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Abstract
We examined the role of angiogenesis and the need for receptor signaling using chemical inhibition
of the vascular endothelial growth factor receptor in the adult zebrafish tail fin. Using a small-
molecule inhibitor, we were able to exert precise control over blood vessel regeneration. An
angiogenic limit to tissue regeneration was determined, as avascular tissue containing skin, pigment,
neuronal axons and bone precursors could regenerate up to about 1 mm. This indicates that tissues
can regenerate without direct interaction with endothelial cells and at a distance from blood supply.
We also investigated whether the effects of chemical inhibition could be enhanced in zebrafish
vascular mutants. We found that adult zebrafish, heterozygous for a mutation in the critical receptor
effector phospholipase Cγ1, show a greater sensitivity to chemical inhibition. This study illustrates
the utility of the adult zebrafish as a new model system for receptor signaling and chemical biology.

In the postgenomic era, assigning gene function and delineating signaling pathways require
the combined effort of multiple disciplines and approaches. The use of chemical probes has
immense potential in examining biological processes and developing specific therapeutic
compounds. On the biological side, these goals can be achieved through the appropriate use
of model systems. In vitro and cell-based assays have been widely used for drug discovery and
chemical library screening1-3. Whole organism approaches are also possible using yeast,
worms, flies or zebrafish embryos4,5. Of these, the zebrafish, as a vertebrate organism, has
reasonable counterparts to many mammalian organs, tissues and cell types. As such, it affords
an opportunity to investigate more complex biological processes5. The transparency of the
zebrafish embryo has facilitated visual scoring of phenotypic defects. Thus, it has been used
extensively for developmental biology and genetics, and in the last few years as a new model
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for chemical biology4,5. However, tissue growth and differentiation are very different in an
embryo versus in an adult animal. Embryonic development involves precise coordination of
genetic programs that allow the building of a whole organism from a single cell. Therefore,
chemical genetic analysis in embryos is dictated by the timing of developmental events. In an
adult animal, organ maintenance and cellular needs are different, with turnover and repair being
important. Another crucial consideration in developing therapeutics is that many human
diseases occur during adulthood. Although a biologically active chemical may act on the same
protein(s), the physiological outcome in an embryo could be distinct from its effect in an adult
owing to the different needs for target protein function. Thus, testing chemicals in an adult
model organism should provide additional insights into their effects on biology.

The adult zebrafish has also been used as a model for regeneration. As in other lower
vertebrates, all missing cells and tissues are faithfully replaced in the regenerative process6,
7. In contrast, humans and other mammals have limited regenerative capacity, but the
mechanisms seem to be conserved. For instance, the Msx and BMP genes are activated in the
regeneration of mammalian digit tips8,9, and during zebrafish caudal fin regeneration10-12.
As the zebrafish is also a genetic model organism, regeneration studies using this model have
the potential to reveal important genes and pathways that have been inactivated in
mammals6,13.

We chose zebrafish caudal fin regeneration as a model system to examine the role of vascular
endothelial growth factor receptor (VEGFR) signaling. The vascular endothelial growth factor
(VEGF) ligands and receptors play critical roles in regulating physiological and pathological
angiogenesis14; however, their roles in zebrafish tail fin regeneration have not been
investigated. We demonstrated that under the influence of the chemical inhibitor PTK787/
ZK222584 (PTK787, 1) (refs. 15,16), regenerative angiogenesis can be separated from tissue
regrowth, as a small amount of avascular tissue, up to ∼ 1 mm, can be regenerated in the
absence of accompanying blood vessels. However, to regenerate beyond this size limit,
angiogenesis is required. Using zebrafish genetics, we examined chemical blockade of VEGFR
function on adult zebrafish from mutant lines with known recessive embryonic vascular
defects. Our study demonstrates a new approach to studying angiogenesis in an adult animal
using chemical, molecularand genetic methods. This model system can also provide a platform
for evaluating antiangiogenic therapies and discovering biologically active chemical
compounds.

RESULTS
Zebrafish caudal fin as a model for regenerative angiogenesis—The zebrafish is a
small teleost fish, about 3-4 cm in length and weighing ∼ 2 g. It can regenerate many tissues,
including the caudal or tail fin, heart and nervous system6,17. Although the zebrafish tail fin
is very thin and optically transparent, fin tissues and blood vessels are well defined18 (Fig. 1).
Zebrafish fins are composed of segmented bony fin rays, each comprised of concave, facing
hemirays (lepidotrichia)6. Vascular architecture in the caudal fin is organized with an artery
in the middle of each bony ray, and veins located on either side of the bony structure as
described18 (Fig. 1b,c). A set of smaller blood vessels form the connecting microvasculature
in the inter-ray mesenchyme (Fig. 1c,d)18. Although blood flow can be observed noninvasively
by putting an anesthetized zebrafish under a microscope, we have also developed a fluorescent
angiography technique to capture an image of perfused vessels (Fig. 1a,c,d; Supplementary
Video 1 online shows zebrafish tail fin circulation; also see Methods for detailed procedure).

