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Zebrafish (Danio rerio) embryos have proven to be a powerful model for studying a variety of developmental and disease processes. External
development and optical transparency make these embryos especially amenable to microscopy, and numerous transgenic lines that label
specific cell types with fluorescent proteins are available, making the zebrafish embryo an ideal system for visualizing the interaction of
vascular, hematopoietic, and other cell types during injury and repair in vivo. Forward and reverse genetics in zebrafish are well developed, and
pharmacological manipulation is possible. We describe a mechanical vascular injury model using micromanipulation techniques that exploits
several of these features to study responses to vascular injury including hemostasis and blood vessel repair. Using a combination of video and
timelapse microscopy, we demonstrate that this method of vascular injury results in measurable and reproducible responses during hemostasis
and wound repair. This method provides a system for studying vascular injury and repair in detail in a whole animal model.

Video Link

The video component of this article can be found at http://www.jove.com/video/52460/

Introduction

Zebrafish have been used extensively to study a variety of topics in vascular biology, including vascular development, angiogenesis, and
hematopoietic development and pathology1'3. Embryos develop a functional circulation as well as leukocytes and other components of

the innate immune system by 1 day post fertilization (dpf) 148 The conservation of the inflammatory and leukocyte response to injury has

made the zebrafish embryo an informative model for such diverse inflammatory processes as tuberculous infection, enterocolitis, and tissue
regenerations'g. Zebrafish embryos have been used to study injury-related inflammation particularly in the context of epithelial wounding and the
neutrophil responsem’“. Injury to the embryo results in a highly conserved cellular response from cells at the injury site and the innate immune
cells recruited to respond to the injury and regulate its resolution'""2. Other injury models have used focused laser pulses to spatially localize
injury to specific cell types including neurons, muscle cells, and cardiomyocytes 18,

Zebrafish embryos have been used as a model to study hemostasis and thrombosis in conditions of pharmacological and genetic manipulation,
using both mechanical and laser-induced thrombus formation®"?. Components of the coagulation cascade a%)ear to be well-conserved and
transgenics have allowed for detailed studies of thrombocyte and fibrin deposition at the site of coagulation”’ 2! The procedure presented

in this paper complements these methods by providing a system for studying mechanical vessel injury resulting in vessel breach, thrombus
formation and resolution, and vessel repair.

Protocol

NOTE: Procedures using zebrafish were approved by UCSF's Institutional Animal Care and Use Committee.

1. Preparation of Tools

1. Insert minutia pin into a pin holder and clamp the pin.

2. Using fine tip forceps, carefully bend the tip of the pin to create a slight hook.

3. For manipulation and stabilization of the embryo during injury, bend the end of a 28 guage 2 inch needle mounted on an insulin syringe using
needle-nose pliers.

2. Preparation of Zebrafish Embryos for Injury

1. Set up zebrafish breeding pairs and collect eggs in egg water (60ug/mL aquarium salts) as shown previouslyzz.

2. Add 0.003% N-Phenylthiourea (PTU) to the egg water when the embryos are approximately 8 hr post fertilization (hpf) to prevent
melanization.

3. Dechorionate two day post fertilization (dpf) embryos prior to the experiment using fine tip forceps.
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NOTE: Embryos can be injured anytime after circulation begins. The data presented here is for 2 dpf embryos, but the technique has been
successfully applied in embryos up to 5 dpf.
4. Anesthetize the embryos with 0.02% buffered 3-aminobenzoic acid (Tricaine) approximately 10 min prior to manipulations.

3. Mechanical Vessel Injury of Embryos

Transfer anesthetized embryos to a depression slide on a dissecting stereomicroscope using a transfer pipet.

Using the short flat side of the syringe needle to manipulate the embryo with the dominant hand, position the embryo on its side with the

ventral surface facing away from the needle.

3. Position the minutia pin with the tip pointed directly against the ventral surface of the fish posterior to the urogenital opening. Position the
minutia pin at a slight angle such that the curved tip is able to pierce through the periderm directly into the caudal vein (Figure 1).

4. Using the syringe needle to manipulate the embryo, pierce the caudal vein with the minutia pin by tapping the embryo into the pin to slightly
hook the pin into the vein.

5. Using the syringe needle, pull the embryo away from the minutia pin to create a small tear in the vessel.

NOTE: A successful injury will result in immediate bleeding from the vein.

N =

4. Analysis of Hemostasis

1. Choose only embryos with visibly circulating blood cells for this procedure.

2. Prepare to begin the timer as soon as the minutia pin is pulled from the vessel.

3. Start the timer as soon as blood loss can be visualized from the wound. When blood loss from the wound ceases, stop the timer and record
total time as Bleeding Time. If coagulation is inhibited, record the time to when there are no longer visibly circulating blood cells.

5. Analysis of Wound Healing

Transfer post-injury animals onto glass-bottom imaging dishes for microscopy.

Remove the maijority of the egg water.

Cover the embryos in 0.3-1.2% low melting agarose dissolved in egg water, heated to between 42 and 45 °C and supplemented with 0.02%
Tricaine.

Position embryos on their sides using forceps.

After the agarose cools, fill the dish with 0.02% Tricaine in egg water.

Acquire images using brightfield, epifluorescence, or confocal microscopy.

Remove embryo from the agarose using forceps and transfer back to egg water.

