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Abstract 

Zebrafish transgenic lines and light sheet fluorescence microscopy allow in-depth 

insights into vascular development in vivo and 3D. However, robust quantification of 

the zebrafish cerebral vasculature in 3D remains a challenge, and would be essential 

to describe the vascular architecture. Here, we report an image analysis pipeline that 

allows 3D quantification of the total or regional zebrafish brain vasculature. This is 

achieved by landmark- or object-based inter-sample registration and extraction of 

quantitative parameters including vascular volume, surface area, density, branching 

points, length, radius, and complexity. Application of our analysis pipeline to a range 

of sixteen genetic or pharmacological manipulations shows that our quantification 

approach is robust, allows extraction of biologically relevant information, and 
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provides novel insights into vascular biology. To allow dissemination, the code for 

quantification, a graphical user interface, and workflow documentation are provided. 

Together, we present the first 3D quantification approach to assess the whole 3D 

cerebrovascular architecture in zebrafish. 

 

Introduction 

Vascular diseases are the leading cause of death world-wide. Our understanding of 

the mechanisms that govern vascular development is heavily reliant on preclinical in 

vivo models. Several advantages such as optical clarity of the embryo, coupled with 

multiple vascular transgenic lines 1,2 and advanced microscopy, such as light sheet 

microscopy (LSFM), makes zebrafish an unrivalled model for dynamic three 

dimensional (3D) in vivo vascular imaging 3,4. 

Acquisition of detailed imaging datasets of zebrafish vasculature has advanced 

considerably, however objective reliable comparison and quantification of these 

datasets is still limited, with most studies relying on subjective visual assessment 

rather than objective quantification. The lack of robust automated approaches to 

quantify vascular anatomy in 3D is a substantial limitation, reducing analytical 

throughputs and preventing detection of subtle phenotypes. 

Development of an automated 3D vascular quantification pipeline requires many 

obstacles to be overcome. LSFM datasets are often terabytes in size, rendering data 

handling, processing, and analysis computationally demanding. Analysis of 

preclinical imaging data also often lacks an understanding of data properties such as 

noise, artefacts and motion. A further challenge is that, typically, only 3-15% of 

voxels in these datasets are vascular, limiting the amount of information available to 

drive analysis approaches 5–7. Together, these issues have led most quantitative 

studies to analyse 2D projections, failing to capture the complexity of the 3D 

vasculature, and is confounded by overlying vessels. 3D quantification would clearly 

be accurate, but is technically and computationally more challenging. 

Very few previous studies have attempted to quantitatively characterise the zebrafish 

cranial vasculature. Tam et al. 8 and Chen et al. 9 focussed on characterising small 

vascular sub-regions in confocal microscopy images using commercial software. We 

previously presented a 3D enhancement and segmentation approach for the cranial 

vasculature in zebrafish transgenic reporter lines 10,11. Daetwyler et al. 12 presented a 
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method to segment the zebrafish cerebral vasculature using machine learning (dual 

ResUNet), but did not include further quantification.  

Most recently we presented a validation of our segmentation method 13,14. 

We here present the first easily applicable 3D image analysis pipeline for zebrafish 

vasculature. We apply this to the cerebral vasculature with (a) registration that allows 

examination of vascular patterning similarity/variability between individuals or 

groups, and (b) perform global and regional quantification of eight vascular 

parameters (i.e. similarity, volume, surface area, density, branching points, length, 

radius, and complexity) (Fig. 1). 

To demonstrate the utility and throughput of our approach, we quantified (a) 

embryonic vascular development from 2-to-5dpf, expecting changes due to 

development, (b) the impact of lack of blood flow 15, expecting zebrafish without 

blood flow to display an impaired vascular architecture, (c) the effect of sixteen 

genetic manipulations, which were expected to impact angiogenesis (via previously 

described morpholinos targeting jagged-1a 16, jagged-1b 16, dll4 16, notch1b 17, ccbe1 
18), (d) pharmacological manipulations of components associated with angiogenesis, 

vasoconstriction, and endothelial cell (EC) architecture (vascular endothelial growth 

factor (VEGF) inhibition 19, Notch inhibition 20 nitric oxide synthase (NOS) inhibition 
21, Wnt inhibition 22, Wnt activation 23, F-actin polymerization inhibition 24, Myosin II 

inhibition 25, osmotic pressure increase, membrane rigidity decrease) and (e) 

examine regional topology of the mid- versus hindbrain and left-right vascular 

symmetry.  

To allow dissemination and wider application of our method, we have implemented it 

as a workflow in the open-source image analysis software Fiji 26, containing a custom 

graphical user interface (GUI), accompanied by comprehensive workflow 

documentation.  

In summary, we describe the first comprehensive 3D quantification approach for 

zebrafish cerebrovascular characterisation that would have potential widespread 

applications and will aid discovery of novel insights into vascular development. 

 

Results 

Vascular inter-sample registration allows identification of similar vessel 

patterns between embryos 
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We first applied our optimised segmentation approach to the transgenic 

Tg(kdrl:HRAS-mCherry)s916 27 (Sato enhancement and Otsu thresholding 11,28,29).  

To identify landmarks for registration, we performed manual measurements to gain 

insights into the extent of vascular similarity (Fig. S1). This showed that vascular 

growth was highly comparable between embryos and that a landmark-based 

registration could be applicable for registration. This visual inspection allowed 

identification of eleven anatomical landmarks for registration, shown in Fig. 2A-C. 

We next used both, manual rigid landmark-based registration and an automatic rigid 

registration approach 30,31 to bring segmented images into a single spatial coordinate 

system, allowing us to compare two methods against each other. To validate their 

applicability both, manual landmark-based and automatic registration, were applied 

to multiple images of the same sample that was manually displaced between 

consecutive image acquisitions. Both registration approaches significantly increased 

similarity, quantified by Dice coefficient (landmark-based p 0.0017 and automatic p 

0.0003; One-Way ANOVA; Fig. 2D-G), with a lower coefficient of variation following 

automatic (16.23%) than landmark-based registration (48.79%).  

To compare registration outcomes when applied to different embryos, both 

registration methods were applied to register six embryos from 2-to-5dpf (by 

registering five individuals to another single target embryo) (Fig. S2), allowing the 

identification of regions of vascular similarity across embryos (Fig. 3A-C; Video S1-

S4). Quantification of Dice score showed higher similarity after automatic registration 

(Fig. 3D; 2dpf manual p>0.9999, automatic p 0.2154; 3dpf manual p>0.9999, 

automatic p<0.0001; 4dpf manual p>0.9999, automatic p 0.3962; 5dpf manual 

p>0.9999, automatic p>0.9999) and a lower coefficient of variation (CoV) was found 

after automatic registration (2dpf 38.18%, 3dpf 26.21%, 4dpf 29.23%, 5dpf 17.93%) 

than manual registration (2dpf 84.02%, 3dpf 81.20% 4dpf 26.21%, 5dpf 18.39%). 

Moreover, averaging allowed examination of regions of similarity and variability (Fig. 

S2D-G), showing that the main cerebral vessels, such as the basilar artery (BA), 

have a high degree of anatomical similarity between fish. 

This demonstrated that landmark- and object-based rigid inter-sample registration 

can be used to bring the vasculature of different embryos into one spatial coordinate 

system, and is applicable from 2-to-5dpf. Moreover, automatic registration performs 

better than manual landmark-based registration. Thus, a common coordinate system 
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allows for consistent automated placement of regions of interest, which improves 

speed and reproducibility of quantification.  

 

Establishment of 3D vascular parameter quantification  

We established a workflow in the open-source image analysis framework, Fiji 26 to 

quantify (i) similarity (Sn): volume of overlap quantified by Dice Coefficient, (ii) 

vascular volume (Vn): vascular voxels derived following voxel-classification as 

vascular and non-vascular using segmentation, (iii) surface area (Sn), (iv) density 

(ρn): ratio of vascular volume to total volume of interest, (v) network length (Ln): 

number of centreline voxels, derived by 3D-thinning of the segmented vasculature, 

(vi) branching points (BPn): points where vessels splits up into daughter branches, 

(vii) average radius (Rn): vascular thickness given by the distance from local 

centreline (or vessel radius midpoint) to corresponding vessel walls, and (viii) 

complexity (Cn): number of concentric shell intersections from centre point using 

Sholl analysis, where the subscript n represents a measurement in the nth fish of the 

group under study (Fig. 1). 

The established quantification pipeline was applied to data from 2-to-5dpf which 

were expected to show changes in vascular topology over time with increasing 

volume, length, branching points, and complexity. Quantification showed that 

vascular volume (Fig. 3E; p 0.0008; One-Way ANOVA), network length (Fig. 3F; p 

0.0001; Kruskal-Wallis test), and branching points (Fig. 3G; p 0.0082; Kruskal-Wallis 

test), but not average radius (Fig. 3H; p>0.9999; Kruskal-Wallis test) and complexity 

(Fig. 3I; p>0.9999; Kruskal-Wallis test), significantly increased from 2-to-5dpf. This 

suggested that our quantification approach was applicable for extraction of 

biologically relevant vascular parameters. 

