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Abstract

Introduction: Endothelial cell (EC) proliferation is a fundamental
determinant of vascular development and homeostasis, and
contributes to cardiovascular disease by increasing vascular
permeability to blood-borne lipoproteins. Rodents have been
traditionally used to analyse EC proliferation mechanisms in vascular
health and disease; however, alternative models such as the zebrafish
embryo allow researchers to conduct small scale screening studies in
a physiologically relevant vasculature whilst reducing the use of
mammals in biomedical research. In vitro models of EC proliferation
are valuable but do not fully recapitulate the complexity of the in vivo
situation. Several groups have used zebrafish embryos for vascular
biology research because they offer the advantages of an in vivo
model in terms of complexity but are also genetically manipulable and
optically transparent.

Methods: Here we investigated whether zebrafish embryos can
provide a suitable model for the study of EC proliferation. We explored
the use of antibody, DNA labelling, and time-lapse imaging
approaches.

Results: Antibody and DNA labelling approaches were of limited use
in zebrafish due to the low rate of EC proliferation combined with the
relatively narrow window of time in which they can label proliferating
nuclei. By contrast, time-lapse imaging of fluorescent proteins
localised to endothelial nuclei was a sensitive method to quantify EC
proliferation in zebrafish embryos.

Discussion: We conclude that time-lapse imaging is suitable for
analysis of endothelial cell proliferation in zebrafish, and that this
method is capable of capturing more instances of EC proliferation
than immunostaining or cell labelling alternatives. This approach is
relevant to anyone studying endothelial cell proliferation for
screening genes or small molecules involved in EC proliferation. It
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offers greater biological relevance than existing in vitro models such
as HUVECs culture, whilst reducing the overall number of animals
used for this type of research.
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Research highlights

Scientific benefit(s)

» Endothelial cell (EC) proliferation can be visualised at the single cell level in live embryos.

3Rs benefit(s)

» Zebrafish embryos can be used to partially replace mouse models in early cardiovascular disease research.
« This time-lapse zebrafish embryo proliferation assay is a non-terminal refinement of immunolabelling and
cell labelling approaches, which require tissue fixation.

Practical benefit(s)

» Only one tank of adult zebrafish are required to produce transgenic embryos for this method (20-40).

» Fewer than 30 embryos are required for time-lapse experiments, thus fewer adult pairs are required which
reduces breeding stress.

» Use of transgenic zebrafish lines allows for proliferating cells to be visualised in real-time without use of embryo
fixation, compared to immunolabelling and cell labelling approaches which require embryo fixation.

» The zebrafish EC proliferation assay allows simultaneous quantification of proliferation in up to 24 embryos.
Assuming four embryos are used as controls, this makes it possible to compare four treatment groups where
each group has n =5 animals. A comparable experiment using 24 mice would require each mouse to be culled,
which incurs significant additional cost and effort, and may be difficult to justify, particularly for screening
experiments where the potential benefits of the research are unknown.

Current applications
» Screening for genes involved in EC proliferation in response to blood flow.
Potential applications

» As ascreening assay to identify new drugs/agents that prevent pro-atherogenic changes in endothelial cell
proliferation in response to flow.

» Screening for genes involved in migration and apoptosis in response to flow by observing cell movement
throughout the time-lapse, effects on apoptosis could be screened by counting the number of ECs undergoing
apoptosis either by looking for blebbing of EC nuclei, or using a different transgenic.

Introduction

Endothelial cell (EC) proliferation is vital for vascular development and homeostasis, but is also associated with increased
vascular permeability which is a key driver of atherosclerosis.' Cell culture and mouse models are widely used to study
EC proliferation in atherosclerosis yet use of these models involves a trade-off between biological relevance, mainte-
nance cost, and technical complexity depending on the model chosen. This paper explores the efficacy of immunostain-
ing, molecular labelling, and transgenic approaches to study EC proliferation in zebrafish embryos.

Like most forms of human disease research, cardiovascular disease (CVD) studies conventionally identify genes for
in-depth research by first applying wider screening approaches. The models used in these types of research have several
advantages and disadvantages. In vitro models can be used for high throughput analysis of the genes and pathways that
control EC proliferation, but do not model the interaction of different tissues and are therefore reductionist. Conversely,
rodents and other mammals have provided physiologically relevant models, such as the ApoE mutant mouse line which is
the de facto model of plaque formation in CVD research. Whilst mice are an excellent model for study of genes involved
in atherosclerosis (indeed, based on the number of mouse vascular mechanics papers on PubMed, 30,000 mice were used
for this research in the past decade), they are unsuitable for screening multiple genes at once as generating mutants is
costly, time consuming and may be difficult to justify due to concerns about the effect of mutations on animal welfare and
the number of animals that would be required in such a study. Zebrafish embryos survive by oxygen and nutrient
diffusion, thus mutations which are embryo lethal in mammals such as abolished development of ECs (cloche) or targeted
knock-down of cardiac troponin (sik) are not lethal in zebrafish embryos. These characteristics mean zebrafish embryos
are uniquely amenable to study of genes involved in ECs, and EC responses to flow.
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Whilst zebrafish embryos are not protected prior to 5 days post fertilization (dpf) in the UK, they are still live organisms
and therefore present a partial replacement to use of other animals in CVD research. Nonetheless, the advantages of using
zebrafish over in vitro models are multiple. One pair of adult zebrafish can produce hundreds of embryos in one day, and
with just an incubator and E3 medium these embryos will each develop a complete cardiovascular system in two days,”
with zero human intervention. These characteristics give studies on zebrafish embryos simplicity comparable with that
of two-dimensional in vitro models, far greater simplicity than comparable three-dimensional in vitro models, and
comparable biological relevance to mammalian in vivo models but with reduced cost and reduced detriment to animal
welfare.

