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Mammals have a very limited capacity to regenerate the heart after myocardial infarction. On the other hand, the adult zebrafish regenerates its
heart after apex resection or cryoinjury, making it an important model organism for heart regeneration study. However, the lack of loss-of-function
methods for adult organs has restricted insights into the mechanisms underlying heart regeneration. RNA interference via different delivery
systems is a powerful tool for silencing genes in mammalian cells and model organisms. We have previously reported that siRNA-encapsulated
nanoparticles successfully enter cells and result in a remarkable gene-specific knockdown in the regenerating adult zebrafish heart. Here, we
present a simple, rapid, and efficient protocol for the dendrimer-mediated siRNA delivery and gene-silencing in the regenerating adult zebrafish
heart. This method provides an alternative approach for determining gene functions in adult organs in zebrafish and can be extended to other
model organisms as well.

Video Link

The video component of this article can be found at https://www.jove.com/video/58054/

Introduction

Myocardial infarction has become a major health threat, leading to a tremendous economic burden around the world". The adult mammalian
heart fails to regenerate and replenish the lost cardiomyocytes on a macroscopic scale after the injury, leading to the formation of scar

tissues and subsequent heart failure. Unlike mammals, the zebrafish is capable of heart regeneration, primarily through the robust myocardial
proliferation after different types of heart injury, making it an ideal model organism for investigating the molecular mechanisms of heart
regeneration2'3’4'5’6'7'8. Deciphering the endogenous mechanisms underlying zebrafish heart regeneration is an exciting area of research in the
search for novel therapeutic strategies to improve human heart regeneration”.

Genetic manipulation methods are available in zebrafish. These consist of morpholinos (MO) that are also widely used in frogs, chick,

and mammals besides in zebrafish'®'"'?"3, MO has efficient knockdown of target gene expression in the adult zebrafish fin, brain, and
retina'*151817.18.19 | 5cked-nucleic acid (LNA) is another artificial oligonucleotide used to knock down endogenous gene expression not only in
zebrafish embryos but also in adult animal organ32°'21’22'23‘24. However, the lack of effective loss-of-function methods for adults' hearts remains
an obstacle in studying the molecular mechanisms of organ regeneration. At present, small-molecule inhibitors or transgenic expression of
dominant-negatig/g mutants are primarily used to block the function of a certain gene or pathway to study its function in the adult zebrafish heart

regeneration 52627 However, not all genes or signaling pathways are applicable for these methods.

Small-interfering RNAs (siRNAs) are widely used for the loss-of-function analysis in mammalian cells and embryos of model organisms, as

well as adult organs for 6preclinical studies in animal models?®2%3%%32 giRNAs have been effectively used to silence genes in tumors>>34%

and in cardiomyocytes3 37.38,39.40 \ia different delivery systems. Recently, we developed efficient siRNA-encapsulated nanoparticle gene-
silencing in the regenerating adult heart using several different nanoparticles41’42’43, providing a novel tool for functional studies of genes in adult
zebrafish organs. Based on our previous studies*'***®, here we present a simple, practical, yet powerful protocol for siRNA gene-silencing in
the regenerating adult zebrafish heart using -PAMAM-PEG-R9 dendrimers. Aldh1a2 (aldehyde dehydrogenase 1 family, member A2) gene

was upregulated after zebrafish apex resection and ablation of Aldh7a2 blocked the cardiac regeneration“. Here we take aldh1a2 gene as an
example to test the gene knockdown efficiency mediated by nanoparticle-encapsulated siRNA injection. This protocol contains a procedure for
zebrafish heart resection, chemical synthesis of nanoparticles, and a delivery method on siRNA-encapsulated nanoparticles into adult zebrafish
heart.
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All animal procedures used a zebrafish protocol approved by the Institutional Animal Care and Use Committee at Peking University, which is fully
accredited by Association for Assessment and Accreditation of Laboratory Animal Care.

1. Preparation of Tricaine Solution

1. To prepare tricaine stock solution, add 400 mg ethyl 3-aminobenzoate methanesulfonate powder to 97.9 mL distilled water, and then add 2.1
mL of 1 M Tris (pH 9.5) to adjust the pH to ~7. Store the stock solution at 4 °C.
2. To prepare tricaine working solution, add 4.2 mL tricaine stock solution to 100 mL aquarium system water.