 

Quantification of the effect of absence of blood flow on vascular anatomy 

To establish whether our workflow successfully extracts biologically relevant vascular 

differences in embryos of the same age, we applied it to analyse 3dpf zebrafish with 

or without blood flow (achieved by tnnt2a morpholino antisense knockdown; Fig. 

4A). Quantification showed that Dice coefficient (Fig. 4B), vascular volume (Fig. 

4C), vascular surface area (Fig. 4D), branching points (Fig. 4F), network length (Fig. 

4G), average vessel radius (Fig. 4H) and vascular complexity were statistically 

significantly decreased in tnnt2a morphants (Fig. 4I). The only parameter not 
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statistically significantly changed was vascular density (Fig. 4E). This suggests that 

our quantification detects biological differences of relevant effect size in embryos of 

the same age-group with commonly used group sizes. 

 

3D quantification allows novel insights into the role of proteins, signalling 

pathways, and chemical modulators 

Our analysis workflow was then applied to existing datasets to quantify the effect of a 

range of morpholino-induced gene knock-down and pharmacological manipulation 

(Fig. 5A; Table S1). 

Jagged1 was previously shown to be a proangiogenic regulator in mice, but so far no 

study examined the distinctive roles of the zebrafish orthologues jagged-1a or 

jagged-1b in zebrafish angiogenesis. Our data show that loss of jagged-1a leads to 

decreased network length and branching points (Fig. S3), while loss of jagged-1b 

results in reduced vascular volume, surface area, and network length (Fig. S4).  

We next examined the impact of dll4 loss, which was previously shown to result in 

hyper-vascularization in the zebrafish trunk 32 and mouse retina 33. Our quantification 

shows that the opposite is the case in the zebrafish brain vasculature with a 

decrease of all vascular parameters, except radius, and complexity (Fig. S5). 

Loss of notch1b was previously shown to not significantly impact vascular topology 

in the zebrafish trunk 17, which is reproduced by our data (Fig. S6). 

Previous work showed that ccbe1 is required for lymphangiogenesis and venous 

differentiation 34, and loss of ccbe1 impacts murine coronary artery 35. Our 

quantification of vascular topology upon ccbe1 loss shows a significant reduction of 

volume, surface area, branching points, and network length (Fig. S7).  

We next examined the impact of chemically inhibiting VEGF signalling, as VEGF 

signalling is considered to be a pro-angiogenic factor 36–38. Our quantification 

revealed that already after two hours of VEGF-receptor (VEGFR) inhibition almost all 

measured vascular parameters are statistically significantly reduced (AV951, Fig. 

S8). 

Contrarily, Notch signalling is considered to be anti-angiogenic and loss of Notch to 

result in hyper-vascularisation 39,40. Our data show an increase of almost all 

measured vascular parameters, but only a statistically significant increase in 

vascular volume and surface area upon Notch inhibition (DAPT, Fig. S9). 
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Following, we were interested in the impact of NOS inhibition as this was previously 

shown to result in vasoconstriction 41. However, our data showed no statistically 

significant change in any measured parameters (L-NAME, Fig. S10). 

We next studied the impact of Wnt inhibition (XAV939) and Wnt activation (GSK3 

inhibitor), as Wnt signalling is crucial for cerebrovascular development and blood-

brain-barrier development 42–44. Our data showed that short-term (4h) Wnt inhibition 

or Wnt activation does not lead to a statistically significant change of any of the 

quantified vascular parameters (Fig. S11, S12). 

We then examined the impact of inhibiting F-actin polymerization and Myosin II 

cytoskeletal components, which are pivotal for EC stability and also indirectly impact 

the vascular lumen via vascular smooth muscle cell (vSMC) contractile machinery 45. 

When quantifying vascular parameters upon inhibition of F-actin polymerization 

(Latrunculin B) and Myosin II (Blebbistatin) a statistically significant reduction of 

almost all parameters was found (Fig. S13, S14).  

Next, we studied the impact of increased osmotic pressure using glucose which is 

thought to result in cellular swelling, potentially impacting angiogenesis 46,47, with a 

previous study in zebrafish showing that only exposure over 96h impacted vascular 

topology in tectal vessels 48. Our data confirm 24h glucose exposure does not impact 

cerebrovascular topology significantly (Fig. S15). 

Lastly, we examined the impact of decreased membrane rigidity (DMSO) on vascular 

topology as it increases membrane permeability 49, results in transient osmotic 

absorption in vessels 50 and increases membrane permeability 49, which could 

potentially change at least vessel radius. However, our data suggest that a 24h 

exposure does not lead to statistically significant changes of vascular topology (Fig. 

S16). 

To further examine the impact of the examined morpholinos and chemicals on 

vascular topology, we quantified percentage differences in mean values of all of the 

measured quantitative parameters (Fig. 5A; Table S1; control MO to MO, and 

untreated to treated; see Videos S5-S19), whereas percentage differences were 

used to allow comparability between groups. 

Cluster analysis showed that five main clusters existed, which can be considered as 

(1) inhibitors of anti-angiogenic factors (NOS inhibition, notch1b MO, Notch 

inhibition), (2) inhibitors of angiogenic factors (Wnt activation, jagged-1a MO, ccbe1 

MO, VEGF inhibition), (3) factors inducing cellular changes (membrane rigidity 
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increase, Wnt inhibition, Myosin II inhibition), (4) osmotic pressure, and (5) factors 

with severe angiogenic defects (dll4 MO, actin polymerization inhibition, tnnt2a MO, 

jagged-1b MO) (Fig. 5B). 

Our data showed that meaningful parameters can be extracted to quantify and 

describe vascular topology. Together, our work presents by far the most 

comprehensive study quantifying vascular changes upon genetic loss of function and 

chemical inhibition/activation. 

 

Comparing regional similarity and left-right symmetry. 

Next, we examined regional vascular topology. Our initial manual measurements of 

local vascular growth had shown that growth was comparable between fish (Fig. 

S1), thus embryos could be compared to each other on a local scale. 

We therefore quantified vascular parameters from automatically prescribed midbrain 

and hindbrain regions at 3dpf (Fig. 6A). As this has never been done before, it was 

unclear whether vessel radius, network length, branching points, or volume would be 

similar or dissimilar when compared in the same zebrafish. We found vascular 

network length (p 0.6168; Fig. 6B), branch points (p 0.0717; Fig. 6D), and vascular 

volume (p 0.0717; Fig. 6E) to be not significantly different, while the average vessel 

radius was significantly higher in the hindbrain (p 0.0008; Fig. 6C). Comparing 

vessel radii further, the BA was found to be the main contributing factor for the 

increased average vessel radius in the hindbrain (Fig. S18). 

Comparing the left-to-right vasculature at 3dpf (Fig. 6F), no statistically significant 

difference in network length (p 0.6830; Fig. 6G), average vessel radius (p 0.5665; 

Fig. 6H), number of junctions (p 0.8816; Fig. 6I), or vascular volume (p 0.5730; Fig. 

6J) was found.  

To examine left-right vascular symmetry in more detail and over time, we then 

developed an image analysis workflow to assess topological similarity of the left and 

right vasculature automatically (Fig. 6K-P). This was achieved by mirroring the 

vasculature from the right brain hemisphere to the left by horizontal transformation 

(Video S20) and extracting vessel overlap by voxel majority decisions (Fig. 6Q,R). 

This suggested that peripheral/perineural vessels show a strong degree of left-right 

symmetry from 2-to-5dpf (Fig. 6S). Quantification of vascular volume (Fig. 6T) and 

network length (Fig. 6U), showed no statistically significant difference from 2-to-5dpf, 
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although the Dice coefficient between the left and right vasculature was low (Fig. 

6V). 

Thus, our quantification approach allows for novel regional insights of vascular 

topology, showing that the average vessel radius is higher in hindbrain vessels than 

midbrain vessels, but that the vasculature is highly symmetric from 2-to-5dpf. 

 

Discussion 

In this work, we present the first biomedical image analysis workflow that allows 3D 

zebrafish cerebrovascular quantification, including (a) inter-sample registration, (b) 

quantification of parameters (vascular volume, surface area, density, network length, 

branching points, radii, and network complexity), and (c) quantification of regional 

vascular parameters comparing midbrain-to-hindbrain and left-to-right vascular 

topology, using the freely available image analysis software framework Fiji.  

Quantification of Dice scores following registration resulted in low Dice scores for 

both registration methods, but no reference was available to compare our results to. 

We anticipate that data sparsity of the segmented vasculature is one contributing 

factor for these low Dice scores, as small shifts between vessels caused either by 

inter-sample variation or residual registration errors will affect the overlap more 

drastically than it would be the case for solid structures such as the brain. Future 

work is needed to examine Dice coefficients on vessel-segment levels, study voxel-

wise comparisons, explore alternative similarity metrics more suited to a sparse 

vascular network, and develop registration methods that utilise higher order 

transformations. 