The zebrafish embryo is ideal for studying vascular biology, it is small, optically transparent, and allows manipulation of
gene expression using morpholino oligonucleotides® (MOs), CRISPR-Cas9" and CRISPR-Interference.’ These charac-
teristics allow rapid generation of genetically modified embryos and quantitative analysis of EC behaviour. With the
exception of CRISPR-Cas9, these genetic approaches and quantitative methods are not viable for CVD research in mice.
Whilst CRISPR-Cas9 is effective in mice, generation of a range of mutants for screening purposes remains infeasible for
reasons described above.

Zebrafish have been used to model EC apoptosis and migration in response to blood flow.”™ Whilst these events can be
reliably observed using existing methods, EC proliferation is usually estimated by counting the total number of ECs.
However, the number of ECs is determined by a complex interaction of multiple factors, including apoptosis, cell
migration and differentiation/dedifferentiation, and therefore cell number is not a reliable metric for studying prolifer-
ation. It is therefore important to identify a reliable and direct assay of EC proliferation in zebrafish. Here we describe our
attempts to directly quantify EC proliferation in zebrafish embryos using a combination of techniques currently used for
in vivo and in vitro models; immunohistochemistry (a technique widely used to study protein expression in mouse
endothelium using the en face technique), DNA labelling (used in cell culture and mice) and time-lapse imaging, to
determine which method detected the greatest number of proliferating ECs. Indirect approaches for studying proliferation
such as cell number counting, viability, and metabolic activity assays were not pursued as their results can be influenced
by migration and apoptosis.

Methods

Zebrafish maintenance and husbandry

Zebrafish care and experimental procedures were carried out under Project Licence 70/8588 issued by the UK Home
Office and local ethical committee approval was obtained. Adult zebrafish were kept at a constant temperature of
28 + 1°C and at pH 7.5 &+ 0.5. They were subjected to a light/dark cycle of 14 hours of light and 10 hours of darkness.
Adult zebrafish were fed a diet of artemia and dry Zebrafeed™. For mating, pairs of male and female zebrafish were
placed into mating tanks and separated by a divider to allow accurate timing of fertilisation. For experiments where
this was not required, a box for embryo collection with a mesh insert and marbles on top was placed in the fish tank to
harvest progeny. The Nacre line” and transgenic (Tg) (flila:nls-mCherry), (flila:LifeAct-mClover),'’ and (flil:EGFP)
lines were used.'"'” Nacre zebrafish lack melanocytes and are thus more transparent than conventional wildtype lines,
this makes Nacre highly suitable for light microscopy. Both transgenic lines use Nacre as background. Tg flila:nls-
mCherry expresses a red fluorescent protein linked to a nuclear localisation sequence under the endothelial promoter,
resulting in red fluorescence in EC nuclei. Tg flila:LifeAct-mClover expresses a f-actin:mClover fusion protein under
the endothelial promoter, resulting in visualisation of the EC actin cytoskeleton. Initially, we intended to compare EC
proliferation in embryos with and without blood flow, thus for early experiments (whole mount immunostaining) heart
contraction was inhibited by silencing troponin T2A by injection of tnnt2a ATG morpholino at 3 ng final dose (sequence
5'-CATGTTTGCTCTGATCTGACACGCA-3'). As EC proliferation was not detected at this experimental stage, flow
and no-flow comparison was stopped to minimise our use of embryos and only embryos with blood flow were used for
subsequent experiments.

Zebrafish welfare and use

Adults: For all experiments described, embryos were produced by pair mating eight male and eight female adults of
the same transgenic line. This was done to minimize the chance that zero pairs produced embryos, and to minimise
confounders by limiting the genetic diversity of the embryos. Adults do not suffer pain or distress from pair mating and
were returned to their home tanks immediately after producing embryos, home tanks contain environmental enrichments
such as fake jellyfish and fake seaweed. No adults suffered adverse events as a consequence of this work.

Embryos: No embryos used in this study exceeded 5.2 dpf. For all experiments described, embryo collection stopped
after 60 embryos were obtained. Sex of embryos was not determined (as is standard practice in zebrafish research). For
PCNA and EdU experiments, embryos were treated then screened for the endothelial marker (Tg flil:EGFP for PCNA,
and Tg flila:nls-mCherry for EQU) then three embryos were randomly selected for imaging. For time-lapse imaging
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experiments, embryos were screened for Tg flia:nls-mCherry and Tg flila:LifeAct-mClover, then three embryos were
randomly selected for imaging. Embryos not selected for imaging were humanely destroyed using bleach.

Whole mount immunostaining of proliferating cell nuclear antigen (PCNA)

Tg (flil:EGFP) embryos were fixed in 4% paraformaldehyde (PFA) at 30 hpf to allow screening for proliferation in the
main trunk vascular beds, then whole mount immunostaining was performed using anti-PCNA antibody (GeneTex,
RRID: AB_11161916. Diluted 1:50) and AlexaFluor-568 mouse anti rabbit secondary antibody (ThermoFisher, RRID:
AB_143165. Diluted 1:200). Colocalization of PCNA and fli/-EGFP was used to define proliferating ECs. Embryos not
treated with PCNA antibody were imaged during protocol optimization to ensure the specificity of PCNA antibody.
Detection of cell proliferation was defined as where a nucleus is both positive for PCNA and for f1i/-EGFP.

5-Ethynyl-2’-deoxyuridine (EdU) labelling
The Click-iT™ EdU Cell Proliferation Kit (Thermo Fisher) was used to label DNA of proliferating cells with AlexaFluor-
488. The protocol was modified for zebrafish as follows:

Zebrafish larvae with Tg (flil a:nls-mCherry) were collected at 30 hpf and incubated in EAU solution (EdU 500 uM, 15%
DMSO, 85% E3) at 28°C for 1 h. Larvae were fixed in 4% PFA overnight then washed and transferred to permeabilization
solution (supplied in kit) for 1 h. Permeabilised larvae were then treated according to manufacturer protocol. Proliferating
ECs were defined as cells positive for flila:nls-mCherry and EdU.