2. Adult Zebrafish Ventricular Resection

1. Prepare instruments and materials for the surgery which include a piece of sponge, a Petri dish filled with tricaine working solution, a plastic
pipette, a stereomicroscope, two sharp forceps, iridectomy scissors, and elbow tweezers (Figure 1).

2. Prepare a small groove of the size of 4 cm x 0.5 cm and 0.5 cm in depth on a sponge to hold the zebrafish during the ventricular resection
surgery.

3. Fill a 3 L zebrafish tank with half a tank of zebrafish system water that is made by using 60 mg/L sea salts in dH,O for the recovery of the
injured fish.

4. Anesthetize the fish in a 10 cm Petri dish with tricaine solution until the gill movements decrease to one per second and keep the fish for at
least 30 s to ensure that it is fully anesthetized.

5. Transfer the anesthetized fish with the elbow tweezers to the groove in a moist sponge ventral side up. Visually locate the margin of the
beating heart, and then locate the heart under a stereomicroscope.

6. Use the iridectomy scissors to make a small incision of about 1 mm that penetrates the skin and muscles, and carefully tear the silvery
epithelial layer of the pericardial sac with the forceps tips to access the heart. Do not insert the forceps too deep into the cavity to avoid the
heart injury.

NOTE: At this point, keep in mind to avoid extensive bleeding. Exclude the fish from the experiment if extensive bleeding occurs, since the
excessive bleeding is mainly caused by the accidental injury to the heart and so will result in misleading results.

7. Expose the ventricle by gently holding its apex with sharp forceps using the non-dominant hand or by applying gentle abdominal pressure.
Then, with the other hand, remove ~20% of the ventricle at the apex using the iridectomy scissors.

NOTE: No extensive bleeding should occur at this point.

8. Use a wet napkin to cover the incision, as the wounds bleed profusely for 15—-45 s before clotting, and then put the fish back into the tank with
system water.

NOTE: It is not necessary to suture the incision.

9. Make sure that the fish regains gill movements within 1 min and then resumes swimming. If the fish does not show gill movements after 50 s
in water, facilitate it by squirting water into the gills using a plastic pipette until the fish resumes active ventilation.

10. Maintain the fish in the recycle system after the ventricular resection.

NOTE: No special cares are necessary compared with the normal fish. The death rate of adult zebrafish ventricular resection is about 5-10%.
Almost all death happens within 24 h after the surgery.

3. Preparation of siRNA-encapsulated Nanoparticles

1. Synthesize the f-PAM,-PEG-R9 dendrimer.

NOTE: The synthesis of f-PAM,-PEG-R9 dendrimer materials was performed as described previously37 with some modifications. The length
of a, w-dipyridyl disulfido polyethylene glycol (Py-PEG-Py) were reduced to a molecular weight of 1,000 to maximize the encapsulation of
siRNAs (Figure 2B).

2. Dry 10 mg of the cystamine core of G4.0 polyamidoamine (termed PAMAM) using vacuum dryer at 45 °C for 1 h and then dissolve the
PAMAM in 2 mL Dulbecco's phosphate-buffered saline (DPBS, a balanced salt solution used for a variety of cell culture applications).

3. Dissolve 1.7 mg tris(2-carboxyethyl) phosphine (TCEP) in 1 mL DPBS, mix with the PAMAM solution prepared in 3.2 and leave at room
temperature with gentle stirring for 8 h.

NOTE: TCEP is ten-fold in molar ratio excess to the disulfide bonds of the PAMAM.

4. Remove excessive TCEP by ultrafiltration. Add DPBS to the above PAMAM-TCEP mixture to reach the volume of 10 mL and the solution
is transferred into a 3 kDa MWCO (molecular weight cut off) ultrafiltration tube. After the centrifugation at 3,000 g for 15 min, discard the
solution in the collection tube. Add DPBS to the filter device up to 10 mL and gently pipette the sample multiple times and centrifuge again.
Repeat this step for 4 times. After the last filtration, aspirate the sample from the filter device.

NOTE: The product of this step is reduced PAMAM (termed f-PAM4).

