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Abstract: Metalloproteinases are zinc-dependent endopeptidases that function as primary effectors 
of tissue remodelling, cell-signalling, and many other roles.  Their regulation is ferociously 
complex, and is exquisitely sensitive to their molecular milieu, making in vivo studies challenging. 
Phenanthroline (PhN) is an inexpensive, broad-spectrum inhibitor of metalloproteinases that 
functions by chelating the catalytic zinc ion, however its use in vivo has been limited due to 
suspected off-target effects. PhN is very similar in structure to phenanthrene (Phe), a well-studied 
poly aromatic hydrocarbon (PAH) known to cause toxicity in aquatic animals by activating the aryl 
hydrocarbon receptor (AhR). We show that zebrafish are more sensitive to PhN than Phe, and that 
PhN causes a superset of the effects caused by Phe. Morpholino knock-down of the AhR rescues 
the effects of PhN that are shared with Phe, suggesting these are due to PAH toxicity. The effects of 
PhN that are not shared with Phe (specifically disruption of neural crest development and 
angiogenesis) involve processes known to depend on metalloproteinase activity. Furthermore 
these PhN-specific effects are not rescued by AhR knock-down, suggesting that these are bona fide 
effects of metalloproteinase inhibition, and that PhN can be used as a broad spectrum 
metalloproteinase inhibitor for studies with zebrafish in vivo. 
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1. Introduction 

 Among metalloproteins, the metalloproteinases are often singled out as crucial mediators 
of extracellular matrix (ECM) remodeling in development and disease [1-3].  The matrix 
metalloproteinases (MMPs), a disintegrin and metalloproteinase domain containing proteins 
(ADAMs), and ADAMs with thrombospondin motifs (ADAMTSs) are evolutionarily related 
proteases containing a metzincin motif in their catalytic domain, so called because of the conserved 
methionine residue proximate to the zinc-binding catalytic site [3-5].  Best known for their roles in 
the hydrolysis of otherwise proteolytically resistant ECM proteins, especially during normal and 
pathological tissue remodeling, these proteases have more recently become recognized as essential 
components of signal transduction pathways — mediating the presentation of extracellular ligands, 
availability of cell surface receptors, etc. — and even intracellular processes [3,6-10]. 

 Most of what we know about metalloproteinases is based on in vitro studies; the 
complexity of metalloproteinase regulation, and limitations of popular vertebrate model systems 
have made in vivo work especially difficult, and yet all the more important, as it is becoming 
increasingly clear that the tissue context in which these proteases function has enormous importance 
[11, 12].  The zebrafish, long favored by developmental biologists and aquatic toxicologists, has 
emerged as a powerful vertebrate model in which to study the regulation of these proteases in vivo 
[13]. In addition to the availability of a wide variety of transgenic and mutant lines, the zebrafish is 
amenable to forward and reverse genetics, its genome is well characterized and can be manipulated 
using technologies such as CRISPR/Cas9, it develops rapidly and externally as a nearly transparent 
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embryo allowing imaging of tissue remodeling and even protease activity in the living animal [14, 
15].  The zebrafish embryo has also recently become a favored model for the study of tumour cell 
behavior in xenografting experiments [16], increasing the importance of investigating the effects of 
compounds that may be relevant to the study of mammalian cells in the context of zebrafish 
development. 

 Because of their central roles in tumour metastasis and other devastating pathologies, 
inhibitors of metalloproteinases have been the objects of intense investigation. In addition to  
natural inhibitors endogenous to tissues (e.g. tissue inhibitor of metalloprotenases (TIMPs), 
reversion-inducing-cysteine-rich protein with kazal motifs (RECK), α1 proteinase inhibitor, etc.), a 
wide variety of pharmacological inhibitors have been developed. These compounds fall largely into 
the categories of peptidomemetics, tetracycline derivatives, bisphosphonates, and non-specific 
zinc-chelators [17].  Among the latter, phenanthroline (PhN) is a tricyclic aromatic hydrocarbon 
with nitrogen atoms at positions 1 and 10, which allow it to bind zinc (Fig. 1a). PhN is a broad 
spectrum metalloproteinase inhibitor with IC50 values in the µM range for a wide variety of these 
enzymes [18].  However, as a polyaromatic hydrocarbon (PAH) very chemically similar to 
phenanthrene (Phe) (Fig. 1b), PhN is expected to have non-specific toxic effects, and is therefore 
rarely used in vivo. 

 

 
Figure 1. Phenanthroline (PhN) and phenanthrene (Phe) are structurally similar PAHs. 

Phenanthroline (a) is a tricyclic aromatic hydrocarbon with nitrogens at positions 1 and 10, which 
allow it to bind zinc, making it a potent inhibitor of metalloproteinases.  Phenanthrene (b) is a 
classical polyaromatic hydrocarbon (PAH) frequently used in the study of PAH-toxicity, but which 
has no known activity with respect to metalloproteinases. 

 
 PAH toxicity is mediated through the aryl hydrocarbon receptor (AhR). When AhR binds a 

PAH, it is targeted to the nucleus by dimerizing with the aryl hydrocarbon receptor nuclear 
translocator (ARNT) [19]. The activated AhR/ARNT dimer forms a transcriptional activator, 
triggering expression of cytochrome P450 family members. Thus, exposure to PAHs during early 
embryonic development results in high levels of cytochrome P450 expression [20]. In fish, this 
response is an adaptive mechanism for metabolizing the low concentrations of PAHs sometimes 
encountered in aquatic environments. However, the activity of cytochrome P450 results in the 
production of reactive oxygen species (ROS), so when PAHs are present at high concentrations the 
activity of this enzyme results in damage associated with high ROS levels [21]. 

 Aquatic toxicologists have investigated the effects of PAHs on fish extensively [22-24]. 
PAH-toxicity often manifests as ‘blue-sac’ disease, characterized by spinal curvature, pericardial 
edema, yolk-sac edema and reduced viteline circulation [25, 26]. Morpholino knock down of AhR2 
in zebrafish can reduce the induction of cytochrome P450 by PAHs, rescuing embryos from some 
aspects of PAH toxicity [27, 28]. Phe binds the AhR, and is a well-characterized compound widely 
used in the study of PAH toxicity [29], and is also very chemically similar to PhN (Fig. 1).  We 
therefore reasoned that comparing the effects of Phe and PhN on the development of zebrafish, 
paying particular attention to processes thought to be dependent on metalloproteinase activity, 
combined with analyzing the protective effects (if any) of AhR2 knock-down, might allow us to 
dissect the metalloproteinase-inhibition-mediated and PAH-toxicity-mediated effects of PhN. 