Brightfield microscopy

Standard light microscopy was used to screen out dead or undeveloped embryos, and to identify tmnt2a morphant
embryos that lack a heartbeat. The morphant phenotype (no heartbeat) was observed in all (100%) of injected embryos,
survival is indistinguishable from wildtype up to the time point tested (30 hpf).

Fluorescent microscopy

Fluorescent microscopy was used to identify and select embryos containing fli/a:nls-mCherry or flil :EGFP after they
were non-terminally anaesthetised using E3 medium. Fluorescence screening was done using a ZEISS Axio Zoom V16 at
28 hpf. Zeiss filter set 63 (HE mRFP, cat no 489063-0000-000) was used. Camera mode was used and pixel binning set to
5 X 5 to maximise sensitivity to the fluorophore. Screened embryos were washed in E3 media without tricaine, then
transferred into fresh E3 prior to further imaging.

Confocal microscopy and time-lapse imaging

For confocal imaging, embryos were non-terminally anaesthetised using tricaine and mounted in 1-2% agarose over
which standard E3 medium was placed. Still images were taken using a Nikon A1 confocal microscope at 1024 x 1024
resolution (0.62 um per pixel), z-stacks were taken in 8-um increments. Time lapses were taken using a Zeiss LSM880 in
Airyscan mode. Images were captured at 1848 x 1848 resolution (0.47 um per pixel), z-stacks were taken in 3.43-um
increments. Images were analysed using NIS Elements or ZEN respectively. Composite images were generated by
performing maximum intensity projection of the stack data, no other processing was performed. For both microscopes,
excitation was done by a 488 nm and 568 nm laser.

Light sheet microscopy and time-lapse imaging
For light sheet microscopy,”'” non-terminally anaesthetised embryos were immobilised using 1% agarose and mounted
in a glass capillary. Embryos were suspended in melted agarose (37°C, 0.8—1.2% w/v) then drawn up into a glass capillary
using a plunger. Agarose suspended embryos were then pushed through the capillary and suspended into the imaging
chamber containing E3 and tricaine. Images were captured at 1920 x 1920 resolution (0.23 um per pixel), z-stacks were
taken in 1-um increments. Images were captured every 15 minutes for 4 h using ZEISS Z1 light sheet microscope and
processed using ZEN software. Post-acquisition, maximum intensity projection was used to produce a single image for
each time point. EC proliferation was defined as where fli/a:nls-mCherry nuclei visibly divide over the course of the time
lapse. Experimental embryos were then euthanised using bleach.

Statistical methods

The number of proliferation events detected using EdU labelling, time-lapse confocal microscopy and PCNA immuno-
labelling were compared using a two-way ANOVA (n = 3 embryos per each group). Each animal was treated as a single
unit of analysis. Analysis was done using GraphPad PRISM (RRID:SCR_002798), an open-source alternative to this is
JASP (RRID:SCR_015823).
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Protocols

Materials

E3 medium: 5 mM NaCl, 0.17 mM KCL, 0.33 mM MgSO, and 0.33 mM CaCl, in dH,0. 4% PFA: paraformaldehyde
diluted to 4% with E3 (One month shelf life when stored at 4°C). tnnt2a MO: diluted to a 100 uM stock with dH,O. Stock
concentration should be determined using a Nanodrop and diluted to 3 ng/nL for microinjection. PBS: phosphate-
buffered saline (ThermoFisher) diluted from 10x stock. PBST: phosphate-buffered saline with Tween-20. PBS made
to 0.1% Tween-20. PDT: phosphate-buffered saline with 1% DMSO and 0.1% Triton X-100. TRIS buffer: tris base
diluted in dH,O to 1 M stock. 150 mM solution was prepared from stock and pH adjusted to 8.0. Tricaine: 4 g tricaine
methanesulfonate in 1 L dH,O pH 7-7.5. Blocking solution: 1% bovine serum albumin in PBS. Goat serum: goat serum
stock (frozen) diluted to 10% in blocking solution. Bovine serum albumin (BSA): stock albumin powder should be added
to dH,0 to make 10% (w/v) BSA solution, this solution should be aliquoted into 1.5-mL Eppendorf tubes and frozen for
use as needed. Click-IT EdU AlexaFluor-488 Flow Cytometry Assay Kit — ThermoFisher C10420.

Zebrafish lines

Line name Use case
Tg fli1a:nls-mCherry Endothelial nuclear localised red fluorescence protein (RFP) marker.
Tg fli1:EGFP Endothelial cytoplasmic green fluorescence protein (GFP) marker.

Tg fli1a:LifeAct-mClover Endothelial f-actin GFP marker.

Nacre

Line in which described transgenes were inserted. Melanocytes are lacking, leading
to improved optical clarity in embryos.

Dechorionating zebrafish embryos

1)
2)
3)
4)

5)

Collect embryos and transfer to a petri dish of E3 media.
Incubate embryos at 28°C until at least 24 hpf.

Insert forceps to gently pierce the embryo chorion (Sup. 1 — 1).
Gently open forceps to tear the chorion (Sup. 1 — 2).

Open forceps until embryo is free of the chorion (Sup. 1 — 3).

Whole mount immunostaining for proliferating cell nuclear antigen (PCNA)

1y
2)
3)

4)

5)
6)
7
8)

9)

Collect flil-EGFP embryos and transfer to a petri dish of E3 media then incubate at 28°C to 30 hpf.
Dechorionate embryos.
Fix in 4% PFA overnight at 4°C — now protect samples from light as far as possible until imaging.

Wash in room temperature PBST (Phosphate buffered saline with 0.1% Tween-20) on a rocker for three
10-min washes.

Wash in room temperature TRIS buffer (150 mM pH 8.0) on a rocker for 5 min.
Equilibrate embryos in TRIS buffer at 70°C for 15 min.

Wash in room temperature PBST on a rocker for two 5-min washes.

Rinse with distilled water on ice.

