =159 n =89 n =288 n =166 n=78
Treatment Group

Mean Distance Travelled (mm/min)

i
!

i Control | ] [ ] [ ]
|
i Stress NN [N e
\ )

Fig 5. cnr1 modulates stress-associated behavior. (A) The rolling means of distances travelled by wild
type (WT), heterozygous cnr1 (HET) mutant, and homozygous cnr1 (HOM) mutant zebrafish. The pre-
treatment baseline locomotor activity was recorded from —15-0 min, and the post-treatment locomotor activity
was recorded from 0-31 min. At time 0 the zebrafish were treated with either E2 media (Control) or E2 media
+ NaCl (Stress). The locomotor activity at each second is represented as a mean of the distance travelled
during the preceding 60 s. (B) The means of distances travelled after the zebrafish were treated with E2 media
(Control) or E2 media + NaCl (Stress). The locomotor activity of each group is represented as a mean of the
distance travelled per min during the 5-25 min time bin + 95% CI. Groups with all different letters above the
columns are statistically different from each other, while groups with a conserved letter above the columns are
not statistically different from each other (Tukey’s honest significant difference test, P <0.05).

https://doi.org/10.1371/journal.pone.0190897.g005

comprehensive analysis on the expression of these zebrafish genes to date and, when applica-
ble, were generally consistent with previous reports [25,46-51]. We also used ISH to character-
ize the expression of serine hydrolases at 2 dpf and 4 dpf. Although no expression was detected
at 2 dpf, expression was detected in the liver and intestinal bulb at 4 dpf. A previous qRT-PCR
experiment detected faah2a in the brain of adult zebrafish, but we did not observe serine
hydrolase expression in the nervous system at these stages of development [47]. It is possible
that the whole-mount ISH protocol was not sensitive enough to detect low levels of gene
expression that may exist there. A low level of eCB gene expression does not necessarily corre-
late with a lack of functional significance, and therefore we are reluctant to discount the poten-
tial physiological roles of these genes in the nervous system of larval zebrafish [52,53].
Nonetheless, the majority of the eCB genes we investigated had peak mRNA expression lev-
els in the 4-5 dpf time bin, which corresponded with the onset of functioning physiological
and behavioral stress responses [26-28,42,43,54]. Our subsequent hyperosmotic stress assay
experiments confirmed that these genes had a role in modulating the stress-associated behav-
ioral responses of larval zebrafish. When compared to wild type and heterozygous cnrl mutant
siblings, the homozygous mutant siblings had a significantly higher locomotor response to
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Wild Type: GGACAAGTTAATAGAAGAGGAGACTGGAGGAGAGGACGTGTTGGAGG
Bsrl

Mutant:  GGACAAGTTAATAGAAGAGGAGA: :::::::::GGACGTGTTGGAGG

Fig 6. TALEN-mediated mutagenesis of faah2a. (A) The faah2a TALEN target site was designed in exon 3 so
that mutagenesis would disrupt all predicted splice variants. NCBI Accessions: Gene ID, 436973; DNA,
NC_007112.6; mRNA (i), NM_001002700.2; Protein (i), NP_001002700.1. The target site is just upstream of the
sequence encoding a lysine in the predicted serine 228 (S) / serine 204 (S) / lysine 129 (K) catalytic triad. (B) An
alignment of wild type and mutant faah2a sequences reveals the TALEN-induced indel in the target Bsrl restriction
enzyme site.

https://doi.org/10.1371/journal.pone.0190897.9006

hyperosmotic stress. The potentiated stress-associated behavioral response we observed in this
zebrafish line was consistent with the behavior documented in rodent studies with cannabi-
noid receptor 1 mutant models [55]. These previous studies established that genetic disruption
of cannabinoid receptor 1 caused anxiety-like behavior in numerous paradigms including ele-
vated plus maze and light-dark tests [56-58]. Unlike cannabinoid receptor 1, little is known
about fatty acid amide hydrolase 2 because this gene is not conserved in rodent models [16].
The single fatty acid amide hydrolase gene that is found in rodents, however, has been exten-
sively researched. Stress-associated behaviors are reduced in rodent Faah mutant models, yet
it is not clear how the function of this gene relates to the function of homologues found in
organisms with multiple fatty acid amide hydrolase genes [11,12]. In our hyperosmotic stress
assay, the homozygous faah2a zebrafish mutants exhibited significantly reduced locomotor
responses to stress. These mutants did not have altered locomotor responses to nicotine treat-
ment indicating that the attenuated response was specific to hyperosmotic stress. The reduced
stress-associated behavioral response we observed in the faah2a mutants was similar to the
behavior observed in rodent Faah mutants [11,12]. In vitro studies with human homologues of
these genes have established that they both catabolize the eCB AEA, and so we suspect that dis-
rupted AEA signaling could account for the observed phenotype because of its well-docu-
mented role in modulating responses to stress [16]. However, other less characterized eCBs
like oleamide and ethanolamine variants are also known to be substrates of fatty acid amide
hydrolases, and could contribute to the phenotype [16].