 We show here that zebrafish embryos are notably more sensitive to PhN than Phe, and that 
PhN causes a superset of the effects of Phe.  The effects common to Phe and PhN are characteristic 
of PAH toxicity and are at least partially rescued by a morpholino targeting AhR2.  The effects of 
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PhN not seen in embryos treated with Phe include disruptions of neural crest derived pigmentation 
and craniofacial development, and angiogenesis; processes thought to depend heavily on 
metalloproteinase activity.  We therefore conclude that PhN has activities both as a 
metalloproteinase inhibitor and as a PAH, but that the latter can be largely avoided by using it at 
concentrations below 10 µM for in vivo experiments. 

2. Results 

2.1. Zebrafish embryos are more sensitive to PhN than Phe  

 We compared the effects of phenanthrene (Phe) and phenanthroline (PhN) on the 
development of zebrafish from 24 to 48 hpf at various concentrations (Fig. 2).  As expected, both 
compounds perturb normal development, however PhN, which functions as a metalloprotinase 
inhibitor, is both quantitatively and qualitatively more potent than Phe; at 10 µM, the majority of 
embryos treated with Phe exhibited no obvious abnormalities, whereas all embryos treated with 
PhN at this concentration showed some effects.  At 40 µM all PhN-treated embryos were severely 
affected, while most Phe-treated embryos still appeared normal.  Furthermore, in addition to the 
effects characteristic of PAH toxicity exhibited by embryos treated with Phe (tail curvature, yolk-sac 
edema, pericardial edema), embryos treated with PhN exhibited defects not seen in embryos treated 
with Phe at any concentration.  The complete lack of pigmentation and craniofacial abnormalities 
are the most obvious of these, but other more subtle and potentially informative disruptions are 
discussed further below. 

Figure 2. PhN and Phe both disrupt normal development, but embryos are more sensitive to 
PhN. 

 
Embryos were treated with either PhN or Phe at various concentrations from 24 to 48 hpf, and 

assessed (blinded) for gross morphological defects visually. (a) A normal embryo from the vehicle 
control group.  Embryos treated with PhN representing individuals scored as (b) 'Normal', (c) 
'Mild' and (e) 'Severe' phenotypes (pericardial and yolk-sac edema indicated with arrowheads). (d) 
summary of results from scoring 44 embryos exposed to vehicle only, 69 exposed to 5 µM PhN, 63 
exposed to 10 µM PhN, 62 exposed to 25 µM PhN, and 88 exposed to 40 µM PhN. Embryos exposed 
to Phe exhibiting (f) 'Normal', (g) 'Mild' and (h) 'Severe' phenotypes.  (i) summary of results from 
scoring of 60 embryos exposed to vehicle only, 48 exposed to 5 µM Phe, 47 exposed to 10 µM Phe, 51 
exposed to 25 µM Phe, and 40 exposed to 40 µM Phe.  In addition to tail curvature, necrosis, 
pericardial and yolk-sac edema seen in embryos exposed to either Phe or PhN, embryos exposed to 
PhN exhibited loss of pigmentation, craniofacial abnormalities, and absence of intersomitic 
circulation.  Scale bar = 200 µm. 
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2.2. Loss of pigmentation and craniofacial defects in PhN treated embryos is due to disruptions in neural crest 
development 

 We speculated that the lack of pigmentation in PhN treated embryos might be due to 
disruption of neural crest-derived pigment cell emigration from the neural tube, their invasion of the 
overlying epidermis and/or their migration through the ECM; processes thought to depend on 
metalloproteinase activity [30-34].  To test this, we used Tg(mitfa:eGFP) embryos, in which the 
neural crest destined to produce pigment cells express green fluorescent protein [35].  When treated 
with 10 µM PhN the distribution of GFP-expressing presumptive pigment cells is significantly 
disrupted (Fig. 3). When treated with 40 µM PhN this effect is even more profound (not shown).  
Interestingly, it appears those cells that had already emigrated from the neural tube before the 
introduction of PhN at 24 hpf are able to continue on their migration in the presence of the inhibitor, 
but cells at the posterior end of the neural tube that had not yet emigrated become trapped there 
when PhN is applied (Fig. 3B, arrowhead).  However, despite being able to migrate effectively, the 
presumptive pigment cells do not take on the characteristic stellate morphology of differentiated 
pigment cells in the presence of PhN (Fig. 3, compare a' to b'), and they appeared not to invade the 
overlying epidermis. 

 

Figure 3. PhN perturbs development of neural crest-derived pigment cells. 
 

(a) a 48 hpf Tg(mitfa:eGFP) embryo exposed from 24 hpf to vehicle control, exhibiting normal 
distribution of GFP-expressing presumptive pigment cells.  At high magnification (a'), the stellate 
morphology of these cells is apparent as they invade the overlying epidermis. (b) a 48 hpf 
Tg(mitfa:eGFP) embryo exposed from 24 hpf to 10 µM PhN, in which presumptive pigment cells in 
the head and anterior trunk have successfully emigrated from the neural tube and become 
distributed relatively normally, but in which presumptive pigment cells in the posterior tail have 
failed to emigrate from the neural tube (arrowhead).  At high magnification (b') these cells have a 
rounded amoeboid appearance.  Boxes indicate regions magnified.  Scale bar = 200 µm. 

 
 To better visualize this failure of pigment cells to invade the overlying epidermis in the 

presence of PhN, we used an antibody against laminin to label the basal lamina underlying the 
epidermis (Fig. 4).  In embryos treated with 10 µM of the PAH Phe, presumptive pigment cells 
clearly invade the epidermis and are present between the basal laminia and the surface of the 
embryo (Fig. 4a).  However, in embryos treated with 10 µM PhN, this is not the case; 
GFP-expressing pigment cells do not cross the basal lamina (Fig. 4b). 
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Figure 4. Pigment cells fail to invade epidermis in the presence of PhN. 
 

(a) a single focal plane through the head epidermis of a Tg(mitfa:eGFP) embryo exposed from 18 
to 24 hpf to 10 µM Phe and stained with anti-laminin (magenta) and anti-GFP (green) showing 
presumptive pigment cells that have crossed the basal lamina and successfully invaded the 
epidermis (arrowheads). (b) a comparable single focal plane through the head epidermis of a 
Tg(mitfa:eGFP) embryo exposed from 18 to 24 hpf to 10 µM PhN, showing presumptive pigment cells 
(arrowheads) having failed to invade across the basal lamina of the epidermis. (c) a slightly lower 
magnification view of a Tg(mitfa:eGFP) embryo exposed from 18 to 24 hpf to 10 µM PhN, showing 
several presumptive pigment cells trapped below the epidermis.  Dotted lines indicate the basal 
lamina.  Scale bars are 20 µm. 