Wash in chilled acetone (—20°C) for 15 min.
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10) Rinse with distilled water for three 5-min washes.
11) Block with goat serum (10%), BSA (2%), and PBT (phosphate buffered saline with 0.1% Triton X-100) for4 h
at 4°C.
12) Incubate with primary antibody overnight at 4°C (Dilute PCNA 1:250 in blocking solution).
13) Wash in PBT for four 30-min washes.
14) Incubate with secondary antibody (AF-568 anti-rabbit diluted 1:500 in blocking solution).
15) Wash in room temperature PBST five times for 5 min.
16) Mount as described in ‘Mounting individual zebrafish embryos for confocal imaging’.
17) Image using a confocal microscope as described above.
EdU labelling
1) Collect Tg flila:nls-mCherry embryos and incubate at 28°C until 30 hpf.
2) Dechorionate embryos.
3) Incubate embryos in labelling solution (500 uM EdU, 15% DMSO, E3) at 28°C for 1 h.
4) Fix in 4% PFA at 4°C overnight.
5) Wash with PBST for three 5-min washes, rock samples each time.
6) Permeabilise in 1 x saponin solution (Saponin solution is part of kit. diluted in PDT — Phosphate buffered saline
with 1% DMSO, 0.1% Triton X-100) for 1 h at room temperature while rocking samples.
7) Incubate with reaction cocktail (219 pLL PBS, 5 pL copper protectant, 1.25 L fluorescent azide, 25 pL buffer
additive) for 1 h in the dark at room temperature whilst rocking.
8) Wash five times in PBST for 5 min whilst rocking.
9) Mount as described in ‘Mounting individual zebrafish embryos for confocal imaging’.
10) Image using a confocal microscope as described above.

Mounting individual zebrafish embryos for confocal imaging

1)

Take treated embryos and mount on glass slides in vectashield (RRID:AB_2336789). Embryos must be laid flat
on their side. This occurs naturally for young embryos (~30 hpf). If older embryos are used, the yolk may
prevent embryos from lying flat, in this case the embryo yolk and head can be cut off using a scalpel.

Live imaging EC proliferation in zebrafish embryos

1y,
2)

3A)

Collect Tg flila:nls-mCherry embryos and incubate at 28°C until 26 hpf.
Dechorionate embryos using forceps.
For live imaging using LSM, suspend embryo(s) in melted low-melt agarose (37°C 0.8-1.2%), then use a

plunger to draw the embryo(s) into a glass capillary. Wait 2 min for the agarose to set, then suspend the
embryos (within the agarose column) into the LSM by gently pushing the plunger.
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3B) For confocal imaging, add embryo(s) to melted low melt agarose (37°C 0.8—-1.2%) then draw up embryo(s)
and decant into an Ibidi p-Dish 35mm (Ibidi cat no — 81156). Use thin-tip forceps to gently push the embryo
into a side-mounted position, then wait for agarose to set.

4)  Image using appropriate microscope ensuring 587 nm excitation is active. Adjust magnification to visualise as
much of the trunk as possible whilst retaining nuclear resolution (for the LSM880 and AxioObserver SPIM,
magnification should be set to 20 x). Z-range should traverse the entire trunk vasculature and Z-interval should
be set no lower than 8 pm.

5) For euthanasia, discard embryos into bleach. For revival, return embryos to E3.
Microinjection of zebrafish embryo

1) Collect embryos and transfer to 28°C E3 media.

2) Take a glass slide and place it in a petri dish so it is unable to move further to one side.

3) With a Pasteur pipette, draw up embryos then, holding the glass slide petri dish slightly tilted, dispense embryos
along the edge of the glass slide (Sup. 2).

4) Prepare a glass needle (World Precision Instruments, cat no TW100F-4) using a Sutter P1000 glass capillary
puller. Suitable settings are heat 475, pull 60, vel 80, time 135, pressure 500. Refer to the user manual for
capillary pulling optimization.

5) Addinjection media containing 3 ng/nL of tnnt2a morpholino to a glass needle and calibrate the ejection volume
using a graticule (Breckland Scientific, Precision Stage Micrometer — S1).

6) Using a manipulator (World Precision Instruments M3301) and PicoPump (H. Saur PV820), inject 1 nL of
morpholino into each embryo until desired number of treated embryos are obtained (some extra embryos should
be treated to account for failure to develop and death).

Results

We analysed EC proliferation in the trunk vasculature of zebrafish embryos because this vascular bed allows simulta-
neous imaging of the intersegmental vessels and dorsal aorta (Figure 1). We attempted to quantify EC proliferation in the
zebrafish trunk using immunohistochemical, DNA labelling and transgenic approaches.

Whole mount immunohistochemistry for PCNA was not effective for detecting EC proliferation

Immunohistochemistry can be used to label mitotic markers found in proliferating cells. We chose PCNA as a marker of
proliferation for this study as an anti-PCNA antibody had been previously validated for immunostaining zebrafish kidney
sections'” and whole mount embryos.'* To determine whether whole mount immunohistochemistry could detect EC

DLAV
- ) ISVs

A
PCV Ccv

CVvP

Figure 1. Diagram of the zebrafish vasculature at 72 hpf. DA - dorsal aorta. DLAV - dorsal longitudinal anastomotic
vessel. CV - caudal vein. CVP - caudal vein plexus. PCV - posterior cardinal vein. ISVs - intersegmental vessels.
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Anti-PCNA labels fli1a* nuclei at
30 hpf

Tg fli1-EGFP

Figure 2. Whole mount immunostaining of zebrafish larvae for PCNA. Confocal imaging was used to generate a
z-stack of fli1a-GFP and PCNA expression in the trunk. Orthogonal views are presented alongside the image. The
caudal vein plexus and intersegmental vessels were imaged to determine whether endothelial cell proliferation was
detected in these vascular beds. At 30 hpf anti-PCNA was colocalised with fli1a positive cells (labelled with yellow
arrows). Since flow modifies EC proliferation, we studied embryos lacking blood flow (tnnt2a morphants; shown) and
controls with normal blood flow. PCNA staining did not detect proliferating endothelial cells in either group. The
pattern of staining suggests a deficiency of penetration of anti-PCNA antibodies into the centre of the embryo.

proliferation, transgenic embryos expressing endothelial GFP (Tg flila:nls-EGFP) were fixed at 30 hpf then treated with
anti-PCNA antibody. Imaging of the embryo trunk detected many PCNA™ cells in the caudal vein plexus (CVP) and none
in the ISVs (Figure 2).