In fin regeneration experiments, zebrafish caudal fins are amputated at mid-fin level, then
allowed to recover. New blood vessels are formed in the regenerated fin shortly after
amputation18. We used angiography in a transgenic zebrafish line in which endothelial cells
are labeled with enhanced green fluorescent protein (EGFP; Tg(fli1:EGFP)y1)19, so that an
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assessment of endothelial cell growth and migration as well as blood flow could be made
simultaneously (Fig. 2). By 3 days post amputation (dpa; compare top and middle panels, Fig.
2), networks of endothelial cells in the regenerated tissue formed a vascular plexus that
extended to the fin tip, whereas the corresponding angiography in the same zebrafish tail fin
shows that functional blood flow was confined to the proximal region of the regenerated
fin18 (Fig. 2a,b). High-magnification views of the fin tip show an arterial-venous anastomosis
at the severed ends of blood vessels to permit blood flow18 (Fig. 2g), as well as the appearance
of endothelial tip cells, novel cells analogous to the neuronal growth cones, which have been
proposed to direct vessel migration20 (Fig. 2g,h).

Regenerative angiogenesis is sensitive to chemical inhibition—We tested the small
molecule kinase inhibitor PTK787, an anilinophthalazine compound that inhibits the human
VEGFRs15,16, for its effectiveness in blocking regenerative angiogenesis after caudal fin
amputation. This compound has shown high affinity toward the mammalian VEGFRs,
VEGFR2 (KDR for the human, or flk-1 for the mouse versions), VEGFR1 (flt-1 for the mouse
receptor) and VEGFR3 (flt-4 for the mouse homolog). It can also inhibit the related platelet-
derived growth factor (PDGF) and the c-kit receptors at higher concentrations15,16,21. In our
previous work using zebrafish embryos, treatment with 5 μM PTK787 completely prevented
the formation of the major blood vessels22. In adult tail fin regeneration, partial inhibition
occurred at 100 nM (Fig. 2c,d), and complete inhibition was achieved at 500 nM PTK787 (Fig.
2e,f), approaching nanomolar levels for zebrafish VEGFR2 inhibition in cell culture22. In both
embryonic and adult zebrafish assays, we have found potent antiangiogenic effects at the
selected inhibitor concentrations where pigmentation, known to be regulated by the c-kit
receptor23, was unaffected22 (shown below). The ability to chemically control adult
angiogenesis, either partially or completely inhibiting the process, has provided a useful tool
for our study.

The adult fin regenerative angiogenesis assay revealed a ten-fold higher sensitivity to inhibitor
levels as compared with the embryonic assay, at 500 nM versus 5 μM, respectively. Although
this enhanced sensitivity could reflect inherent differences between developmental and
regenerative angiogenesis, it may also be explained by compound accessibility. The zebrafish
caudal fin tip is actually thinner than the embryo at 2 d of development, at ∼20 μm versus
∼200 μm, respectively. For the adult zebrafish, the drug may also reach the regenerating fin
tissue via gill uptake and circulation, a process that might be more efficient than passive
diffusion through the embryo24. Although the detailed molecular mechanisms will take some
time to define, the practical result is that regenerative angiogenesis in the zebrafish can provide
a sensitive read-out for the effectiveness of an antiangiogenic compound.

Our data also show that blood vessels on the proximal side of the amputation site remained
predominantly intact and functional during 3 d of treatment post amputation (Fig. 2), suggesting
a difference in sensitivity between newly formed versus established vessels. This seems to
agree with the goal of antiangiogenic therapy to selectively inhibit highly active, abnormal
vessels while leaving quiescent vessels intact. The chemical inhibitor provided facile temporal
control over VEGFR function while the zebrafish tail fin model can provide new vessels for
examination. To investigate nascent vessel susceptibility, we allowed the fish to recover
normally for 5 dpa before chemical inhibition with 500 nM PTK787 for the next 3 d
(Supplementary Fig. 1 online). Within the regenerated fin tissue, the distal vessels at the fin
tip were most sensitive to VEGFR inhibition (Supplementary Fig. 1c,d online), while
proximally located vessels were functional. Thus, within a just a few days of regeneration,
changes have taken place for some vessels to become resistant to receptor inhibition, suggesting
a reduced dependence on VEGFR signaling.
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Molecular analysis of regenerative angiogenesis—In the early stages of caudal fin
regeneration, a wound healing epidermis is formed, followed by the dedifferentiation and
subsequent proliferation of cells on the proximal side of the cut to form a blastema6. Within
the blastema, cells are reprogrammed to initiate the coordinated rebuilding of all the cell types
required to replace the amputated fin tissue. Several molecular markers have been identified
in this process, including the transcription factor msxb; the fibroblast growth factor receptor 1,
fgfr1; as well as the morphogen sonic hedgehog, shh10-12,25,26.

