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Summary

The zebrafish (Danio rerio) has long been used as a model for developmental biology, making it
an excellent model to use also in developmental toxicology. The many advantages of zebrafish
include their small size, prolific spawning, rapid development, and transparent embryos. They can
be easily manipulated genetically through the use of transgenic technology and gene knock-down
via morpholino-modified antisense oligonucleotides (MOs). Knocking down specific genes to
assess their role in the response to toxicant exposure provides a way to further our knowledge of
how developmental toxicants work on a molecular and mechanistic level, while establishing a
relationship between these molecular events and morphological, behavioral, and/or physiological
effects (i.e. phenotypic anchoring).

In this chapter we address important considerations for using MOs to study developmental
toxicology in zebrafish embryos and provide a protocol for their use.
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1. Introduction

Zebrafish share many cellular and physiological characteristics with other vertebrates and
have been widely used as a model in vertebrate developmental biology and genetics since
the 1960s. The zebrafish model has since been embraced by the fields of toxicology,
pharmacology, neurobiology and behavior, and also is used to investigate mechanisms
underlying human diseases (for reviews, see 1-4). As such, it is ideally positioned as a
model for the interdisciplinary field of developmental toxicology.

Compared to mammalian models, zebrafish are relatively easy to manipulate genetically,
and there are numerous tools available to do so (e.g. generation of mutant and transgenic
fish, injection of RNA for overexpression, gene targeting by zinc finger nuclease
technology). One of the most rapid and economical techniques for performing reverse
genetic analysis is the powerful approach employing morpholino-modified anti-sense
oligonucleotides (MOs), which provide transient gene knockdown by binding to RNA and
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inhibiting protein synthesis (5). MOs are antisense oligonucleotides of typically 25 bases,
synthesized with a non-ionic, phosphorodiamidate backbone with morpholine rings
substituted for ribose; an excellent description of the chemistry underlying MOs is available
elsewhere (6). MOs bind to targeted RNA and function either to block protein translation of
the MRNA at the translation start site or to inhibit the splicing of the primary transcript to
the mature mRNA (see Figure 1). Both types of MOs will inhibit protein synthesis from
zygotic transcripts; start site MOs will also knock down maternally loaded mRNAs, whereas
splice-blocking MOs are ineffective on these already mature transcripts. MOs also can be
designed to bind to microRNAs and prevent their function (7). Because MOs targeting
mMRNAs are highly effective through four days post-fertilization (8, 9), they can be used to
study gene function during the entire period of zebrafish embryonic development.

MOs have been widely used in studies of zebrafish development, in part because of the lack
(until recently) of methods for generating targeted null mutants as well as the accessibility of
the MO technique to most laboratories. In addition, for some applications gene knockdown
offers distinct advantages as compared to gene knockout approaches. Gene knockout confers
complete inactivation of the gene and loss of functional gene product, whereas gene
knockdown is characterized by reduced expression of the gene product without its complete
elimination. In cases where a gene is required for development, the MO concentration can
be titrated down to a level that is not embryolethal (e.g. 10). Another way to bypass
embryolethal gene knockdowns is through the use of “caged” MOs that can be photo-
activated to act in specific locations at specific times, thus creating conditional knockdowns
in developing zebrafish (11, 12).

In the past few years, the use of MOs to study the mechanistic roles of specific genes in
embryo toxicity has grown dramatically (see Table 1). For example, MOs can be used to
determine the role of specific transcription factors in mediating toxicity; knock-down of
such a transcription factor would provide protection against toxicity. Alternatively, gene
knock-downs may sensitize the embryo to effects of a chemical, suggesting that the gene
provides a protective effect, for example through its regulation of protective responses or its
participation in detoxication reactions. MO knock-down may be used to confirm the identity
of a proposed target protein, in which case the phenotype of the morphant will mimic the
toxic response caused by chemical exposure. MOs are also excellent tools with which to
confirm mechanistic hypotheses generated by exploratory methods such as gene expression
profiling by microarrays (10, 13).

