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Abstract

Internal organs such as the heart, brain, and gut develop left-right (LR) asymmetries that are critical for their normal functions1. Motile cilia are
involved in establishing LR asymmetry in vertebrate embryos, including mouse, frog, and zebrafish2-6. These 'LR cilia' generate asymmetric
fluid flow that is necessary to trigger a conserved asymmetric Nodal (TGF-β superfamily) signaling cascade in the left lateral plate mesoderm,
which is thought to provide LR patterning information for developing organs7. Thus, to understand mechanisms underlying LR patterning, it is
essential to identify genes that regulate the organization of LR ciliated cells, the motility and length of LR cilia and their ability to generate robust
asymmetric flow.

In the zebrafish embryo, LR cilia are located in Kupffer's vesicle (KV)2,4,5. KV is comprised of a single layer of monociliated epithelial cells that
enclose a fluid-filled lumen. Fate mapping has shown that KV is derived from a group of ~20-30 cells known as dorsal forerunner cells (DFCs)
that migrate at the dorsal blastoderm margin during epiboly stages8,9. During early somite stages, DFCs cluster and differentiate into ciliated
epithelial cells to form KV in the tailbud of the embryo10,11. The ability to identify and track DFCs—in combination with optical transparency and
rapid development of the zebrafish embryo—make zebrafish KV an excellent model system to study LR ciliated cells.

Interestingly, progenitors of the DFC/KV cell lineage retain cytoplasmic bridges between the yolk cell up to 4 hr post-fertilization (hpf), whereas
cytoplasmic bridges between the yolk cell and other embryonic cells close after 2 hpf8. Taking advantage of these cytoplasmic bridges, we
developed a stage-specific injection strategy to deliver morpholino oligonucleotides (MO) exclusively to DFCs and knockdown the function
of a targeted gene in these cells12. This technique creates chimeric embryos in which gene function is knocked down in the DFC/KV lineage
developing in the context of a wild-type embryo. To analyze asymmetric fluid flow in KV, we inject fluorescent microbeads into the KV lumen and
record bead movement using videomicroscopy2. Fluid flow is easily visualized and can be quantified by tracking bead displacement over time.

Here, using the stage-specific DFC-targeted gene knockdown technique and injection of fluorescent microbeads into KV to visualize flow, we
present a protocol that provides an effective approach to characterize the role of a particular gene during KV development and function.

Video Link

The video component of this article can be found at http://www.jove.com/video/50038/

Protocol

Overview of Stage-Specific Zebrafish Embryo Injections

Antisense morpholino oligonucleotides (MO), which bind to a targeted mRNA and disrupt protein expression from that transcript, are widely
used in gene knockdown (loss-of-function) studies in zebrafish13,14. Gene Tools, LLC offers MOs that are tagged with either carboxyfluorescein
(emits green fluorescence) or lissamine (emits red fluorescence) to detect MO in injected embryos using fluorescent microscopy. By injecting MO
into the yolk cell at different stages of zebrafish development, it is possible to deliver the MO to specific compartments of the embryo (Figures
1A-F). MO injected into the yolk between the 1-4 cell stages (0-1 hpf) enters all embryonic cells (Figures 1A, D, D') via connections with the
yolk that persist until the 32-cell stage15 to facilitate global knockdown. MO injected into the yolk during midblastula stages (2.5-3 hpf) can enter
the progenitors of the DFCs (Figures 1B, E, E') likely through cytoplasmic bridges8 and knockdown gene function specifically in the DFC/KV
cell lineage12, without entering most other embryonic cell lineages. As an important control to test whether gene function is required in DFC/
KV or also in yolk12,16, it is also possible to restrict MO to the yolk cell by injecting between the dome-30% epiboly stages (~4.5 hpf) after all
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cytoplasmic bridges have closed (Figures 1C, F, F'). These injections have been used in combination to analyze gene function in DFC/KV
cells17-24. To assess fluid flow in KV, fluorescent microbeads are injected into the KV lumen between the 6-10 somite stages (12-14 hpf) and
then immediately imaged using videomicroscopy (Figures 1G-J). Microbeads are available that emit red or green fluorescence (or both), so it is
possible to use different channels to image fluorescent microbeads and MO.