The experiments with our cnrl mutant line indicated that eCB signaling has a conserved
role in modulating the stress-associated behavior of larval zebrafish, and that the unique
advantages of this model organism could be leveraged to advance the field of eCB biology.
Indeed, we developed the first animal model featuring a mutation in a homologue of FAAH2
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Fig 7. faah2a modulates stress-associated behavior. (A) The rolling means of distances travelled by wild
type (WT), heterozygous faah2a (HET) mutant, and homozygous faah2a (HOM) mutant zebrafish. The pre-
treatment baseline locomotor activity was recorded from —15-0 min, and the post-treatment locomotor activity
was recorded from 0-31 min. At time 0 the zebrafish were treated with either E2 media (Control) or E2 media
+ NaCl (Stress). The locomotor activity at each second is represented as a mean of the distance travelled
during the preceding 60 s. (B) The means of distances travelled after the zebrafish were treated with E2 media
(Control) or E2 media + NaCl (Stress). The locomotor activity of each group is represented as a mean of the
distance travelled per min during the 5-25 min time bin + 95% CI. Groups with all different letters above the
columns are statistically different from each other, while groups with a conserved letter above the columns are
not statistically different from each other (Tukey’s honest significant difference test, P <0.05).

https://doi.org/10.1371/journal.pone.0190897.g007

and provided evidence that this gene is involved with regulating stress responses. These results
suggest that FAAH2 modulators could potentially be used as a new pharmacotherapeutic class
of compounds for manipulating AEA signaling and managing stress-aggravated disorders.
This potential should be further investigated by interrogating the functions of all three fatty
acid amide hydrolase genes found in zebrafish, which include one FAAH homologue and two
FAAH?2 paralogues [18-20]. The development of lines with a mutation in each of these genes
would deliver a platform for beginning to clarify the redundancies and discrepancies that may
exist in the functions of different fatty acid amide hydrolases. Distinguishing between the func-
tions of FAAH and FAAH2 would enable a more refined approach to any downstream preclin-
ical applications. While the results of this study are an important step towards this end, we
recognize the need to assess the role of these genes in additional behavioral paradigms. Larval
zebrafish have been increasingly used to study responses to stress and a number of assays
could be adapted for this purpose including edge preference or light/dark tests [43,59,60]. The
changes in stress-associated behavior should also be assessed in adults because it could ensure
that the phenotypes are not specific to the stage of development, and would enhance the trans-
lational potential of the results. Additionally, we believe it is important to develop strategies for
correlating any changes observed in these tests with alterations in eCB signaling dynamics and
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physiological neuroendocrine stress responses. By making the mutant lines detailed in this
paper readily available to the scientific community, we hope to facilitate these studies and to
help unlock the eCB system’s potential to improve human health.

Supporting information

S1 Fig. TALEN-mediated mutagenesis of eCB genes. (A) A schematic of the cnrl exon 1
TALEN target sequence and RFLP analysis region. L Binding Site, left TALEN binding site; R
Binding Site, right TALEN binding site; F, forward primer; R, reverse primer; BstUI, BstUI restric-
tion enzyme site (highlighted). (B) A schematic of the faah2a exon 3 TALEN target site and RFLP
analysis region. L Binding Site, left TALEN binding site; R Binding Site, right TALEN binding
site; F, forward primer; R, reverse primer; Bsrl, Bsr] rectriction enzyme site (highlighted).

(TIF)

S2 Fig. Spatial expression patterns of serine hydrolase genes. (A) The expression patterns of
faah, faah2a, and faah2b as determined by ISH. The expression patterns were assessed in sam-
ples of wild type (WT) zebrafish siblings that were collected at 2 dpf and 4 dpf. (B) The expres-
sion patterns of mRFP as determined by ISH. The expression patterns were assessed in
samples of wild type (WT) and heterozygous casz1™" 'S+
lected at 2 dpfand 4 dpf.

(TIF)

zebrafish siblings that were col-

S3 Fig. faah2a does not modulate locomotor responses to nicotine treatment. (A) The roll-
ing means of distances travelled by wild type (WT), heterozygous faah2a (HET) mutant, and
homozygous faah2a (HOM) mutant zebrafish. The pre-treatment baseline locomotor activity
was recorded from —5-0 min, and the post-treatment locomotor activity was recorded from
0-5 min. At time 0 the zebrafish were treated with either E2 media (Control) or E2 media

+ Nicotine (Nicotine). The locomotor activity at each second is represented as a mean of the
distance travelled during the preceding 60 s. (B) The means of distances travelled after the zeb-
rafish were treated with E2 media (Control) or E2 media + Nicotine (Nicotine). The locomotor
activity of each group is represented as a mean of the distance travelled per min during the 0-4
min time bin + 95% CI. Groups with all different letters above the columns are statistically dif-
ferent from each other, while groups with a conserved letter above the columns are not statisti-
cally different from each other (Tukey’s honest significant difference test, P < 0.05).

(TIF)

S4 Fig. Heatmaps showing the fold change of each gene pair combination through 7 dpf.
Fold change is calculated using the 2°“* formula when ACt is greater or equal to 0, and -2*“"
when ACt is less than 0 for each gene pair combination. The coloring of the heatmaps is based
on the calculation of the ACt by subtracting the Ct of the gene in the row from the Ct of the
gene in the column (ACt = Ct opumn—Ctrow)- S4 Fig: 0.25 dpf, S5 Fig: 1 dpf, S6 Fig: 2 dpf, S7 Fig:
3 dpf, S8 Fig: 4 dpf, S9 Fig: 5 dpf, S10 Fig: 6 dpf, S11 Fig: 7 dpf.

(TIF)

S5 Fig. Heatmaps showing the fold change of each gene pair combination through 7 dpf.
Fold change is calculated using the 2°“* formula when ACt is greater or equal to 0, and -2°“"
when ACt is less than 0 for each gene pair combination. The coloring of the heatmaps is based
on the calculation of the ACt by subtracting the Ct of the gene in the row from the Ct of the
gene in the column (ACt = Cteopumn—Ctrow). S4 Fig: 0.25 dpf, S5 Fig: 1 dpf, S6 Fig: 2 dpf, S7 Fig:
3 dpf, S8 Fig: 4 dpf, S9 Fig: 5 dpf, S10 Fig: 6 dpf, S11 Fig: 7 dpf.