Our registration approach allows for the examination of regional similarity as well as 

facilitating development of a vascular growth atlas. Future work could use double 

transgenics to allow other information, such as expression patterns, to be co-

registered to the vascular growth atlas, as has been performed for a zebrafish brain 

atlas 51,52. 

Examining the loss of jagged-1a or jagged-1b, we show for the first time that loss of 

either results in mild cerebrovascular defects. As jagged-1a and jagged-1b are 

paralogues found in zebrafish due to partial genome duplication 53, we anticipate that 

a loss of both at the same time might result in a stronger effect.  

Finding that dll4 knock-down results in a reduction of the cerebral vasculature is in 

contrast to previous work in the zebrafish trunk 32. This suggests that dll4 might have 
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cerebrovascular-specific roles which were previously overlooked and require future 

investigation. 

Our finding that loss of notch1b does not significantly impact vascular topology 

suggests that notch1b plays a conserved role in the zebrafish head and trunk 

vasculature 17. 

Having found that loss of ccbe1 results in a decrease of vascular volume, surface 

area, branching points, and network length. We postulate that ccbe1 has a 

conserved function in different vascular beds, as previous work showed ccbe1 to be 

required for zebrafish lymphangiogenesis and venous differentiation 34, as well as 

murine coronary artery development 35. 

Our data show that VEGF inhibition decreases vascular volume, surface area, 

branching points, length and radius, while Notch inhibition increases vascular volume 

and surface area. This is in agreement with the literature that VEGF is pro-

angiogenic, while Notch is angiogenesis limiting 33,54,55, and our work provides the 

first quantitative insights into the extent of this.  

The lack of NOS inhibition induced vascular changes was surprising, and future work 

might examine whether this was due to dose-dependency, whether effects might be 

observed more locally, or whether side-effects of L-NAME are a contributing factor to 

this. 

The lack of changes in vascular topology upon Wnt inhibition and activation were 

likely due to the fact that only short-term exposure was performed, and future work 

might include examining mutants, long-term chemical treatments, and studying dose-

dependency. 

Our data show that inhibition of F-actin polymerization or Myosin II both result in a 

reduction of vascular parameters, and we anticipate that this is mainly caused by a 

mechanical collapse of the cytoskeleton and subsequently the vascular lumen.  

The unchanged vascular topology upon glucose treatment is in agreement with 

previous work, which showed that 24h treatment has no significant effect on vascular 

topology 48. 

Additionally, the unchanged vascular topology upon DMSO-treatment, suggests that 

DMSO indeed only leads to transient vascular changes as previously suggested50. 

These findings clearly demonstrate that quantification of 3D vascular parameters 

enables meaningful insights into the effects of a range of manipulations on vascular 

anatomy.  
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We developed an automated approach to study the vasculature in defined regions, 

illustrating the approaches utility in the midbrain and hindbrain, as well as for 

comparison of the left-to-right vasculature. However, the implementation of our 

analysis approach is not limited to this, allowing the user to select any region of 

interest. 

Future studies are needed to examine vascular symmetry between the left and right 

vasculature as well as examine stochasticity rules of vascular patterning in more 

depth, to assess local differences and how these might relate to structural and/or 

functional brain asymmetry which is established at 4dpf 56. We anticipate that our 

quantification approach will be feasible to allow examination of left-right symmetry in 

older zebrafish which may be more likely to show vascular asymmetry. Our 

quantification was performed at the level of the entire cerebral vasculature, and was 

sufficient to detect significant differences during development and in response to 

manipulations. Future work might examine vascular parameters in older zebrafish, 

other transgenic lines, and vessel-specific quantification, which will require an in-

depth annotation. 

To allow application of the analysis approach by other researchers, we implemented 

a graphical user interface (GUI; Fig. S19) and workflow documentation (SDoc 1). 

 

Conclusion 

We here present the first comprehensive workflow to assess zebrafish 3D 

cerebrovascular similarity, topology, and regional variability. Our data show that 

robust image analysis is needed to allow objective and quantitative insights. Our 

results also re-emphasize that the cerebral vascular bed is highly complex and that 

many mechanisms regulate its formation and patterning. 
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Material and Methods 

Zebrafish strains, handling and husbandry. Experiments performed at the 

University of Sheffield conformed to UK Home Office regulations and were 

performed under Home Office Project Licence 70/8588 held by TJAC. Maintenance 

of adult zebrafish in the fish facilities was conducted according to previously 

described husbandry standard protocols at 28°C with a 14:10 hours (h) light:dark 

cycle 57. Embryos, obtained from controlled pair- or group-mating, were incubated in 

E3 buffer (5mM NaCl, 0.17mM KCl, 0.33mM CaCl2, 0.33mM MgSO4) with or without 

methylene blue. All experiments were conducted with the transgenic reporter line 

Tg(kdrl:HRAS-mCherry)s916 27. 

Data for biological application. Data were obtained, as described in Kugler et al. 
58. Briefly, the impact of nine chemical components and six morpholinos (Genetools, 

LLC) on the vascular architecture were examined. Morpholino injections were 

performed at 1-cell stage using phenol red as injection marker. 

Chemical components: 

• VEGF inhibition (AV951 250nM 2h 19) 4dpf, control n=22, treated n=23, 3 

experimental repeats. 

• Notch inhibition (DAPT 50µm 12h 20) 4dpf, control n=24, treated n=24, 3 

experimental repeats. 

• Wnt activation (GSK3 inhibitor 10µM 4h 23) 3dpf, control n=22, treated n=21, 3 

experimental repeats. 

• Wnt inhibition (XAV939 10µM 4h 22) 3dpf, control n=22, treated n=21, 3 

experimental repeats. 

• NOS inhibition (LNAME 0.5mM 18h 21) 4dpf, control n=16, treated n=17, 2 

experimental repeats. 

• Myosin II inhibition (Blebbistatin 25µM 1h 25) 4dpf, control n=21, treated n=23, 

3 experimental repeats. 

• F-Actin Polymerization inhibition (Latrunculin B 100nM 1h 24) 3dpf, control 

n=13, treated n=12, 2 experimental repeats. 
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• Osmotic pressure (Glucose 40nM 24h) 4dpf, control n=18, treated n=18, 2 

experimental repeats. 

• Membrane Rigidity (DMSO 0.25% 24h) 4dpf, control n=24, treated n=22, 3 

experimental repeats. 

Morpholinos: 

• cardiac troponin T2a (tnnt2a; 1.58ng; Genetools, LLC; sequence 5'-

CATGTTTGCTCT GATCTGACACGCA-3') 15, 3dpf uninjected control n=17, 

control MO n= 18, MO n=15, 2 experimental repeats.  

• jagged-1a  (jag1a; 0.1ng; 5'-GTCTGTCTGTGTGTCTGTCGCTGTG-3'; 

Genetools, LLC) 16, 3dpf uninjected control n=11, control MO n=12, MO n=10, 

2 experimental repeats.  

• jagged-1b (jag1b; 0.8ng; Genetools, LLC; sequence 5’- 

CTGAACTCCGTCGCAGAATCATGCC - 3’) 16, 3dpf uninjected control n=21, 

control MO n=21, MO n=21, 3 experimental repeats.  

• delta-like ligand 4 (dll4; 3ng; Genetools, LLC; sequence 5’ - 

GAGAAAGGTGAGCCAAGCTGCCATG - 3’) 16, 3dpf uninjected control n=23, 

control MO n=23, MO n=23, 3 experimental repeats.  

• notch 1b (0.25ng; Genetools, LLC; sequence 5’- 

GTTCCTCCGGTTACCTGGCATACAG - 3’) 17, 3dpf uninjected control n=21, 

control MO n=21, MO n=21, 3 experimental repeats.  

• calcium-binding EGF-like domain 1 (ccbe1) at 5ng/embryo (Genetools, LLC; 

sequence 5'-CGGGTAGATCATTTCAGACACTCTG-3') 18, 3dpf uninjected 

control n=22, control MO n=22, MO n=22, 3 experimental repeats.  

• Control MO injection was performed according to the same protocol, with final 

concentrations as above (5'-CCTCTTACCTCAGTTATTTATA-3'; Genetools, 

LLC).  

 

Image Acquisition. Datasets were obtained using a Zeiss Z.1 light sheet 

microscope with a Plan-Apochromat 20x/1.0 Corr nd=1.38 objective and a scientific 

complementary metal-oxide semiconductor (sCMOS) detection unit. Data were 

acquired with activated pivot scan, dual-sided illumination and online fusion; 

properties of acquired data are as follows: 0.7x zoom, 16bit image depth, 1920 x 

1920px (approximately 0.33 x 0.33 µm) image size and minimum z-stack interval 
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(approximately 0.5µm), 561nm laser, LP560, and LP585. Zebrafish embryos were 

embedded in 2% LMP-agarose containing 200 mg/l Tricaine (MS-222, Sigma). The 

image acquisition chamber was filled with E3 plus Tricaine (200mg/ml) and 

maintained at 28°C.  