We examined the in situ RNA expression of the vegf-a ligand and the vegfr2 receptor to place
these key angiogenic molecules in context with other fin regeneration markers (Fig. 3). We
found that the vegf-a ligand mRNA is detected early on, from about 1 to 1.5 dpa (Fig. 3a,g),
whereas the vegfr2 mRNA, used here as a marker for active endothelial cells, is not detected
until 2 dpa (Fig. 3b). At 2 dpa, expression of several other fin regeneration markers, msxb,
shh and fgfr1, was detected in control and treated fins (Fig. 3c-f). These data demonstrate that
PTK787 is selectively acting on endothelial cells, without affecting genes required for
regeneration. As expected, the greatest difference was seen in the vegfr2 mRNA signal, as the
PTK787 inhibitor prevented endothelial cell growth and migration into the newly regenerated
tissue (Fig. 3b). Because the vegf-a and msxb genes are both expressed early, we compared
their expression at the same stage during fin regeneration (Fig. 3f,g). Sectioning of individual
fin rays revealed that cells expressing vegf-a appear to partially colocalize within a larger
msxb expression domain. As msxb is a marker for blastemal cells at this stage, it seems that a
subpopulation of these cells also express the vegf-a ligand mRNA.

Fin regeneration is limited by angiogenesis—Although the regeneration of a complete
fin requires angiogenesis, we have found that in the absence of new blood vessels, limited
avascular fin tissue can still be formed (Fig. 4a-f). Within this tissue, skin and pigment cells
appeared intact by visual inspection (Fig. 4c). However, the amount of tissue regenerated was
limited to ∼800 μm at 7 dpa in the presence of PTK787, and remained the same despite
increasing the treatment time to 14 d (Fig. 4c,d,g). In washout experiments, when the VEGFR
inhibitor was removed after 3 d of treatment, new blood vessels rapidly grew into the
regenerated avascular tissue over the next 4 d, implicating persistent expression of angiogenic
factors and guidance cues (Fig. 4e,f). This rapid revascularization suggests that the tissue
regeneration process was only temporarily halted until angiogenesis could be resumed (Fig.
4a,e). To examine the process of vessel regeneration, we observed the same fish over a time
course of several days. In normal regeneration, we observed anastomoses of arteries and veins,
plexus formation and vessel remodeling as described18 (Fig. 4h-j). However, when the fish
were first treated with PTK787 for 3 dpa before inhibitor washout and recovery, the amount
of plexus formation seemed reduced (Fig. 4i,l).

To investigate the potential role of important angiogenic molecules, we carried out real-time
PCR analysis on the regenerated fin tissue, targeting the expression of the vegf-a ligand and
its receptors vegfr1 and vegfr2 (Fig. 4n,o and Supplementary Fig. 2 online). Under the influence
of PTK787 treatment for 3 dpa, as endothelial cell growth was inhibited, the vegf-a mRNA
levels were markedly increased in the avascular regenerate, at over five-fold higher levels than
in control fins where natural regeneration occurred (Fig. 4o). At the same time point, very low
levels of the vegfr2 mRNA were expressed (Fig. 4o), as expected from our in situ data (Fig.
3). In these experiments, the inhibitor was removed at 3 dpa and fish were allowed to recover
over the next 2 d. In days 4 and 5, as endothelial cells were no longer inhibited, vegfr2 mRNA
expression increased to approach levels innormal regeneration. At the same time, vegf-a ligand
expression was reduced as soon as the VEGFR inhibitor was removed and endothelial cells
were allowed to respond. These results demonstrate classical ligand-receptor responses in a
living adult animal over the course of a few days that have been revealed using a chemical
probe. The expression level of vegfr1 is very low in comparison with vegfr2, even in normal
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regeneration, suggesting that VEGFR2 is the major receptor mediating fin regenerative
angiogenesis. We also confirmed the expression of ephrinB2a and semaphorin3aa mRNAs,
both during normal regeneration, and in the avascular tissue under chemical inhibition,
implicating a role for these guidance molecules during fin regeneration (Supplementary Fig.
2 online).