(TTF)
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S6 Fig. Heatmaps showing the fold change of each gene pair combination through 7 dpf.
Fold change is calculated using the 2*“' formula when ACt is greater or equal to 0, and -2*“*
when ACt is less than 0 for each gene pair combination. The coloring of the heatmaps is based
on the calculation of the ACt by subtracting the Ct of the gene in the row from the Ct of the
gene in the column (ACt = Cteojumn—Ctrow). S4 Fig: 0.25 dpf, S5 Fig: 1 dpf, S6 Fig: 2 dpf, S7 Fig:
3 dpf, S8 Fig: 4 dpf, S9 Fig: 5 dpf, S10 Fig: 6 dpf, S11 Fig: 7 dpf.

(TIF)

S7 Fig. Heatmaps showing the fold change of each gene pair combination through 7 dpf.
Fold change is calculated using the 2 formula when ACt is greater or equal to 0, and -2°“*
when ACt is less than 0 for each gene pair combination. The coloring of the heatmaps is based
on the calculation of the ACt by subtracting the Ct of the gene in the row from the Ct of the
gene in the column (ACt = Ct opymn—Ctrow)- S4 Fig: 0.25 dpf, S5 Fig: 1 dpf, S6 Fig: 2 dpf, S7 Fig:
3 dpf, S8 Fig: 4 dpf, S9 Fig: 5 dpf, S10 Fig: 6 dpf, S11 Fig: 7 dpf.

(TIF)

S8 Fig. Heatmaps showing the fold change of each gene pair combination through 7 dpf.
Fold change is calculated using the 2" formula when ACt is greater or equal to 0, and -2*“*
when ACt is less than 0 for each gene pair combination. The coloring of the heatmaps is based
on the calculation of the ACt by subtracting the Ct of the gene in the row from the Ct of the
gene in the column (ACt = Ct opumn—Ctrow)- S4 Fig: 0.25 dpf, S5 Fig: 1 dpf, S6 Fig: 2 dpf, S7 Fig:
3 dpf, S8 Fig: 4 dpf, S9 Fig: 5 dpf, S10 Fig: 6 dpf, S11 Fig: 7 dpf.

(TIF)

S9 Fig. Heatmaps showing the fold change of each gene pair combination through 7 dpf.
Fold change is calculated using the 2*“* formula when ACt is greater or equal to 0, and -2
when ACt is less than 0 for each gene pair combination. The coloring of the heatmaps is based
on the calculation of the ACt by subtracting the Ct of the gene in the row from the Ct of the
gene in the column (ACt = Ct opumn—Ctrow)- S4 Fig: 0.25 dpf, S5 Fig: 1 dpf, S6 Fig: 2 dpf, S7 Fig:
3 dpf, S8 Fig: 4 dpf, S9 Fig: 5 dpf, S10 Fig: 6 dpf, S11 Fig: 7 dpf.

(TIF)

$10 Fig. Heatmaps showing the fold change of each gene pair combination through 7 dpf.
Fold change is calculated using the 2°“* formula when ACt is greater or equal to 0, and -2°“*
when ACt is less than 0 for each gene pair combination. The coloring of the heatmaps is based
on the calculation of the ACt by subtracting the Ct of the gene in the row from the Ct of the
gene in the column (ACt = Ct opumn—Ctrow)- S4 Fig: 0.25 dpf, S5 Fig: 1 dpf, S6 Fig: 2 dpf, S7 Fig:
3 dpf, S8 Fig: 4 dpf, S9 Fig: 5 dpf, S10 Fig: 6 dpf, S11 Fig: 7 dpf.

(TTF)

S11 Fig. Heatmaps showing the fold change of each gene pair combination through 7 dpf.
Fold change is calculated using the 2°“* formula when ACt is greater or equal to 0, and -2*“*
when ACt is less than 0 for each gene pair combination. The coloring of the heatmaps is based
on the calculation of the ACt by subtracting the Ct of the gene in the row from the Ct of the
gene in the column (ACt = Cteopumn—Ctrow)- S4 Fig: 0.25 dpf, S5 Fig: 1 dpf, S6 Fig: 2 dpf, S7 Fig:
3 dpf, S8 Fig: 4 dpf, S9 Fig: 5 dpf, S10 Fig: 6 dpf, S11 Fig: 7 dpf.

(TIF)

S1 Table. Primers for eCB gene analyses. (A) A list of select zebrafish eCB genes and the
primers used to amplify target regions in them for qRT-PCR analyses. (B) A list of select zebra-
fish eCB genes and the primers used to amplify target regions in them for ISH analyses. (C) A
list of select zebrafish eCB genes and the primers used to amplify target regions in them for

PLOS ONE | https://doi.org/10.1371/journal.pone.0190897 January 5, 2018 15/19


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0190897.s006
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0190897.s007
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0190897.s008
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0190897.s009
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0190897.s010
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0190897.s011
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0190897.s012
https://doi.org/10.1371/journal.pone.0190897

@° PLOS | ONE

Zebrafish endocannabinoid genes and stress responses

RFLP analyses.
(TIF)

$2 Table. QRT-PCR Ct values. (A) A list of Ct values for select zebrafish eCB and reference
gene pairs at 5 dpf. The values are shown as a mean + SD (10 larvae/n, n = 3).
(TIF)

Acknowledgments

We would like to express our gratitude to Stephen Ekker, Ph.D., John Henley, Ph.D., Rajiv
Kumar, M.D., and Susannah Tye, Ph.D. for generously providing guidance on this project. We
would also like to express our gratitude to Noriko Umemoto, Ph.D., for her assistance with the
experimental design of the ISH experiment. Additionally, we would like to thank all members
of the Mayo Clinic Zebrafish Core Facility for managing the zebrafish lines that were utilized
in this project. The National Institutes of Health (Grant: DA032194), the Mayo Clinic Gradu-
ate School of Biomedical Sciences, and the Mayo Foundation for Medical Education and
Research provided funding for this work.