Image Analysis. Images were analysed using open-source software Fiji 26. Data 

analysis was performed without blinding.  

Pre-processing and Segmentation. Data were pre-processed performing .czi to .tiff 

conversion and generation of Maximum Intensity Projections (MIPs) using Bio-

Formats Plugin.  

Intra-stack motion correction was performed based on scale invariant feature 

transform SIFT 59,60 using the Fiji Plugin “Linear Stack Alignment with SIFT” with 

parameters as described previously 10,11.  

Vascular enhancement was performed assuming local vessel tubularity using the Fiji 

Sato enhancement filter “Analyse>Tubeness” 28 with an optimised parameter set as 

described previously 10,11,14. Enhanced images were segmented using Otsu 

thresholding 29 as described in 10,11. 

Manual measurements. The following measurements were performed manually 

using Fiji line region of interest (ROI) tool and “Analyse>Measure”. Growth 

expansion of the primordial midbrain channel (PMBC) was measured at the inner 

vascular edge at the position behind eyes. Distance of middle metencephalic central 

artery (MMCtA) was measured at the most anterior point. MMCtA angle was 

measured in the right MMCtA from its posterior to its anterior end. Posterior 

metencephalic central artery (PMCtA) angle was measured from its origin in the 

centre of the embryo to its right lateral end. 

Inter-sample Registration. Visual comparison of samples was used to identify and 

extract 11 anatomical landmarks which were found in all samples and distributed 

along the anterior-posterior, left-right, and dorso-ventral body axis. These 11 

anatomical landmarks (Fig. 2) were then used for manual landmark-based rigid 

registration using the Fiji Plugin “Name Landmarks and Register”. The automatic 

rigid inter-sample registration method, by Johannes Schindelin and Mark Longair, 

based on the Virtual Insect Brain Protocol (VIB) 30,31, was used with the following 

parameters: no initial transformation, 5 best matching orientations for further 

optimization, image down-sampling 2-6 times, no ROI reduction (i.e. bounding box 
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selection) for optimisation, using Euclidean measure of difference and showing 

transformed image.  

Target embryos, used as a template for registration, were selected based on (a) 

sample body-axis orientation along image axis (anterior-posterior along image y-

axis, coronal plane along image z-axis and x-axis), (b) all major vessels visualized in 

image, (c) no obvious abnormalities (ie. vascular patterning visually normal, no 

haemorrhaging, no gross defects). 

A dataset for registration validation was constructed by repetitive image acquisition 

of the same sample after manual displacement. This allowed quantification of 

registration outcomes following registration to the initial acquisition.  

To further examine 3D topological similarity between samples, six embryos were 

registered to a target and averages extracted. 

Similarity assessment. Vascular intra-sample left-right and inter-sample similarity 

(Sn) were visually assessed and Dice coefficient between target (T) and moving 

image (M) quantified using the Fiji Plugin MorphoLibJ 61 (Eq.1).  

�� � 2 ∑ |���|

∑�|�|�|�|	
     Eq.1 

 

Quantification. Vascular volume (Vn; Eq.2) quantification was performed in a cranial 

ROI as described previously 10,11, by multiplying histogram black voxel count (Vblack) 

following segmentation by the respective voxel volume (Vx,y,z).  

��  �  �
��
� � ��,�,�        Eq.2 

 

Vascular surface voxels (Sn) were quantified in the same cranial ROI after edge 

detection using Canny Edge detection 62.  

Vascular density (Dn; Eq.3) was quantified as vascular volume (Vn) as a proportion of 

total cranial ROI volume (Vtotal). 

��  �  �� / ������                  Eq.3 

 

Next, data were down-sampled (1920px to 512px using bilinear interpolation) to 

decrease processing time in the following steps: 

Euclidean Distance Maps (EDMn) of vascular voxel (v) distance to the nearest 

background voxel (b) were produced from binary segmented images using the Fiji 

plugin "Distance Map 3D", which calculates distance in three-dimensional Euclidean 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted August 10, 2020. ; https://doi.org/10.1101/2020.08.06.239905doi: bioRxiv preprint 

https://doi.org/10.1101/2020.08.06.239905


Quantification of the Zebrafish Brain Vasculature 

16 

 

space (Eq.4; Process > Binary > Distance Map in 3D; implemented by Jens Bache-

Wiig and Christian Henden63).  

	�
���,
	  �  �∑ 
� �� �  ��� �      Eq.4 

Centreline extraction was performed in segmented images using the Fiji "Skeletonize 

2D/3D" Plugin (by Ignacio Arganda-Carreras), based on 3D thinning 64, using a 

layer-by-layer removal. Centreline voxels (zero-valued in images) were quantified for 

total network length (Ln) analysis by quantification of vascular voxels (zero value) in 

histogram. 

The "Analyse Skeleton" Plugin in Fiji (Analyse > Skeleton > Analyse Skeleton 2D/3D; 

implemented by Ignacio Arganda-Carreras 65) was used to identify and measure the 

number of branching points (Analyse > Skeleton > Summarize Skeleton). 

To quantify vessel radii (Rn), EDMs were multiplied with extracted skeletons, 

resulting in 1D representation of vessel radii as represented by intensity of voxels. 

To analyse vascular complexity (Cn) by assessment of branching, Sholl dentritic 

arbor analysis (Eq.5) 66,67 was applied to 2D skeleton MIPs using the Fiji Sholl 

Analysis plugin 68 (developed and maintained by Tom Maddock, Mark Hiner, Curtis 

Rueden, Johannes Schindelin, and Tiago Ferreira).  

��  �  � ����
����� 

�����	
      Eq.5 

 

Where Cn is vascular complexity given by Sholl intersection profiles as number of 

branches with the distance from the shell centre, calculated with spheres of radius 

S(r), B being the region of interest examined, θ being a point on S(r), and χB(r,θ) is 

the function for point (r,θ) in B. Default parameters were used to create a sphere, 

except for distance from centre (700 voxel being the sphere size) and step size (5 

voxel being the shell step-size). The centre of the sphere was placed in the midbrain 

at the BA-PCS junctions. 

Intra-sample Symmetry. Intra-sample symmetry was assessed using the segmented 

vasculature to allow topological rather than intensity-based assessments. After 

manual selection of the central body axis (centrally along the basal aorta (BA), 

between L-R posterior communicating segments (PCS), between L-R MMCtA and 

the bifurcation point of L-R anterior cerebral vein (ACeV)), automatic image rotation 

was performed to align the anterior-posterior axis of samples with the image y-axis to 
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allow for mirroring. Following, the right vascular volume was automatically mirrored 

by horizontal image transformation and similarity was derived via voxel-overlap.  

Data representation. To visualize data, maximum intensity projections (MIP) were 

generated and intensity inversion was applied as appropriate to give the clearest 

rendering of relevant structures.  

 

Statistical analysis. Normality of data was tested using D'Agostino-Pearson 

omnibus test. Statistical analysis of normally distributed data was performed using a 

One-way ANOVA to compare multiple groups or Student’s t-test to compare two 

groups. Non-normally distributed data were analysed with a Kruskal-Wallis test to 

compare multiple groups, or Mann-Whitney test to compare two groups. Analysis 

was performed in GraphPad Prism Version 7 (GraphPad Software, La Jolla 

California USA). P values are indicated as follows: p<0.05 *, p<0.01 **, p<0.001 ***, 

p<0.0001 ****. Data represents mean and standard deviation (s.d.), if not otherwise 

stated. Cluster analysis was performed using ClustVis 69. Image representation was 

performed using Inkscape (https://www.inkscape.org). Data are available on request. 
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Figures 

 
Figure 1: Workflow for 3D image registration and quantification. 

A The original images (On) were motion-corrected, enhanced (En), and segmented 

(Sen).  
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Registration to template embryo brought all embryos into one spatial coordinate 

system (Ren) allowing the quantification of similarity (Sn), and followed by averaging 

(PAMn). 

Following ROI extraction, volume (Vn), surface voxel (An), and density (ρn) were 

quantified. EDMs (EDMn) were combined with vascular skeletons (Skn) for radius 

quantification (SDMn; Rn), while skeletons were used to quantify network length (Ln), 

branching points (BPn), and complexity (Cn).    

B Schematic of the parameters extracted. 

 

 

 
Figure 2: Testing and validation of rigid landmark- or object-based inter-

sample registration. 

(A-C) Anatomical landmarks chosen for landmark-based rigid registration were as 

follows: (1) left prosencephalic artery (PrA’), (2) right PrA (PrA’’), (3) junction point of 

left PrA and anterior cerebral vein (ACeV’), (4) junction point of right PrA’’ and 

ACeV’’, (5) junction of left posterior communicating segment (PCS’) to 

metencephalic artery (MtA’), (6) junction of right PCS’’ to MtA’’, (7) highest curvature 

point of ACeV’, (8) highest curvature point of ACeV’’, (9) left posterior junction point 

of posterior cerebral vein (PCeV’) and primordial hindbrain channel (PHBC’), (10) left 

posterior junction point pf PCeV’’ and PHBC’’, (11) junction point of middle cerebral 
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vein (MCeV) and dorsal longitudinal vein (DLV). Positions are indicated in 

representative image. 

