
		
TITLE:
[bookmark: _GoBack]A Layered Mounting Method for Extended Time-Lapse Confocal Microscopy of Whole Zebrafish Embryos

AUTHORS AND AFFILIATIONS:
Sanat Upadhyay1#, Leoncio Vergara2, Pranjali Shah2, Jan-Åke Gustafsson1,3, Ioannis Kakadiaris4, Maria Bondesson5*

1Department of Biology and Biochemistry, Center for Nuclear Receptors and Cell Signaling, University of Houston, Houston, Texas, USA 
2Institute of Biosciences and Technology, Texas A&M Health Science Center, Houston, Texas, USA
3Department of Biosciences and Nutrition, Novum, Karolinska Institutet, 141 83 Huddinge, Sweden.
4Computational Biomedicine Lab, Texas Institute of Measurement Evaluation and Statistics, University of Houston, Houston, Texas, USA
5Department of Intelligent Systems Engineering, Indiana University, Bloomington, IN, USA
#Current address: Center for Innovation and Technology Transfer, University of Houston, Houston, Texas, USA

Email Address of Corresponding author:
Maria Bondesson	(mbondess@iu.edu)

Email Addresses of Co-Authors: 
Sanat Upadhyay 	(sanat20@gmail.com)
Leoncio Vergara 	(lvergara@ibt.tamhsc.edu)
Pranjali Shah 		(ppshah92@gmail.com)
Jan-Åke Gustafsson 	(jgustafs@central.uh.edu)
Ioannis Kakadiaris 	(ikakadia@central.uh.edu)

KEYWORDS: 
zebrafish, embryo, confocal microscopy, time-lapse, mounting, transgenic

SUMMARY: 
This article describes a method to mount fragile zebrafish embryos for extended time-lapse confocal microscopy. This low-cost method is easy to perform using regular glass-bottom microscopy dishes for imaging on any inverted microscope. The mounting is performed in layers of agarose at different concentrations. 

ABSTRACT: 
Dynamics of development can be followed by confocal time-lapse microscopy of live transgenic zebrafish embryos expressing fluorescence in specific tissues or cells. A difficulty with imaging whole embryo development is that zebrafish embryos grow substantially in length. When mounted as regularly done in 0.3-1% low melt agarose, the agarose imposes growth restriction, leading to distortions in the soft embryo body. Yet, to perform confocal time-lapse microscopy, the embryo must be immobilized. This article describes a layered mounting method for zebrafish embryos that restrict the motility of the embryos while allowing for the unrestricted growth. The mounting is performed in layers of agarose at different concentrations. To demonstrate the usability of this method, whole embryo vascular, neuronal and muscle development was imaged in transgenic fish for 55 consecutive hours. This mounting method can be used for easy, low-cost imaging of whole zebrafish embryos using inverted microscopes without requirements of molds or special equipment.

[bookmark: Introduction]INTRODUCTION: 
[bookmark: __DdeLink__1043_1438575286]The zebrafish has long been a model organism for developmental biology, and microscopy is the major method to visualize embryonic development. The advantages of using zebrafish embryos for developmental studies include small size, optical clarity, rapid development, and high fecundity of the adult fish. The generation of transgenic zebrafish lines expressing fluorescence in certain tissues or cells have allowed for a direct visualization of tissue development in ways not possible with larger vertebrate animals. In combination with time-lapse microscopy, details and dynamics of the tissue development can be readily studied.