Author Contributions

Conceptualization: Randall G. Krug, II, Karl J. Clark.

Data curation: Randall G. Krug, II, Han B. Lee, Karl J. Clark.

Formal analysis: Randall G. Krug, II, Han B. Lee, Louis Y. El Khoury, Karl J. Clark.
Funding acquisition: Karl J. Clark.

Investigation: Randall G. Krug, II, Han B. Lee, Ashley N. Sigafoos, Morgan O. Petersen.
Methodology: Randall G. Krug, II, Han B. Lee, Karl J. Clark.

Project administration: Randall G. Krug, II, Karl J. Clark.

Resources: Karl J. Clark.

Software: Han B. Lee.

Supervision: Randall G. Krug, II, Karl J. Clark.

Validation: Randall G. Krug, II, Han B. Lee, Ashley N. Sigafoos.

Visualization: Randall G. Krug, II, Han B. Lee, Louis Y. El Khoury, Karl J. Clark.
Writing - original draft: Randall G. Krug, IL

Writing - review & editing: Randall G. Krug, I, Han B. Lee, Louis Y. El Khoury, Karl J.
Clark.

References

1. Substance Abuse and Mental Health Services Administration CfBHSaQ (2014) The NSDUH Report:
State Estimates of Adult Mental lliness from the 2011 and 2012 National Surveys on Drug Use and
Health. Rockville, MD.

2. Murray CJ, Atkinson C, Bhalla K, Birbeck G, Burstein R, et al. (2013) The state of US health, 1990—
2010: burden of diseases, injuries, and risk factors. JAMA 310: 591-608. https://doi.org/10.1001/jama.
2013.13805 PMID: 23842577

3. Brady KT, Sinha R (2005) Co-occurring mental and substance use disorders: the neurobiological
effects of chronic stress. Am J Psychiatry 162: 1483—-1493. https://doi.org/10.1176/appi.ajp.162.8.1483
PMID: 16055769

PLOS ONE | https://doi.org/10.1371/journal.pone.0190897 January 5, 2018 16/19


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0190897.s013
https://doi.org/10.1001/jama.2013.13805
https://doi.org/10.1001/jama.2013.13805
http://www.ncbi.nlm.nih.gov/pubmed/23842577
https://doi.org/10.1176/appi.ajp.162.8.1483
http://www.ncbi.nlm.nih.gov/pubmed/16055769
https://doi.org/10.1371/journal.pone.0190897

@° PLOS | ONE

Zebrafish endocannabinoid genes and stress responses

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21,

22,

23.

24,

Duman RS, Monteggia LM (2006) A neurotrophic model for stress-related mood disorders. Biol Psychi-
atry 59: 1116-1127. https://doi.org/10.1016/j.biopsych.2006.02.013 PMID: 16631126

Schneiderman N, Ironson G, Siegel SD (2005) Stress and health: psychological, behavioral, and biolog-
ical determinants. Annu Rev Clin Psychol 1: 607—628. https://doi.org/10.1146/annurev.clinpsy.1.
1028083.144141 PMID: 17716101

McEwen BS (2008) Understanding the potency of stressful early life experiences on brain and body
function. Metabolism 57 Suppl 2: S11-15.

Hill MN, McEwen BS (2010) Involvement of the endocannabinoid system in the neurobehavioural
effects of stress and glucocorticoids. Prog Neuropsychopharmacol Biol Psychiatry 34: 791-797.
https://doi.org/10.1016/j.pnpbp.2009.11.001 PMID: 19903506

Alexander SP, Kendall DA (2007) The complications of promiscuity: endocannabinoid action and
metabolism. Br J Pharmacol 152: 602—623. https://doi.org/10.1038/s].bjp.0707456 PMID: 17876303

Matsuda LA, Lolait SJ, Brownstein MJ, Young AC, Bonner Tl (1990) Structure of a cannabinoid receptor
and functional expression of the cloned cDNA. Nature 346: 561-564. hitps://doi.org/10.1038/346561a0
PMID: 2165569

Moreira FA, Grieb M, Lutz B (2009) Central side-effects of therapies based on CB1 cannabinoid recep-
tor agonists and antagonists: focus on anxiety and depression. Best Pract Res Clin Endocrinol Metab
23: 133-144. https://doi.org/10.1016/j.beem.2008.09.003 PMID: 19285266

Dincheva |, Drysdale AT, Hartley CA, Johnson DC, Jing D, et al. (2015) FAAH genetic variation
enhances fronto-amygdala function in mouse and human. Nat Commun 6: 6395. https://doi.org/10.
1038/ncomms7395 PMID: 25731744