D Same sample from two acquisitions overlaid following segmentation (green - 

template; magenta - moving image; white - overlap). 

E Samples after rigid anatomical landmark-based registration. 

F Samples after rigid automatic registration.  

G Dice coefficient was statistically significantly increased after landmark-based (p 

0.0017) and automatic registration (p 0.0003; n=5 embryos; 3 experimental repeats; 

One-Way ANOVA). 
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Figure 3: Inter-sample registration from 2-to-5dpf enables the study of regions 

of similarity and variability. 

A Depth-coded MIP showing regions of overlap (purple - ventral, white - dorsal) of 

six fish before registration from 2-5dpf. 

B Depth-coded MIP showing regions of overlap (purple - ventral, white - dorsal) of 

six fish after manual registration from 2-5dpf. 

C Depth-coded MIP showing regions of overlap (purple - ventral, white - dorsal) of 

six fish after automatic registration from 2-5dpf. 

D Dice coefficient between template and moving image was increased after 

application of rigid registration using both anatomical landmark-based and automatic 

rigid registration from 2-to-5dpf (2dpf n=7, 3dpf n=10, 4dpf n=10, 5dpf n=10; 2 

experimental repeats; Kruskal-Wallis test; ns p>0.5, *p 0.05-0.01, **p 0.01-0.001, 

***p 0.001-0.0001, ****p<0.0001). 

E Vascular volume was statistically significantly increased from 2-to-5dpf (p 0.0008; 

2dpf n=10, 3dpf n=12, 4dpf n=13, 5dpf n =15; One-Way ANOVA). 

F Vascular network length was statistically significantly increased from 2-to-5dpf (p 

0.0001; 2dpf n=10, 3dpf n=12, 4dpf n=13, 5dpf n =15; Kruskal-Wallis test). 

G Branching points were statistically significantly increased from 2-to-5dpf (p 0.0082; 

Kruskal-Wallis test). 

H Average vessel radius was not statistically significantly changed from 2-to-5dpf 

(p>0.9999; Kruskal-Wallis test). 

I Sholl analysis was conducted to assess vascular complexity, showing no significant 

increase from 2-to-5dpf (2-3dpf p 0.0340, 3-4dpf p 0.6825, 4-5dpf p 0.2000; 2-5dpf 

n=5; Kruskal-Wallis test). 
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Figure 4: The impact of blood flow loss on vascular topology. 

A MIPs of averaged data of uninjected controls, control MO, and tnnt2a MO following 

segmentation and registration. 

B A statistically significant decrease in Dice coefficient was found when comparing 

registered control MO to tnnt2a MO (p<0.0001; uninjected control=15, control 

MO=18, tnnt2a MO=10; Kruskal-Wallis test). 

C Vascular volume was statistically significantly decreased in tnnt2a MO (uninjected 

control p<0.0001, control MO p<0.0001; uninjected control=9, control MO=9, tnnt2a 

MO=6; One-Way ANOVA). 

D Vascular surface was statistically significantly decreased in tnnt2a MO (uninjected 

control p<0.0001, control MO p 0.0007; Kruskal-Wallis test). 
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E Vascular density was not statistically significantly changed in tnnt2a MO 

(uninjected control p 0.6514, control MO p 0.9082; One-Way ANOVA). 

F Branching points were statistically significantly decreased in tnnt2a MO (uninjected 

control p 0.0019, control MO p 0.0092; Kruskal-Wallis test). 

G Vascular network length was statistically significantly decreased in tnnt2a MO 

(uninjected control p 0.0033, control MO p 0.0209; Kruskal-Wallis test). 

H Average vessel radius was statistically significantly decreased in tnnt2a MO 

(uninjected control p 0.0050, control MO p 0.0067; Kruskal-Wallis test). 

I Vascular complexity was statistically significantly decreased in tnnt2a MO 

(uninjected control p 0.0050, control MO p 0.0067; Kruskal-Wallis test). 
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Figure 5: Quantification of vascular parameters and cluster analysis. 

(A) Percentage differences in mean values were quantified for the measured 

parameters (control MO to MO, and untreated to treated). 

(B) Cluster analysis identified four main clusters, including (1) inhibitors of anti-

angiogenic factors, (2) inhibitors of angiogenic factors, (3) factors inducing cellular 

changes, (4) osmotic pressure, and (5) factors with severe angiogenic defects.  
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Figure 6: Comparing regional similarity and left-right symmetry. 

A ROI selection allows comparison of vascular parameters in the midbrain (dashed 

line) and hindbrain (solid line). 

B Comparing the midbrain to the hindbrain, network length was not statistically 

significantly different (p 0.6168, n=10, unpaired Student’s t-test). 

C The average vessel radius was statistically significantly higher in the hindbrain (p 

0.0008, n=10, unpaired Student’s t-test). 

D The number of junctions was not statistically significantly different (p 0.0717, n=10, 

unpaired Student’s t-test). 

E Vascular volume was not statistically significantly different (p 0.3698, n=10, 

unpaired Student’s t-test). 

F ROI selection allows comparison of vascular parameters in the right (dashed line) 

and left (solid line) brain hemisphere. 

G Comparing the left-to-right vasculature, network length was not statistically 

significantly different (p 0.6830, n=10, unpaired Student’s t-test). 

H The average vessel radius was not statistically significantly different (p 0.5665, 

n=10, unpaired Student’s t-test). 

I The number of junctions was not statistically significantly different (p 0.8816, n=10, 

unpaired Student’s t-test). 

J Vascular volume was not statistically significantly different (p 0.5730, n=10, 

unpaired Student’s t-test). 

K Manual selection of left-right body axis (magenta) in segmented template fish used 

for image rotation and left-right separation in registered segmented images.  

L Image rotation was performed to align sample anterior-posterior axis with image x-

axis.  

M Right vascular volume was mirrored and vascular volume quantified for the left 

and right vasculature.  

N,O Similarity measures were extracted to compare left and mirrored right 

vasculature.  

P Left and right vascular network length were quantified after skeletonization to 

extract vascular centrelines (representative images). 

Q MIPs of left (green) and right (magenta) vasculature, showing regions of similarity 

(white). 
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R Representative mircographs of regions of left-right vascular overlap from one 

example fish. 

S Schematics showing left-right symmetric vessels from 2-to-5dpf. 

T Cranial vascular volume was found to statistically significantly increase from 2-to-

5dpf (p<0.0001), while no statistically significant difference was found between the 

vascular volume of the left (L) and right (R) brain hemisphere (L-R 2dpf p<0.9999, 

3dpf p>0.9999, 4dpf p>0.9999, 5dpf p 0.9946; embryos n 2dpf=9, 3dpf=9, 4dpf=9, 

5dpf=10; 2 experimental repeats; One-way ANOVA).  

U Cranial vascular network length was found to statistically significantly increase 

from 2-to-5dpf (p 0.0194), while no statistically significant L-R difference was found 

(L-R 2dpf p<0.9999, 3dpf p>0.9999, 4dpf p>0.9999, 5dpf p>0.9999; samples as 

above; Kruskal-Wallis test). 

V Dice coefficient was not statistically significantly changed between the left and 

right vasculature from 2-to-5dpf (p 0.8058; One-way ANOVA; embryos n 2dpf=9, 

3dpf=9, 4dpf=10, 5dpf=10; data from 2 experimental repeats).  
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SDoc 1: Workflow Documentation for using the image analysis approach (.pdf 

file).  

Deposited on Github (https://github.com/ElisabethKugler/ZFVascularQuantification) 

and doi assigned with zenodo (https://doi.org/10.5281/zenodo.3978278). 

SDoc 2: Code – Individual Macros and code for GUI (.zip file). 

Deposited on Github (https://github.com/ElisabethKugler/ZFVascularQuantification) 

and doi assigned with zenodo (https://doi.org/10.5281/zenodo.3978278). 

SDoc 3: Test Data.  

SDoc 4: Screencast. 
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Figure S1: Manual quantification allowed the identification of anatomical 

landmarks for registration.  

A Manual measurements were performed on the primordial midbrain channel 

(PMBC) and middle mesencephalic central artery (MMCtA).  

B Distance between PMBC’ and PMBC’’ was found to statistically significantly 

increase from 2-to-4dpf (2-3dpf p<0.0001, 3-4dpf p<0.0001, 4-5dpf p 0.1786; 

embryos n 2dpf=10 (2 experimental repeats), 3dpf=25, 4dpf=25, 5dpf=25; 4 

experimental repeats; One-way ANOVA).  
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C Distance between anterior ends of MMCtA’ and MMCtA’’ was found to statistically 

significantly decrease from 2-to-4dpf (2-3dpf p<0.0001, 3-4dpf p 0.0137, 4-5dpf p 

0.9739; embryos n 2dpf=10 (2 experimental repeats), 3dpf=18, 4dpf=18, 5dpf=18; 3 

experimental repeats; One-way ANOVA).  