1. Stage-specific Injection of Morpholinos (MO)

Injection of MO into zebrafish embryos has been demonstrated previously25,26. Here, we briefly describe stage-specific MO injections. Following
all injections, embryos are transferred to a Petri dish and incubated at 28.5 °C.

1. Global MO injection: Collect embryos immediately after fertilization and load them into an injection plate. Load fluorescent MO into a capillary
needle and mount the needle onto a microinjector (e.g. Harvard Apparatus PLI-90 Pico-injector). Break the needle tip and adjust injection
settings (pressure and/or time) to create an injection drop that has a volume of 1 nl as described25,26.Using a dissecting stereomicroscope,
inject 1 nl of MO into the yolk (Figure 1A) of ≥50 embryos per experiment. Work quickly to complete injections by the 4-cell stage.

2. DFC-targeted MO injection: Collect embryos immediately after fertilization and incubate at 28.5 °C. When the embryos have reached the 256-
cell stage (~2.5 hpf), quickly load them into an injection plate and then inject 1 nl of fluorescent MO into the yolk of ≥100 embryos between
the 256-cell and 1,000-cell stages (Figure 1B).

3. Yolk-targeted MO injection: Collect embryos immediately after fertilization and incubate at 28.5 °C. At the dome stage (~4 hpf), load the
embryos into an injection plate and then inject 1 nl of fluorescent MO in the yolk of ≥100 embryos between the dome and 30% epiboly stages
(Figure 1C).

2. Selecting Injected Embryos for Analysis

1. When MO injected embryos reach the 75%-epiboly stage (8 hpf), remove unfertilized and dead embryos and then screen living embryos
under a fluorescent dissecting microscope for distribution of the fluorescent MO. Then allow selected embryos to develop at 28.5 °C.

1. For global MO injections, select embryos that have fluorescence evenly distributed in throughout all embryonic cells (Figure 1D;
Figure 2A).

2. For DFC-targeted MO injections, select embryos in which fluorescent MO has diffused throughout the yolk and appears concentrated
at the dorsal blastoderm margin (DFCs) (Figure 1E; Figure 2B). At this stage, it can be difficult to visualize fluorescent DFCs due to
bright fluorescence in the underlying yolk. Take care to exclude embryos in which the fluorescent MO has incorporated into embryonic
cells other than DFCs or remains aggregated at the injection site (Figure 2D).

3. For yolk-targeted MO injections, select embryos in which MO fluorescence is evenly distributed throughout the yolk and not observed in
any embryonic cells (Figure 1F;Figure 2C). Again, remove embryos in which the fluorescent MO remains aggregated at the injection
site.

2. Between the 2-4-somite stages (~11 hpf), screen embryos a second time under a fluorescent microscope using higher magnification. Then
allow selected embryos to develop at 28.5 °C.

1. For global MO injections, ensure selected embryos have MO fluorescence evenly distributed in KV and all embryonic cells (Figure 1D';
Figure 2E).

2. For DFC-targeted MO injections, carefully select embryos that have MO fluorescence only in KV cells and the yolk (Figure 1E').
Transgenic embryos that express GFP in KV cells, such as Tg(Dusp6:d2EGFP)27, can aid in the identification of embryos in which MO
has been successfully delivered to KV cells (Figure 2F). Discard embryos with MO fluorescence in embryonic cells other that KV cells.

3. For yolk-targeted MO injections, select embryos that have MO fluorescence exclusively in the yolk (Figure 1F': Figure 2G).

3. Mounting Embryos to Analyze Fluid Flow in KV

1. To analyze asymmetric fluid flow in KV of global MO, DFC-targeted MO or yolk-targeted MO injected embryos, carefully dechorionate ~20
embryos between 4-6 somite stages (~11-12 hpf) with sharp forceps.