Moreira FA, Kaiser N, Monory K, Lutz B (2008) Reduced anxiety-like behaviour induced by genetic and
pharmacological inhibition of the endocannabinoid-degrading enzyme fatty acid amide hydrolase
(FAAH) is mediated by CB1 receptors. Neuropharmacology 54: 141-150. https://doi.org/10.1016/j.
neuropharm.2007.07.005 PMID: 17709120

Bluett RJ, Gamble-George JC, Hermanson DJ, Hartley ND, Marnett LJ, et al. (2014) Central ananda-
mide deficiency predicts stress-induced anxiety: behavioral reversal through endocannabinoid augmen-
tation. Transl Psychiatry 4: e408. https://doi.org/10.1038/tp.2014.53 PMID: 25004388

Kathuria S, Gaetani S, Fegley D, Valino F, Duranti A, et al. (2003) Modulation of anxiety through block-
ade of anandamide hydrolysis. Nat Med 9: 76—81. https://doi.org/10.1038/nm803 PMID: 12461523

Marco EM, Rapino C, Caprioli A, Borsini F, Laviola G, et al. (2015) Potential Therapeutic Value of a
Novel FAAH Inhibitor for the Treatment of Anxiety. PLoS One 10: e0137034. https://doi.org/10.1371/
journal.pone.0137034 PMID: 26360704

Wei BQ, Mikkelsen TS, McKinney MK, Lander ES, Cravatt BF (2006) A second fatty acid amide hydro-
lase with variable distribution among placental mammals. J Biol Chem 281: 36569-36578. https://doi.
org/10.1074/jbc.M606646200 PMID: 17015445

Sirrs S, van Karnebeek CD, Peng X, Shyr C, Tarailo-Graovac M, et al. (2015) Defects in fatty acid
amide hydrolase 2 in a male with neurologic and psychiatric symptoms. Orphanet J Rare Dis 10: 38.
https://doi.org/10.1186/s13023-015-0248-3 PMID: 25885783

Klee EW, Schneider H, Clark KJ, Cousin MA, Ebbert JO, et al. (2012) Zebrafish: a model for the study
of addiction genetics. Hum Genet 131: 977-1008. https://doi.org/10.1007/s00439-011-1128-0 PMID:
22207143

Krug RG 2nd, Clark KJ(2015) Elucidating cannabinoid biology in zebrafish (Danio rerio). Gene 570:
168—179. https://doi.org/10.1016/j.gene.2015.07.036 PMID: 26192460

McPartland JM, Glass M, Matias I, Norris RW, Kilpatrick CW (2007) A shifted repertoire of endocanna-
binoid genes in the zebrafish (Danio rerio). Mol Genet Genomics 277: 555-570. https://doi.org/10.
1007/s00438-007-0207-3 PMID: 17256142

Nazario LR, Antonioli R Jr., Capiotti KM, Hallak JE, Zuardi AW, et al. (2015) Caffeine protects against
memory loss induced by high and non-anxiolytic dose of cannabidiol in adult zebrafish (Danio rerio).
Pharmacol Biochem Behav 135: 210-216. https://doi.org/10.1016/j.pbb.2015.06.008 PMID: 26099242

Stewart AM, Kalueff AV (2014) The behavioral effects of acute Delta(9)-tetrahydrocannabinol and her-
oin (diacetylmorphine) exposure in adult zebrafish. Brain Res 1543: 109-119. https://doi.org/10.1016/j.
brainres.2013.11.002 PMID: 24216135

Connors KA, Valenti TW, Lawless K, Sackerman J, Onaivi ES, et al. (2014) Similar anxiolytic effects of
agonists targeting serotonin 5-HT1A or cannabinoid CB receptors on zebrafish behavior in novel environ-
ments. Aquat Toxicol 151: 105—113. hitps://doi.org/10.1016/j.aquatox.2013.12.005 PMID: 24411165

Barba-Escobedo PA, Gould GG (2012) Visual social preferences of lone zebrafish in a novel environ-
ment: strain and anxiolytic effects. Genes Brain Behav 11: 366—-373. https://doi.org/10.1111/.1601-
183X.2012.00770.x PMID: 22288820