Representative Results

Mechanical vessel injury was performed on 2 dpf embryos (Figure 2A-C). Injury results in a rapid and reliable coagulation response as
measured by time to cessation of bleeding (Figure 2D). To determine whether or not differences in the coagulation response could be measured,
the anticoagulant hirudin was administered to the embryos by injection into the Duct of Cuvier immediately prior to wounding (5-10 nl of 1 unit per
ul hirudin dissolved in water)(for demonstration of injections into the Duct of Cuvier, see previous JoVE article23)24. The administration of hirudin
prior to injury resulted in significantly increased bleeding times versus vehicle control (Figure 2D).

W=
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Evidence of vessel damage and coaz%ulation can be seen immediately post-injury using transgenic lines for endothelial (kdrl:egfp) and red
blood cell (gata1a:dsred) markers®%, Images were acquired sequentially every 5 min for a 12 hr period using epifluorescence. Representative
still images are shown throughout different stages of wound repair (Figure 3). Using a combination of differential interference contrast (DIC)
and fluorescence microscopy, it is possible to measure distinct parameters of wound repair. In order to determine whether or not wound repair
followed a reproducible pattern across experiments, the time to reestablished blood flow was measured in 4 groups of fish. Vessel injury
resulted in a reliable stereotypical response of 253 + 16 min to the reestablishment of blood flow through the wounded vessel (n = 4-5 fish per
experiment, average + SEM).
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Figure 1: Diagram of 2 dpf embryo showing placement of minutia pin for performing mechanical injury of the caudal vein (CV). Vascular
compartment is shaded in grey.
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embryos. Images are shown at the time of injury (A), during active blood loss from the wound (B), and after cessation of blood loss (C). All
times indicated are in seconds. Embryos are oriented laterally with anterior at top and ventral surface facing to the left. Scale bar 100 um.
Administration of the anticoagulant hirudin led to significantly increased bleeding times versus vehicle control (D) (p <0.0001, Student’s t-
test).Please click here to view a larger version of this figure.
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Figure 3: Visualizing mechanical injury and repair using transgenic markers. Stills from timelapse DIC and fluorescence microscopy after
vessel injury using markers for vascular endothelium (kdrl:egfp) and red blood cells (gata7a:dsred) in 2 dpf embryos. Images showed a gap in
vessels and local red blood cell accumulation (t = 25), partial repair with re-established blood flow (t = 210), and apparently complete restoration
of normal vessel structure (t = 615). Time is indicated in minutes. Embryos are oriented laterally with anterior at top and ventral surface facing to
the left. * indicates the position of the dorsal aorta. The injury (arrowhead) disrupted the caudal vein and part of the caudal plexus. Scale bar 25
um.

Zebrafish have been used successfully as a model for different types of wounds including laser injury13'15, laser-induced thrombosis'®, and
epithelial woundingm. We report a method of mechanical wounding that is simple to execute and produces a controlled injury in an in vivo model
that is highly amenable to real-time microscopy. Injury results in a rapid and measurable hemostatic response and a reproducible wound repair
program that can be monitored using video and timelapse microscopy.

Their simple and stereotyped vascular anatomy, which permits reproducible injury at a defined and microscopically accessible site, and the
presence of most vascular and hematopoietic cell types make zebrafish embryos particularly useful for studying responses to injury. However,
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zebrafish embryos do not have functional lymphocytes during the first weeks of development5'6, making this system most appropriate for
studying the contribution of innate immunity in inflammation and repair. At present, a wide variety of transgenic zebrafish exist with markers for
cells and proteins that participate in thrombus formation, coagulation, inflammation, and wound repair, including lines that label thrombocytes,
fibrinogen, erythrocytes, leukocytes and vascular endothelium'?"?>3" These and other tools should make it possible to follow processes
involved in hemostasis and repair in significant detail.

Mechanical injury complements laser injury for the study of hemostasis in zebrafish. While laser-induced injury has been used for years to trigger
thrombus formation in zebrafish embn;yos and mouse models, the mechanisms by which laser injury triggers coagulation and thrombocyte/
platelet activation are not fully known 632 Mechanical injury provides a physiologically relevant method for inducing coagulation by vascular
breach and, presumably, tissue-factor-dependent initiation of coagulation cascade. The finding that hirudin treatment significantly increased
bleeding times after injury suggests that this model is thrombin-dependent. Mechanical injury additionally complements laser injury by providing
sufficient disruption of a blood vessel to provide an opportunity to follow vessel repair. Previous studies have successfully used mechanical injury
by scalpel incision and needle puncture to show differences in bleeding times in conditions of pharmacological and genetic manipulation19'33. The
minutia pin injury used in the current model may complement other injury models by providing a more reproducible injury due to the small and
defined size of the wound it produces and by providing an opportunity to better study vessel recanalization and repair.

Epithelial wounding in the zebrafish has proven to be a powerful model for studying inflammation and wound repairm. The ability to introduce a
vascular injury provides an opportunity to assess repair of more complex wounds in settings where fibrin provides a provisional matrix, thrombi
and debris are cleared, and vessels regenerate. As these processes participate in normal tissue repair and in acute and chronic inflammation
and vascular pathology, this method should help to model aspects of human disease in a system where cellular behaviors can be monitored in
real time in a whole animal model.
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