There are several important considerations in the design of a MO knockdown experiment
when performed in the context of developmental toxicology in zebrafish. First is careful
selection of the gene to be targeted. Zebrafish often have duplicated genes (paralogs) that are
co-orthologous to a single mammalian gene, a result of a whole genome duplication that
occurred in the teleost lineage after its divergence from the lineage leading to tetrapods (14).
In some cases, the duplicated fish genes have partitioned the multiple functions of their
single mammalian ortholog (14). For example, fish, including zebrafish, have duplicated
copies of genes in the aryl hydrocarbon receptor (AHR)-dependent signaling pathway that is
involved in the response to dioxin-like chemicals (15). While mammals and birds have a
single gene for the aryl hydrocarbon receptor repressor (AHRR), zebrafish have two AHRR
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genes, AHRRa and AHRRb (16). Studies employing paralog-specific knock-down of
AHRRa and AHRRb have revealed that these two proteins have distinct functions in
regulating the AHR signaling pathway in the unexposed embryo and in the response to
dioxin exposure (17). The zebrafish genome has been fully sequenced, but its assembly and
annotation are still underway; it is therefore important to carefully screen for gene paralogs
when designing a new MO.

The design of a MO knockdown experiment when performed in the context of
developmental toxicology in zebrafish requires careful consideration of timing: timing of
MO persistence in relation to the developmental expression of the target gene, timing of
chemical exposure relative to the duration of MO action and the windows of toxicant
sensitivity during development, and timing of assessment of the effect (see Figure 2). One
can often examine /n situ hybridization data in the database at www.zfin.org to help
determine when and where a particular target gene is expressed.

Third, it is important to verify the efficacy of each MO, i.e. how well it is knocking down
the desired protein target (9, 18-20). Ideally, this should be done by measuring the amount
of the target protein expressed in the MO-injected embryos. This can be accomplished with
an existing antibody in conjunction with western blotting or immunohistochemistry, or
indirectly, by using protein function assays (21, 22). For splice-site MOs, the effect on the
amount of mature mRNA can be measured by quantitative RT-PCR (23). Often, however,
suitable antibodies are not available, or a gene has only one exon, precluding the use of
splice-blocking MOs. In such cases, an alternative approach is to assess the efficacy of
translational inhibition /n vitro, by using /n vitrotranscription and translation to assess the
ability of the MO to inhibit protein synthesis directed by a cloned cDNA encoding the target
protein (17, 24).

Finally, the specificity of the MO effect must be confirmed. This is generally done by
confirming the effect using a second MO, ideally one that does not overlap the sequence of
the first one (9). In some cases it is possible to synthesize capped mRNA, co-inject this with
your MO, and observe rescue of the MO effect (e.g. 13).

This chapter provides a protocol for the use of MO technology in the context of studies to
examine mechanisms of developmental toxicity of chemicals. We provide methods for
microinjection of MO oligonucleotides into developing zebrafish embryos, verification of
MO function via inhibition of /n vitro protein translation, and exposure of embryos to
developmental toxicants.

2. Materials

2.1 Zebrafish

1. Adult zebrafish (Danio rerio) of prime breeding age (3-15 months), from a defined
strain such as AB, TL, or Tubingen (see Note 1).

1AIthough any strain of zebrafish can be used with this technique, it is important to use a defined strain, such as those described by the
Zebrafish International Resource Center (ZIRC; http://zebrafish.org/zirc/fish/lineAll.php), and to sequence the ATG start site or splice
site region of the gene that you are targeting, as some sequences differ among strains. For this work, the TL strain was used.
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2.2 Microinjection instrumentation and other equipment

1

N o o~ W

Needle puller (Narishige PC-10).

Microinjection apparatus (for example, Narishige IM-300 microinjector) with foot
pedal (see Figure 3).

Nitrogen gas tank and regulator.

Micromanipulator (for example, Narishige).

Dissecting microscope with eyepiece micrometer (e.g. Zeiss Stemi 2000C).
Fluorescence microscope with GFP fluorescence filter.

Gel dryer (for example, Bio Rad Model 583).

2.3 Small equipment and supplies

1.

© ®© N o o M ©»

Injection egg holder tray made from agarose (see methods 3.2.1). This can be
stored in water with methylene blue at 4°C for several months.