PLOS ONE | https://doi.org/10.1371/journal.pone.0190897 January 5, 2018 17/19


https://doi.org/10.1016/j.biopsych.2006.02.013
http://www.ncbi.nlm.nih.gov/pubmed/16631126
https://doi.org/10.1146/annurev.clinpsy.1.102803.144141
https://doi.org/10.1146/annurev.clinpsy.1.102803.144141
http://www.ncbi.nlm.nih.gov/pubmed/17716101
https://doi.org/10.1016/j.pnpbp.2009.11.001
http://www.ncbi.nlm.nih.gov/pubmed/19903506
https://doi.org/10.1038/sj.bjp.0707456
http://www.ncbi.nlm.nih.gov/pubmed/17876303
https://doi.org/10.1038/346561a0
http://www.ncbi.nlm.nih.gov/pubmed/2165569
https://doi.org/10.1016/j.beem.2008.09.003
http://www.ncbi.nlm.nih.gov/pubmed/19285266
https://doi.org/10.1038/ncomms7395
https://doi.org/10.1038/ncomms7395
http://www.ncbi.nlm.nih.gov/pubmed/25731744
https://doi.org/10.1016/j.neuropharm.2007.07.005
https://doi.org/10.1016/j.neuropharm.2007.07.005
http://www.ncbi.nlm.nih.gov/pubmed/17709120
https://doi.org/10.1038/tp.2014.53
http://www.ncbi.nlm.nih.gov/pubmed/25004388
https://doi.org/10.1038/nm803
http://www.ncbi.nlm.nih.gov/pubmed/12461523
https://doi.org/10.1371/journal.pone.0137034
https://doi.org/10.1371/journal.pone.0137034
http://www.ncbi.nlm.nih.gov/pubmed/26360704
https://doi.org/10.1074/jbc.M606646200
https://doi.org/10.1074/jbc.M606646200
http://www.ncbi.nlm.nih.gov/pubmed/17015445
https://doi.org/10.1186/s13023-015-0248-3
http://www.ncbi.nlm.nih.gov/pubmed/25885783
https://doi.org/10.1007/s00439-011-1128-0
http://www.ncbi.nlm.nih.gov/pubmed/22207143
https://doi.org/10.1016/j.gene.2015.07.036
http://www.ncbi.nlm.nih.gov/pubmed/26192460
https://doi.org/10.1007/s00438-007-0207-3
https://doi.org/10.1007/s00438-007-0207-3
http://www.ncbi.nlm.nih.gov/pubmed/17256142
https://doi.org/10.1016/j.pbb.2015.06.008
http://www.ncbi.nlm.nih.gov/pubmed/26099242
https://doi.org/10.1016/j.brainres.2013.11.002
https://doi.org/10.1016/j.brainres.2013.11.002
http://www.ncbi.nlm.nih.gov/pubmed/24216135
https://doi.org/10.1016/j.aquatox.2013.12.005
http://www.ncbi.nlm.nih.gov/pubmed/24411165
https://doi.org/10.1111/j.1601-183X.2012.00770.x
https://doi.org/10.1111/j.1601-183X.2012.00770.x
http://www.ncbi.nlm.nih.gov/pubmed/22288820
https://doi.org/10.1371/journal.pone.0190897

@° PLOS | ONE

Zebrafish endocannabinoid genes and stress responses

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44,

45.

Martella A, Sepe RM, Silvestri C, Zang J, Fasano G, et al. (2016) Important role of endocannabinoid sig-
naling in the development of functional vision and locomotion in zebrafish. FASEB J 30: 4275-4288.
https://doi.org/10.1096/fj.201600602R PMID: 27623930

Alsop D, Vijayan M (2009) The zebrafish stress axis: molecular fallout from the teleost-specific genome
duplication event. Gen Comp Endocrinol 161: 62—66. https://doi.org/10.1016/j.ygcen.2008.09.011
PMID: 18930731

Alsop D, Vijayan MM (2008) Development of the corticosteroid stress axis and receptor expression in
zebrafish. Am J Physiol Regul Integr Comp Physiol 294: R711-719. https://doi.org/10.1152/ajpregu.
00671.2007 PMID: 18077507

Krug RG 2nd, Poshusta TL, Skuster KJ, Berg MR, Gardner SL, et al. (2014) A transgenic zebrafish
model for monitoring glucocorticoid receptor activity. Genes Brain Behav 13: 478—487. https://doi.org/
10.1111/gbb.12135 PMID: 24679220

Nsslein-Volhard C, Dahm R (2002) Zebrafish: a practical approach. Oxford: Oxford University Press.
xviii, 303 p. p.

Clark KJ, Balciunas D, Pogoda HM, Ding Y, Westcot SE, et al. (2011) In vivo protein trapping produces
a functional expression codex of the vertebrate proteome. Nat Methods 8: 506—-515. https://doi.org/10.
1038/nmeth.1606 PMID: 21552255

Tang R, Dodd A, Lai D, McNabb WC, Love DR (2007) Validation of zebrafish (Danio rerio) reference
genes for quantitative real-time RT-PCR normalization. Acta Biochim Biophys Sin (Shanghai) 39: 384—
390.

McCurley AT, Callard GV (2008) Characterization of housekeeping genes in zebrafish: male-female dif-
ferences and effects of tissue type, developmental stage and chemical treatment. BMC Mol Biol 9: 102.
https://doi.org/10.1186/1471-2199-9-102 PMID: 19014500

Thisse C, Thisse B (2008) High-resolution in situ hybridization to whole-mount zebrafish embryos. Nat
Protoc 3: 59-69. https://doi.org/10.1038/nprot.2007.514 PMID: 18193022

Petzold AM, Bedell VM, Boczek NJ, Essner JJ, Balciunas D, et al. (2010) SCORE imaging: specimen in
a corrected optical rotational enclosure. Zebrafish 7: 149—154. https://doi.org/10.1089/zeb.2010.0660
PMID: 20528262

Coordinators NR (2017) Database Resources of the National Center for Biotechnology Information.
Nucleic Acids Res 45: D12-D17. https://doi.org/10.1093/nar/gkw1071 PMID: 27899561

Neff KL, Argue DP, Ma AC, Lee HB, Clark KJ, et al. (2013) Mojo Hand, a TALEN design tool for genome
editing applications. BMC Bioinformatics 14: 1. https://doi.org/10.1186/1471-2105-14-1 PMID:
23323762

Bedell VM, Wang Y, Campbell JM, Poshusta TL, Starker CG, et al. (2012) In vivo genome editing using
a high-efficiency TALEN system. Nature 491: 114-118. https://doi.org/10.1038/nature11537 PMID:
23000899

Cermak T, Doyle EL, Christian M, Wang L, Zhang Y, et al. (2011) Efficient design and assembly of cus-
tom TALEN and other TAL effector-based constructs for DNA targeting. Nucleic Acids Res 39: e82.
https://doi.org/10.1093/nar/gkr218 PMID: 21493687