 
 We note that PhN-treated (but not Phe-treated) embryos often exhibit abnormal 

crainofacial structure and/or disrupted otic vesicles. As these structures are also neural crest derived, 
we speculate that this effect of PhN may also be due to metalloproteinase-inhibition-dependent 
disruption of neural crest development. To investigate this further we treated Tg(sox10a:eGFP) 
embryos, which express GFP in all of their neural-crest derived cells [36], with various 
concentrations of PhN or Phe and examined the distribution of GFP-expressing neural crest cells in 
their heads (Fig. 5). In Tg(sox10a:eGFP) embryos treated with 10 µM Phe, the distribution of GFP 
expressing cells is normal (Fig. 5a), however in embryos treated with PhN, the GFP signal associated 
with the facial cartilages and otic vesicle is lost in a dose-dependent manner (Fig. 5b-e).  Consistent 
with our observations of Tg(mitfa:eGFP) cells failing to cross the basal lamina (Fig. 4), presumptive 
pigment cells trapped beneath the ectoderm is also visible in Tg(sox10a:eGFP) embryos treated with 
PhN (Fig. 5e, arrowhead). 
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Figure 5. PhN disrupts craniofacial neural crest. 

(a) epifluorescence micrograph of the head of a 48 hpf Tg(sox10a:eGFP) embryo treated from 24 
hpf with 10 µM Phe showing normal development of the craniofacial neural crest (arrowheads 
indicate the otic vesicle and jaw cartilage). Embryos treated with (b) 5, (c) 10, (d) 25 and (e) 40 µM 
PhN, exhibiting progressively more severe defects in these structures.  Arrowhead in (e) indicates 
presumptive pigment cells trapped below the epidermis.  Scale bars are 200 µm. 
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2.3. Loss of intersomitic circulation in PhN treated embryos is due to disruptions in angiogenesis 

 We noted the absence of visible intersomitic circulation in our 48 hpf PhN-treated embryos 
(not shown), and speculated that angiogenesis — a process known to be dependent on 
metalloproteinase activity [37, 38] — might be disrupted in these embryos.  We treated Tg(fli1:eGFP) 
embryos, which express GFP in their endothelial cells [39], with various concentrations of Phe and 
PhN between 24 and 48 hpf.  For simplicity and consistency, we focused on the structure of the 
circulatory system of the trunk/tail when analyzing the effects of these experiments, as the 
development of the intersomitic vessels (ISVs) and dorsal longitudinal anastomosing vessel (DLAV) 
during this period of development has been very well-characterized [40]. 

 Embryos treated with the Phe, even at 40 µM, never exhibit disrupted angiogenesis in the 
trunk/tail (Fig 6), despite often exhibiting the characteristics of PAH toxicity discussed above (Fig 2).  
In contrast, even at very low concentrations, zinc-chelating PhN profoundly impairs the angiogenic 
sprouting of ISVs and their ability to form the DLAV (Fig. 7).  This effect shows a strong 
dose-responsiveness, with severe disruptions observable in all embryos treated with 25 µM PhN, 
and significant effects visible in nearly all embryos at less than half that concentration. 

 

 
Figure 6. Phe does not disrupt angiogenesis. 

48 hpf Tg(fli1:eGFP) embryos treated from 24 hpf with (a) vehicle alone, (b) 10 µM, (c) 25 µM, or 
(d) 40 µM Phe exhibiting normal trunk vasculature. 
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Figure 7. PhN disrupts angiogenesis. 

48 hpf Tg(fli1:eGFP) embryos treated from 24 to 48 hpf with either (a) vehicle alone or various 
concentrations of PhN (b-d), illustrating (b) 'Normal', (c) 'Mild', and (d) 'Severe' disruption of 
angiogenesis.  The DLAV is indicated with an arrowhead in (b) and (c), and examples of disrupted 
angiogenesis are highlighted with asterisks. (e) summary of blind scoring of 40 embryos exposed to 
vehicle alone, 96 embryos exposed to 5 µM PhN, 102 embryos exposed to 10 µM PhN, 91 embryos 
exposed to 25 µM PhN, and 77 embryos exposed to 40 µM PhN. 

2.4. Effects common to Phe and PhN can be rescued by reducing expression of the aryl hydrocarbon receptor 

 Thus it appears that embryos treated with PhN exhibit effects of both metalloproteinase 
inhibition and PAH toxicity.  To fully test this hypothesis, we used an antisense morpholino that 
has been shown to block expression of the aryl hydrocarbon receptor 2 (AhR2), and thereby protect 
embryos from PAH toxicity [27, 28].  Effects of metalloproteinase inhibition should be unaffected 
by this manipulation, whereas effects of PAH-toxicity should be mitigated. Tg(fli1:eGFP) embryos 
were injected at the one-two cell stage with either the AhR2 morpholino (n = 62) or a control 
morpholino (n = 40), and allowed to develop to 24 hpf, at which point they were treated with 10 µM 
PhN until 48 hpf, at which time they were assessed (Fig. 8).  In all PhN-treated embryos 
pigmentation was completely abolished, and in all 50 individuals examined, significant disruptions 
in ISV development were apparent (Fig. 8c).  However, AhR2-morphants treated with PhN 
exhibited less pericardial and/or yolk-sac edema, and had less tail curvature than control-injected 
embryos (Fig. 8b).  Thus the effects of PhN on neural-crest derived pigmentation and angiogenesis 
are not rescued by knock-down of AhR2, but the effects characteristic of PAH toxicity are. 
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Figure 8. Morpholino knock-down of the aryl hydrocarbon receptor rescues some but not all 

effects of PhN treatment. 
Tg(fli1:eGFP) embryos were injected with morpholinos demonstrated to interfere with the 

expression of AhR2, thereby protecting them from PAH-toxicity, or control morpholinos, and were 
then exposed to 10 µM PhN from 24 to 48 hpf.  (a) Control morphants exhibit typical PAH toxicity 
effects (tail curvature, necrosis, pericardial and yolk-sac edema), as well as disrupted angiogenesis, 
loss of pigmentation, and craniofacial defects. (b) Ahr2 morphants exhibit reduced pericardial and 
yolk-sac edema, but still exhibit loss of pigmentation, craniofacial defects, and (c) disrupted 
angiogenesis.  

3. Discussion 

 We examined the development of zebrafish embryos in the presence of a model poly 
aromatic hydrocarbon (PAH), phenanthrene (Phe), and the chemically-related zinc-chelating 
metalloproteinase inhibitor phenanthroline (PhN), focusing on differences in developmental 
processes thought to depend heavily on metalloproteinase activity in order to tease apart the 
PAH-toxicity-mediated and metalloproteinase-inhibition-mediated effects of PhN. 