DNA labelling with EdU detected EC proliferation

The cell labelling approach works by incorporation of thymidine derivatives such as EQU into newly synthesised DNA.
The modified thymidine is labelled with a fluorescent azide thereby enabling the identification of nuclei which have
undergone proliferation.'” An advantage of EdU labelling is that proliferation can be measured over a period of time (i.e.
the time that embryos are exposed to EdU), whereas immunostaining is restricted to detecting markers of proliferation
at a single time point. To assess the effectiveness of EdU staining, transgenic embryos expressing endothelial nuclear
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EdU labels fli1a* nuclei at 30 hpf

AF488:EdU

Figure 3. EdU labelling of zebrafish larvae. Proliferating ECs of Tg (fliTa:nls-mCherry) embryos were labelled
using EdU and visualised using EdU-binding fluorescent azide. Proliferating endothelial nuclei are marked
(yellow arrows).Orthagonal views are presented for the X and Y axes.

localised mCherry (Tg flila:nls-mCherry) were treated with EAU from 30 to 31 hpf. Embryos were then fixed and treated
with fluorescent azide. Between zero and three proliferating ECs were detected in the trunk of treated embryos, with
detection occurring in the DA, but not the ISVs (Figure 3).

Time-lapse imaging of EC nuclei was a more sensitive assay of proliferation than PCNA or EdU staining
As previous approaches lacked specificity or very rarely detected EC proliferation,we sought a method for quantifying
EC proliferation over a longer timeframe. EdU staining over prolonged time periods was not feasible because EdU
can only reach vascular nuclei in the presence of permeabilization solvent dimethyl sulfoxide (DMSO) which has
well described toxic effects above the 2% level.'® As the 1-h EdU incubation protocol called for 15% DMSO,
longer incubation times were not possible without reducing the DMSO concentration. We chose to pursue an alternative
approach rather than further optimize EdU labelling. To do this, we carried out time-lapse imaging of transgenic embryos
expressing endothelial nuclear localised mCherry (flila:nls-mCherry) and cytoplasmic LifeAct-mClover (flila:LifeAct-
mClover) using a light sheet microscope. Using this approach, EC proliferation was quantified by counting the division of
EC nuclei in all visible ISVs from 26 to 30 hpf (Figure 4).

Detection of EC proliferation in the intersegmental vessels was compared for each method. The ISVs are isolated from
other tissues, so it was easiest to spot proliferation in this vascular bed. There are also relatively few nuclei in the ISVs, and
ISV nuclei are less densely packed than nuclei in the DA/CVP. PCNA did not detect any proliferation events in the ISVs,
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Figure 4. Endothelial cell proliferation can be directly observed in the intersegmental vessels. The trunk of WT
zebrafish was studied from 26 to 30 hpfin 15-minute intervals using a light sheet microscope. Endothelial nuclei were
labelled using the transgenic marker fli1a:nls-mCherry (red) whilst endothelial F-actin was labelled using fli1a:lifeAct-
mClover (green). EC proliferation was defined as where one nucleus visibly divides into two (examples are shown and
dividing cells are labelled with yellow arrows; compare upper left with upper right; compare lower left with lower
right).

EdU labelling detected fewer than one proliferation event on average, whereas time-lapse imaging detected an average of
nine proliferation events (Figure 5). Two-way ANOVA of the number of proliferation events detected by each method
revealed a significant difference in detection across methods and no significant difference in detection across individual
zebrafish embryos (p = 0.0002).

Discussion

We tested three different methods for quantifying EC proliferation in the developing zebrafish embryos. Whole mount
immunostaining for PCNA was effective for detecting proliferation per se, as evidenced by detection of PCNA positive
nuclei (Figure 2). A large number of PCNA positive nuclei were detected in the CVP at 30 hpf, however these cells
were likely embryonic progenitors rather than ECs, which was confirmed in EAU labelling data where a large population
of proliferating, non-endothelial cells were detected in the CVP. 30 hpf was chosen as at this point the embryo has a
functional heart and has a functionally developed trunk vasculature. Study at later time points was avoided to minimize
embryo size as others have shown that immunostaining for PCNA in zebrafish requires tissue sectioning, and adding this
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Time-lapse imaging detected EC proliferation
in the ISVs more effectively than other methods
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Figure 5. Acomparison of detection of EC proliferation by PCNA immunolabelling, EdU cell labelling and time-
lapse imaging of fluorescently labelled EC nuclei. Endothelial cell proliferation was studied at 30 hpf in PCNA
treated embryos, 30 to 31 hpf in EdU treated embryos, and 29-45 hpf in time-lapse imaged embryos. Time-lapse
imaging detected EC proliferation more effectively than other methods. Statistics were derived from analysis by
ordinary one-way ANOVA.

step would have made the protocol undesirably low throughput. Our findings are consistent with Luo ef al'* which
suggested that use of antibodies to label deep tissues in whole mount zebrafish embryos may be difficult. This led us to
seek a small-molecule approach for labelling proliferating ECs.

A DNA-labelling approach was tested in parallel. EQU is a small molecule that readily diffuses into cells in the presence of
DMSO, during mitosis EAU is incorporated into newly synthesised DNA after which EdU can be detected by chemically
bonding it to a fluorescent azide. As all components of the EAU labelling system were small molecules, we hypothesized
that this technique would not be limited by penetration of reagents into deep tissues. Indeed, this was supported by our
data as EdU labelling identified a population of proliferating cells in the caudal vein plexus that was not identified by the
immunostaining approach (Figure 3). Notably, whilst some EdU™ ECs were identified, most EQU labelled cells were
negative for the endothelial marker mCherry, and were likely haematopoietic progenitors which develop in the caudal
vein plexus.