To examine cell types that can be formed in the fin while blood vessels are inhibited, we used
angiography and immunohistochemistry (Fig. 5a-f). The monoclonal antibodies zn-12, for the
L2/HNK antigen found on neuronal axons27, or zns-5, for an unknown antigen on scleroblasts
or bone-forming cells28, were used to examine the regeneration of nerves or bone tissue in the
presence or absence of the antiangiogenic compound. Although the amount of tissue
regenerated was reduced when vessels were completely inhibited by PTK787, axonal
outgrowth and the regeneration of bone tissue proceeded in a manner similar to the vascularized
controls (Fig. 5b,d,f). The use of a chemical probe has revealed that angiogenesis can be
uncoupled from nerve and bone regeneration. An active role for endothelial cells has been
demonstrated in the adult liver, as sinusoidal endothelial cells provide hepatocyte growth factor
to neighboring hepatocytes to promote liver growth29. Although endothelial cells are not
required for the initial stages of zebrafish fin regeneration, they may play an important role in
the subsequent reorganization of all fin tissues in order to recapitulate the normal tail fin
architecture.

In addition to fin tissues and cell types, we also determined whether zebrafish fin vessels are
associated with perivascular cells (also known as mural cells, vascular smooth muscle cells or
pericytes) as in mammalian vessels30. First we examined the fin vessel ultrastructure using
transmission electron microscopy. At the midpoint in the tail fin, the central artery lumen is
quite large, with several endothelial cells lining the vessel lumen. With tight junctions between
the endothelial cells and the presence of a pericyte, the architecture of a zebrafish tail fin vessel
closely resembles that of mammalian blood vessels (Fig. 5g). To determine the extent of
pericyte coverage, we tested several known pericyte markers and developed a protocol using
a monoclonal antibody to vascular smooth muscle actin, clone B-4 (Fig. 5h). Zebrafish caudal
fin vessels exhibit extensive smooth muscle actin staining along the whole length of the fin
artery, with less staining in the veins, correlating with the degree of pericyte coverage found
in mammalianvessels31 (Fig. 5h). In cross section using a transgenic endothelial-eGFP line,
Tg(fli1:EGFP)y1, colocalization of the artery with smooth muscle actin staining confirmed the
arterial enrichment of pericytes (Fig. 5i-k). Using this antibody, we examined several time
points for detection during fin regeneration (Fig. 5l,m). We found that smooth muscle actin
staining was not detectable until after ∼1 week of recovery post amputation (Fig. 5l). By 14
dpa, the amount of staining was comparable to baseline levels in unclipped fins (Fig. 5m and
data not shown). Therefore, as in mammalian systems, smooth muscle actin seems to be a
marker for more established pericytes. Our trials with available antibodies against known early
pericyte markers such as the chondroitin sulfate proteoglycan NG2, nestin, and PDGF receptor-
β (PDGFR-β) did not yield useful results in the zebrafish. Development of reliable pericyte
detection reagents and transgenic zebrafish lines with fluorescently labeled perivascular cells
would greatly facilitate pericyte-endothelial cell studies in the zebrafish.

Inhibitor effectiveness during zebrafish fin regeneration—In considering VEGFR
inhibitors, we also examined several other available small molecule kinase inhibitors for
comparison with PTK787. The indolinone compound, SU5416 (2), has high affinity for the
VEGFRs but also exhibits similar affinities for related receptors (for example, for VEGFR2,
IC50 is 220 nM; for PDGFR-β, IC50 is 68 nM; ref 21). PTK787 exhibits higher selectivity for
the VEGFR family than the PDGFR-β receptor (for example, for VEGFR2, IC50 is 42 nM; for
PDGFR-β, IC50 is 490 nM; ref. 21). For embryonic angiogenesis, our data agreed with a
previous report32 (data not shown) showing that SU5416 effectively prevents blood vessel
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formation in the zebrafish embryo. In the adult fin, however, we observed tissue growth, but
regenerative angiogenesis occurred in a manner similar to controls (Fig. 6a-c). A related
indolinone compound, SU11652 (ref. 33) (3), provided an intermediate level of vessel
inhibition at low concentrations (Fig. 6d-f). In contrast, AAL993/ZK260255 (AAL993, 4), a
compound identified through structural similarity to PTK787 (ref. 21), also inhibited
angiogenesis in a similar fashion (Fig. 6g-i).

Differences in biology and chemistry might explain these observations. A recent study took
an unbiased approach to examine the affinities of 20 small molecule protein kinase inhibitors
against 119 protein kinases34. PTK787 was one of the most selective, targeting only four
kinases in addition to VEGFR2. Although SU5416 was not tested, another related indolinone,
SU11248, bound 73 additional kinases34. In addition, biological differences between
embryonic and adult endothelial cells may be a contributing factor as heterogeneity in vascular
beds is well documented35,36. Embryonic endothelial cells might be more susceptible to a
broad-spectrum inhibitor if more kinases are required for proper vascular development. In
contrast, adult angiogenesis in the tail fin might rely more heavily on VEGFR signaling so that
a selective compound such as PTK787 is able to effectively block regenerative angiogenesis
without adversely affecting other tissues. These differences also highlight the importance of
having both embryonic and adult model systems for vascular biology studies.