[bookmark: __Fieldmark__76_1438575286]A difficulty with imaging zebrafish development is that the embryos grow substantially in length; the embryo extends its length four times within the first 3 days of life1. Also, the body of the early embryo is soft, and easily becomes distorted if growth is restricted. Yet, to perform confocal microscopy, the embryo must be immobilized. To keep embryos in a fixed position for confocal time-lapse imaging, they are regularly anesthetized and mounted in 0.3-1% low-melt agarose. This has the advantage of allowing for some growth during imaging for a certain period of time, while restricting movements of the embryo. Parts of the embryo can efficiently be imaged like this. However, when using this method for imaging of the whole embryo for extended time periods, distortions are observed because of restricted growth caused by the agarose. Thus, other mounting methods are required. Kaufmann and colleagues have described an alternative mounting of zebrafish embryos for light sheet microscopy, such as selective plane illumination microscopy (SPIM), by mounting the embryos in fluorinated ethylene propylene (FEP) tubes containing low concentrations of agarose or methylcellulose2. This technique produces a superb visualization of embryogenesis over time. Schmid et al. describe mounting of up to six embryos in agarose in FEB tubes for light-sheet microscopy3 providing visualization of several embryos in one imaging session. Molds have been used to create embryo arrays for efficient mounting of larger numbers of embryos4. Masselkink et al. have constructed 3D printed plastic molds that can be used to make silicon casts that zebrafish embryos at different stages can be placed in, enabling mounting in a constant position for imaging, including confocal imaging5. 3D printing has also been used to make molds for consistent positioning of zebrafish embryos in 96-well format6. Some molds are customized for certain stages and may not permit unrestricted growth for long time periods, whereas other molds are more flexible. Recently, Weijts et al. published the design and fabrication of a four-well dish for live imaging of zebrafish embryos7. In this dish, the tail and trunk of anesthetized fish embryos are placed manually under a clear silicone roof attached just above a cover glass to form a pocket. The embryo is then fixed in this position by the addition of 0.4% agarose. This mounting allows for the imaging of the about 2 mm long posterior part (trunk and tail) of the embryo, and as up to 12 embryos can be mounted per well, the method allows for the imaging of multiple samples. Similarly, Hirsinger and Steventon recently presented a method where the head of the fish is mounted in agarose, while the tail can freely grow, and this method also efficiently facilitates imaging of the trunk and tail region of the embryo8.

This article describes a layered mounting method for zebrafish embryos that restrict the movements of the embryos while allowing for unrestricted growth. The advantages of this mounting method are that it is a low-cost, fast and easy method to mount embryos of various stages for imaging using any inverted microscope. The mounting permits long-term imaging of the whole body (head, trunk and tail) during embryo development. To showcase the usability of this method, whole embryo vascular, neuronal and muscle development was imaged in transgenic fish. Two embryos per session, at two wavelengths in 3D were imaged by time-lapse microscopy for 55 consecutive hours to render movies of tissue development. 

[bookmark: Protocol]PROTOCOL: 

The animal work presented here was approved by the Institutional Animal Care and Use Committees (IACUCs) of the University of Houston and Indiana University.

1. Fish husbandry

NOTE: Work with vertebrate models requires an IACUC approved protocol. It should be conducted according to relevant national and international guidelines. 

1.1. Maintain adult zebrafish as described in previously published literature9. 

1.2. In the afternoon, place adult zebrafish in breeding tanks. Breed males to females at a ratio of 1:2.

2. Preparation of solutions

2.1. Make a stock solution of 1% low melt agarose in embryo media (E3: 5 mM NaCl, 0.17 mM KCl, 0.33 mM CaCl2, 0.33 mM MgSO4, adjusted to pH 7.0). Aliquot the stock solution into 1.5 mL tubes and store them at 4 °C.

2.2. Make a stock solution of 4% (w/v) Tricaine (MS-222) in distilled water. Store at 4 °C in a dark bottle.

CAUTION: Tricaine is toxic and should be weighed and dissolved in a fume hood. 

2.3. Make a stock solution of 20 mM N-phenylthiourea (PTU) in distilled water. Store at -20 °C.

3. Preparation of embryos

3.1. After mating, harvest embryos in E3 in a Petri dish and incubate them at 26.5 °C for about 28 h before mounting. 

NOTE: This slows down the development of the embryos so that the embryos are approximately at 30 somite stage at the beginning of imaging. 

3.2.  Anesthetize embryos in 0.16-0.20% tricaine in E3. To inhibit pigmentation, add 200 µM N-phenylthiourea (PTU). 

3.3. Dechorionate the embryos using forceps under a dissecting microscope. Using two forceps, grip and gently pull the chorion apart to release the embryo.

4. Mounting in agarose

NOTE: The developed mounting method requires two different concentrations of low-melt agarose in E3 with 0.02% Tricaine and PTU as needed. The first agarose solution contains an optimal concentration of agarose at which the distortion and motility are at a minimum. The optimization is described in step 5 below.

4.1. Heat the agarose solutions for the two layers (concentration defined in step 5 below and 1%) to 65 °C. Let the agarose cool down to approximately 30 °C just before mounting so that the embryo is not harmed by the heat. For mounting, use 35 mm glass bottom dishes with a No. 0 cover glass bottom. The cover glass attached to the bottom of the dish creates a 10 mm shallow (approx. 1.2 mm deep) well, in which the embryo is to be placed. 