Borosilicate glass capillary tubes with microfilament (World Precision Instruments
1B100F-4) pulled into injection needles (see methods 3.2.2). These can be stored in
a clean petri dish mounted on a raised platform such as a microscope slide with
double-sided sticky tape or modeling clay.

Needle backloader, such as made from a 1 ml syringe (see methods 3.2.3).
2 ml plastic transfer pipettes.

Parafilm.

0.5 ml eppendorf tubes.

Glass plate (2x3") to hold eggholder.

Rimmed microscope slide that fits on fluorescent scope.

Ribbon cable to make the eggholder.

2.4 Reagents and solutions

1

Gene-specific MO and control MO (Gene Tools, LLC, Philomath, OR). Stock
solutions can be stored at —20°C, and working solutions at room temperature. If
fluorescein tagged, protect from light.

Sterile water for dissolving MOs and making solutions.
Methylene blue.

Danieau’s water (also called “Embryo medium,” recipe found in the Zebrafish
Book online at http://zfin.org/zf_info/zfbook/chapt10.html#wptohtmI16)

Mineral oil for calibrating needles.
Toxicant of choice and solvent control as necessary.

Agarose.
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2.5 Validation Tools
1. TNT kit and reagents (Promega).

Cloned gene ina T7, SP6, or T3 polymerase-controlled plasmid.

[35S]methionine.

X-ray film.

2

3

4. SDS-PAGE gels and buffers.

5

6. Gel fixing solution (10% acetic acid, 7.5% methanol, 5% glycerol).
7

Amplify fluorography solution (GE Healthcare).

3. Methods

3.1 Target identification and MO design

1. Identify gene target and sequence (see Note 2). Decide whether a start-site or
splice-site MO is more appropriate (see Note 3). You can also choose to knock-
down more than one target at a time, for example by using paralog-specific MOs to
knock down both copies of a duplicated gene.

2. ldentify control MO to be used. You can use the standard control MO from Gene
Tools (targeted to a rare mutation in human beta globin) or a mismatch to your
specific target (see Note 4). For this example, the standard control MO was used.

3. Decide whether you want your MO with a tag. In this example, the
carboxyfluorescein tag was used (Note 5).

4. Order MO(s); it can take a week or two to synthesize. Upon arrival, dissolve in
sterile water to make a 1 mM stock solution; aliquot and store at —20°C in sterile
eppendorf tubes wrapped in parafilm and protected from light until use. When
defrosting an aliquot, heat to 65°C for 5 minutes to ensure that the MO is
solubilized before diluting to a working concentration with sterile Danieau’s water.
In this example, we used a working concentration of 0.18 mM (see Note 6).

2Gene duplication is common in fish as a result of the whole genome duplication that occurred in the teleost lineage following its
divergence from the tetrapod lineage (14), so it is important to consider the possible existence of a closely related paralog of your
target. To screen GenBank and Ensembl for unidentified, potential gene paralogs, you can do a tBlastn search with your gene’s protein
sequence. In addition, unless the published sequence was from the same strain of fish you are using, it is a good idea to sequence the
groposed MO target sites in the gene you are attempting to knock down, because there can be variations in sequence among strains.

Start site MOs will target both maternal and zygotic transcripts, whereas splice site MOs will only target zygotic transcripts and so
are not effective if the embryo has maternally supplied transcripts for the targeted gene. To assess the /n vivo effectiveness of start site
MOs, an antibody or functional assay for the target protein is needed; the /n vivo effectiveness of splice site MOs is easier to assess
because one can use PCR with primers that distinguish between mature and defectively spliced transcripts. To design a start site MO,
you will need to know the sequence covering 25 base pairs on either side of the start codon. Design of a splice site MO requires
careful consideration of the exon to be targeted. Targeting early exons is preferred because it is more likely to result in a nonfunctional
protein through translational frameshift and premature stop codon caused by the deleted exon or a retained intron. Detailed discussions
on MO design are available elsewhere (9, 18, 25; http://www.gene-tools.com/node/18).

To demonstrate the specificity of your MO for its target, it is preferable to use a mismatch control MO that contains 4 or 5
mismatches (18, 26).