2. Prepare 50 ml of 1% low-melting point agarose and aliquot into 5 ml tubes to be maintained as a liquid in a dry bath at 42 °C.
3. Transfer one embryo to a glass depression slide (United Scientific Supplies, Inc.) and remove as much of the water as possible. Immobilize

the embryo by adding enough warm 1% low-melting point agarose to just cover the embryo (too much agarose can interfere with subsequent
imaging). As the agarose solidifies, use forceps to position the embryo such that KV is facing up (dorsal view) (Figure 1H). Mount 10
embryos with one embryo per slide. Work quickly to ensure all injections in the next step are completed by the 10 somite stage (14 hpf).

4. Injection of Fluorescent Microbeads into KV

1. Dilute Fluoresbrite Multifuorescent 0.5 micron diameter Microspheres (Polysciences, Inc.) to 1:50 in sterile water in a 1.5 ml Eppendorf tube.
2. Mix the 1:50 dilution of microbeads thoroughly by tapping the tube and load 3 μl into a capillary needle. Using the same microinjector used for

MO injections (e.g. Harvard Apparatus PLI-90 Pico-injector), break the needle tip with forceps and adjust the injection settings to generate the
smallest possible (<0.5 nl) injection drop.

3. Under a dissecting microscope, align the needle with the KV lumen of the first mounted embryo. Insert the needle into the lumen and inject a
small volume (< 0.5 nl) of beads (Figure 1G). A small needle tip and small injection volume are critical to avoid damaging KV.

4. Inject all mounted embryos. Once an embryo has been injected, a drop of sterile water can be added on top of the agarose to prevent it from
drying out. During the course of the injections, the beads will often obstruct the needle opening. This requires re-breaking the needle tip and
adjusting the injection volume by modulating the pressure or time setting of the microinjection apparatus. Replace the needle if it becomes
blunt enough to cause significant damage during injection.
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5. Screen the injected embryos for successful delivery of beads under an upright fluorescent compound microscope (e.g. Zeiss AxioImager M1)
using a 20X objective. First, determine whether KV structure is intact using brightfield illumination (Figure 1J), and then use fluorescence
to observe the beads. Select embryos in which beads are present and moving inside the KV lumen. Discard embryos with KV damage or
no floating beads in KV. It is easy to miss KV and deliver beads to nearby tissue or the underlying yolk. If unsuccessful, mount another 10
embryos and repeat the injection procedure.

5. Visualization and Analysis of KV Fluid Flow

1. For each selected embryo with beads inside KV, add a drop of sterile water to cover the agarose and then observe KV under the upright
fluorescent compound microscope using a 63X water dipping objective (Figure 1I). Alternatively, a coverslip can be applied for use with non-
water dipping objectives and/or inverted microscopes.

2. Use a high-speed camera mounted on the microscope (e.g. Zeiss AxioCamHSm) to record a 10 sec movie. Record both the beads using the
fluorescent channel (approximately 70 frames/sec) and the KV lumen using a brightfield or differential interference contrast (DIC) channel.

3. To visualize all bead movements over time, import the movie of fluorescent beads into ImageJ software (free download at http://
rsb.info.nih.gov/ij/) and create a maximum projection of all fluorescent signals in the movie. To perform the maximum projection in ImageJ,
click "Image→Stacks→ Z project." In the "Z project" window, project all slices with projection type of "Max intensity". This image can be
superimposed on a DIC image of the KV in which the beads were imaged (Figures 3A-B).

4. The movements of individual beads can be tracked using ImageJ. A plugin ("Manual Tracking") can be downloaded at http://rsbweb.nih.gov/
ij/plugins/track/track.html. Open the fluorescent beads movie in ImageJ and run the Manual Tracking function. In the window of Manual
Tracking, check "show parameters" and input parameters for"time intervals" and "x/y calibration". Manually select beads that remain in the
focal plane of the movie for ≥50 frames and then track ≥5 beads per embryo. The path and velocity of each bead is generated by the software
(Figures 3 C-D).