EdU labelling revealed that EC proliferation occurred at 0.25%—1% (1-3 nuclei per field of view containing 300—400
nuclei). This observation is comparable to those observed in vitro and mammalian systems which revealed EC
proliferation at 0.67—0.75% of nuclei per hour'""'*; thus suggesting that EC proliferation rates are conserved between

zebrafish embryos and mammalian systems.

Despite this, EQU labelling is unsuitable to analyse the effects of interventions on proliferating ECs because of the limited
window of detection and low number of proliferating cells detected. Therefore, we sought a method to capture greater
numbers of proliferating EC from zebrafish embryos. We found that light sheet time-lapse microscopy of transgenic
embryos (Tg flila:nls-mCherry, flila:lifeAct-mClover) enabled direct visualisation of EC nuclei division in proliferation
(Figure 4). As this transgenic line expressed fluorescent protein exclusively in ECs it was relatively trivial to count the
total number of EC proliferation events. This approach has several major advantages:

* Lower material costs, which eliminates the need for antibody or cell labelling products used in immunostaining or
cell labelling approaches.

» Shorter experiment runtime, as experiments can be done as soon as embryos reach the desired stage of
development compared to other approaches which require an additional period of time for fixation and treatment.
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Figure 6. Diagram illustrating the effect of increasing the duration of analysis on the quantitation of
endothelial cell proliferation. The PCNA approach uses a small (instantaneous) detection window, thus rarely
detects proliferation events. EAU is more likely to detect proliferation but the window of detection remains too
small to capture many events. Time-lapse imaging covers a much greater window of time and can therefore detect
significantly more proliferation events.
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Figure 7. Graphical abstract. Immunostaining (for PCNA) is limited by antibody penetration. EdU labelling is limited
by low detection of EC proliferation, the toxic effects of EdU treatment (which necessitates DMSO) prevent longer
incubation times. Nuclei imaging by time-lapse microscopy is effective for studying EC proliferation.
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* Non-lethal procedure, embryos do not need to be fixed to conduct the experiment.

* Greater detection of EC proliferation compared to other zebrafish approaches (IHC, cell labelling) because of a
larger detection window (Figures 6 and 7).

* Greater breadth of data collected. Time-lapse data could also be analysed for cell migration and apoptosis as
desired.

The limitations of this approach are the relatively low throughput of time-lapse proliferation analysis, which was done
manually in this case, however computer assisted quantification might be possible. Another limitation specifically
regarding use of zebrafish to study genes involved in proliferation is that not all human genes have zebrafish orthologues,
which may restrict candidates for study in this model.

This study demonstrates the utility of time-lapse imaging zebrafish embryos to measure EC proliferation. Comparable
invitro models (HUVECs, HCAECs) allow real-time imaging of EC proliferation, but lack biological relevance. Whereas
established in vivo models (mouse, pig) are biologically relevant yet cannot be used for real-time in sifu monitoring of
EC proliferation, and must be culled to isolate vascular tissue for analysis. By using the zebrafish embryo to study
EC proliferation, researchers can achieve real-time in situ monitoring of EC proliferation in a biologically relevant model
whilst replacing mammals and reducing or eliminating the use of terminal procedures, thus achieving partial replacement
and refinement of use of animals in CVD research.

This time-lapse approach is more suitable than other methods for quantifying EC proliferation in zebrafish larvae and
has applications for studying the mechanisms of proliferation and for screening to detect compounds that modify this
process, we are currently using this approach to use zebrafish larvae to screen for genes involved in EC proliferation
in response to blood flow. Whilst the manual counting approach used currently is low-throughput, future work could
automate detection of proliferation using image macros to enable widespread use of this system for identifying genes
involved in atherosclerosis

Data availability

Underlying data

OSF: Underlying data for ‘Quantifying endothelial cell proliferation in the zebrafish embryo’. https://www.doi.org/
10.17605/0SF.IO/NVI9XE.

The project contains the following underlying data:

Raw images of three embryos imaged using the PCNA method, three embryos imaged using the EQU method, and three
embryos imaged using the timelapse method.

Extended data
OSF: Extended data for ‘Quantifying endothelial cell proliferation in the zebrafish embryo’. https://www.doi.org/
10.17605/0SF.IO/Y2SCW.

The project contains the following extended data:

Supplementary Figure 1: Dechorionation of zebrafish embryos. 1) Insert forceps into embryo chorion, be careful not to
damage the embryo. 2) Gently open forceps to tear the chorion further. 3) Widen the forceps until the embryo has escaped
the chorion.

Supplementary Figure 2: Preparing zebrafish embryos for microinjection. 1) Place a glass slide in a petri dish and tilt as
shown. 2) Draw up embryos in a Pasteur pipette and decant onto the edge of the glass slide as shown. 3) Use the Pasteur
pipette to draw up any excess liquid from the petri dish, leaving a row of zebrafish embryos against the glass slide.
Reporting guidelines

OSF: ARRIVE 2.0 checklist for ‘Quantitying endothelial cell proliferation in the zebrafish embryo’. https://www.doi.
org/10.17605/0SF.I0/Y2SCW.

Data are available under the terms of the Creative Commons Attribution 4.0 International license (CC-BY 4.0).
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The Article by Bowley et al. describes a novel approach to quantify the relatively slow rates of
endothelial proliferation in vivo, using zebrafish embryos, rather than in vitro models. The
approach has several advantages over using other animal models to examine endothelial
proliferation in vivo, including the potential use of zebrafish lines that use fluorescent reports for
cell-type differentiation, the ability to examine proliferation pre-post heart beat, to determine any
effects of flow and easy genetic manipulation through genome editing or knockdown with
morpholinos. As such, this model provides a flexible platform to examine drug or gene regulation
of (endothelial) proliferation.