VEGFR inhibition in zebrafish mutant lines—As an established genetic model
organism, zebrafish mutant lines are available. We examined chemical inhibition of
regenerative angiogenesis in three mutant lines known to exhibit homozygous recessive
embryonic vascular defects: the y10 line, which harbors a mutation in an acceptor splice site
of the PLCg1 gene, resulting in deficient gene function37 (PLCg1y10); the gridlock line, which
is due to a hypomorphic mutation in the hey2 gene38,39 (grlm145); and the cloche line, which
features defects in hematopoietic and vascular development in the homozygous recessive
embryo40 (clom39), but the affected gene has not been identified. Severe vascular defects in
the y10 and cloche homozygotes prevented embryonic survival, but the hypomorphic mutation
in the gridlock line allows some survival to adulthood41.

To examine differences in vascular response between zebrafish lines, a low concentration of
100 nM PTK787 was chosen for partial inhibition (Fig. 2), so that a further reduction in vascular
or tissue regeneration could be measured. To compare regenerative angiogenesis between
individuals, adult zebrafish were allowed to recover for 3 dpa with or without the VEGFR
inhibitor. At 3 dpa, the amount of tissue versus vessel regeneration was measured for each fish,
then expressed as a percentage vascularization (Fig. 7). In the wildtype AB line used throughout
this study, this partial VEGFR inhibition routinely generated ∼50% vascularization in the
newly regenerated tissue (Fig. 7c). We found that heterozygous PLCg1y10/+ and homozygous
grlm145/m145 adult zebrafish both showed enhanced sensitivity, resulting in ∼30%
vascularization of regenerated tissue (Fig. 7c). These differences were significant (P < 0.001
for both lines compared with wild-type AB line), as determined by our analysis (ANOVA and
Tukey test results, Supplementary Table 1 online). The sensitivity of the grlm145/m145 and
PLCg1y10/+ adults to PTK787 is correlated with the dependence of both lines on an intact VEGF
signaling pathway shown in embryonic studies37,41. Notably, even in the absence of inhibitor,
heterozygous PLCg1y10/+ adults exhibited a significant reduction in vascularization as
compared with the other four lines (P = 0.001, Supplementary Table 1 online). In contrast,
the clom39/+ heterozygous adults responded to the inhibitor in a manner similar to the wild-
type AB line, showing ∼50% vascularization (Fig. 7c). These results demonstrate the relative
sensitivities of two zebrafish mutant lines to VEGFR inhibition, which may reflect their genetic
deficiencies.
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DISCUSSION
Our study demonstrates chemical regulation of regenerative angiogenesis in the zebrafish
caudal fin and establishes the importance of VEGFR signaling in this process. By selectively
blocking the angiogenic process, we have uncovered the ability of bone and nerve tissues to
regenerate in the absence of adjacent blood vessels. This is the only model in which limited
regeneration and tissue differentiation has occurred under chemical inhibition. The assays
demonstrate the utility of the zebrafish as a model organism for chemical biology and adult
angiogenesis.

Forward and reverse chemical genetics have been used in several model systems. The use of
forward chemical genetics in the adult zebrafish is somewhat restricted by the large amount of
chemical required and the need for careful visual analysis. Reverse chemical genetics, however,
can lead to the rapid dissection of molecular mechanisms and signaling pathways within the
complexity of tissues and cell types in the adult. Visualization of each cell type may also be
aided by the use of specific transgenic zebrafish lines. The ability to observe distinct cell types
within the simple, yet organized, architecture of the zebrafish tail fin provides a unique
opportunity to study cell biology in vivo. As more tools are being developed and genes
identified for zebrafish mutant lines, the use of chemical biology in the zebrafish will expedite
studies on signaling pathways and their genetic interactions. Although large-scale chemical
library screening is possible in the adult, practical issues must be considered. Despite the higher
sensitivity of the adult versus embryonic vascular assays, large volumes are necessary and the
need for anesthetization before visual analysis makes automation difficult. However, it may
be a very useful secondtier system to evaluate efficacy of compounds that have already shown
activity in embryonic zebrafish or other biological assays, to help define chemical specificity
and identify adverse effects before investing time and effort on extensive analysis in multiple
biological systems.

Our study also revealed an angiogenic limit of about 1 mm during fin regeneration in the
presence of VEGFR inhibition. It is possible that this limit is due to hypoxia. Currently, there
is a lack of tools to examine hypoxia in the zebrafish. Our attempts to use pimonidazole staining
for hypoxia detection did not yield useful results. The detection of the proline hydroxylation
state of HIF-1-α as a readout for hypoxia will be facilitated by availability of zebrafish-specific
anti-HIF-1-α antibodies.