NOTE: In this case, the concentration with the least motility and distortions were between 0.025 to 0.040% agarose. 

4.2. Gently place a dechorionated embryo with one of its lateral sides toward the bottom of the dish using a glass pipette or micropipette. If using a micropipette, cut the outer part of the tip to increase the size of the opening to fit the embryo (Figure 1A). Carefully remove any remaining E3 with a micropipette. 

4.3. Add the first agarose solution to the small well created by the cover glass attached to the bottom of the dish to cover the embryo (Layer 1) (Figure 1B). Ensure that the agarose covers the small well but will not overflow it. 

4.4. Cover the small well with a cover glass (22 mm x 22 mm) (Figure 1C) to create a narrow agarose filled space with the embryo between the two cover glasses.

4.5. Place a layer of 1% agarose solution on top of the cover glass all over the bottom of the dish (Layer 2) (Figure 1D). As this layer solidifies, it holds the cover glass in place. 

4.6. Fill the remaining portion of the dish with E3 containing 0.02% Tricaine to keep the system hydrated (Layer 3) (Figure 1E). 

NOTE: In this setup, the cover glass and 1% agarose protect the bottom layer from getting diluted. 

5. Optimization of agarose solution for layer 1

5.1. To identify the optimal concentration of agarose for Layer 1, use a multiscale grid search approach. Mount embryos in increasing concentrations of agarose ranging from 0.01% to 1% followed by time-lapse imaging of embryo growth restriction and motility in the field of view. Identify the concentrations where both the distortion and motility are at a minimum. 

5.2. To optimize the concentration of agarose further, mount the embryos using a finer range of concentrations of agarose (e.g., between 0.025 and 0.040% agarose) depending on the concentration found to be best in step 5.1 (e.g., 0.025%, 0.028%, 0.031%, etc.). 

NOTE: In our laboratory, the optimal agarose concentration was around 0.03%. 

6. Time-lapse imaging

6.1. Perform time-lapse imaging for the whole embryo or parts of it for up to 55 h. For optimal embryo growth and development, use a microscope stage with an incubator set at 28.5 °C. 

NOTE: This mounting method works for any inverted microscope with time-lapse functionality for fluorescence and bright field imaging. 

REPRESENTATIVE RESULTS 
Development of the mounting method
The main aim of this work was to develop a low-cost mounting technique for time-lapse imaging of zebrafish development for extended periods of time. The layered mounting method was developed to allow for full growth of the fragile zebrafish embryo body, while restricting its movements. If the agarose concentration of layer 1 is too high, the embryos will become distorted and curved (Figure 2). Embryos grown at 0.1% and 0.5% agarose have shortened tails, distorted fins, and curved heads. On the contrary, if the agarose concentration is too low, the embryos will move out of the field of view during time-lapse microscopy, even though they are anesthetized, as the growing tail swings out from the embryo body and causes it to move. In our hands, the optimal agarose concentration varied between 0.028% and 0.034% agarose between different batches of agarose. Mounting below 0.025% agarose did not provide enough resistance for the embryo to stay in the field of view. 

Extended time-lapse imaging of vascular, neuronal and muscle development
After optimizing the mounting method described above, time lapse confocal microscopy images were captured over a span of 55 h. 10x and 20x objectives with 0.45NA and 0.75NA, respectively, were used to capture images around 40 z-plane optical slices with a 11 µm step size. For whole embryo imaging, 3 frames of view were merged with 10% overlap. Two embryos were imaged per session, and the imaging of each embryo for each time point took approximately 20 minutes. Images were rendered by the microscope software and movies generated by converting the confocal images (nd2 files) to uncompressed avi format. This conversion was done after making maximum intensity projections on the z-axis and sequencing the 2D projections as video at the rate of 5 frames/second. 