The text and methodology is clearly described and in sufficient detail to allow other scientists to
replicate the experiments described here. As such it is a useful step forward to quantify in vivo
proliferation while minimising the use of protected species. The platform is sufficiently flexible to
be used to advance the field on this topic.

Are a suitable application and appropriate end-users identified?
Yes

If applicable, is the statistical analysis and its interpretation appropriate?
Yes

Are the 3Rs implications of the work described accurately?
Yes

Is the rationale for developing the new method (or application) clearly explained?
Yes

Is the description of the method technically sound?
Yes
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Are sufficient details provided to allow replication of the method development and its use
by others?
Yes

If any results are presented, are all the source data underlying the results available to
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Yes

Are the conclusions about the method and its performance adequately supported by the
findings presented in the article?
Yes

Competing Interests: No competing interests were disclosed.
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I confirm that I have read this submission and believe that I have an appropriate level of
expertise to confirm that it is of an acceptable scientific standard.
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? Tzung Hsiai
Division of Cardiology, Department of Medicine, David Geffen School of Medicine, University of
California, Los Angeles, Los Angeles, CA, USA

In this method article, Bowley et al. determine the feasible method to quantify endothelial cell (EC)
proliferation which regulates vascular formation and homeostasis in zebrafish embryos to
investigate development via a comparison between three different comparative analyses:
antibody, DNA labeling, and time-lapse imaging. Although rodent models are predominantly used
to explore the mechanism of EC proliferation in cardiovascular disease or development, the
authors pointed out there is a limitation - time-consuming, costly, and detrimental to animal
welfare. The authors concluded that time-lapse imaging is accurate, precise, scalable, simple, and
effective than the other two methods: antibody (PNCA) or DNA labeling (EdU) in EC proliferation
study in the zebrafish embryo model. This method paper is necessary to approach EC proliferation
in zebrafish and is well designed to compare three different methods, however, there are major
and minor points that need to be improved.

1. The authors are focusing on the quantification of EC proliferation using three different
methods, however, vascular endothelial growth factor (VEGF) is the most common marker
for EC proliferation. Please address why the authors chose PCNA for detecting proliferating
cell nuclear antigens and EdU for measuring DNA proliferation instead of VEGF, and it is
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necessary to be discussed.

2. EdU labeling is a well-established method to quantify S-phase cells. The authors performed
EdU labeling in zebrafish embryos for 1 hour and showed that it did not label as many cells
as they observed via tracking nuclear division over 6 hours (Figure 5). This does not
translate to EdU labelling being unable to provide accurate measurements. Instead, it
simply prompts a longer period of EdU incubation. The authors argue that the high
concentration of DMSO used in the labeling solution is toxic to embryos for long-term
incubation, however, there is no necessity of using DMSO during EdU incubation as EdU is
soluble in aqueous buffers. The authors should perform extra experiments on this.

3. On the other hand, there are large amounts of EdU+ cells (green) colocalization with ECs
(red) in Figure 3. The authors should also test their hypothesis at different regions of the
vascular network, not just ISV.

4. In Figure 2, to see the clear effects of tnnt2 morphant (inhibition of heart contraction) in EC
proliferation, the control group (control morphant) should be presented. The authors also
need to provide negative control images with only secondary antibodies to validate the
staining, as virtually every cell in the image was red, meaning PCNA+. However, PCNA
staining should give fewer labeled cells than EdU staining and time-lapse tracking,
according to the authors. It can also be that the PCNA antibody is not working well. The
authors need to address this.

5.In addition, to rely on the comparison, Figures 2 and 3 should be offered the same
enlargement.

6. In Figure 5, two-way ANOVA is an advisable statistical method among the groups.

7. The graphical abstract (Figure 7) is arduous to comprehend because of a lack of a rationale
for the limitation of immunostaining and EdU labeling. The authors should offer the
reference or evidence to elaborate the experimental design.

Are a suitable application and appropriate end-users identified?
Yes

If applicable, is the statistical analysis and its interpretation appropriate?
Partly

Are the 3Rs implications of the work described accurately?
Yes

Is the rationale for developing the new method (or application) clearly explained?
Yes

Is the description of the method technically sound?
Yes

Are sufficient details provided to allow replication of the method development and its use
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by others?
Yes

If any results are presented, are all the source data underlying the results available to
ensure full reproducibility?
Partly

Are the conclusions about the method and its performance adequately supported by the
findings presented in the article?
Yes

Competing Interests: No competing interests were disclosed.

I confirm that I have read this submission and believe that I have an appropriate level of
expertise to confirm that it is of an acceptable scientific standard, however I have
significant reservations, as outlined above.
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? Christopher George
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The authors’ clearly set out the context for their study; developing a non-invasive experimental
system to accurately capture spatial and temporal information on EC proliferation in the
vasculature would be important step forward. Three techniques are explored for achieving these
aims. Two (PCNA immunostaining, EAU incorporation) do not appear to work for the intended
purpose but it is not immediately clear from the data shown why. More ‘negative’ data would be
very helpful in setting out the limitations of these techniques so that others can appreciate why
these approaches ‘failed’. One technique, time-lapse imaging of nuclear division (where labelling
driven by a EC-specific promoter) does appear to have some future applicability, although the
technique, at present, is limited to manual counting and and very low numbers of experiments are
reported in support of this approach.

There are a number of issues with the current version of the manuscript that require attention:
Abstract
The abstract refers specifically to n=24 experimental units, where in the example given, n=4

comprise controls and then four groups of n=5 ‘treated’ groups. These numbers seem rather
arbitrary and are not referred to in the paper.
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Introduction / General

It would be helpful to include more detail on how the ZF embryo CV system recapitulates key
features of mammalian circulatory system. Please provide clarity (and perhaps illustrative detail)
on how ZFe's “complete cardiovascular system” has a “simplicity comparable with that of two
dimensional models in vitro” and “comparable relevance to mammalian in vivo models"”. This
might help uptake by those researchers typically using mammalian models of vascular plasticity.