Our analysis of regenerative angiogenesis in zebrafish mutant lines has revealed an enhanced
sensitivity to chemical inhibition in the PLCg1y10 and gridlock lines, correlating with their
expression in endothelial cells and their dependence on intact VEGFR signaling during
development37,39,42. The PLCg1 gene is a known effector of mammalian VEGFR2 signaling
as shown by biochemical and mouse knock-in studies43,44. It seems to also mediate VEGFR
signaling in the zebrafish, as defects in arterial vessel sprouting were observed in y10 recessive
embryos37. Endothelial defects were also observed in gridlock homozygous embryos,
resulting in artery malformation and blockage of blood flow to the trunk of the embryo38,39.
The gridlock/hey2 gene encodes a basic helix-loop-helix transcriptional repressor expressed
in endothelial cells that has been implicated downstream of VEGF and Notch signaling during
arterial differentiation42. A lower level of vegf-a expression was detected in gridlock
homozygotes that can be rescued by overexpression of the ligand, further illustrating a
functional relationship between the VEGF pathway and the gridlock/hey2 gene in vivo41. In
our experiments, chemical inhibition of VEGFR signaling, combined with a hypomorphic
gridlock mutation, might have further reduced the ability of endothelial cells in the caudal fin
to grow into the newly regenerated fin.

We also observed that the cloche heterozygotes did not exhibit enhanced sensitivity to VEGFR
inhibition, showing a response similar to the wild-type line. In the homozygous state, cloche
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mutant embryos exhibit defects in blood and vessel formation, suggesting a defect in a common
progenitor40 and gene expression analysis has shown that the affected gene acts upstream of
flk/VEGFR2 (ref. 45). Although our data are consistent with the cloche gene acting in a pathway
separate from the VEGFR signaling pathway, they are not conclusive. It is possible that the
inhibitor dosage used in our assays has not reached the level needed to reveal VEGFR pathway
sensitivity in heterozygous cloche adults. Our data provide a new approach to studying a
receptor signaling pathway in an adult animal using a combination of genetics and chemical
biology.

As many human genetic disorders present later in adulthood, we feel that the adult zebrafish
system can successfully model these properties. Although the human genome sequence has
been completed, the assignment of gene function at the organismal level still imposes an
enormous task. With advances in chemical biology and availability of the zebrafish genome
on the horizon, this combination can provide a robust model system for investigating the
molecular mechanisms underlying human diseases.

METHODS
Maintenance of zebrafish and drug treatments. All animal protocols were approved by the
Institutional Animal Care and Use Committees of the Children’s Hospital and the Dana-Farber
Cancer Institute. Zebrafish were normally maintained at 28.5 °C on a 14 h light/10 h dark cycle
in a recirculating tank system. Adult zebrafish tail fins were amputated at mid-fin level. The
zebrafish recovered in fish water in controls, or at various concentrations of a kinase
inhibitor46, in an incubator at 31-33 °C, owing to the faster rates of recovery in wild-type
fish6. Up to six fish per liter were placed in a tank at one time. The kinase inhibitors PTK787
or AAL993 (Novartis Pharma); SU5416 (Calbiochem, 175580), and SU11652 (Calbiochem,
572660) were dissolved in DMSO at stock concentrations of 2 mM or 5 mM so that the amount
of DMSO in the final solution was <0.1%. PTK787 was used at 500 nM for complete inhibition
of regenerative angiogenesis or at 100 nM for partial inhibition.

Adult angiography. The adult zebrafish was anesthetized with a standard solution of 0.02%
tricaine (w/v; Tricaine Methane Sulfonate, MS-222, Sigma, A5040) for 2-4 min, until the gills
stopped moving. The fish was then transferred to a slotted sponge with its ventral side up. A
small, longitudinal incision was made just ventral to the gills, over the heart (Fig. 1a). About
5 ml of a fluorescent agent (Molecular Probes) was delivered into the heart using standard
microinjection equipment as described38. Fluorescent agents included lectin (Alexa Fluor 488
or 594 conjugates, Molecular Probes L21415 and L21416, respectively), or a 70-kDa dextran
(conjugated to Texas Red, used as dye, Molecular Probes, D1864). Sized carboxylate-modified
fluorescent microspheres were used only for terminal experiments as shown in Supplementary
Video 1 online (Fluospheres, 4 μm, Molecular Probes, F8858). These reagents were dissolved
at 5 mg ml-1 in Danieau’s solution (58 mM NaCl, 0.7 mM KCl, 0.4 mM MgSO4, 0.6 mM Ca
(NO3)2, 5 mM HEPES, pH 7.6). The fish was placed under a fluorescent microscope (Nikon
E600 or Nikon 80i) to assess functional blood vessels in the tail, then immediately placed in a
recovery tank. The entire procedure took 5-10 min with nearly all zebrafish recovering within
2-3 min.