For the time-lapse imaging, we used live transgenic zebrafish expressing GFP or RFP in different tissues. An advantage of using transgenic fish with endogenous fluorescence for time lapse imaging is that the fluorescence molecules, such as GFP and RFP, are produced continuously in the live embryo, and, thus, it does not easily photo bleach. First, embryos of a cross of Tg(kdr1: EGFP)mitfab692/b692 10 and Ubi-zebrabow 11 were imaged. In these embryos, RFP is expressed in all cells of the embryo, which allows for visualization of the general embryo structure. GFP is expressed in the endothelial cells of the vasculature. Double transgenic embryos were imaged for 55 hours from approximately 30 somite stage to visualize vascular development in the head and body (Figure 3 and Supplementary Movie S1) using a 10x objective with 0.45 NA. Two embryos/session were imaged with z-stacks and time-lapse in a loop so that after imaging the first embryo at two different wavelengths, the second one was subsequently imaged and then the first one again. Figure 3 shows the intersegmental vessel (ISV) sprouting, development of subintestinal vessels and head vasculature, and caudal vein plexus condensation together with trunk extension. Imaging of the whole embryo with the vasculature shows that ISV sprouting starts in between somites and grows dorsally up to the point of the neural tube, where the ISVs takes a different path and sprouts in a direction over to the next anterior somite boundary.

Next, embryos of a cross of Tg(mnx:GFP)mitfab692/b629 and Ubi-zebrabow were imaged for 55 hours approximately from the 30 somite stage to visualize motorneuron development (Figure 4 and Supplementary Movie S2). Tg(mnx:GFP) had first been crossed to mitfab692/b692 (both from Zebrafish International Resource Center at the University of Oregon, OR) to produce Tg(mnx:GFP)mitfab692/b629. The motorneuron axons sprout from the ventral neural tube over the somites towards the ventral side of the embryo. Unlike the intersegmental vessels that sprout in between the somites, the axons sprout over the middle over the chevron-formed somites. The sprouting starts towards the anterior end of the neural tube, in a straight angle from the neural tube, and spreads posterior. By the somite/yolk interface, sprouting changes direction to anterior and posterior sprouting. Note the innervation of the developing heart by the anterior neurites.

Also, embryos of a cross of Tg(kdr:enl.memRFP)mitfab692/b692 (cross of Tg(kdr:enl.memRFP and mitfab692/b692) and Tg(mnx:GFP)mitfab692/b692 were imaged. In the former embryos, the red vascular fluorescence was not visible until 36 hours post fertilization (hpf), and therefore we started the imaging at a later time point at 2 dpf. We imaged a part of the trunk, dorsally to the yolk sac extension, using higher magnification (20x objective). This movie shows that the embryos lay still enough for good imaging quality at higher magnification. The co-development of the dorsal sprouting of motorneuron axons in relation to the position of intersegmental vessels was followed (Figure 5 and Supplementary Movie S3). In these movies, the finer details of ventral axon sprouting are visible, as well as dorsal axon sprouting from the neural tube to a point where neuronal axons and intersegmental vessels co-migrate. The caudal vein plexus condensation is also clearly shown. Note that as a neurite sprout is missing toward the posterior end of the tail (in the position of the 12th neurite from the right side), the closest posterior neuron extends toward the anterior part of the embryo to cover the area between neurites 11 and 13.

Finally, a cross of HGn39b 12, 13 and Ubi-zebrabow was imaged. HGn39b is a zTRAP line with the GFP insert in the activator of heat shock protein ATPase homolog 1 (AHA1) gene (http://kawakami.lab.nig.ac.jp/ztrap/faces/insertion/Insertions.jsp?name=HGn39B) and it expresses GFP in the muscles of the somites (Figure 6 and Supplementary Movie S4). As somite numbers increase, the somites also extend in length and width. This movie also nicely shows heart development in red fluorescence from the Ubi-zebrabow fish line.

FIGURE LEGENDS
Figure 1: Description of mounting method. (A) Add the zebrafish embryo to the small well created by the glass bottom in the 35 mm dish. (B) Add agarose layer 1 to the small well to cover the embryo. (C) Carefully place a cover glass over the small well. (D) Add agarose layer 2 on the whole bottom of the 35 mm dish. (E) Add E3 to the dish. (F) Schematic drawing of a cross section of the mounting set up. (G) Microscope image (5x objective) of the zebrafish embryo in the final montage.

Figure 2: Embryo growth restriction and developmental delay in different concentrations of agarose. Embryos were mounted in different agarose concentrations and their size and development imaged at 48 hpf. Images captured by a fluorescence microscope equipped with a digital microscope camera (2.5x objective) and the accompanying microscope software.

Figure 3: Visualization of the development of vasculature. Cross of Tg(kdr1: EGFP)mitfab692/b692 and Ubi-zebrabow imaged from about 30 somite stage for 55 h on a confocal microscope. Vasculature in green and all other cells in red. Scale bar 500 µm.