 Most obviously, PhN was effective at much lower concentrations than PhE, and embryos 
exposed to PhN exhibit a superset of the effects we see in embryos exposed to Phe.  As reported 
elsewhere Phe treated embryos display defects characteristic of PAH-toxicity, often described as 
‘blue-sac’ disease, typified by upward tail curvature, yolk-sac and pericardial edema [25, 26, 41].  
As a closely related chemical compound, it is not surprising that embryos exposed to PhN also 
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exhibit these effects, and it is reasonable to suppose that this is occurring through the same 
mechanism.  However PhN-treated embryos also exhibit effects not observed in Phe-treated 
embryos, and we attribute these PhN-specific effects to its inhibition of metalloproteinase activity.  
Most compellingly, the effects of PhN we attribute to metalloproteinase inhibition are not rescued by 
morpholino knock-down of the aryl hydrocarbon receptor, whereas the effects of PhN we attribute 
to PAH toxicity are. 

 PhN appears to disrupt the development of neural crest-derived structures at two levels — 
the emigration of the crest cells from the neural tube (i.e. the epithelial-to-mesenchymal transition), 
and the invasion of crest cells into target tissues — resulting in embryos devoid of epidermal 
pigmentation (notably, retinal pigmentation is unaffected, demonstrating that melanin synthesis is 
unimpaired).  We were unable to discern any effect on the rate or patterning of neural crest 
migration in time-lapse movies (data not shown), and presumptive pigment cells that had emigrated 
from the neural tube prior to the application of PhN appeared to be distributed normally (Fig. 3), 
suggesting that metalloproteinase inhibition does not impair migration or pathfinding of the 
presumptive pigment cells. Pharmacological inhibition of MMP2 and 14 impaired melanophore 
migration in Xenopus [42], but broad spectrum metalloproteinase inhibitors did not affect neural 
crest migration in several other experiments [43]. Paradoxically, morpholino knockdown of 
Mmp17b alone significantly impairs neural crest migration in zebrafish [34] and knockdown of 
Mmp25a disrupts development of neural crest-derived neuromasts [44].  Furthermore, here we 
show that migration and/or survival of the neural-crest-derived cells of the craniofacial cartilages 
and otic vesicle is profoundly disrupted by PhN (Fig. 4).  These apparently contradictory results 
regarding the effect of broad-spectrum metalloproteinase inhibition on the migration of neural crest 
cells may be due to differences in the matrix the cells under investigation are migrating through; 
recent evidence suggest the porosity of the matrix may be an important trigger of protease 
expression by migrating cells [45], so migrating neural crest cells may need to employ these 
metalloproteinases only in specific contexts during their migration.  Alternatively, it may be that 
these ‘broad spectrum’ metalloproteinase inhibitors are more specific than generally believed; they 
may not effectively inhibit the specific metalloproteinases utilized by neural crest cells during their 
migrations in vivo. 

 PhN did clearly impact the ability of neural crest cells to emigrate from the neural tube, 
and invade into the epidermis, supporting the many previous reports of the importance of 
metalloproteinases in epithelial-to-mesenchymal transitions and invasiveness [30, 32, 46-49].  PhN 
also clearly prevented neural crest cells that had migrated from invading the overlying epidermis, 
further supporting the well-established role of metalloproteinases in invasiveness [50, 51]. 
Interestingly, presumptive pigment cells that successfully migrated but were prevented from 
invading the epidermis in the presence of PhN did not take on their characteristic stellate 
morphology or produce melanin.  This suggests that signals present in the epidermis, or some 
aspect of the process of invasion may act as a checkpoint in the differentiation of melanophores. The 
presence of melanizing signals in the epidermis of teleosts has been known for decades [52], but the 
underlying molecular mechanisms remain obscure.  It seems plausible that invasion into the 
epidermis alters the availability of signals, possibly consisting of Wnt5a [53], and/or signals derived 
from intact or degraded ECM molecules such as laminin [54] or elastin [55], which in turn impinge 
on the regulation of Sox5 [56] and/or other regulators of melanophore differentiation. 

 The importance of metalloproteinases in the development of the neural-crest-derived 
craniofacial structures has also been well established [43, 57], supporting our attribution of the effect 
of PhN on craniofacial development to metalloproteinase inhibition.  The effects of PhN on 
angiogenesis are also most parsimoniously explained as the result of metalloproteinase inhibition, as 
the sprouting, invasive protrusion and pathfinding activities of angioblasts all depend on 
metalloproteinases [58-61].  Thus, we conclude that the effects of PhN on angiogenesis, 
pigmentation and craniofacial development are most likely due to its inhibition of 
metalloproteinases, whereas tail curvature, pericardial and yolk-sac edema are likely manifestations 
of PAH-toxicity. 
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 The effects of PhN mediated by metalloproteinase inhibition become detectable at 
concentrations as low as 5 µM, and by 10 µM nearly 100% of embryos exhibit defects in angiogenesis 
and neural crest development.  At these concentrations, Phe has very little effect, and the 
PAH-toxicity effects of PhN are not severe.  PhN is rarely used as a metalloproteinase inhibitor in in 
vivo studies because of its presumed off-target toxic effects, but we show here that at concentrations 
below 10 µM, these off-target effects are minimal, whereas impacts on metalloproteinase-mediated 
processes are significant.  Furthermore, the PAH toxicity effects of PhN appear limited to causing 
yolk-sac and/or pericardial edema and tail curvature.  If researchers using zebrafish embryos are 
aware of this, we argue that PhN can be used in in vivo experiments with these embryos. 

4. Materials and Methods  

4.1. Zebrafish husbandry 

 Zebrafish (Danio rerio) embryos were obtained by natural spawning over marbles from 
Tübingen (wild-type), Tg(mitfa:eGFP) (expressing GFP in presumptive pigment cells), 
Tg(sox10:eGFP) (expressing GFP in all neural crest derived cells), or Tg(fli1:eGFP) (expressing GFP in 
endothelial cells) fish (originally obtained from the Zebrafish International Resource Center (ZIRC) 
at the University of Oregon) maintained on a 14 hour light, 10 hour dark cycle (as described by [62]) 
in the University of New Brunswick Zebrafish Facility. Embryos were reared at 28 ̊C and staged 
according to [63]. All procedures involving animals were approved and monitored by the UNB 
Animal Care Committee, according to the standards of the Canadian Council on Animal Care. 

