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Abstract

Zebrafish is gaining popularity as a vertebrate model for screening small molecules that affect specific phenotypes or genetic pathways. In this study, we present a targeted drug screen to identify drug modifiers of the
melanocyte migration defect of a temperature-sensitive allele of the Kit receptor tyrosine kinase, kitts. We first
test two candidate drugs, the phosphatidylinositol-3-kinase kinase inhibitor (LY294002) and the Erk=MAP kinase inhibitor (PD98059), for their effect on melanocyte migration and survival. We find that LY294002 enhances
the migration defect of kitts, implicating the phosphatidylinositol-3-kinase kinase pathway in promoting kitdependent melanocyte migration, but not survival. We then used the kitts-sensitized genetic background to
screen a panel of 1280 pharmacologically active drugs to identify drug enhancers and suppressors of the kitts
melanocyte migration defect. We identified three drug enhancers of migration, two of which, Papaverine and
Isoliquiritigenin, specifically enhance the kitts migration defect, while 8-DPAT affected both melanocyte migration and survival. These drugs now provide additional experimental tools for investigating the mechanisms
of kit-promoted melanocyte migration and survival in the zebrafish embryo.

Introduction

T

he zebrafish has long been recognized as a powerful vertebrate model for large-scale forward genetic
screens.1,2 Mutations that affect pigment pattern in the embryo and adult were among the largest classes of mutants first
isolated, and much has been learned about cell–cell signaling,
cell fate specification, pigment evolution, and cell migration
from the study of these mutants.3–7 Characteristics that make
zebrafish amenable to forward genetics, such as small size,
external fertilization, optical clarity, and ease of producing
many embryos, have also been recognized as useful for largescale screening of small molecules.8–14 Drug discovery in the
zebrafish can be aided by taking advantage of mutants to identify specific chemical–genetic interactions and pathways.15
The Kit receptor tyrosine kinase is required for several
developmental functions in the zebrafish melanocyte lineage,
including differentiation, migration, survival, and regeneration.16–18 The migration and survival functions are separable
molecularly and temporally, suggesting that they may be independent functions of the Kit receptor.19 Evidence from other
model systems is consistent with multiple signaling pathways
working downstream of the Kit receptor (see reviews by
Linnekin20 and Kent et al.21), including the phosphatidylinositol-3-kinase (PI3K) and the Ras-Raf-MAP kinase (MAPK)
signaling pathways.22 Although well studied in murine mod-

els, it is not yet known which signaling pathway is involved in
the zebrafish melanocyte functions, or indeed, whether zebrafish kit signaling uses different pathways for these processes. Here, we use a temperature-sensitive allele of kit,
kitj1e99 (kitts), which, at an intermediate temperature, provides
a sensitized genetic background to test whether the PI3 kinase
inhibitor (LY294002) or the MAP kinase inhibitor (PD98059)
enhances kit defects in migration and survival. Our results
suggest that kit signals through the PI3K pathway to promote
migration, but not survival. We find no evidence that kit
promotes either migration or survival through the MAPK
pathway.
We then conducted a small molecule screen of 1280 pharmacologically active compounds to identify drugs that either
enhanced or suppressed the sensitized migration defect provided by the kitts mutant. This identified three additional drug
enhancers of kitts migration defect: Papaverine, Isoliquiritigenin, and 8-DPAT. Each drug was further tested for its interaction with kitts in concentration–response curves, and for
their effect on the survival function of kit signaling in both kitts
and wild type (WT). The drug enhancers identified in this
screen will be useful tools in modulating kit-dependent cell
signaling in zebrafish embryos. The annotated targets of these
drugs also suggest two additional pathways that need to be
explored in kit signaling, including one that may increase cyclic nucleotides and a second that involves serotonin levels.
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Table 1. Drug Enhancers of Kit Melanocyte Defects

Name

Source

Candidate drug enhancers of kit defects
LY294002
Sigma L9908
PD98059
Sigma P215
Gleevec
LCLaboratories I5508
Drug enhancers of kit defects identified in screen
Papaverine
Sigma P3510
Isoliquiritigenin
Sigma I3766
8-DPAT (R-(þ)-8-hydroxy-DPAT)
Sigma H140

Annotated target

Migration

Survival

PI3K inhibitor
Mek inhibitor
RTK type III (Kit) kinase inhibitor

Enhance
No effect
No effect

No effect
No effect
No effect

Phosphodiesterase inhibitor
Guanylyl cyclase activator
Serotonin agonist

Enhance
Enhance
Enhance

No effect
No effect
Enhance

PI3K, phosphatidylinositol-3-kinase.