Figure 4: Visualization of the development of neurons and neurite sprouting. Cross of Tg(mnx:GFP)mitfab692/b629 and Ubi-zebrabow imaged from about 30 somite stage for 55 h on a confocal microscope. Motorneurons in green, all other cells in red. Scale bar 1,000 µm.

Figure 5: Visualization of the co-development of neurons and vasculature. Cross of Tg(kdr:enl.memRFP)mitfab692/b692 and Tg(mnx:GFP)mitfab692/b692 imaged for 55 hours from about 2 dpf on a confocal microscope. Vasculature in red, motorneurons in green. Scale bar 500 µm.

Figure 6: Visualization of muscle GFP expression in somites. Cross of HGn39b and Ubi-zebrabow were imaged on a confocal microscope for 55 h from about 30 somite stage. Muscle in green, all other cells in red. Scale bar 500 µm

Movie S1: Movie of an embryo of a cross of Tg(kdr1: EGFP)mitfab692/b692 and Ubi-zebrabow imaged from about 30 somite stage for 55 h on a confocal microscope using a 10x objective.

Movie S2: Movie of an embryo of a cross of Tg(mnx:GFP)mitfab692/b629 and Ubi-zebrabow imaged from about 30 somite stage for 55 h on a confocal microscope using a 10x objective.

Movie S3: Movie of an embryo of a cross of Tg(kdr:enl.memRFP)mitfab692/b692 and Tg(mnx:GFP)mitfab692/b692 imaged from about 2 dpf for 55 h on a confocal microscope using a 20x objective.

Movie S4: Movie of an embryo of a cross of HGn39b and Ubi-zebrabow imaged from about 30 somite stage for 55 h on a confocal microscope using a 10x objective.

DISCUSSION
A mounting method for extended time-lapse confocal microscopy of whole zebrafish embryos is described here. The most critical step for the mounting method is to identify the optimal concentration of agarose that will allow for unrestricted zebrafish embryo growth, and at the same time keep the embryos in a completely fixed position for confocal imaging. Because the optimal concentration of agarose is very narrow, this value is very sensitive to the errors in measurement of the weight of agarose and the volume of E3 during preparation of the solution. The optimal concentration may also depend on temperature and stage of the embryo. Thus, the optimal concentration will need to be re-defined for each new batch of agarose solution through repetition of tests of different concentrations. 

Another critical step is in the mounting method is the addition of the second layer of agarose. The second layer holds the cover glass in place. It must be added carefully to the dish a little at a time so that it does not cause the cover glass to move. The second layer also serves as a permeable barrier for E3. Without E3, the embryos will dry out during the imaging. Without the second layer of agarose, the cover glass and the embryo will start floating.

A limitation of the proposed mounting method is that while it works well for inverted microscopes, it does not work for upright microscopes. Several attempts were made to perform time-lapse imaging using an upright microscope, by filling the glass bottom dish with E3, sealing it with parafilm, and turning it upside down. However, often this resulted in that the mounting collapsed halfway through the imaging. This might have been caused by increased heat in the sample after the long exposure to laser light, which causes the solidified agarose layer to melt.

[bookmark: __Fieldmark__695_1438575286]By the end of the time-lapse microscopy the embryos started to show pericardial edema. Varying between different experiments edema was observed between 35 and 50 hours of imaging. Whether this was caused by embryo immobilization, or an effect of anesthetics, is currently not know. Tricaine is known to suppress the contraction of skeletal and cardiac muscles. Consequently, tricaine affects heart rate in adult fish14 and embryos15. Other studies have also reported that tricaine treatment causes pericardial edema in zebrafish embryos2, 16. In this article, a concentration of Tricaine (0.16-0.20%) was used that is commonly used in zebrafish research; still, the pericardial edema occurred by the end of our imaging period. The pericardial edema constituted a main restriction for enabling imaging of the embryos for even longer periods of time. Potential ways to decrease this cardiac toxicity are combining two different anesthetics, such as tricaine with eugenol, or using α-bungarotoxin mRNA injection for anesthetics16; beneficial effects of combinatorial or alternative anesthetizing compounds need to be further investigated for extended time-lapse imaging of zebrafish development.

In conclusion, the described mounting method is fast, easy, cost-effective and works on any inverted microscope. Regular glass bottom dishes and low melting agarose can be used, and no special molds, equipment or instrumentation are required. The layered mounting method allows for embryo growth while at the same time keeping the embryos in a fixed position. By using extended time-lapse imaging of whole organism new knowledge of tissue development can be obtained. 
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