D Manual measurements were performed to measure MMCtA’’ length, MMCtA’’ 

angle, and PMCtA’’ angle.  

E MMCtA’’ length was found to statistically significantly increase from 2-to-3dpf, but 

not 3-to-5dpf (2-3dpf p<0.0001, 3-4dpf p 0.7138, 4-5dpf p 0.9773; embryos n 

2dpf=10 (2 experimental repeats), 3dpf=24, 4dpf=24, 5dpf=24; 4 experimental 

repeats; One-way ANOVA).  

F MMCtA’’ angle was found to statistically significantly increase from 2-to-3dpf, but 

not 3-to-5dpf (2-3dpf p 0.0028, 3-4dpf p>0.9999, 4-5dpf p 0.0657; embryos n 

2dpf=10, 3dpf=10, 4dpf=10, 5dpf=10; 2 experimental repeats; Kruskal-Wallis test).  

G PMCtA’’ angle was found to statistically significantly decrease from 2-to-3dpf, but 

not 3-to-5dpf (2-3dpf p 0.0003, 3-4dpf p 0.2790, 4-5dpf p 0.7652; embryos n 

2dpf=10, 3dpf=10, 4dpf=10, 5dpf=10; 2 experimental repeats; One-way ANOVA).  

G,H Data showed that MMCtA moved towards embryonic midline, whilst PMCtA 

moved posteriorly. 
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Figure S2: Sample registration allows visualisation of inter-individual vascular 

similarity.  

(A) 3D rendering of six unregistered segmented embryos with individual embryos 

being colour-coded. 

(B) 3D rendering of the same six embryos as (A) following registration. 

(C) 3D rendering of the same six embryos as (B) following averaging, showing 

regions of increased similarity in darker colours. 

(D) 3D rendering of the same six embryos as (C) following ROI selection. 

(E) 3D rendering of six 3dpf embryos following segmentation, registration, averaging, 

and ROI selection. 

(F) 3D rendering of six 4dpf embryos following segmentation, registration, averaging, 

and ROI selection. 

(G) 3D rendering of six 5dpf embryos following segmentation, registration, 

averaging, and ROI selection. 
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Table S1: Quantification of similarity, volume, surface voxels, density, branching 

points, network length, network radius, and network complexity was conducted 

following morpholino-based knock-down of tnnt2a, jagged-1a, jagged-1b, dll4, 

notch1b, and ccbe1 and application of chemicals for VEGF inhibition, Notch 

inhibition, NOS inhibition, Wnt inhibition, Wnt activation, F-actin polymerization 

inhibition, Myosin II inhibition, osmotic pressure (OP) increase, and membrane 

rigidity (MR) decrease. 

Percentages represent difference of mean value between control morpholino (MO) 

and MO, or controls and treatment groups. Bold indicates statistically significant 

difference. 

Abbreviations: act. – activation, inh. – inhibition, NOS – nitric oxide synthase, MR – 

membrane rigidity, OP – osmotic pressure; 
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MORPHOLINO 
KNOCKDOWN                 

tnnt2a  -57% -39% -40% -0% -52% -37% -17% -40% 

jagged-1a  +4% -3% -6% -5% -24% -26% -4% -7% 

jagged-1b -16% -12% -13% -3% -14% -19% -3% -13% 

dll4 -38% -14% -14% -14% -15% -25% +4% -14% 

notch1b -13% +3% +6% -10% -3% -2% -1% +3% 

ccbe1 +18% -19% -21% +3% -27% -24% -3% -27% 

PHARMACOLOGICAL 
TREATMENTS                 

VEGF inhibition -4% -10% -9% -2% -15% -13% -3% -10% 

Notch inhibition -2% +9% +9% -1% +5% +7% +2% +2% 

NOS inhibition +8% +12% +12% -1% +10% +9% +3% +10% 

Wnt inhibition -2% -6% -6% +2% -5% -6% -2% +1% 

Wnt activation +38% -4% -4% -0% -6% -6% -1% -1% 
Actin polymerization 
inhibition -40% -25% -17% -15% -39% -28% -12% -24% 

Myosin II inhibition -8% -25% -17% +3% -26% -17% -14% -12% 

Osmotic pressure increase  -4% -4% -4% +1% -2% +3% -1% +1% 

Membrane rigidity decrease -2% -1% -1% +1% -3% -3% -1% +4% 
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Figure S3: The impact jagged-1a knock-down on vascular topology. 

A MIPs of averaged data of uninjected controls, control MO, and jagged-1a MO 

following segmentation and registration. 
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B No statistically significant difference was found when comparing registered control 

MO to jagged-1a MO (p 0.6359; uninjected control=9, control MO=12, jagged-1a 

MO=10; Kruskal-Wallis test). 

C Vascular volume was not statistically significantly changed in jagged-1a MO 

(uninjected control p>0.9999, control MO p>0.9999; uninjected control=11, control 

MO=12, jagged-1a MO=10; Kruskal Wallis test). 

D Vascular surface was not statistically significantly changed in jagged-1a MO 

(uninjected control p 0.9254, control MO p 0.6702; One-Way ANOVA). 

E Vascular density was not statistically significantly changed in jagged-1a MO 

(uninjected control p 0.8905, control MO p 0.6131; One-Way ANOVA). 

F Branching points were statistically significantly decreased in jagged-1a MO in 

comparison to control MO (uninjected control p 0.6219, control MO p 0.0041; 

Kruskal-Wallis test). 

G Vascular network length was statistically significantly decreased in jagged-1a MO 

in comparison to control MO (uninjected control p 0.2140, control MO p 0.0006; One-

Way ANOVA). 

H Average vessel radius was not statistically significantly changed in jagged-1a MO 

(uninjected control p 0.9876, control MO p 0.2966; One-Way ANOVA). 

I Vascular complexity was not statistically significantly changed in jagged-1a MO 

(uninjected control p>0.9999, control MO p>0.9999; Kruskal-Wallis test). 
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Figure S4: The impact jagged-1b knock-down on vascular topology. 

A MIPs of averaged data of uninjected controls, control MO, and jagged-1b MO 

following segmentation and registration. 

B No statistically significant difference was found when comparing registered control 

MO to jagged-1b MO (p 0.4737; uninjected control=18, control MO=21, jagged-1b 

MO=21; Kruskal-Wallis test). 

C Vascular volume was statistically significantly decreased in jagged-1b MO in 

comparison to control MO (uninjected control p 0.0848, control MO p 0.0222; 

uninjected control=21, control MO=21, jagged-1b MO=21; One-Way ANOVA). 
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D Vascular surface was statistically significantly decreased in jagged-1b MO 

(uninjected control p 0.0204, control MO p 0.0124; One-Way ANOVA). 

E Vascular density was not statistically significantly changed in jagged-1b MO 

(uninjected control p>0.9999, control MO p 0.1694; One-Way ANOVA). 

F Branching points were not statistically significantly changed in jagged-1b MO 

(uninjected control p 0.2515, control MO p 0.1484; One-Way ANOVA). 

G Vascular network length was statistically significantly decreased in jagged-1b MO 

in comparison to control MO (uninjected control p 0.1339, control MO p 0.0082; One-

Way ANOVA). 

H Average vessel radius was not statistically significantly changed in jagged-1b MO 

(uninjected control p 0.0922, control MO p 0.1601; One-Way ANOVA). 

I Vascular complexity was not statistically significantly changed in jagged-1b MO 

(uninjected control p >0.9999, control MO p 0.7584; Kruskal-Wallis test). 
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Figure S5: The impact dll4 knock-down on vascular topology. 

A MIPs of averaged data of uninjected controls, control MO, and dll4 MO following 

segmentation and registration. 

B A statistically significant decrease was found when comparing registered control 

MO to dll4 MO (p 0.0103; uninjected control=20, control MO=23, dll4 MO=23; 

Kruskal-Wallis test). 

C Vascular volume was statistically significantly decreased in dll4 MO (uninjected 

control p 0.0023; control MO p 0.0017; uninjected control=23, control MO=23, dll4 

MO=23; One-Way ANOVA). 
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D Vascular surface was statistically significantly decreased in dll4 MO (uninjected 

control p 0.0007, control MO p 0.0006; One-Way ANOVA). 

E Vascular density was statistically significantly decreased in dll4 MO in comparison 

to control MO (uninjected control p 0.3718, control MO p 0.0028; One-Way ANOVA). 

F Branching points were statistically significantly decreased in dll4 MO in comparison 

to control MO (uninjected control p 0.4662, control MO p 0.0484; Kruskal-Wallis 

test). 

G Vascular network length was statistically significantly decreased in dll4 MO 

(uninjected control p 0.0076, control MO p 0.0004; Kruskal-Wallis test). 