5. Dissolve 14 mg Py-PEG-Py in 1 mL DPBS, mix with the f-PAM4 solution and leave it with gentle stirring at room temperature for 3 h. Then
remove the excessive Py-PEG-Py by the ultrafiltration step as described in 3.4. After the last filtration, aspirate the sample from the filter
device.

NOTE: The product is named as f-PAM4-PEG-Py. The amount of Py-PEG-Py is 10-fold in the molar ratio to the thiol groups in the f-PAM4.

6. Dissolve 6.4 mg of Cysteine terminated R9 Peptide (Ac-CRRRRRRRRR-NH2) in 1 mL DPBS, mix with f-PAM4-PEG-Py and gently stir for
8 h at room temperature. Purify the final product, called f-PAM4-PEG-R9, by the ultrafiltration step as described in 3.4 except that DPBS is
changed to deionized water. Lyophilize the product by using a freeze vacuum dryer.

NOTE: The products in 3.5 and 3.6 before lyophilization are stored at -20 # for at least 1 month. After the lyophilization of f-PAM4-PEG-R9,
the samples are stored at -20 # for at least 2 months.
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10.

To determine the degree of PEG and peptide modification, dissolve 5 mg of the f-PAM4-PEG-Py in the D,0O (Deuterium oxide) and transfer it
into the NMR (Nuclear Magnetic Resonance) sample tube. Perform 1H-NMR spectral analysis at 400 MHz and analyze the data using NMR
data analysis software®.

NOTE: Specifically, the representative PAMAM peaks (-NCH2CH2CO-), PEG peaks (-OCH2CH2-), and arginine residue peaks (-
HCCH2CH2CH2NH-) in the peptides are expected to be in the ranges 2.4-2.6, 3.7-3.8, and 1.6—1.8 ppm, respectively. Determine the degree
of modification of the PEG and R9 relative to the PAMAM by calculating the integrals of the PEG and R9 peaks to the PAMAM peaks. The
modification degree of PEG is 100% and the R9 modification is at least 50%. The 'H-NMR spectral analyses are performed in the core facility
of the institution.

Dissolve the f-PAM4-PEG-R9 dendrimer powder in PBS to 4 mg/mL and make aliquots of the solution for one-time use.

NOTE: The dendrimer solution can be stored at -20 °C for at least one month, without repeated freezing and thawing.

Dissolve the cyanine dyes-labeled siRNAs (termed Cy5-siRNA), Aldh1a2 siRNA or scrambled negative control siRNA in distilled water to 10
uM.

NOTE: Use the cyanine dyes-labeled siRNAs to evaluate whether the nanoparticle encapsulated siRNA can enter the fish heart

(Figure 2A-B). This protocol takes aldh1a2 as an example gene to determine the efficiency of delivery of f-PAM4-PEG-R9 dendrimer-
encapsulated siRNA. The sequences of the siRNAs are: Cy5-siRNA antisense strand: 5~ ACGUGACACGUUCGGAGAAJTAT-3',

siAldh1a2 antisense strand: 5-UUCAGGACAACCGUGUUCCATdT-3' and scrambled negative control siRNA antisense strand: 5'-
ACGUGACACGUUCGGAGAAJTAT-3".

To prepare the siRNA-encapsulated nanoparticle solution, mix siRNA with an equal volume of dendrimer solution, and incubate the sample at
room temperature for 20 min. Freshly prepare the siRNA-nanoparticle solution before use.

NOTE: The volume of siRNA-encapsulated nanoparticle solution depends on the number of fish going to be injected. For example, prepare
at least 120 pL dendrimer solution (mix 60 pL siRNA solution and 60 pL dendrimer solution) for the injection of 10 fish (~10 pL per fish),
counting in the loss of solution.

4. Injection of siRNA-encapsulated Nanoparticles into Adult Zebrafish Heart

As described above, prepare a piece of sponge with a groove, a 10 cm Petri dish filled with tricaine solution, a plastic pipette, a
stereomicroscope, elbow tweezers, and an insulin syringe (Figure 1), as well as a fish tank with system water for housing the fish after
injection.

Allow the injured zebrafish prepared in steps 2.1-2.10 to recover for 1 day after ventricular resection, and then anesthetize the 1 dpa (days
post-amputation) fish in tricaine solution as described in 2.4.