Materials and Methods
Role of PI3 kinase pathway, MAP kinase pathway,
and Kit kinase function in migration and survival
We tested two candidate downstream pathways of kit, the
PI3K pathway using the inhibitor LY294002 and the MAP
kinase pathway using an inhibitor to the Map Kinase, Mek,
PD98059, for their effect on WT and kitts melanocyte migration
and survival.
Pharmacological screen for drug modifiers
of kit-promoted migration
We screened the Library of Pharmacologically Active
Compounds (LOPAC; Sigma, St. Louis, MO) for drugs that
modified a sensitized allele of kit. This panel contains 1280
compounds from all major drug target classes. Drugs were
diluted to 10 mM in 96-well plates to a final volume of 200 mL.
We used the kitj1e99 (kitts) allele of kit described previously as
temperature sensitive for its defects in migration and survival.19 Three kitts embryos were placed in each well using a
Pasteur pipette while adding as little extra embryo medium as
possible (*20 mL).
To find drug enhancers of the kitts migration defect, kitts
animals were placed in drug at 10–12 hpf and reared at 288C
(just above the permissive temperatures for kitts). Animals
were assayed for extent of melanocyte migration using an
inverted microscope at 2 and 3 dpf. Conversely, we screened
for drug suppressors of kitts, by rearing animals at 308C (just
below the restrictive temperature for kitts) and assayed for WTlike pigment pattern at 2 and 3 dpf. Embryonic lethality, in
which all three embryos in the drug died before 2 dpf, was
*4% for the migration screen. We initially selected 43 possible enhancers and 34 possible suppressors of migration. Drugs
that reliably replicated their effects are shown in Table 1.
To identify drugs that would affect melanocyte survival, we
followed the procedure above, except that embryos were
added to the drug panel at 2 dpf and screened at 6 dpf. Embryos were again reared at 288C to identify enhancers and
308C for suppressors. The intermediate survival phenotype of
kitts was too variable for the screen to be effective, and no
melanocyte survival modifying drugs were identified from
the screen.
Lethality concentration response
To further investigate the three enhancers of the kitts migration defect identified in the screen, we first identified the
maximal sublethal concentration for each drug. We placed 10