Fin vascularization measurements and microscopy. Fin regeneration measurements were
taken only when each fin ray was responding consistently to treatment. As the fin rays curved
toward the midline, we found rays 2, 3, 4 and 5 from the edges of the caudal fin, to provide the
most consistent growth and vascularization. The second ray from the dorsal edge of the fin was
used for measurement using the SPOT camera and software (Diagnostic Instruments). The
transmission electron micrograph was taken of an adult tail fin at the mid-fin level. The sample
was fixed and sectioned using standard methods47. Sections (60 nm) were cut with a Reichert
Ultracut-Sultramicrotome and mounted on copper grids (200 mesh) by the Harvard Medical
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School ElectronMicroscopy Facility (Boston). Images of endothelial tip cells were acquired
with a multi-point spinning disk confocal system (Atto) attached to an Axiovert 200M
microscope (Zeiss) using MetaMorph 6.2 software (Universal Imaging).

In situ hybridization. Whole-mount zebrafish fin in situ hybridization using various
digoxigenin-labeled antisense RNA probes was done using standard methods as described48.
RNA probes containing digoxigenin-11-UTP (Roche) were visualized using the BM purple
alkaline phosphatase substrate (Roche). Selected fins were frozen in OCT compound (Tissue-
Tek) and sectioned on a Leica CM3050S cryostat microtome at 20 mm.

Total RNA extraction, reverse transcription and real-time PCR. We extracted total RNA
after homogenization of fins in Trizol (Gibco/Invitrogen) and generated cDNA using the
reverse transcription system from Promega with random hexamers according to the
manufacturer’s procedure. For real-time PCR we used the qPCR SYBR Green Mastermix Plus
(Eurogentec) My-IQ one color real-time PCR detection and My-IQ cycler software systems
(Bio-Rad). We did the reactions in triplicate.

Primer sequences are reported in Supplementary Table 2 online. We designed all the primers
on exon boundaries to avoid genomic amplification and carried out a fusion curve to check the
specificity of each amplification reaction. We standardized all mRNA amounts to the zebrafish
b-actin transcript. We carried out Student t-tests to test the difference between clipped (control
and PTK treated) and unclipped fins.

Immunostaining. Clipped zebrafish fins were fixed in Dent’s fixative (80% methanol, 20%
DMSO, v/v) overnight at 4 °C, then stained with the following antibodies: zn-12, zns-5
(Developmental Studies Hybridoma Bank, University of Iowa), or B-4 (Lab Vision, ms-1297-
p1), for visualization of axons, bone precursors or smooth muscle actin, respectively. The
samples were dehydrated through a methanol series, and re-fixed in 4% (w/v)
paraformaldehyde for 2-24 h. The fins were rinsed in phosphate buffered saline (PBS),
permeabilized for 20 min in acetone at -20 °C, rinsed twice with PBS and incubated in blocking
serum for 1 h at 37 °C, and incubated with 1:50 to 1:200 dilutions of a primary antibody in
blocking serum overnight at 4 °C. Samples were washed extensively in PBS, then incubated
with a 1:200 dilution of the cy2-or cy3-conjugated secondary antibodies (Jackson
Laboratories).

Analysis of zebrafish mutant line sensitivity to chemical inhibition. Caudal fins from adult
zebrafish of wild-type or mutant lines were amputated at mid-fin level, then allowed to recover
in fish water or in 100 nM PTK787 for partial angiogenic inhibition for 3 dpa as described
above. Tissue regrowth and vessel regeneration were measured for each individual as before
and expressed as a percentage of vascularization. Statistical analysis was done to determine
between group significances using ANOVA and Tukey tests as described (Supplementary
Table 1 online).