Transfer the anesthetized fish, ventral side up, to the groove in the moist sponge using the elbow tweezers. Locate the beating heart under
the stereomicroscope.

Load 10 pL of the siRNA-encapsulated nanoparticle solution into the insulin syringe. Avoid bubbles as much as possible.

Immobilize the fish by gently using the elbow tweezers to hold the thoracic region with the non-dominant hand. Do not clamp the fish too
tightly.

NOTE: Keep in mind that no extensive bleeding should occur during the injection.

Hold the filled insulin syringe at ~30° and inject ~10 pL of solution into the thoracic cavity using the other hand (Supplemental Figure 1).
NOTE: The solution sometimes flows out during the injection, but this does not affect the siRNA effect. The siRNA-nanoparticle solution can
be injected once a day for several days to one month, depending on a specific experimental plan. Inject a fish with one type of siRNA each
time. If more than two types of siRNA need to be injected into one fish, inject one type of siRNA each time, and then inject another type of
siRNA 1 h later. In this protocol, only one type of siRNA per fish was injected.

Transfer the fish to the tank with the system water.

NOTE: The fish are expected to restart ventilation within 1 min, and then resume swimming. The injection of siRNA-encapsulated
nanoparticles or siRNA normally does not cause death in adult zebrafish.

5. Heart Collection, Fixation, and Evaluation of the Efficiency of siRNA Delivery

1.
2

Prepare 1 mL of 4% paraformaldehyde solution in a microcentrifuge tube for each group.

Anesthetize the fish in tricaine solution at selected days after injections. Place the fish supinely into the groove in a moist sponge. Make a
large incision in the thoracic region and open widely with the tweezers. Grip the outflow tract and pull out the whole heart carefully with the
tweezers.

Rinse the heart with PBS and rapidly remove extra liquid with a napkin. Put up to 10 hearts into a 1.5 mL microcentrifuge tube with 1 mL
paraformaldehyde. Gently invert the tube several times, and keep overnight at 4 °C.

Measure the fluorescence intensity of Cy5-siRNAs-injected hearts using the in vivo imaging system (Supplemental Figure 2). Use 3—4
zebrafish hearts for each group in this study.

Mount the fixed hearts with either paraffin or OCT compound (Embedding Medium for Frozen Tissue Specimens to ensure Optimal Cutting
Temperature).

6. Evaluation of Nanoparticle-mediated siRNA Gene-silencing

4.

Prepare an insulated container and long tweezers. Pour in liquid nitrogen to a third of the volume of the container.

Anesthetize the fish in tricaine solution at 2 dpa. Dissect the hearts as described in 5.2, and then remove the outflow tract and atrium.
NOTE: The fish can recover from the surgery in one day and then injected at 1 dpa with either scrambled siRNA-encapsulated nanoparticles
(siNC) as a negative control or aldh1a2 siRNA-encapsulated nanoparticles (siAldh1a2).

Transfer the ventricles into a 1.5 mL microcentrifuge tube using the tweezers, cover the tube lid, and immediately place the tube into the
insulated container with liquid nitrogen. Let the tubes float on the liquid nitrogen for a few min. Use the long tweezers to remove tubes from
the container.

Repeat steps 6.2 and 6.3 until all ventricles are collected. Use 6—10 hearts for each group.
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5. Extract the total RNA of hearts with RNA isolation reagent.Assess the expression levels of the respective genes by quantitative
RT-PCR using primers Gapdh F: GATACACGGAGCACCAGGTT; Gapdh R: GCCATCAGGTCACATACACG,; Aldh1a2 F:
TGAGCGAGGAGCAGCAGAGA; Aldh1a2 R: TCCACGAAGAAGCCTTTAGTAGCA.