Alternatively, phenol red can be added to your MO solution to monitor injections; however, this will not tell you whether the MO has
been incorporated and evenly distributed throughout the embryo tissue.
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3.2 Preparation for Injection

3.2.1 Construction of Eggholder Tray

1

While many variations of this exist (see Note 7), we use double-sided sticky tape to
secure ridged ribbon cable to bottom of a 60 mm plastic petri dish.

Prepare a 3% agarose solution with Danieau’s water and pour on top of the ribbon
cable, taking care that the cable remains flat.

Allow agarose to set and then cut agarose lengthwise down the center of the ribbon
cable to make two molds; cut off agarose to make rectangular shaped molds (see
Figure 4).

Store in water with methylene blue at 4°C.

Prior to use, warm to room temperature and place on glass plate for egg mounting
and injection.

3.2.2 Making Needles

1
2.

Insert borosilicate glass capillary tube into needle-puller instrument and secure.

Use machine to pull the needle using optimized settings (see Note 8); we use a
temperature setting of 60°C with one weight removed.

Break tip by holding a razor blade at a 45° angle to the needle and cutting off the
end of the tip to a 1 pm diameter.

3.2.3 Filling needles

1

Make a back-filler. While there are several different methods for filling a needle
(see Note 9), we use a modified 1 ml sterile plastic syringe. With the plunger
removed, hold the syringe in a horizontal position and roll the syringe over a flame,
targeting the flame tip to the 0.3 to 0.4 measurement indicators on the syringe until
the plastic just begins to melt. Be careful not to let the plastic burn. Then turn the
syringe to a vertical position and gently pull the unflamed bottom opening of the
syringe such that it drops to the floor and stretches the plastic in between into a
string. Continue to pull the string slowly until the plastic hardens. Use scissors to
cut the plastic string about 4” from the syringe. Test to make sure that air will flow
through your backfiller by inserting the plunger into the syringe. You will also need
to test whether your backfiller is thin enough to fit into the back of your needle (see
Figure 5).

6Injection of 2 nl of 0.18 mM solution yields 3.6 ng MO per embryo. When using a new MO, it is advisable to test several
concentrations of the MO and then use the lowest concentration that produces a consistent, specific effect. For most genes, injected
amounts of <5 ng should be sufficient; larger amounts (>6 ng) may increase the chances of mistargeting leading to nonspecific effects

(2026)

Several egg-holder options have been described, such as one found in The Zebrafish Book at http://www.zfin.org/zf_info/zfbook/

zfbk.html.

A good needle is key to successful injection. If it is too long, it will tend to bend or break rather than penetrate the chorion; if it is too
short, the steep taper of the tip can damage the embryo; see p. 233 of Methods in Molecular Biology v.546 (27).
Alternatively, backloaders can be purchased, e.g. the Femtotip microloaders from Eppendorf.
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Dispense 2 I of your MO onto a square of parafilm and draw it up into your
backfiller by slowly pulling the plunger up.

Holding the needle horizontally, insert the backloader into the end pore of the
needle until it reaches the point at which the internal needle tip tapers. Slowly
depress plunger down and withdraw backloader as the solution fills the needle.

The microfilament inside the capillary tube should wick the MO solution into the
tip of the needle (see Note 10).

Check needle under microscope to be sure there are no air bubbles in the tip (see
Note 11).

3.2.4 Calibrating needles

1

Set microscope magnification to the same setting that you will use to microinject;
we generally use a 3.2x objective lens.

Load needle into micromanipulator.

Turn on microinjector, open nitrogen gas regulator. Adjust psi settings on
microinjector; we use 5-7 psi with an injection time of 10-30 msec.

Place a drop of mineral oil onto a piece of parafilm.
Inject a bolus of your MO into a drop of mineral oil.

Measure the diameter of the sphere with an eyepiece micrometer; volume of the
bolus V = 4/3 713

Be sure to note the size of the bolus with respect to the micrometer, and use this to
continually monitor the bolus size to be sure that it does not change during the
course of injection (see Note 12). For example, a bolus with a 160 UM diameter is
equivalent to 2.1 nl (17)

3.2.5 Embryo collection and mounting for injection

1.

Collect embryos from matings in 20 minute intervals; zebrafish generally breed
best at morning’s first light.

Rinse eggs well with DI water.

Maintain eggs in Danieau’s water and screen for cytoplasmic streaming or cell
division as indications of fertilization.