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Zebrafish tail fin vasculature and ease of adult angiography. (a) Schematic diagram showing
the location of the adult zebrafish heart for intracardiac injection and adult angiography. A
fluorescent agent microinjected through the heart circulates throughout the fish and is visible
in all the fins within minutes. (b,c) Enlarged views of the same tail fin region. (b) Pigment and
bony structures of the fin ray in bright field. (c) Blood vessels after fluorescent angiography.
(d) Magnified region in c of connecting blood vessels of the fin microvasculature. Scale bars,
1 cm (a); 500 μm (b,c); 100 μm (d).
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Figure 2.
Tail fin vessel regeneration is sensitive to VEGFR inhibition. Top panels, endothelial cells
(EC, green) using a transgenic endothelial-eGFP line, Tg(fli1:EGFP)y1. Middle panels, blood
flow (Flow, red) using angiography in the same fish. Bottom panels, endothelial tip cells.
(a,b) Adult zebrafish tail fins were clipped, then allowed to recover for 3 dpa. (c-f) Fish were
treated with PTK787 as indicated. White boxes indicate areas where endothelial cells have not
yet formed into perfused blood vessels. (g,h) Filopodia from the endothelial tip cells were
found to extend into avascular tissue. Abbreviations for all figures: dpa, days post amputation;
EC, endothelial cells; Flow indicates angiography. Orange arrow, amputation site for all
figures. Scale bars, 500 μm (a-f); 50 μm (g); 10 μm (h).
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Figure 3.
Molecular analysis of regenerative angiogenesis. In situ antisense RNA hybridizations with
various probes and stages in control (C) or PTK787 (PTK) treated fin samples as indicated.
(a-g) In situ probes vegf-a, vegfr2, msxb, shh or fgfr1 were used on fin samples as indicated.
Black arrows, clip sites in all panels. (f,g) Frozen sections of 1.2 dpa fins showing location of
msxb and vegf-a mRNA staining. Scale bars, 500 μm (a-e), and 50 μm (f,g).
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Figure 4.
Caudal fin regrowth is limited by angiogenesis. (a-f) The same fins are shown in bright field
(top panels) and with the corresponding endothelial-eGFP signal (bottom panels). Zebrafish
tail fins were clipped, then allowed to recover normally or treated with PTK787 inhibitor as
indicated. (g) Quantitative comparison of vessel and fin regeneration in control and PTK787-
treated fish. Black bars, nonvascularized fin tissue; white bars, vascularized tissue. Average
values are plotted for fin and vessel growth (n = 15). (h-m) Time-course analysis of fin recovery
in control (top panels) or PTK787-treated endothelial-eGFP fish (bottom panels) in washout
experiment. (n,o) Changes in vegf-a (n) or vegfr2 (o) mRNA levels standardized to β-actin
during caudal fin regeneration in control (white bars) or washout where PTK787 was removed
at 3 dpa (black bars). Gray bars, levels in unclipped fins. n, number of experimental replicates
(pool of fins); N, number of fins used; *, significantly different from control (**, P ≤
0.01; ***, P ≤ 0.001); #, significantly different from unclipped fin (#, P ≤ 0.05; ##, P ≤ 0.01;
###, P ≤ 0.001). Error bars indicate s.d. Scale bars, 500 μm.
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Figure 5.
Examination of tissues and cell types in the zebrafish tail fin. (a-f) Zebrafish tail fins were
clipped and allowed to recover with or without PTK787 as indicated. In the presence of
PTK787, regenerative angiogenesis is prevented as indicated by angiography in a,b.
Monoclonal antibodies zns-5 or zn-12 were used to examine bone or nerve staining in c,d or
e,f, respectively. Regeneration of both tissue types appears unaffected by PTK787 (d,f). (g)
Transmission electron micrograph (TEM) of the caudal fin at mid-fin level. A central artery
(artery) and a perivascular cell (pericyte) are indicated. (h) Higher magnification of tail fin
vessels stained for smooth muscle actin using the monoclonal antibody B-4. An artery is labeled
‘a’ and a vein is labeled ‘v.’ (i-k) Frozen cross-section of a caudal fin at mid-fin level using
endothelial-eGFP (EC) and smooth muscle actin (SMA) in the same sample. (l-m) Antibody
staining for smooth muscle actin in 7 dpa or 14 dpa adult fins using monoclonal antibody B-4.
Orange arrow, clip site in l; clip site is outside the image in m, due to the large amount of
regrown tissue. Scale bars, 500 μm (a-f,l); 5 μm (g); 10 μm (h); 50 μm (i-k).
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Figure 6.
Effectiveness of chemical inhibitors on regenerative angiogenesis. Adult zebrafish tail fins
were clipped, then allowed to recover for 3 dpa under control conditions or with inhibitors as
indicated. SU5416 (a-c), SU11652 (d-f) or AAL993 (AAL; g-i).
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Figure 7.
Chemical analysis of regenerative angiogenesis in zebrafish lines. (a,b) Zebrafish tail fins from
heterozygous PLCg1y10/+ adults (PLC γ Het; b) and their age-matched wild-type siblings
(PLCg1+/+; WT Sib; a) were clipped and allowed to recover for 3 d in 100 nM PTK787 for
partial inhibition. White arrow, clip site; orange line, total amount of tissue regrowth; green
line, amount of vascularization in the regenerated tissue. (c) Tissue regeneration and the
percentage of vascularization at 3 dpa were determined in zebrafish lines in controls (Control
3 dpa) or with PTK787 treatment (PTK787 3 dpa) as indicated. For each line, the sample
numbers are the same for control or for inhibitor treatment: wild-type AB strain (n = 8);
PLCg1+/+ wild-type siblings (n = 5);PLCg1y10/+ heterozygous adults (n = 12); homozygous
grlm145/m145 adults (n = 5). Error bars indicate s.d. (n = 7); heterozygous clo m39/+ adults Scale
bar, 500 μm (a,b).
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