H Average vessel radius was not statistically significantly changed in dll4 MO 

(uninjected control p 0.5547, control MO p 0.7673; Kruskal-Wallis test). 

I Vascular complexity was not statistically significantly changed in dll4 MO 

(uninjected control p>0.9999, control MO p>0.9999; Kruskal-Wallis test). 
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Figure S6: The impact notch1b knock-down on vascular topology. 

A MIPs of averaged data of uninjected controls, control MO, and notch1b MO 

following segmentation and registration. 

B No statistically significant difference was found when comparing registered control 

MO to notch1b MO (p 0.9922; uninjected control=20, control MO=21, notch1b 

MO=23; Kruskal-Wallis test). 

C Vascular volume was not statistically significantly changed in notch1b MO 

(uninjected control p 0.9634, control MO p>0.9999; uninjected control=23, control 

MO=23, notch1b MO=23; Kruskal-Wallis test). 
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D Vascular surface was not statistically significantly changed in notch1b MO 

(uninjected control p 0.2296, control MO p>0.9999; Kruskal-Wallis test). 

E Vascular density was not statistically significantly changed in notch1b MO 

(uninjected control p 0.6589, control MO p 0.1010; Kruskal-Wallis test). 

F Branching points were not statistically significantly changed in notch1b MO 

(uninjected control p 0.1018, control MO p 0.8225; One-Way ANOVA). 

G Vascular network length was not statistically significantly changed in notch1b MO 

(uninjected control p 0.2077, control MO p 0.8787; One-Way ANOVA). 

H Average vessel radius was not statistically significantly changed in notch1b MO 

(uninjected control p 0.7102, control MO p>0.9999; Kruskal-Wallis test). 

I Vascular complexity was not statistically significantly changed in notch1b MO 

(uninjected control p>0.9999, control MO p>0.9999; Kruskal-Wallis test). 

 

 

 

 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted August 10, 2020. ; https://doi.org/10.1101/2020.08.06.239905doi: bioRxiv preprint 

https://doi.org/10.1101/2020.08.06.239905


Quantification of the Zebrafish Brain Vasculature 

 
Figure S7: The impact ccbe1 knock-down on vascular topology. 

A MIPs of averaged data of uninjected controls, control MO, and ccbe1 MO following 

segmentation and registration. 

B No statistically significant difference was found when comparing registered control 

MO to ccbe1 MO (p 0.9061; uninjected control=19, control MO=20, ccbe1 MO=21; 

Kruskal-Wallis test). 

C Vascular volume was statistically significantly decreased in ccbe1 MO (uninjected 

control p<0.0001, control MO p<0.0001; uninjected control=23, control MO=21, 

ccbe1 MO=23; One-Way ANOVA). 
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D Vascular surface was statistically significantly decreased in ccbe1 MO (uninjected 

control p<0.0001, control MO p<0.0001; One-Way ANOVA). 

E Vascular density was not statistically significantly changed in ccbe1 MO 

(uninjected control p 0.4194, control MO p 0.7287; One-Way ANOVA). 

F Branching points were statistically significantly decreased in ccbe1 MO (uninjected 

control p 0.0283, control MO p<0.0001; Kruskal-Wallis test). 

G Vascular network length was statistically significantly decreased in ccbe1 MO 

(uninjected control p 0.0032, control MO p<0.0001; Kruskal-Wallis test). 

H Average vessel radius was not statistically significantly changed in ccbe1 MO 

(uninjected control p 0.6170, control MO p 0.3152; One-Way ANOVA). 

I Vascular complexity was not statistically significantly changed in ccbe1 MO 

(uninjected control p 0.8835, control MO p 0.6544; Kruskal-Wallis test). 
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Figure S8: The impact of VEGF inhibition on vascular topology. 

A MIPs of averaged data of control and AV951 treated samples following 

segmentation and registration. 

B No statistically significant difference was found when comparing registered 

controls to VEGF inhibitor treated samples (p>0.9999; control=18, AV951=23; 

Kruskal-Wallis test). 

C Vascular volume was statistically significantly decreased in AV951 treated 

samples (p 0.0014; control=22, AV951=23; Mann-Whitney U test). 
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D Vascular surface was statistically significantly decreased in AV951 treated 

samples (p 0.0010; Mann-Whitney U test). 

E Vascular density was not statistically significantly changed in AV951 treated 

samples (p 0.1048; unpaired t-test). 

F Branching points were statistically significantly decreased in AV951 treated 

samples (p 0.0016; Mann-Whitney U test). 

G Vascular network length was not statistically significantly changed in AV951 

treated samples (p 0.0004; Mann-Whitney U test). 

H Average vessel radius was statistically significantly reduced in AV951 treated 

samples (p 0.0371; unpaired Student's t-test). 

I Vascular complexity was not statistically significantly changed in AV951 treated 

samples (p 0.4949; Mann-Whitney U test). 
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Figure S9: The impact of Notch inhibition on vascular topology. 

A MIPs of averaged data of control and DAPT treated samples following 

segmentation and registration. 

B No statistically significant difference was found when comparing registered 

controls to Notch inhibitor treated samples (p>0.9999; control=19, DAPT=24; 

Kruskal-Wallis test). 
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C Vascular volume was statistically significantly increased in DAPT treated samples 

(p 0.039; control=24, DAPT=24; unpaired t-test). 

D Vascular surface was statistically significantly decreased in DAPT treated samples 

(p 0.0226; unpaired t-test). 

E Vascular density was not statistically significantly changed in DAPT treated 

samples (p 0.8023; Mann-Whitney U test). 

F Branching points were not statistically significantly changed in DAPT treated 

samples (p 0.2976; unpaired Student's t-test). 

G Vascular network length was not statistically significantly changed in DAPT treated 

samples (p 0.1436; unpaired Student's t-test). 

H Average vessel radius was not statistically significantly changed in DAPT treated 

samples (p 0.2334; unpaired Student's t-test). 

I Vascular complexity was not statistically significantly changed in DAPT treated 

samples (p 0.8276; Mann-Whitney U test). 
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Figure S10: The impact of NOS inhibition on vascular topology. 

A MIPs of averaged data of control and L-NAME treated samples following 

segmentation and registration. 

B No statistically significant difference was found when comparing registered 

controls to NOS inhibitor treated samples (p 0.2008; control=13, L-NAME=17; One-

way ANOVA). 

C Vascular volume was not statistically significantly changed in L-NAME treated 

samples (p 0.0642; control=16, L-NAME=17; unpaired t-test). 
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D Vascular surface was not statistically significantly changed in L-NAME treated 

samples (p 0.0600; unpaired t-test). 

E Vascular density was not statistically significantly changed in L-NAME treated 

samples (p 0.8939; Mann-Whitney U test). 

F Branching points were not statistically significantly changed in L-NAME treated 

samples (p 0.6272; Mann-Whitney U test). 

G Vascular network length was not statistically significantly changed in L-NAME 

treated samples (p 0.6272; Mann-Whitney U test). 

H Average vessel radius was not statistically significantly changed in L-NAME 

treated samples (p 0.0913; unpaired Student's t-test). 

I Vascular complexity was not statistically significantly changed in L-NAME treated 

samples (p 0.7850; Mann-Whitney U test). 
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Figure S11: The impact of Wnt inhibition on vascular topology. 

A MIPs of averaged data of control and XAV939 treated samples following 

segmentation and registration. 

B No statistically significant difference was found when comparing registered 

controls to Wnt inhibitor treated samples (p>0.9999; control=19, XAV939=20; 

Kruskal-Wallis test). 

C Vascular volume was not statistically significantly changed in XAV939 treated 

samples (p 0.1419; control=22, XAV939=20; Mann-Whitney U test). 
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D Vascular surface was not statistically significantly changed in XAV939 treated 

samples (p 0.0994; Mann-Whitney U test). 

E Vascular density was not statistically significantly changed in XAV939 treated 

samples (p 0.9950; Mann-Whitney U test). 

F Branching points were not statistically significantly changed in XAV939 treated 

samples (p 0.2306; unpaired Student's t-test). 

G Vascular network length was not statistically significantly changed in XAV939 

treated samples (p 0.1819; unpaired Student's t-test). 

H Average vessel radius was not statistically significantly changed in XAV939 

treated samples (p 0.2306; unpaired Student's t-test). 

I Vascular complexity was not statistically significantly changed in XAV939 treated 

samples (p 0.9643; Mann-Whitney U test). 
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Figure S12: The impact of Wnt activation on vascular topology. 

A MIPs of averaged data of control and GSK3 inhibitor treated samples following 

segmentation and registration. 

B No statistically significant difference was found when comparing registered 

controls to Wnt activator treated samples (p 0.0756; control=19, GSK3 inhibitor=21; 

Kruskal-Wallis test). 