embryos=well at 10 hpf in various concentrations of drug
ranging from 1 to 1000 mM. We selected the drug concentration for which greater than 50% embryos survived for 6 days
postfertilization for further experiments.
Melanocyte migration
Drugs that were identified in the screen were retested to
quantify the enhancement effect on kitts, and whether they
could affect WT embryos at higher concentrations. WT and
kitts embryos were retested at 10 mM drug as in the original
screen, as well as the maximal sublethal concentration. All
embryos were placed in drug at 10–12 hpf, reared at either
288C for enhancers or 308C for suppressors, and fixed at 72 hpf
using 4% paraformaldehyde in phosphate-buffered saline
solution. Ten embryos were used for each treatment. Quantitation of migrated and nonmigrated melanocytes was performed by counting a subpopulation of melanocytes in the
embryo, referred to as the migratory subpopulation. The migratory subpopulation includes melanocytes on the head,
yolk, near the ear, and in the dorsal, lateral, and abdominal
stripes above the hind yolk as previously described,23 and
highlighted in Figure 1B. Melanocytes in the head, yolk, and
abdominal stripes (highlighted by hash-marked regions) were
considered as migrated. Cells near the ear, on the dorsum, and
in the lateral stripe (highlighted by clear regions) were categorized as nonmigrated. To test whether each drug had a significant effect on the number of migrated cells, a Student’s
t-test was conducted on the ratio of migrated to nonmigrated
melanocytes compared to that of control.
Drug enhancer concentration–response curves
Concentration–response experiments were conducted on
drug enhancers that reliably replicated kitts migration effect
using various sublethal concentrations of drug on both WT
and kitts embryos. Embryos were added to drug at 10 hpf,
reared at 288C, and fixed at 72 hpf. For these experiments
(Fig. 2), we chose to count the regions where migration defects
are most apparent in kitnull embryos: the yolk and near the ear.
Migration factor is defined as number of melanocytes on the
yolk divided by the total of melanocytes on the yolk plus near
the ear. We normalized each of the WT drug treatments to the
untreated WT control, and the kitts drug treatments to the kitts
untreated control. Thus, both kitts and WT have a normalized
migration factor of 1 when no drug is added. Drugs enhance
the kitts migration defect when the slope of the kitts concentration curve is steeper than that of WT. We then tested
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FIG. 1. Drug enhancers of kitts migration defect. (A) Quantification of melanocyte migration after each drug treatment at
3 dpf in wild-type (WT) and kitts genetic backgrounds. Regions that were counted are highlighted in (B). Melanocytes near the
ear and in the dorsal and lateral stripe above the hind yolk were categorized as nonmigrated and are highlighted by clear
boxes. Melanocytes in the head, on the yolk, and the ventral stripe were considered migrated and are highlighted by hashmarked boxes. Bars represent the mean, with error bars indicating standard deviation. Statistically significant differences in
the ratio of migrated melanocytes between drug treatment and the DMSO control are indicated for kitts (*) and WT (**).
(B) Untreated WT embryos at 3 dpf have melanocytes that have almost completed migration, with melanocytes present on
the yolk and head, and few near the ear. With our metric, WT embryos have a total of 80 melanocytes with 55% migration.
Embryos with null mutations in kit (C) show a migration defect with few melanocytes on yolk or head and a cluster of
melanocytes near the ear, and have 25% migration (data not shown). Embryos with a temperature-sensitive mutation in kit,
kitts, at 288C (D) have slightly fewer total melanocytes, but have insignificantly fewer migrated cells (51%) than WT
( p ¼ 0.410). Embryos treated with LY294002 (10 mM) in WT have a developmental delay but are nearly identical to untreated
embryos with regard to melanocyte migration ( p ¼ 0.811), but in kitts show a significant defect (E) in the number of migrated
melanocytes when compared to untreated kitts ( p ¼ 4.4E–6). Papaverine (20 mM) also does not significantly affect WT embryos
( p ¼ 0.570) but shows a large deficit of migration (31%) in kitts (F, p ¼ 3.8E–5) and also shows a developmental delay and
pericardial edema. Isoliquiritigenin (20 mM) has a significant effect on both WT (46%, p ¼ 0.002) and kitts (40%, p ¼ 0.008)
migration and in kitts (G) appears much like a kit null mutant (C). Treatment of WT embryos with 10 mM 8-DPAT results in a
large deficit in the number of total melanocytes (36.7 compared with 79.0 in untreated, p ¼ 8.9E–8) as well as migrated
melanocytes (32%, p ¼ 1.710–7). In kitts (H), 8-DPAT appears like kitnull animals, and has only 7% migration ( p ¼ 7.1E–14),
which is less than that observed in kitnull. The effect of 8-DPAT on total melanocytes in kitts is similar to that observed in WTtreated animals ( p ¼ 0.247). For all treatments, sample size was >8 animals.
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FIG. 2. Concentration response of drug enhancers on kitts and wild-type (WT) melanocyte migration. (A–D) Drug enhancers
of kitts migration were retested at various concentrations in both kitts and WT embryos. Migration factor is the ratio of yolk
melanocytes to the number of melanocytes near the ear plus the number on the yolk. We normalized each migration factor in
drug treatments of each kitts and WT to its respective untreated control. This method emphasizes the migration phenotype
as a function of drug concentration. The dotted line in each graph represents the kitnull migration value (0.3) using this metric.
*p-Values from t-tests between kitts and WT less than 0.05 are indicated. (A) LY294002 shows a sharp decline in kitts but a
fairly flat response in WT embryos with a significant difference at 10 mM ( p ¼ 0.001) and at 20 mM ( p ¼ 0.002). (B) Papaverine
has a large effect in kitts from 5 to 20 mM. At 20 mM, the migration effect in kitts is significantly different from that of WT
( p < 0.001) and is identical to the kitnull defect. In WT embryos, the slope of the concentration–response curve is quite
shallow with the 40 mM effect identical to the effect of 10 mM in kitts animals, indicating a shift in the concentration response of
30 mM from WT to kitts. (C) Isoliquiritigenin concentration response reveals that the effect of Isoliquiritigenin on kitts defect is
greater than that of WT. From 0 to 20 mM the two curves appear to have the same slope, but from 20 to 40 mM the slope of kitts
is greater, with a significant difference between kitts and WT at 40 mM ( p ¼ 0.01). (D) Concentration response of 8-DPAT also
reveals a similarity between the responses of WT and kitts between 0 and 3.2 mM, but between 3.2 and 10 mM displays a
greater effect on kitts with a significant difference in migration factor at 10 mM ( p ¼ 0.001).
whether each point in the concentration–response curves was
significantly less in kitts than in WT using Student’s t-test.
Melanocyte survival
Drug enhancers of the kitts migration defect were tested for
their effect on melanocyte survival. WT and kitts were added
to drug at 2 dpf, reared at 288C, and fixed at 6 dpf. Quantitation of melanocyte survival was accomplished by counting
the total number of dorsal stripe melanocytes at 6 dpf. Student’s t-tests were performed to test for statistical significance on difference of total dorsal melanocytes with that of
untreated controls.
Results
Role of PI3K or MAPK in kit-promoted processes
We first tested two candidate drugs, LY294002 and
PD98059, for their effect on enhancing the migration and