Watanabe M, Iwashita M, Ishii M, Kurachi Y, Kawakami A, et al. (2006) Spot pattern of leopard Danio is
caused by mutation in the zebrafish connexin41.8 gene. EMBO Rep 7: 893—-897. https://doi.org/10.
1038/sj.embor.7400757 PMID: 16845369

Howe DG, Bradford YM, Conlin T, Eagle AE, Fashena D, et al. (2013) ZFIN, the Zebrafish Model
Organism Database: increased support for mutants and transgenics. Nucleic Acids Res 41: D854—-860.
https://doi.org/10.1093/nar/gks938 PMID: 23074187

Cousin MA, Ebbert JO, Wiinamaki AR, Urban MD, Argue DP, et al. (2014) Larval zebrafish model for
FDA-approved drug repositioning for tobacco dependence treatment. PLoS One 9: €90467. https://doi.
org/10.1371/journal.pone.0090467 PMID: 24658307

Gerlai R, Poshusta TL, Rampersad M, Fernandes Y, Greenwood TM, et al. (2017) Forward Genetic
Screening Using Behavioral Tests in Zebrafish: A Proof of Concept Analysis of Mutants. Behav Genet
47:125-139. https://doi.org/10.1007/s10519-016-9818-y PMID: 27704300

Clark KJ, Boczek NJ, Ekker SC (2011) Stressing zebrafish for behavioral genetics. Rev Neurosci 22:
49-62. https://doi.org/10.1515/RNS.2011.007 PMID: 21615261

Petzold AM, Balciunas D, Sivasubbu S, Clark KJ, Bedell VM, et al. (2009) Nicotine response genetics in
the zebrafish. Proc Natl Acad Sci U S A 106: 18662—18667. https://doi.org/10.1073/pnas.0908247106
PMID: 19858493

Hill MN, Tasker JG (2012) Endocannabinoid signaling, glucocorticoid-mediated negative feedback, and
regulation of the hypothalamic-pituitary-adrenal axis. Neuroscience 204: 5-16. https://doi.org/10.1016/
j.neuroscience.2011.12.030 PMID: 22214537

PLOS ONE | https://doi.org/10.1371/journal.pone.0190897 January 5, 2018 18/19


https://doi.org/10.1096/fj.201600602R
http://www.ncbi.nlm.nih.gov/pubmed/27623930
https://doi.org/10.1016/j.ygcen.2008.09.011
http://www.ncbi.nlm.nih.gov/pubmed/18930731
https://doi.org/10.1152/ajpregu.00671.2007
https://doi.org/10.1152/ajpregu.00671.2007
http://www.ncbi.nlm.nih.gov/pubmed/18077507
https://doi.org/10.1111/gbb.12135
https://doi.org/10.1111/gbb.12135
http://www.ncbi.nlm.nih.gov/pubmed/24679220
https://doi.org/10.1038/nmeth.1606
https://doi.org/10.1038/nmeth.1606
http://www.ncbi.nlm.nih.gov/pubmed/21552255
https://doi.org/10.1186/1471-2199-9-102
http://www.ncbi.nlm.nih.gov/pubmed/19014500
https://doi.org/10.1038/nprot.2007.514
http://www.ncbi.nlm.nih.gov/pubmed/18193022
https://doi.org/10.1089/zeb.2010.0660
http://www.ncbi.nlm.nih.gov/pubmed/20528262
https://doi.org/10.1093/nar/gkw1071
http://www.ncbi.nlm.nih.gov/pubmed/27899561
https://doi.org/10.1186/1471-2105-14-1
http://www.ncbi.nlm.nih.gov/pubmed/23323762
https://doi.org/10.1038/nature11537
http://www.ncbi.nlm.nih.gov/pubmed/23000899
https://doi.org/10.1093/nar/gkr218
http://www.ncbi.nlm.nih.gov/pubmed/21493687
https://doi.org/10.1038/sj.embor.7400757
https://doi.org/10.1038/sj.embor.7400757
http://www.ncbi.nlm.nih.gov/pubmed/16845369
https://doi.org/10.1093/nar/gks938
http://www.ncbi.nlm.nih.gov/pubmed/23074187
https://doi.org/10.1371/journal.pone.0090467
https://doi.org/10.1371/journal.pone.0090467
http://www.ncbi.nlm.nih.gov/pubmed/24658307
https://doi.org/10.1007/s10519-016-9818-y
http://www.ncbi.nlm.nih.gov/pubmed/27704300
https://doi.org/10.1515/RNS.2011.007
http://www.ncbi.nlm.nih.gov/pubmed/21615261
https://doi.org/10.1073/pnas.0908247106
http://www.ncbi.nlm.nih.gov/pubmed/19858493
https://doi.org/10.1016/j.neuroscience.2011.12.030
https://doi.org/10.1016/j.neuroscience.2011.12.030
http://www.ncbi.nlm.nih.gov/pubmed/22214537
https://doi.org/10.1371/journal.pone.0190897

@° PLOS | ONE

Zebrafish endocannabinoid genes and stress responses

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Lam CS, Rastegar S, Strahle U (2006) Distribution of cannabinoid receptor 1 in the CNS of zebrafish.
Neuroscience 138: 83-95. https://doi.org/10.1016/j.neuroscience.2005.10.069 PMID: 16368195

Martella A, Silvestri C, Maradonna F, Gioacchini G, Allara M, et al. (2016) Bisphenol A Induces Fatty
Liver by an Endocannabinoid-Mediated Positive Feedback Loop. Endocrinology 157: 1751-1763.
https://doi.org/10.1210/en.2015-1384 PMID: 27014939