Blebbing of nuclei is not a unique marker of apoptosis. Autophagy and other activation of modes
of cellular degradation are characterised by blebbing. The authors imply that apoptosis is the sole
mechanism of cell death in ZF embryos. Is this correct? No data on cell death is reported in the
manuscript so the references to apoptosis don't seem to have much relevance in the context of
the paper.

Methods

More methodological detail / explanation should be included:
o How are male and female zebrafish distinguished?

Does the Nacre line have identical vascularization as wild-type?

o You state that “both transgenic lines use Nacre as background” but the study uses three TG
lines.
How leaky, or not, is the EC-specific promoter. Can you be sure that expression is only in EC
lineages? This is a key issue since your method relies on typing ‘EC-specific’ expression.

> A reference to the inhibition of contractility by tnnt2a morpholino should be given.

o Itis presumed that that TG-EGFP was used for PCNA and TG-mCherry was used for EdU to
avoid the spectral overlap of fluorophores in each instance? This should be stated.

More details on how the commercial EdU labelling kit results in the generation of a
detectable 488nm signal should be included. What is the concentration of saponin? What is
the range of EdU signal developed (i.e. time-dependent accumulation)? How homogeneous
is this across cells/FACS populations?

o Brightfield microscopy is included as the means for discriminating dead or undeveloped
embryos are identified. How? No brightfield imaging is included in the paper.

Please define Light Sheet microscopy as LSM (to avoid confusion with the common use of
LSM as (confocal) laser scanning microscopy.

o The statement that “587nm excitation is active”. Please include the excitation source and
what is meant by “active”.

o The methods include non-terminal anaesthesia using E3 medium (“Fluorescent microscopy")
or E3 medium and tricaine (“Light-sheet microscopy”). Please clarify. What is the final
concentration of tricaine used in anaesthesia?

> Statistics. Please check that two-way ANOVA is an appropriate statistical test for data where
n=3 (i.e. is distribution normal?).

Microinjection - it is appreciated that the settings are specific for the Sutter puller but it
would be helpful to include units as applicable (e.g. heat, 475 degrees C?).
> Into which ZF embryo region is the morpholino injected?

Results
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Figure 1. Perhaps this cartoon could be shown alongside actual staining of these sections in
a representative embryo.

o Figure 2. According to the Methods section, confocal imaging fields were approximately 869
x 869 microns. Figure 2 is approx. 250 x 250 microns. It would be helpful to show the entire
imaging field and then the ‘zoom' into the region shown in Figure 2. In my copy for review,
Figure 2 has thin yellow lines which are not explained and the yellow arrows do not appear
to correspond to co-stained cells. Figure 2 does not support the use of PCNA as being a
good marker for EC proliferation (indeed you state this, indirectly, in the Discussion) but its
not immediately clear what it does show. It would be helpful too if regions, like in the
cartoon in Figure 1 were included on Figure 2.

Figure 3 should be presented at the same magnification/zoom as Figure 2. Figure 3 should
also be better integrated with your conclusion that EdU labelling was ruled out of
contention as a technique for quantifying EC proliferation. Do you have any images showing
(visually) the effect of 15% DMSO on sample morphology beyond 1 hour? It is also
somewhat misleading to state, as you do in Figure 7, that EdU labelling is limited by low
detection of EC proliferation. The problem seems to be that the reagent is toxic which
prevents longer-term imaging. It needs to made more clear that EdU is of limited use for
mapping cellular proliferation occurring on a time-scale incompatible with reagent toxicity.
Figure 4. Your findings suggest that to capture sufficient EC proliferation, an experimental
window of up to 12 hours is required. Figure 4 only shows a plus-15min window. Some idea
of how time-lapse capture of EC proliferation changes with time would be very helpful. Also,
the arrowheads appear squashed and point away from the area you mean to depict.

Figure 5 shows the number of proliferation events but this is not that useful. It would be
much better if you showed this the number of as the proportion or percentage of mCherry
cells scrutinized. 'n’ is very low here and statistical analysis is not convincing (although the
effect is obvious).

Discussion
o Itis not possible to conclude, from the data shown, that nuclei-imaging is “accurate” (Figure
7). This will need much more data and deeper modes of analysis.
> As you note, “computer assisted quantification” would augment your approach, but this
phrase is vague. What would you want to focus on, and what would need to be taken into
account / eliminated etc. More discussion on how you see this approach being potentially
worked-up into a medium- to high-throughput screening platform would be helpful.

Other
o Zebrafish welfare and use section. The second-to-last sentence in the first paragraph needs
splitting into two sentences. It would be helpful to define what constitutes an “adverse
event” here.
PCNA and EDU should be described in full at first mention. Has PCNA ever been used as a
marker of proliferation during zebrafish CV development? (You state kidney but what about

o The phrase “humanely destroyed using bleach” is inappropriate. It might be better worded
as “embryos were destroyed using bleach”. Ditto “euthanised” on pages 5 and 8.

o The Supplemental Figures do not add to the article and should be omitted. Videos of the
actual procedures would be much better.

Are a suitable application and appropriate end-users identified?
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If applicable, is the statistical analysis and its interpretation appropriate?
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Are the 3Rs implications of the work described accurately?
Yes

Is the rationale for developing the new method (or application) clearly explained?
Yes

Is the description of the method technically sound?
Partly

Are sufficient details provided to allow replication of the method development and its use
by others?
Partly

If any results are presented, are all the source data underlying the results available to
ensure full reproducibility?
Partly

Are the conclusions about the method and its performance adequately supported by the
findings presented in the article?
Partly
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NB for any researchers time-lapse imaging zebrafish embryos, a tool to simplify mounting embryos
for imaging is described here:

Kleinhans, D.S., Lecaudey, V. Standardized mounting method of (zebrafish) embryos using a 3D-
printed stamp for high-content, semi-automated confocal imaging. BMC Biotechnol 19, 68 (2019).
https://doi.org/10.1186/512896-019-0558-y

Please note this technique does not apply to light sheet microscopy. We are adopting this tool for
current and future work.
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