Representative Results

Stage-specific MO injections provide a useful approach to analyze gene function in specific compartments of the embryo. Figure 1 presents a
flow chart of the injection strategies used to test gene function in DFC/KV cells and how to introduce fluorescent beads to visualize fluid flow in
KV. The distribution of fluorescent MO in successful stage-specific injected embryos is shown schematically in Figures 1D-F and in live embryos
in Figure 2. An unsuccessful MO injection, in which the MO remains aggregated in the yolk cell, is shown in Figure 2D.

Successfully injected embryos-selected based on the localization of fluorescent MO-can be mounted at the 4-6 somite stages for delivery of
fluorescent microbeads into the KV lumen (Figures 1G-H) to analyze fluid flow. Videomicroscopy is used to record bead movements in KV
(Figures 1I-J), which can be analyzed qualitatively (Figures 3A-B) or quantitatively (Figures 3C-E) using ImageJ software. In a control embryo
with normal flow, beads follow counterclockwise paths that can be visualized by making a maximum projection of fluorescent bead positions over
time (Figure 3A) or by tracking individual beads over time (Figure 3C). To demonstrate loss of coordinated flow, we injected embryos with MO to
knockdown Rho kinase 2b (Rock2b), which we have previously shown disrupts flow18. In Rock2b MO injected embryos, beads move randomly in
KV (Figures 3B, D). ImageJ software was used to calculate the velocity of individual bead tracks. The average velocity of 5 beads from control
and Rock2b MO embryos is shown in Figure 3E.
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Figure 1. Overview of stage-specific MO injections and microbead injection into KV.  (A) Injection of fluorescent MO (red) into the yolk at
the 1-cell stage for global distribution of MO throughout the embryo. (B) DFC-targeted MO injection at the 512-cell stage to load MO into DFC/
KV cells. (C) Yolk-targeted MO injection at 30%-epiboly stage to restrict MO to the yolk. (D-F') Schematic representation of the distribution of
fluorescent MO (red) in successfully injected embryos at the 75% epiboly stage (D, E, F) and the 6 somite stage (D', E', F') following stage-
specific injections. MO accumulates in the DFC/KV cell lineage when injected at the 512-cell stage (arrows in E, E'), but not when injected at
30% epiboly (arrows in F, F'). (G) Injection of fluorescent microbeads (green) into the KV lumen. (H) A properly mounted embryo with KV (arrow)
facing up for microbead injection. (I) Imaging beads movement in KV using an upright microscope. (J) High magnification of an intact KV lumen
injected with microbeads. Embryonic stages and embryo drawings are based on ref. 28.
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Figure 2. Selection of embryos following stage-specific MO injections. (A-C)  Examples of selected embryos at the 75% epiboly stage
(8 hpf) in which fluorescent MO (red) has either incorporated in all embryonic cells following global MO injection (A), diffused through the yolk
and DFCs (arrow) following DFC-targeted MO injection (B) or remained in the yolk following yolk-targeted MO injection (C). (D) Example of an
excluded embryo in which the fluorescent MO aggregated at the injection site. (E-G) Examples of fluorescent MO (red) distribution in selected
embryos at the 4-somite stage (11.5 hpf). DIC images identify the KV lumen (arrow) in transgenic Tg(Dusp6:d2EGFP) embryos that express
GFP in KV cells27. In the global MO injected embryo, MO was observed in KV and all surrounding cells (E). In the DFC-targeted MO injected
embryo, MO co-localized with GFP in most KV cells and was also present in underlying yolk nuclei (F). In the yolk-targeted embryo, MO was
found exclusively in yolk nuclei (G).
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Figure 3. Qualitative and quantitative analyses of fluid flow in KV. (A-B) For qualitative analysis of flow, a maximum projection of a 10 sec
movie showing movement of all fluorescent microbeads injected into KV has been superimposed on a DIC image of the KV lumen in a global
control MO (A) or Rock2b MO (B) injected embryo. (C-E) To quantify flow, movement of individual microbeads (n=5) was tracked in a control
embryo (C) and Rock2b MO injected embryo (D) and used to calculate an average bead velocity (E). Circles (C-D) approximate the KV lumen
boundaries. Error bars (E) represent one standard deviation.