Representative Results

To determine the efficiency of the dendrimer-mediated siRNA delivery, we resected the apex of the ventricle of the zebrafish heart, then injected
about 10 pL of dendrimer only (mock group), Cy5-siRNA only (naked group), or f-PAMAM-PEG-R9 dendrimer-encapsulated Cy5-siRNA
(Cy5-siRNA group) intrapleurally, respectively (Figure 2A-B). The fluorescence signal was detectable in the hearts injected with dendrimer-
encapsulated Cy5-siRNA at 3, 24, and 48 hpi (hours post-injection), while it was hardly detectable in hearts from the mock and naked groups at

48 hpi (Figure 2C-D), suggesting that the f-PAMAM-PEG-R9 dendrimer effectively facilitates the delivery of siRNAs into the adult zebrafish heart
and is stable for at least two days.

www.jove.com

To investigate the effect of dendrimer-encapsulated siRNA on gene silencing, we chose aldh1a2 (retinoic acid-synthesizing enzyme) as a target
gene, which has been reported to be required for heart regeneration after ventricular resection**. As shown in Figure 3A, the fish were allowed
to recover for one day after ventricular resection and then microinjected with dendrimer-encapsulated siRNA. We found that the aldh1a2 mRNA
expression level decreased in the hearts treated with f-PAMAM-PEG-R9 dendrimer-encapsulated siAldh1a2 compared with that of dendrimer-

encapsulated scrambled siRNA (siNC) at 2 dpa (Figure 3B), demonstrating that f-PAMAM-PEG-R9 dendrimer-mediated siRNAs achieve gene-
specific silencing in adult zebrafish heart.
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Figure 1: Heart surgery and thoracic injection instruments. Photograph of the instruments used for ventricular resection in the adult
zebrafish heart: sponge with a groove, elbow tweezers, sharp forceps, iridectomy scissors, long tweezers, and the insulin syringe used for
dendrimer-encapsulated siRNA delivery. Please click here to view a larger version of this figure.
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Figure 2: Effective f-PAMAM-PEG-R9 dendrimer-assisted delivery of siRNA into the injured adult zebrafish heart. (A) Scheme for
investigating the uptake efficiency of nanoparticle-encapsulated Cy5-siRNA in adult zebrafish heart after ventricular resection (dpa: days post-
amputation; hpi: hours post-injection). (B) Synthesis of f-PAMAM-PEG-R9 dendrimer and preparation of dendrimer-encapsulated Cy5-siRNA.
(C) Cy5 fluorescence imaging of hearts injected with dendrimers only (mock), Cy5-siRNA only without dendrimer encapsulation (naked), and
dendrimer-encapsulated fluorescence labeled Cy5-siRNA (Cy5-siRNA) detected by the in vivo imaging system, showing that fluorescence
signals were nearly undetectable in the mock and naked groups at 48 hpi, while strong signals retained in the dendrimer-encapsulated Cy5-
siRNA groups from 3 to 48 hpi. The arbitrary scale of fluorescence signals shows from weak (blue) to strong (red). (D) Quantification of Cy5-
siRNA fluorescence signals in hearts assessed by the in vivo imaging system as in panel C (*P <0.05, ***P <0.001; data are mean * s.e.m.; one-
way analysis of variance followed by Bonferroni's multiple comparison tests; n = 3-4 hearts). Please click here to view a larger version of this
figure.
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Figure 3: Efficient siRNA silencing of aldh7a2 in the injured adult zebrafish heart. (A) Scheme for investigating the gene-silencing effect of
aldh1a2 siRNA. (B) gPCR reveals that aldh1a2 mRNA decreased in nanoparticle-encapsulated siAldh1a2 hearts compared with nanoparticle-
encapsulated scrambled siRNA hearts (siNC). The aldh1a2 mRNA expression level was normalized by GAPDH (***P <0.001; data are mean +
s.e.m. with paired Student's t-test). Please click here to view a larger version of this figure.
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Supplementary Figure 1: Images of thoracic cavity injection. (A) The thoracic cavity in adult fish at 1 day post amputation. (B) Injection of
nanoparticle-encapsulated siRNA into the thoracic cavity. Scale bars: 1 mm. Please click here to view a larger version of this figure.
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Supplementary Figure 2: Uptake efficiency of nanoparticle-encapsulated Cy5-siRNA in uninjured adult zebrafish heart. (A) Cy5
fluorescence imaging of hearts injected with dendrimers only (mock), naked Cy5-siRNA without dendrimer encapsulation (naked), and
dendrimer-encapsulated Cy5-siRNA under the in vivo imaging system. The arbitrary scale of fluorescence signals is from weak (blue) to strong
(red). (B) Quantification of Cy5-siRNA fluorescence signals in hearts measured by the in vivo imaging system as in panel A (NC: no significant
different; data are mean + s.e.m.; one-way analysis of variance followed by the Bonferroni's multiple comparison test; n = 3-4 hearts). Please
click here to view a larger version of this figure.