4.2. Phenanthrene (Phe) and phenanthroline (PhN) treatments 

 100 mM stock solutions of Phe and PhN in DMSO (Sigma) were diluted to 5, 10, 25, or 40 
µM (the highest concentration at which Phe could be dissolved) in embryo rearing medium (ERM) 
(130 mM NaCl, 0.5 mM KCl, 0.02 mM Na2HPO4, 0.04 mM KH2PO4, 1.3 mM CaCl2, 1.0 mM MgSO4, 0.4 
mM NaH2CO3, pH 7.4) at 28˚C and vortexed extensively.  Embryos were incubated in clean ERM 
until the specified stage (usually 24 hpf), then manually dechorionated using fine forceps and 
transferred into dishes with 50 ml of either the specified concentration of Phe or PhN, or vehicle 
control (20 µl DMSO in 50 ml ERM, making the [DMSO] comparable 40 µM treatments) and 
incubated for the specified time at 28˚C in a darkened humidified incubator. 

4.3. Scoring of embryonic defects 

 Before scoring, dishes containing treated embryos were randomized and assigned an 
arbitrary letter by a colleague not involved with the experiments; all scoring was done 'blind' (i.e. 
without knowledge of the treatment the embryos had been exposed to), and results of scoring 
assigned to a treatment group ex post facto.  

 Morphological defects associated with 'blue-sac disease' (tail curvature, pericardial, 
yolk-sac edema, and necrosis) were scored using a Leica M205FA stereo microscope. Embryos were 
assigned a grade of 'Normal' (exhibiting none of these effects), 'Mild' (exhibiting only one or two of 
these effects), or 'Severe' (exhibiting all of these effects).  Only living embryos (i.e. with a visible 
heart beat) were scored.   

 Defects in angiogenesis were scored on embryos that were fixed in 4% formaldehyde 
(diluted in ERM) for 2 hours at RT at the end of the treatment time (in order to eliminate variation in 
the timing of scoring between embryos) and then imaged using a Leica M205FA stereo 
epifluorescent microscope equipped with excitation/emission filters optimized for GFP. Embryos 
were scored as 'Normal' if there were three or fewer incomplete ISVs (i.e. ISVs that had failed to 
extend to the dorsal limit of the somite, where they form a 'T' junction with the DLAV), 'Mild' if there 
were between 3 and 10 incomplete ISVs, and 'Severe' if there were over 10 incomplete ISVs. 

 
 

 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 26 August 2016            doi:10.20944/preprints201608.0211.v1 

 

Peer-reviewed version available at Int. J. Mol. Sci. 2016, 17, 1503; doi:10.3390/ijms17091503

http://dx.doi.org/10.20944/preprints201608.0211.v1
http://dx.doi.org/10.3390/ijms17091503


 12 of 16 

 

4.4. Immunofluorescence 

 Embryos were fixed in 4% formaldehyde diluted in ERM overnight at 4˚C, washed 3x15 
min in phosphate buffered saline with 0.1% Triton X-100 (Sigma) (PBSTx), then blocked overnight at 
4˚C in PBSTx + 5% bovine serum albumin (Thermo).  Blocked embryos were incubated in primary 
antibodies (rat-anti-GFP and rabbit-anti-laminin) diluted 1:500 in blocking buffer overnight at 4˚C.  
Unbound primary antibodies were removed by washing 3x15 min in PBSTx, followed by incubation 
in goat-anti-rat-Alexa594 and goat-anti-rabbit-Alexa488 secondary antibodies diluted 1:1000 in 
blocking buffer for 2 hours at RT.  Unbound secondaries were removed by washing 3x15 min in 
PBSTx at 37˚C, before mounting and imaging as described below. 

4.5. Morpholino injections 

 Tg(fli1:eGFP) embryos were collected immediately after spawning and injected at the 1-2 
cell stage with 3-5 nl of 100 µM AhR2 or Control morpholino, diluted in Danieau buffer (58 mM 
NaCl, 0.7 mM KCl, 0.4 mM MgSO4, 0.6 mM Ca(NO3)2, 5 mM HEPES, pH 7.6).  Control morpholino 
with the sequence 5'-GACGTTGTCATTTATTTGATTTTCG-3' was purchased from GeneTools, 
LLC., and is reported to have no detectable effects on zebrafish development (GeneTools).  AhR2 
morpholino with the sequence 5′-TGTACCGATACCCGCCGACATGGTT-3′ was a generous gift of 
Dr. Teraoka, and has been demonstrated to effectively block expression of the aryl hydrocarbon 
receptor in zebrafish [27, 28].  Morpholino injected embryos were allowed to develop for 24 hours at 
28˚C in ERM, before being manually dechorionated and transferred to dishes with 10 µM PhN or 
vehicle controls.  Morphant embryos were exposed to these treatments for 24 hours before being 
examined for morphological defects and fixed in 4% formaldehyde and imaged by confocal 
microscopy. 

4.6. Imaging and image processing 

 Morphological characterization and epifluorescent imaging of defects in angiogenesis (in 
Tg(fli1:eGFP) embryos) or craniofacial crest development (in Tg(sox10:eGFP) embryos) was done 
using a Leica M205 FA stereo microscope with a DFC360 FX camera and GFP excitation/emission 
filters. Immunofluorescence assays and high resolution images of pigment cells in Tg(mitfa:eGFP) 
embryos and the tail vasculature in Tg(fli1:eGFP) embryos were imaged using a Leica SP2 confocal 
microscope fitted with 20x 0.7 NA and 63x 1.4 NA water immersion lenses.  Addition of scale bars, 
and minor adjustments to brightness/contrast were done using in Fiji [64] and high-resolution 
composite images assembled using the pair-wise stitching plug-in. Figures were assembled and 
annotated using Photoshop CS 6 (Adobe). 

Acknowledgments: The authors would like to acknowledge Robyn Shortt and Robyn O'Keefe for fish care, 
members of the Crawford Lab for help with 'blinding', enthusiastic support, and constructive feedback, and Dr. 
Hiroki Teraoka of Japan's Rakuno Gakuen University for the generous gift of the AhR2 morpholino used in this 
study.  This work was funded by a Discovery Grant from the Natural Sciences and Engineering Research 
Council (NSERC) of Canada to BDC.  

Author Contributions: BDC and TRE conceived and designed the experiments; TRE performed the majority of 
the experimental work, with some contributions from BDC.  TRE and BDC analyzed the data and wrote the 
paper. 

Conflicts of Interest: The authors declare no conflict of interest. 