C Vascular volume was not statistically significantly changed in GSK3 inhibitor 

treated samples (p 0.2031; control=22, GSK3 inhibitor=21; unpaired t-test). 
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D Vascular surface was not statistically significantly changed in GSK3 inhibitor 

treated samples (p 0.2108; unpaired t-test). 

E Vascular density was not statistically significantly changed in GSK3 inhibitor 

treated samples (p 0.8633; unpaired t-test). 

F Branching points were not statistically significantly changed in GSK3 inhibitor 

treated samples (p 0.1710; unpaired Student's t-test). 

G Vascular network length was not statistically significantly changed in GSK3 

inhibitor treated samples (p 0.1014; Mann-Whitney U test). 

H Average vessel radius was not statistically significantly changed in GSK3 inhibitor 

treated samples (p 0.2017; unpaired Student's t-test). 

I Vascular complexity was not statistically significantly changed in GSK3 inhibitor 

treated samples (p 0.7764; Mann-Whitney U test). 
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Figure S13: The impact of actin polymerization inhibition on vascular topology. 

A MIPs of averaged data of control and Latrunculin B treated samples following 

segmentation and registration. 

B A statistically significant reduction was found when comparing registered controls 

to F-actin inhibitor treated samples (p<0.0001; control=11, Latrunculin B=12; One-

way ANOVA). 

C Vascular volume was statistically significantly decreased in Latrunculin B treated 

samples (p 0.0008; control=13, Latrunculin B=12; unpaired t-test). 
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D Vascular surface was statistically significantly decreased in Latrunculin B treated 

samples (p 0.0119; unpaired t-test). 

E Vascular density was statistically significantly decreased in Latrunculin B treated 

samples (p 0.0008; unpaired t-test). 

F Branching points were statistically significantly decreased in Latrunculin B treated 

samples (p<0.0001; Mann-Whitney U test). 

G Vascular network length was statistically significantly decreased in Latrunculin B 

treated samples (p<0.0001; Mann-Whitney U test). 

H Average vessel radius was statistically significantly reduced in Latrunculin B 

treated samples (p 0.0002; Mann-Whitney U test). 

I Vascular complexity was not statistically significantly changed in Latrunculin B 

treated samples (p 0.1829; Mann-Whitney U test). 
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Figure S14: The impact of Myosin II inhibition on vascular topology. 

A MIPs of averaged data of control and Blebbistatin treated samples following 

segmentation and registration. 

B No statistically significant difference was found when comparing registered 

controls to Myosin II inhibitor treated samples (p 0.5737; control=17, Blebbistatin=23; 

Kruskal-Wallis test). 

C Vascular volume was statistically significantly decreased in Blebbistatin treated 

samples (p<0.0001; control=21, Blebbistatin=23; unpaired t-test). 
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D Vascular surface was statistically significantly decreased in Blebbistatin treated 

samples (p<0.0001; Mann-Whitney U test). 

E Vascular density was not statistically significantly changed in Blebbistatin treated 

samples (p 0.4097; unpaired t-test). 

F Branching points were statistically significantly decreased in Blebbistatin treated 

samples (p<0.0001; unpaired Student's t-test). 

G Vascular network length was statistically significantly decreased in Blebbistatin 

treated samples (p<0.0001; Mann-Whitney U test). 

H Average vessel radius was statistically significantly reduced in Blebbistatin treated 

samples (p <0.0001; unpaired Student's t-test). 

I Vascular complexity was not statistically significantly changed in Blebbistatin 

treated samples (p 0.4909; Mann-Whitney U test). 
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Figure S15: The impact of osmotic pressure increase on vascular topology. 

A MIPs of averaged data of control and glucose treated samples following 

segmentation and registration. 

B No statistically significant difference was found when comparing registered 

controls to glucose treated samples (p 0.4559; control=16, glucose=18; One-way 

ANOVA). 

C Vascular volume was not statistically significantly changed in glucose treated 

samples (p 0.3183; control=18, glucose=18; unpaired Student's t-test). 
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D Vascular surface was not statistically significantly changed in glucose treated 

samples (p 0.3472; unpaired t-test). 

 

E Vascular density was not statistically significantly changed in glucose treated 

samples (p 0.6678; unpaired t-test). 

F Branching points were not statistically significantly changed in glucose treated 

samples (p 0.7434; unpaired Student's t-test). 

G Vascular network length was not statistically significantly changed in glucose 

treated samples (p 0.4488; unpaired Student's t-test). 

H Average vessel radius was not statistically significantly changed in glucose treated 

samples (p 0.7016; Mann-Whitney U test). 

I Vascular complexity was not statistically significantly changed in glucose treated 

samples (p 0.9824; Mann-Whitney U test). 
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Figure S16: The impact of membrane rigidity decrease on vascular topology. 

A MIPs of averaged data of control and DMSO treated samples following 

segmentation and registration. 

B No statistically significant difference was found when comparing registered 

controls to DMSO treated samples (p 0.8399; control=21, DMSO=22; One-way 

ANOVA). 

C Vascular volume was not statistically significantly changed in DMSO treated 

samples (p 0.9047; control=24, DMSO=22; Mann-Whitney U test). 

D Vascular surface was not statistically significantly changed in DMSO treated 

samples (p>0.9999; Mann-Whitney U test). 
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E Vascular density was not statistically significantly changed in DMSO treated 

samples (p 0.7566; unpaired t-test). 

F Branching points were not statistically significantly changed in DMSO treated 

samples (p 0.6909; Mann-Whitney U test). 

G Vascular network length was not statistically significantly changed in DMSO 

treated samples (p 0.4015; unpaired Student's t-test). 

H Average vessel radius was not statistically significantly changed in DMSO treated 

samples (p 0.2676; unpaired Student's t-test). 

I Vascular complexity was not statistically significantly changed in DMSO treated 

samples (p 0.5631; Mann-Whitney U test). 
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Figure S17: Vascular radius information is saved as one-voxel-thick 

representations, allowing for further examination.  

Image shows vessel radii on nine embryos. 

 

 

 

 
Figure S18: A graphical user interface (GUI) was implemented to allow 

dissemination and applicability of the developed workflow. 
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Supplementary Videos 

Video S1 – 2dpf inter-sample registration. 

Video S2 – 3dpf inter-sample registration. 

Video S3 – 4dpf inter-sample registration. 

Video S4 – 5dpf inter-sample registration. 

 

Video S5 – Inter-sample registration after tnnt2a knock-down. 

Structural similarity was statistically significantly reduced in tnnt2a MO (red) in 

comparison to control MO (white). 

Video S6 – Inter-sample registration after jagged-1a knock-down. 

Structural similarity was not statistically significantly altered in jagged-1a MO (red) in 

comparison to control MO (white). 

Video S7 – Inter-sample registration after jagged-1b knock-down. 

Structural similarity was not statistically significantly altered in jagged-1b MO (red) in 

comparison to control MO (white). 

Video S8 – Inter-sample registration after dll4 knock-down. 

Structural similarity was statistically significantly reduced in dll4 MO (red) in 

comparison to control MO (white). 

Video S9 – Inter-sample registration after notch1b knock-down. 

Structural similarity was not statistically significantly altered in notch1b MO (red) in 

comparison to control MO (white). 

Video S10 – Inter-sample registration after ccbe1 knock-down. 

Structural similarity was not statistically significantly altered in ccbe1 MO (red) in 

comparison to control MO (white). 

 

Video S11 – Inter-sample registration after VEGF inhibition. 

Structural similarity was not statistically significantly altered upon AV951 treatment 

(red) in comparison to controls (white). 

Video S12 – Inter-sample registration after Notch inhibition. 

Structural similarity was not statistically significantly altered upon DAPT treatment 

(red) in comparison to controls (white). 

Video S13 – Inter-sample registration after NOS inhibition. 

Structural similarity was not statistically significantly altered upon L-NAME treatment 

(red) in comparison to controls (white). 
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Video S14 – Inter-sample registration after Wnt inhibition.  

Structural similarity was not statistically significantly altered upon XAV939 treatment 

(red) in comparison to controls (white). 

Video S15 – Inter-sample registration after Wnt activation. 

Structural similarity was not statistically significantly altered upon GSK3 inhibitor 

treatment (red) in comparison to controls (white). 

Video S16 – Inter-sample registration after actin polymerization inhibition. 

Structural similarity was statistically reduced upon Latrunculin B treatment (red) in 

comparison to controls (white). 

Video S17 – Inter-sample registration after Myosin II inhibition. 

Structural similarity was not statistically significantly altered upon Blebbistatin 

treatment (red) in comparison to controls (white). 

Video S18 – Inter-sample registration after osmotic pressure increase. 

Structural similarity was not statistically significantly altered upon glucose treatment 

(red) in comparison to controls (white). 

Video S19 – Inter-sample registration after membrane rigidity increase. 

Structural similarity was not statistically significantly altered upon DMSO treatment 

(red) in comparison to controls (white). 

 

Video S20 – 3dpf intra-sample left-right symmetry. 3D rendering of overlapped 

left (green) and right (magenta) vasculature at 3dpf. 
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