The zebrafish is fully capable of regenerating a variety of organs including the adult heart. While transgenic and genetic methods are well-
developed for studying gene functions in the embryos of zebrafish, investigators are still faced with the daunting task of generating conditional
mutant alleles in zebrafish*>*®. Thus, transgenic dominant-negative mutants or small-molecule inhibitors are frequently used to address gene
functions in adult zebrafish organ325’27'42. Over the past a few years, we have developed an alternative method for the loss-of-function analysis
of genes in the adult zebrafish heart using nanoparticle-mediated siRNA delivery and gene siIencing41’42’43. Here, a detailed protocol for this
method using dendrimer-mediated siRNA gene silencing in zebrafish hearts in particular and possibly in other zebrafish organs, in general, is
presented.

The siRNA molecule cannot enter into the cells by itself due to its negative charge and would be easily degraded by the nuclease. With
mono-disperse molecules, tunable structures and properties, dendrimers have been considered as promising siRNA carriers 47 The PAMAM
dendrimers have rich cationic peripheries and buffering amines inside which could mediate siRNA encapsulation in physiological conditions
and induce a "proton sponge" effect to release siRNA from endosomes in the cytoplasm respectively48'49'5°. In this article, the PAMAM was
modified to enhance the stability and delivery efficiency. The f-PAMAM-PEG-R9 system provides a hemispherical PAMAM dendrimer head with
the positive charge for siRNA encapsulation to prevent the degradation by the nuclease. The PEG arm and the R9 transmembrane peptide was
used to improve the hydrophilicity of the nanoparticles for stabilization and promote the uptake by cells respectively.

The quality and type of nanoparticles are critical for effective siRNA delivery and gene-silencing in the zebrafish heart. We have successfulla/
investigated three structurally-diverse nanoparticles for this purpose: PEG-PLA, f-PAMAM-PEG-R9, and PEI-HYD-RGD nanoparti(:les‘“"‘z’4
Although thegf are not commercially produced, a regular organic chemistry lab can easily synthesize and purify nanoparticles as described
previously35' 743 Here, we chose the -PAMAM-PEG-R9 dendrimer as an example to show the simple, efficient, dendrimer-mediated siRNA
delivery and gene-silencing in the adult zebrafish heart after ventricular resection, because it is relatively easy to prepare siRNA-loaded
dendrimer-complexes, such as by incubating the mixture at room temperature for ~20 min. On the other hand, the pH has to be adjusted for
siRNA-loaded nanocomplexes if PEI-HYD-RGD is used®. Similarly, emulsifyin% and purification procedures are essential to obtain uniform
nanoparticle-encapsulated siRNA solution if PEG-PLA nanoparticles are used>>4'.
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Another critical step is to minimize or have no bleeding during the injection of dendrimer-encapsulated siRNA as described in 4.5 since extensive
bleeding interrupts heart regeneration and other biological systems. Thus, we suggest excluding fish from experimental groups if bleeding occurs
during injection. In general, this simple injection procedure is easily mastered after a few trials.

The major limitations of this method are in the siRNA technology itself, such as potential off-target effects and incomplete deletion of genes of
interest. Otherwise, highly reproducible biological replication of gene-silencing of several genes has been demonstrated in our work and that of
others*". Importantly, this protocol is rapid, simple, and efficient, and the injection treatment is well-tolerated by adult zebrafish. Experimental
analysis of siRNA gene-silencing efficiency may include the assessment of mMRNA expression levels by in situ hybridization or quantitative RT-
PCR, or of protein expression levels using Western blots, immunohistochemical staining, or other functional analyses. Together, we fully endorse
nanoparticle-facilitated siRNA delivery as an alternative tool for loss-of-function studies in the adult zebrafish heart in particular and this approach
may also be extended to other organs in adult zebrafish and other model organisms.

The authors have nothing to disclose.
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