References 

1. Hadler-Olsen, E., Fadnes, B., Sylte, I., Uhlin-Hansen, L., & Winberg, J.-O. Regulation of matrix 
metalloproteinase activity in health and disease. FEBS Journal, 2011, 278(1), 28–45. 
http://doi.org/10.1111/j.1742-4658.2010.07920.x 

2. Khokha, R., Murthy, A., & Weiss, A. Metalloproteinases and their natural inhibitors in inflammation and 
immunity. Nature Reviews Immunology, 2013, 13(9), 649–665. http://doi.org/10.1038/nri3499 

 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 26 August 2016            doi:10.20944/preprints201608.0211.v1 

 

Peer-reviewed version available at Int. J. Mol. Sci. 2016, 17, 1503; doi:10.3390/ijms17091503

http://dx.doi.org/10.20944/preprints201608.0211.v1
http://dx.doi.org/10.3390/ijms17091503


 13 of 16 

 

3. Apte, S. S., & Parks, W. C. Metalloproteinases: A parade of functions in matrix biology and an outlook for 
the future. Matrix Biology, 2015, 44, 1-6. http://doi.org/10.1016/j.matbio.2015.04.005 

4. Huxley-Jones, J., Clarke, T.-K., Beck, C., Toubaris, G., Robertson, D. L., & Boot-Handford, R. P. The 
evolution of the vertebrate metzincins; insights from Ciona intestinalis and Danio rerio. BMC Evolutionary 
Biology, 2007, 7, 63. http://doi.org/10.1186/1471-2148-7-63 

5. Lu, P., Takai, K., Weaver, V. M., & Werb, Z. Extracellular Matrix Degradation and Remodeling in 
Development and Disease. Cold Spring Harbor Perspectives in Biology, 2011, 3(12), a005058–a005058. 
http://doi.org/10.1101/cshperspect.a005058 

6. Page-McCaw, A., Ewald, A. J., & Werb, Z. Matrix metalloproteinases and the regulation of tissue 
remodelling. Nature Reviews Molecular Cell Biology, 2007, 8(3), 221–233. http://doi.org/10.1038/nrm2125 

7. Cauwe, B., Van den Steen, P. E., & Opdenakker, G. The biochemical, biological, and pathological 
kaleidoscope of cell surface substrates processed by matrix metalloproteinases. Critical Reviews in 
Biochemistry and Molecular Biology, 2007, 42(3), 113–185. 

8. Cauwe, B., & Opdenakker, G. Intracellular substrate cleavage: a novel dimension in the biochemistry, 
biology and pathology of matrix metalloproteinases. Critical Reviews in Biochemistry and Molecular Biology, 
2010, 45(5), 351–423. 

9. Iyer, R. P., Patterson, N. L., Fields, G. B., & Lindsey, M. L. The history of matrix metalloproteinases: 
milestones, myths, and misperceptions. AJP: Heart and Circulatory Physiology, 2012, 303(8), H919–H930. 
http://doi.org/10.1152/ajpheart.00577.2012  

10. Hellewell, A. L., & Adams, J. C. Insider trading: Extracellular matrix proteins and their non-canonical 
intracellular roles. BioEssays, 2015, http://doi.org/10.1002/bies.201500103 

11. Gaffney, J., Solomonov, I., Zehorai, E., & Sagi, I. Multilevel regulation of matrix metalloproteinases in 
tissue homeostasis indicates their molecular specificity in vivo. Matrix Biology 2015, 44-46, 191–199. 
http://doi.org/10.1016/j.matbio.2015.01.012  

12. Small, C., & Crawford, B. Matrix metalloproteinases in neural development: a phylogenetically diverse 
perspective. Neural Regeneration Research, 2016, 11(3), 357-362. http://doi.org/10.4103/1673-5374.179030 

13. Wyatt, R. A., Keow, J. Y., Harris, N. D., Haché, C. A., Li, D. H., & Crawford, B. D. The Zebrafish Embryo: 
A Powerful Model System for Investigating Matrix Remodeling. Zebrafish, 2009, 6(4), 347–354. 
http://doi.org/10.1089/zeb.2009.0609 

14. Crawford, B. D., & Pilgrim, D. B. Ontogeny and regulation of matrix metalloproteinase activity in the 
zebrafish embryo by in vitro and in vivo zymography. Developmental Biology, 2005, 286(2), 405–414. 
http://doi.org/10.1016/j.ydbio.2005.06.035 

15. Keow, J. Y., Herrmann, K. M., & Crawford, B. D. Differential in vivo zymography: A method for 
observing matrix metalloproteinase activity in the zebrafish embryo. Matrix Biology, 2011, 30(3), 169–177. 
http://doi.org/10.1016/j.matbio.2011.01.003 

16. Teng, Y., Xie, X., Walker, S., White, D., Mumm, J., & Cowell, J. Evaluating human cancer cell metastasis in 
zebrafish. BMC Cancer, 2013, 13(1), 453–453. 

17. Hidalgo, M., & Eckhardt, S. G. Development of matrix metalloproteinase inhibitors in cancer therapy. 
Journal of the National Cancer Institute, 2001, 93(3), 178-193. 

18. Zhang, Y., Gu, Y., Lee, H. M., Hambardjieva, E., Vrankova, K., M Golub, L., & Johnson, F. Design, 
synthesis and biological activity of new polyenolic inhibitors of matrix metalloproteinases: a focus on 
chemically-modified curcumins. Current medicinal chemistry, 2012, 19(25), 4348-4358. 

19. Ramadoss, P., Marcus, C., & Perdew, G. H. Role of the aryl hydrocarbon receptor in drug metabolism. 
Expert opinion on drug metabolism & toxicology, 2005, 1(1), 9-21. 

20. Carney, S. A., Peterson, R. E., & Heideman, W. 2, 3, 7, 8-Tetrachlorodibenzo-p-dioxin activation of the 
aryl hydrocarbon receptor/aryl hydrocarbon receptor nuclear translocator pathway causes 
developmental toxicity through a CYP1A-independent mechanism in zebrafish. Molecular Pharmacology, 
2004, 66(3), 512-521. 

21. Dalton, T. P., Puga, A., & Shertzer, H. G. Induction of cellular oxidative stress by aryl hydrocarbon 
receptor activation. Chemico-biological interactions, 2002, 141(1), 77-95. 