Place eggholder onto a glass plate.

101 practice, the fluid is not always wicked into the needle tip as it should be. If this occurs, hold the needle in a horizontal position
and roll it between your fingers until fluid flows to the tip. You can also gently flick the back end of the needle to move the solution.

It is extremely important to avoid getting an air bubble in the tip of your needle because a bubble can prevent the solution from
being dispensed by the microinjector. You can try gently flicking the back end of the needle to dislodge the bubble, or load the needle
into the micromanipulator and press the “clear” button on the microinjector. If the air bubble is very close to the tip with some liquid
already at the tip, it is sometimes possible to gently brush a kimwipe against the tip of the loaded needle and wick the liquid to the tip
and remove air bubbles that way, but it may be necessary to load a new needle.

Needles can become partially or fully clogged with yolk during injections, and this can change the size of the bolus. The needle will
either have to be cleared by pressing the “clear” button on the microinjector, or adjustments to the injection pressure or time can be
made to maintain the bolus size.
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Array 0-4 cell stage zygotes onto eggholder; our eggholder holds 50 (see Figure 4).

Remove any water that has transferred onto the eggholder with the eggs; this is
important, as the surface tension between the chorion and the agarose wall is
required to prevent the egg from moving while withdrawing the needle after
injection.

3.3 Injection Process

1.

3.4 Screening

Position needle next to chorion, approximately halfway between the top and bottom
of the chorion, at a 35-45° angle to the egg holder floor.

Use micromanipulator to insert needle through chorion into the yolk.

Aim to place bolus into the center of the yolk underneath the cell(s) up to the 4-cell
stage (see Note 13).

Press foot pedal to inject MO.
Withdraw needle gently, avoiding damage to the yolk, cells, and membranes.

To determine how many embryos to inject, you will need to first consider the
number needed for your experimental design. Then take into account the
background fertilization and deformity rate of the fish strain (see Note 14). Add an
extra 10% to allow for variation in MO incorporation into the embryo tissue. When
first using the microinjection technique, you will likely need to inject double the
number of embryos you would like to use; these numbers will likely decrease as
proficiency with the technique increases. With practice, it is possible for one person
to inject 1200 embryos over the course of 3 hours.

Retain non-injected clutch control embryos.

Remove any dead or undeveloped embryos daily.

Screen for fluorescence incorporation. This can be done 3-4 hours post injection or
on the following day around 24 hpf, depending on the timing of toxicant exposure.
We prefer to use the 24 hpf timepoint for screening when possible as it allows us to
better distinguish weak vs. strong fluorescence incorporation (see Note 15).

Place embryos in individual droplets on a rimmed slide.

Assess fluorescence on each embryo (see Figure 6).

13Cytoplasmic bridges will distribute the MO throughout the cells up through the 8-cell stage; however, we do not recommend
injections beyond the 4-cell stage. When practicing this technique, it is possible to increase your injection time window by slowing
down embryo development; this can be done by placing your petri dish with the embryos on top of ice and cooling the embryos down.
However, this will introduce cold shock as a factor in your experiment, and this can cause changes in gene expression.

We have observed that different strains of zebrafish have different background rates of deformity. Thus, depending on which strain
of zebrafish is used, you may need to inject 10-30% more embryos than you will need for your experimental design. For example, the
AB strain may only need 10% extra, while the TL strain may need 30% extra.

Alternatively, you can screen using a lower fluorescence power setting to distinguish those embryos that have less successful MO
incorporation. Occasionally you may also see embryos in which the MO bolus has remained in the yolk and has not been distributed
into the tissues at all (see Figure 6).
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5. Remove any embryos that have weak fluorescence or only partially distributed
fluorescence.

3.5 Validation

3.5.1 Efficacy validation with TnT—While there are several ways to confirm that your
MO has indeed knocked down your target (see Note 16), we describe here the use of /n vitro
transcription and translation as a convenient approach for validating the efficacy of start-site
MOs. This is a procedure in which the DNA template is transcribed and translated in the
presence of [3°S]methionine (see Note 17). The resulting radiolabeled protein can be
visualized by SDS-PAGE and autoradiography. The efficacy of a MO can be determined by
its ability to attenuate protein synthesis. The template for the reaction isa T7, SP6 or T3
polymerase-controlled expression vector that contains the cDNA for the target gene,
including the 5 untranslated region complementary to the MO. Since the template does not
contain any introns, this method is not suitable for testing splice-site MOs.