Migliarini B, Carnevali O (2009) A novel role for the endocannabinoid system during zebrafish develop-
ment. Mol Cell Endocrinol 299: 172—177. https://doi.org/10.1016/j.mce.2008.11.014 PMID: 19071191

Nishio S, Gibert Y, Berekelya L, Bernard L, Brunet F, et al. (2012) Fasting induces CART down-regula-
tion in the zebrafish nervous system in a cannabinoid receptor 1-dependent manner. Mol Endocrinol
26: 1316—1326. https://doi.org/10.1210/me.2011-1180 PMID: 22700585

Watson S, Chambers D, Hobbs C, Doherty P, Graham A (2008) The endocannabinoid receptor, CB1,
is required for normal axonal growth and fasciculation. Mol Cell Neurosci 38: 89-97. https://doi.org/10.
1016/j.mcn.2008.02.001 PMID: 18378465

Thisse B, Pfumio S., Furthauer M., Loppin B., Heyer V., Degrave A., Woehl R., Lux A., Steffan T., Char-
bonnier X.Q. and Thisse C. (2001) Expression of the zebrafish genome during embryogenesis. ZFIN
online publication.

Onaivi ES, Ishiguro H, Gong JP, Patel S, Meozzi PA, et al. (2008) Functional expression of brain neuro-
nal CB2 cannabinoid receptors are involved in the effects of drugs of abuse and in depression. Ann N 'Y
Acad Sci 1139: 434—449. https://doi.org/10.1196/annals.1432.036 PMID: 18991891

Onaivi ES, Ishiguro H, Gong JP, Patel S, Perchuk A, et al. (2006) Discovery of the presence and func-
tional expression of cannabinoid CB2 receptors in brain. Ann N'Y Acad Sci 1074: 514-536. https://doi.
org/10.1196/annals.1369.052 PMID: 17105950

Alderman SL, Bernier NJ (2009) Ontogeny of the corticotropin-releasing factor system in zebrafish.
Gen Comp Endocrinol 164: 61-69. https://doi.org/10.1016/j.ygcen.2009.04.007 PMID: 19366623
Campolongo P, Trezza V (2012) The endocannabinoid system: a key modulator of emotions and cogni-
tion. Front Behav Neurosci 6: 73. https://doi.org/10.3389/fnbeh.2012.00073 PMID: 23133409

Haller J, Bakos N, Szirmay M, Ledent C, Freund TF (2002) The effects of genetic and pharmacological
blockade of the CB1 cannabinoid receptor on anxiety. Eur J Neurosci 16: 1395-1398. PMID: 12405999

Haller J, Varga B, Ledent C, Barna |, Freund TF (2004) Context-dependent effects of CB1 cannabinoid
gene disruption on anxiety-like and social behaviour in mice. Eur J Neurosci 19: 1906—1912. https:/doi.
org/10.1111/j.1460-9568.2004.03293.x PMID: 15078564

Martin M, Ledent C, Parmentier M, Maldonado R, Valverde O (2002) Involvement of CB1 cannabinoid
receptors in emotional behaviour. Psychopharmacology (Berl) 159: 379-387.

Kalueff AV, Stewart AM (2012) Zebrafish protocols for neurobehavioral research. New York: Humana
Press. xvii, 357 p. p.

Richendrfer H, Pelkowski SD, Colwill RM, Creton R (2012) On the edge: pharmacological evidence for
anxiety-related behavior in zebrafish larvae. Behav Brain Res 228: 99-106. https://doi.org/10.1016/j.
bbr.2011.11.041 PMID: 22155488

PLOS ONE | https://doi.org/10.1371/journal.pone.0190897 January 5, 2018 19/19


https://doi.org/10.1016/j.neuroscience.2005.10.069
http://www.ncbi.nlm.nih.gov/pubmed/16368195
https://doi.org/10.1210/en.2015-1384
http://www.ncbi.nlm.nih.gov/pubmed/27014939
https://doi.org/10.1016/j.mce.2008.11.014
http://www.ncbi.nlm.nih.gov/pubmed/19071191
https://doi.org/10.1210/me.2011-1180
http://www.ncbi.nlm.nih.gov/pubmed/22700585
https://doi.org/10.1016/j.mcn.2008.02.001
https://doi.org/10.1016/j.mcn.2008.02.001
http://www.ncbi.nlm.nih.gov/pubmed/18378465
https://doi.org/10.1196/annals.1432.036
http://www.ncbi.nlm.nih.gov/pubmed/18991891
https://doi.org/10.1196/annals.1369.052
https://doi.org/10.1196/annals.1369.052
http://www.ncbi.nlm.nih.gov/pubmed/17105950
https://doi.org/10.1016/j.ygcen.2009.04.007
http://www.ncbi.nlm.nih.gov/pubmed/19366623
https://doi.org/10.3389/fnbeh.2012.00073
http://www.ncbi.nlm.nih.gov/pubmed/23133409
http://www.ncbi.nlm.nih.gov/pubmed/12405999
https://doi.org/10.1111/j.1460-9568.2004.03293.x
https://doi.org/10.1111/j.1460-9568.2004.03293.x
http://www.ncbi.nlm.nih.gov/pubmed/15078564
https://doi.org/10.1016/j.bbr.2011.11.041
https://doi.org/10.1016/j.bbr.2011.11.041
http://www.ncbi.nlm.nih.gov/pubmed/22155488
https://doi.org/10.1371/journal.pone.0190897