22. Billiard, S. M., Hahn, M. E., Franks, D. G., Peterson, R. E., Bols, N. C., & Hodson, P. V. (2002). Binding of 
polycyclic aromatic hydrocarbons (PAHs) to teleost aryl hydrocarbon receptors (AHRs). Comparative 
Biochemistry and Physiology, 2002, 133(1), 55–68. http://doi.org/10.1016/S1096-4959(02)00105-7 

 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 26 August 2016            doi:10.20944/preprints201608.0211.v1 

 

Peer-reviewed version available at Int. J. Mol. Sci. 2016, 17, 1503; doi:10.3390/ijms17091503

http://dx.doi.org/10.20944/preprints201608.0211.v1
http://dx.doi.org/10.3390/ijms17091503


 14 of 16 

 

23. Reynaud, S., & Deschaux, P. The effects of polycyclic aromatic hydrocarbons on the immune system of 
fish: a review. Aquatic Toxicology 2006, 77(2), 229–238. http://doi.org/10.1016/j.aquatox.2005.10.018 

24. Logan, D. T. Perspective on Ecotoxicology of PAHs to Fish. Human and Ecological Risk Assessment, 2007, 
13(2): 302-316. http://doi.org/10.1080/10807030701226749 

25. Hill, A. J., Bello, S. M., Prasch, A. L., Peterson, R. E., & Heideman, W. Water permeability and 
TCDD-induced edema in zebrafish early-life stages. Toxicological Sciences, 2004, 78(1), 78–87. 
http://doi.org/10.1093/toxsci/kfh056 

26. Finn, R. N. The physiology and toxicology of salmonid eggs and larvae in relation to water quality 
criteria. Aquatic Toxicology, 2007, 81(4), 337–354. http://doi.org/10.1016/j.aquatox.2006.12.021 

27. Dong, W., Teraoka, H., Yamazaki, K., Tsukiyama, S., Imani, S., Imagawa, T., Stegeman, J.J., Peterson, R.E., 
Hiraga, T.  2,3,7,8-Tetrachlorodibenzo-p-dioxin toxicity in the zebrafish embryo: local circulation failure 
in the dorsal midbrain is associated with increased apoptosis. Toxicology Science, 2002, 69, 191–201. 

28. Kubota, A., Stegeman, J. J., Woodin, B. R., Iwanaga, T., Harano, R., Peterson, R. E., Hiraga, T., & Teraoka, 
H. Role of zebrafish cytochrome P450 CYP1C genes in the reduced mesencephalic vein blood flow caused 
by activation of AHR2. Toxicology and applied pharmacology, 2011, 253(3), 244-252. 

29. Incardona, J. P., Collier, T. K., & Scholz, N. L. Defects in cardiac function precede morphological 
abnormalities in fish embryos exposed to polycyclic aromatic hydrocarbons. Toxicology and applied 
pharmacology, 2004, 196(2), 191-205. 

30. Friedl, P. Prespecification and plasticity: shifting mechanisms of cell migration. Current opinion in cell 
biology, 2004, 16(1), 14-23. 

31. Vansaun, M. N., & Matrisian, L. M. Matrix metalloproteinases and cellular motility in development and 
disease. Birth Defects Research, 2006, 78(1), 69–79. http://doi.org/10.1002/bdrc.20061 

32. Kuriyama, S., & Mayor, R. Molecular analysis of neural crest migration. Philosophical Transactions of the 
Royal Society 2008, 363(1495), 1349-1362. 

33. Theveneau, E., & Mayor, R. Neural crest delamination and migration: from epithelium-to-mesenchyme 
transition to collective cell migration. Developmental Biology, 2012, 366(1), 34–54. 
http://doi.org/10.1016/j.ydbio.2011.12.041 

34. Leigh, N. R., Schupp, M. O., Li, K., Padmanabhan, V., Gastonguay, A., Wang, L., Chun, C. Z., Wilkinson, 
G. A., & Ramchandran, R. Mmp17b is essential for proper neural crest cell migration in vivo. PloS one, 
2013, 8(10), e76484. 

35. Curran, K., Raible, D. W., & Lister, J. A. Foxd3 controls melanophore specification in the zebrafish neural 
crest by regulation of Mitf. Developmental biology, 2009, 332(2), 408-417. 

36. Carney, T. J., Dutton, K. A., Greenhill, E., Delfino-Machín, M., Dufourcq, P., Blader, P., & Kelsh, R. N. A 
direct role for Sox10 in specification of neural crest-derived sensory neurons. Development, 2006, 133(23), 
4619–4630. http://doi.org/10.1242/dev.02668 

37. van Hinsbergh, V. W. M., & Koolwijk, P. Endothelial sprouting and angiogenesis: matrix 
metalloproteinases in the lead. Cardiovascular Research, 2008, 78(2), 203–212. 
http://doi.org/10.1093/cvr/cvm102  

38. Phng, L. K., & Gerhardt, H. Angiogenesis: a team effort coordinated by notch. Developmental cell, 
2009, 16(2), 196-208. 

39. Lawson, N. D., & Weinstein, B. M. In vivo imaging of embryonic vascular development using transgenic 
zebrafish. Developmental biology, 2002, 248(2), 307-318. 

40. Isogai, S., Lawson, N. D., Torrealday, S., Horiguchi, M., & Weinstein, B. M. Angiogenic network 
formation in the developing vertebrate trunk. Development, 2003, 130(21), 5281-5290. 

41. Valavanidis, A., Vlahogianni, T., Dassenakis, M., & Scoullos, M. Molecular biomarkers of oxidative stress 
in aquatic organisms in relation to toxic environmental pollutants. Ecotoxicology and environmental safety, 
2006, 64(2), 178-189. 

42. Tomlinson, M. L., Guan, P., Morris, R. J., Fidock, M. D., Rejzek, M., Garcia-Morales, C., Field, R. A., & 
Wheeler, G. N. A chemical genomic approach identifies matrix metalloproteinases as playing an essential 
and specific role in Xenopus melanophore migration. Chemistry & biology, 2009, 16(1), 93-104. 

43. Christian, L., Bahudhanapati, H., & Wei, S. Extracellular metalloproteinases in neural crest development 
and craniofacial morphogenesis. Critical Reviews in Biochemistry and Molecular Biology, 2013, 48(6), 544–560. 
http://doi.org/10.3109/10409238.2013.838203  

 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 26 August 2016            doi:10.20944/preprints201608.0211.v1 

 

Peer-reviewed version available at Int. J. Mol. Sci. 2016, 17, 1503; doi:10.3390/ijms17091503

http://dx.doi.org/10.20944/preprints201608.0211.v1
http://dx.doi.org/10.3390/ijms17091503


 15 of 16 

 

44. Crawford, B. D., Po, M. D., Saranyan, P. V., Forsberg, D., Schulz, R., & Pilgrim, D. B. Mmp25β facilitates 
elongation of sensory neurons during zebrafish development. Genesis, 2014, 52(10), 833–848. 
http://doi.org/10.1002/dvg.22803 

45. Lagoutte, E., Villeneuve, C., Lafanechère, L., Wells, C. M., Jones, G. E., Chavrier, P., & Rossé, C. LIMK 
Regulates Tumor-Cell Invasion and Matrix Degradation Through Tyrosine Phosphorylation of 
MT1-MMP. Scientific Reports, 2016, 6, 24925. http://doi.org/10.1038/srep24925 

46. Yang, J., & Weinberg, R. A. Epithelial-mesenchymal transition: at the crossroads of development and 
tumor metastasis. Developmental cell, 2008, 14(6), 818-829. 