1. Combine 20 pl TnT-quick lysate (Promega), 1 ug template plasmid, 1 pl
[3°S]methionine (10uCi/ul), 0.5 ul gene-specific or control MO (25uM) or water,
and water up to 25 pl. The final concentration of MO is 500 nM.

Incubate at 30 °C for 90 minutes.
Resolve 5 pl aliquots of each reaction on an SDS-PAGE gel.

Soak gel in fixing solution 2 hours or overnight, shaking gently.

a > v D

Soak in fluorography (Amplify (GE Healthcare) solution for 30 minutes, shaking
gently.

o

Vacuum-dry gel at 80 °C for 2 hours and expose to X-ray film.

7. Measure intensity of the protein bands by densitometry, or by scintillation counting
of the excised bands (see Figure 7).

3.5.2 Demonstration of MO Specificity—It is important to confirm that any effect
observed is due to a specific interaction between the MO and the target sequence, and not
due to non-specific effects (see Note 18). To do this, a second MO, ideally of non-
overlapping sequence, should be tested. If the same effect is observed, it is highly likely that
this is an effect specific to knockdown of your target gene (see Note 19). It is also advisable

16There are several ways to validate MO efficacy. You can use an antibody to your target protein if one is available (22, 28, 29). In
some cases you can examine alterations in protein function as an indicator of MO efficacy, as has been done with Cypla using /n vivo
ethoxyresorufin-o-deethylase (EROD) reaction (21, 22). You can also measure the expression of a known downstream target gene (8,
30). Splice-site MOs can be verified with RT-PCR with primers that allow one to distinguish between mature transcripts and those
resulting from altered splicing (23, 25).

If non-radioactive approaches are preferred, two other possibilities are the Transcend non-radioactive translation detection system
(Promega) or the Fluorotect Green in vitro translation labeling system (Promega). These alternatives do not require the use of the gel
dgyer or X-ray films, but do require the appropriate imaging system.
1850me common, non-specific effects of morpholinos include cell death (often in the brain) and developmental delay (20). Many non-
specific effects are mediated by p53, and can be rescued by co-injection with a p53-MO (31). This approach may be helpful in
confirming whether your MO alone is producing these effects; however the inhibition of the p53-dependent cell death pathway in
combination with a chemical exposure should only be done after careful consideration of the chemical, dosing, and target effects.

An alternative approach is to use injection of capped mRNA together with the MO to rescue the effect. However, the rescue
construct must be designed so that it does not contain the MO target sequence. In some cases, rescue may only be partial (i.e. occur
only in a subset of embryos; (13) or the expressed protein may not last long enough to rescue the morphant phenotype (17).
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to use a mismatch control, that is one that is specific to your target sequence with exception
of a few basepairs.

3.6 Exposure of embryos and assessment of effects

The details regarding embryo exposure and phenotypic assessment will vary depending on
the toxicant of interest, solvent control, and effects of concern. The latter may include gene
expression (assessed by quantitative, real-time RT-PCR, for example), morphological
(gross) and histological (microscopic) changes, and/or behavioral changes.

We describe here, as an example, a protocol for exposing Ahr2 MO-injected embryos to
PCB-126, with an endpoint altered morphology (deformities) assessed at 72 hpf (See Note
21). In this experiment, 150 embryos were injected with ~2 uL of 0.18 mM Ahr2-MO (3.6
ng), and 150 embryos were injected with the same amount of control-MO. Embryos were
screened by fluorescence microscopy for MO incorporation and for the background
incidence of deformities, as described above.

1. Conduct preliminary experiments with uninjected embryos to identify a dose of
chemical (PCB-126) that causes deformities (in this case, pericardial edema and
truncation of Meckel’s cartilage), the window of susceptibility, and the timing of
onset of effects.