Discussion

Using stage-specific injections to target MO to the DFC/KV cell lineage is a useful approach to study cell-autonomy of gene function and avoid
pleiotropic phenotypes caused by global gene knockdown. However, these injections can be technically challenging. Injection of MO between
the 256-cell and 1,000-cell stages can result in three possible outcomes: 1) the MO remains aggregated at the injection site, 2) the MO diffuses
throughout the yolk and enters DFC/KV cells or 3) the MO diffuses throughout the yolk and enters DFC/KV cells and other embryonic cells.
Therefore, selecting embryos in which MO has moved exclusively to the DFC/KV cells is a key step in this experiment. It is important to note that
MO can load into all DFC/KV cells but often enters only a subset of these cells10. The reasons underlying this mosaic targeting remain unclear,
but may reflect variability in how efficiently the MO moves through the yolk and/or the timing of closure of individual bridges between the yolk
and DFC progenitors. We have not found conditions that increase targeting efficiency, but rather have relied on selecting embryos in which most
of the KV cells have taken up MO. The success rate for generating embryos with MO in the majority of DFC/KV cells is typically ~20-30%, but
this can be quite variable from day to day. For this reason, we recommend injecting as many embryos as possible (≥100), and then carefully
selecting the embryos that have the appropriate distribution of fluorescent morpholino.

Control experiments are vital for interpreting the results of DFC-targeted injections. A mismatch MO or standard negative control MO (from
Gene Tools, LLC) should be used to control for non-specific effects. In addition, since DFC-targeted injections deliver MO to both the yolk and
DFC/KV cell lineage (Figure 2F), it is important to determine whether phenotypes in these embryos are due to loss of gene function in DFC/
KV cells or in the yolk cell. Comparing phenotypes in DFC-targeted embryos with yolk-targeted embryos (Figures 2F-G) will identify DFC/KV
cell-specific affects. Of course, some genes may function in both the DFC/KV cells and the yolk16. Although we focus of MO-mediated loss-of-
function analyses here, the DFC-targeted injection technique and associated control experiments can be used to assess a gain-of-function by
injecting synthetic mRNA to overexpress a particular protein in the DFC/KV lineage17,22,24,29. One clever adaption of this approach used DFC-
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targeted mRNA injections to rescue global MO knockdown only in DFC/KV cells30. However, it should be noted that not all mRNAs injected in
this manner result in expression of the encoded protein in DFCs and KV cells, and important controls should be included to assess the level of
protein expression and distribution.

Successful delivery of microbeads into the KV lumen to assess asymmetric flow depends on injecting the beads at optimal stages during the
rapid development of the transient KV organ. We begin mounting embryos at the 4-6 somite stages (~12 hpf) and then inject microbeads into
KV up to the 10 somite stage (14 hpf). Prior to the 4 somite stage, the lumen is often too small to inject, and at later stages (>10 somites) the
injection becomes difficult due to KV moving deeper into the embryo. One limitation of this technique is that requires the KV lumen to expand to
a size that can be successfully injected with microbeads. In cases where MO knockdown of a particular gene severely disrupts KV organization
and/or reduces KV lumen size (reviewed in ref. 31) it will be difficult, if not impossible, to assay flow using this approach.

When preparing embryos for injection of microbeads into KV, it is important to mount the embryo straight along the embryonic axis with KV facing
up (Figure 1H), as embryo position can affect the angle that the needle enters KV and the angle of imaging beads in KV. It is also important
to use a small-bore injection needle and small injection volume of microbeads to avoid damaging KV. We recommend practicing to develop a
smooth injection stroke to insert the needle into KV, release the beads and then quickly retract the needle from the embryo. When conditions are
optimal, we are able to successfully deliver microbeads to ~50% (e.g. n=5/10) of the injected embryos.

In summary, stage-specific MO injections and visualization of microbeads in KV provide an opportunity to study the function of candidate genes
in LR ciliated cells.
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