47. Powell, D. R., Blasky, A. J., Britt, S. G., & Artinger, K. B. Riding the crest of the wave: parallels between 
the neural crest and cancer in epithelial-to-mesenchymal transition and migration. Wiley Interdisciplinary 
Reviews Systems Biology and Medicine, 2013, 5(4), 511–522. http://doi.org/10.1002/wsbm.1224 

48. Maguire, L. H., Thomas, A. R., & Goldstein, A. M. Tumors of the neural crest: Common themes in 
development and cancer. Developmental Dynamics, 2015, 244(3), 311–322. 
http://doi.org/10.1002/dvdy.24226 

49. Thakur, V., & Bedogni, B. The membrane tethered matrix metalloproteinase MT1-MMP at the forefront of 
melanoma cell invasion and metastasis. Pharmacological Research, 2016, 111, 17–22. 
http://doi.org/10.1016/j.phrs.2016.05.019 

50. Brown, G. T., & Murray, G. I. Current mechanistic insights into the roles of matrix metalloproteinases in 
tumour invasion and metastasis. The Journal of Pathology, 2015, 237(3), 273–281. 
http://doi.org/10.1002/path.4586 

51. Monsonego-Ornan, E., Kosonovsky, J., Bar, A., Roth, L., Fraggi-Rankis, V., Simsa, S., et al. Matrix 
metalloproteinase 9/gelatinase B is required for neural crest cell migration. Developmental Biology, 2012, 
364(2), 162–177. http://doi.org/10.1016/j.ydbio.2012.01.028 

52. Zuasti, A., Johnson, W. C., Samaraweera, P., & Bagnara, J. T. Intrinsic Pigment-Cell Stimulating Activity 
in the Catfish Integument. Pigment Cell Research, 1992, 5(5), 253–262. 
http://doi.org/10.1111/j.1600-0749.1992.tb00545.x 

53. Zhang, J., Li, Y., Wu, Y., Yang, T., Yang, K., Wang, R., Yang, J., & Guo, H. Wnt5a inhibits the proliferation 
and melanogenesis of melanocytes. International Journal of Medical Sciences, 2013, 10(6), 699–706. 
http://doi.org/10.7150/ijms.5664 

54. Chung, H., Jung, H., Lee, J. H., Oh, H. Y., Kim, O. B., Han, I. O., & Oh, E. S. Keratinocyte-derived 
laminin-332 protein promotes melanin synthesis via regulation of tyrosine uptake. Journal of Biological 
Chemistry, 2014, 289(31), 21751–21759. http://doi.org/10.1074/jbc.M113.541177 

55. Chang, C. H., Kawa, Y., Tsai, R. K., Shieh, J. H., Lee, J. W., Watabe, H., Kawakami, T., Soma, Y., Tajima, S., 
& Mizoguchi, M. Melanocyte precursors express elastin binding protein and elastin-derived peptide 
(VGVAPG) stimulates their melanogenesis and dendrite formation. Journal of Dermatological Science, 2008, 
51(3), 158–170. http://doi.org/10.1016/j.jdermsci.2008.03.010 

56. Wang, P., Zhao, Y., Fan, R., Chen, T., & Dong, C. MicroRNA-21a-5p functions on the regulation of 
melanogenesis by targeting Sox5 in mouse skin melanocytes. International Journal of Molecular Sciences, 
2016, 17(7), 959. http://doi.org/10.3390/ijms17070959 

57. Paiva, K. B. S., & Granjeiro, J. M. Bone tissue remodeling and development: focus on matrix 
metalloproteinase functions. Archives of biochemistry and biophysics, 2014, 561, 74-87. 

58. Stetler-Stevenson, W. G. Matrix metalloproteinases in angiogenesis: a moving target for therapeutic 
intervention. Journal of Clinical Investigation, 1999, 103(9), 1237. 

59. van Hinsbergh, V. W. M., & Koolwijk, P. Endothelial sprouting and angiogenesis: matrix 
metalloproteinases in the lead. Cardiovascular Research, 2008, 78(2), 203–212. 
http://doi.org/10.1093/cvr/cvm102 

60. Chen, Q., Jin, M., Yang, F., Zhu, J., Xiao, Q., & Zhang, L. Matrix metalloproteinases: inflammatory 
regulators of cell behaviors in vascular formation and remodeling. Mediators of Inflammation, 2013(3), 
928315–14. http://doi.org/10.1155/2013/928315 

61. Deryugina, E. I., & Quigley, J. P. Tumor angiogenesis: MMP-mediated induction of intravasation- and 
metastasis-sustaining neovasculature. Matrix Biology. 2015, 44, 94-112. 
http://doi.org/10.1016/j.matbio.2015.04.004 

62. Westerfield, M. The zebrafish book: a guide for the laboratory use of zebrafish (Brachydanio rerio). 
University of Oregon press. 1995. 

 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 26 August 2016            doi:10.20944/preprints201608.0211.v1 

 

Peer-reviewed version available at Int. J. Mol. Sci. 2016, 17, 1503; doi:10.3390/ijms17091503

http://dx.doi.org/10.20944/preprints201608.0211.v1
http://dx.doi.org/10.3390/ijms17091503


 16 of 16 

 

63. Kimmel, C. B., Ballard, W. W., Kimmel, S. R., Ullmann, B., & Schilling, T. F. Stages of embryonic 
development of the zebrafish. Developmental dynamics, 1995, 203(3), 253-310. 

64. Schindelin, J.; Arganda-Carreras, I. & Frise, E. et al. "Fiji: an open-source platform for biological-image 
analysis", Nature methods, 2012, 9(7): 676-682. 

© 2016 by the authors; licensee Preprints, Basel, Switzerland. This article is an open access 
article distributed under the terms and conditions of the Creative Commons by 
Attribution (CC-BY) license (http://creativecommons.org/licenses/by/4.0/). 

 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 26 August 2016            doi:10.20944/preprints201608.0211.v1 

 

Peer-reviewed version available at Int. J. Mol. Sci. 2016, 17, 1503; doi:10.3390/ijms17091503

http://dx.doi.org/10.20944/preprints201608.0211.v1
http://dx.doi.org/10.3390/ijms17091503