2. Expose triplicate pools of 50 embryos to either PCB-126 or solvent (DMSO).
Prepare a 15-cm glass Petri dish containing 50 embryos in 100 mL of 0.3x
Danieau’s water. Add 10 pL of a 50-pM solution of PCB-126 in DMSO; stir with
pipette to mix well. Expose for 24 hr.

3. Atthe end of the exposure, sample the embryos. If sampling for gene expression,
immediately after exposure, transfer embryos to a 1.5 ml eppendorf tube, remove
any dosing solution, and snap freeze in liquid nitrogen. For later sampling or
observation, wash the embryos three times with clean 0.3x Danieau’s water and
transfer to a clean dish containing fresh 0.3x Danieau’s water and maintain under
standard light and temperature conditions (see Note 20).

4. Assess embryos with microscopy for MO-associated changes in deformity severity
or incidence (see Figure 8).
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For highly hydrophobic compounds such as PCBs, glass dishes are preferred over plastic ones, because the compounds will adsorb
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Figure 1.
Illustration of how start site (A) and splice site (B) morpholinos work. Under normal

conditions, following transcription of DNA to pre-mRNA, introns are spliced out and
mature RNA is exported to the cytoplasm for protein translation. A start site morpholino
functions by binding to a sequence on or close to the ATG start site of the mMRNA transcript,
sterically blocking the translation machinery and thus preventing protein synthesis. Splice
site morpholinos act upon pre-mRNA by binding to intron/exon junctions and preventing
proper splicing. Depending on the sequence, this can result in either retention of an intron as
illustrated in pathway B, loss of an exon, or the use of a cryptic splice site causing either
truncation of an exon or retention of a partial intron. Upon export to the cytoplasm, these
altered transcripts would either be degraded by nonsense-mediated decay, or in some cases
could result in synthesis of a truncated protein.
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Figure2.
INustration of timing of MO effectiveness and toxicant exposure during development. While

period of MO effectiveness will vary depending on the synthesis/degradation kinetics of its
target gene product, in general, MO persistence will decrease by dilution as development
progresses (solid line). How MO effectiveness overlaps with sensitivity to the toxicant being
tested (dashed line), when the exposure occurs, as well as when the effect is observed,
should all be considered when designing a MO experiment.
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Figure3.
Microinjection equipment: dissecting scope and light source, microinjector (on left side of

shelf), micromanipulator (next to scope stand), and needle puller (in the back right).

Methods Mol Biol. Author manuscript; available in PMC 2014 November 03.



Page 17

Timme-Laragy et al.

Figure4.
(A) Egg holder on glass plate. The ribbon tape mold leaves an imprint of ridges surrounded

by three agarose walls. Embryos are held in place by the walls and ridges during injection as
shown in (B).
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Figureb.
Example of backloader (below) made from a 1 ml plastic syringe (above).
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Figure®6.
Examples of a successful (above) vs. failed (below) incorporation of a fluorescently tagged

morpholino at 24 hpf (50x), following injection with ~2 nl of 0.18 mM of Ahr2-MO at the
1-4 cell stage.
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Assessment of MO efficacy by /n vitro transcription and translation. An expression construct
encoding zebrafish Nrf2a (30) was transcribed and translated /n7 vitro in the absence of any
MO (lane 1) or in the presence of Nrf2-MO (500 nM; lane 2) or a control MO (500 nM; lane
3). Translated Nrf2 protein was labeled with [3°S]methionine.
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Figure8.
Rescue of PCB-126-induced pericardial edema by Ahr-MO. Embryos were microinjected

with 2 nl of 0.18 mM Ahr2-MO at the 1-4 cell stage, screened for incorporation of the
fluorescently tagged MO at 24 hpf, and exposed in triplicate groups of 50 embryos to either
5 nM of PCB-126 or a DMSO solvent control from 24-48 hpf. At 72 hpf, embryos were
mounted in 3% methylcellulose and imaged. Embryos exposed to DMSO show no
deformities (left column). Non-injected and control-MO injected embryos exposed to
PCB-126 suffer from pericardial edema, while Ahr2 morphant embryos are protected from
this deformity (right column).
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Table 1

Examples of how MOs in zebrafish have been used to understand the role of a particular gene in

developmental toxicology of various chemicals. hpf = hours post fertilization; dpf = days post fertilization.

TCDD = 2,3,7,8-tetrachlorodibenzo-p-dioxin; PAH= polycyclic aromatic hydrocarbons; BNF= f3-
naphthoflavone; ANF= a=naphthoflavone; tBOOH= fertbutyl hydroperoxide; tBHQ = tertbutyl

hydroquinone; PCB = polychlorobiphenyl; MPTP = 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine; FICZ = 6-

formylindolo[3,2-b]carbazole; PFOS = perfluorooctane sulfonate.

Timeof

Genetargeted Toxicant Exposure Toxicant Effect MO effect on toxicity | Reference
TCDD 3-4 hpf Pericardial edema at 96 hpf Protected 24
PCB-126 8-32 hpf Pericardial edema at 72 hpf Protected 33
) Non-toxic, induction of Cypl Decreased gene
FICZ 48-56 hpf genes induction e
Tri-cyclic PAHs, . .
crude oil 4-48 hpf Cardiac dysfunction No effect
Ahr2 PAHs ; ; ®
(pyrene) 4-48 hpf Cardiac dysfunction Protected
PAH
(benz[alant 6-48 hpf Pericardial edema Protected 36
hracene)
Pericardial edema and
PAiSN(FB)NF' 24-96 hpf truncation of Meckel’s Protected 21
cartilage at 72 and 96 hpf
PAH Pericardial edema and
Ahrla (pyrene) 6-96 hpf hepatomegaly at 96 hpf Protected 35
Pericardial edema and
PAI—ésN(SNF, 24-96 hpf truncation of Meckel’s Exacerbated 21
cartilage at 96 hpf
Cypla
Pericardial edema and
TCDD 4-5 hpf truncation of Meckel’s No effect 22
cartilage at 72 and 96 hpf
Pericardial edema and
Cyplbl PAFés’\I(SNF, 24-96 hpf truncation of Meckel’s No effect 37
cartilage at 96 hpf
Arntl TCDD 3-4 hpf Pericardial edema at 96 hpf Protected 38
Arnt2 TCDD 3-4 hpf Pericardial edema at 96 hpf No effect 29
TCDD 6 hpf Pericardial edema at 72 hpf Exacerbated 17
Ahrra ] ] ] Mimics TCDD 1
deformities at 72 hpf
Ahrrb TCDD 6 hpf Pericardial edema at 72 hpf Exacerbated 17
p53 PCB 126 524 hpf | Cardiac dysmorphogenesis No effect 39
at 72 hpf
Mimics TCDD jaw
Sox9b . . . deformities at 72 hpf =
Inhibition of fin regeneration
R-Spondinl TCDD 2 dpf at 2-3 days post amputation Protected 10
(4-5 dpf)
tBOOH 24-96 hpf Mortality at 96 hpf Exacerbated 8
Nrf2
tBHQ 4 dpf Induction of gstp mMRNA Protected 30
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: Time of : -
Genetargeted Toxicant Exposure Toxicant Effect MO effect on toxicity | Reference
Increased detection of d etlenc(;irgﬁs\?vc:tﬁgSCF—
PFOS 4-96 hpf reactive oxygen species DA probe; reduced 40
(ROS) and expression of induction'of HO-1
antioxidant genes gene expression
cardiac troponin T PCB 126 5-24 hpf Cardiac dg;sgogs?ogenesw Protected 39
Dopamine .
transporter (DAT) MPTP 24-96 hpf Neurodegeneration at 4 dpf Protected 41
Cox2 TCDD 2450 hpt | Mesencephalic g(')oggfﬂo"" Protected 42
thromboxane Mesencephalic blood flow
synthase TCDD 24-50 hpf reduced at 50 hpf Protected 42
cereblon (CRBN) Mimics thalidomide
toxicity (Exposure 2-
72 hpf results in
reduction in size of
- - - otic vesicles at 30 43
Culda hpf, loss or
truncation of
pectoral fins at 75
hpf,)
PTEN o i
. Reduced swimming activity,
ere Sh%hnitoﬁsoeé;?ml MPTP 1-4dpf | 108 Of TH immunoreactivity Exacerbated 28
induced putative in cells in the parvocellular
: P pretectal nucleus
kinase (PINKI)
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