survival defects of kitj1e99 (kitts), a temperature-sensitive
mutation at the kit receptor tyrosine kinase. At the restrictive temperature (338C) melanocytes fail to migrate to the
periphery, whereas at the permissive temperature (258C) they
migrate normally. We reasoned that at an intermediate temperature (288C), where kitts have approximately 80% of the
WT complement of migrated melanocytes, this mutation
provides a sensitized background, whereby slight perturbation of the kit pathway will exhibit large changes in the migration phenotype of kitts. Thus, the enhancement of the kitts
defect might reveal drugs that interact with the kit pathway
that would not be revealed in a WT genetic background. We
previously used kitts as a sensitized allele to confirm that a
putative kit ligand, kitla, is the functional ligand to kit.23 As in
that study, we used a subthreshold concentration that did not
show an effect in WT animals to ask whether either LY294002
or PD98059 could interact with the kitts phenotype.
LY294002 enhances the migration defect of kitts (Fig. 1A–E).
When kitts animals are treated with 20 mM LY294002 (Fig. 1E),
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Table 2. Effect of Drug Enhancers on Kitts Melanocyte Survival Defect
Wild type
No drug
LY294002 (20 mM)
Papaverine (10 mM)
Isoliquiritigenin (20 mM)
8-DPAT (10 mM)

104.3  5.6
97.5  13.6
ND
ND
44.3  13.5

p-Value
—
0.811
2.0E–10

kitts

p-Value

70.9  5.7
67.4  5.5
66.9  6.4
67.5  5.4
26.3  3.5

—
0.151
0.124
0.131
1.2E–16

Embryos were treated with drug from 2 dpf, when kit requirement for survival begins, until 6 dpf. Average number of dorsal melanocytes
at 6 dpf with standard deviation is presented. p-Value of Student’s t-test comparing untreated wild type with drug treatment is listed for each
drug. Number of sample size was >8 for each treatment.
ND, not determined.

only approximately 16.6 melanocytes, in the migratory subpopulation counted, migrate to the periphery, or 31%, significantly less than in untreated controls (54%, p ¼ 4.4E–6).
Slightly more melanocytes remain localized to the dorsum
(37.8 compared to 32.8 of control), and there are fewer total
melanocytes in the LY294002-treated animals (54.4 compared
to 66.9 melanocytes, p ¼ 0.031). The defect in migration is most
obvious when considering the cluster of melanocytes near the
ear and the absence on the yolk in drug-treated animals
(Fig. 1E). In contrast, when WT fish are treated with 20 mM LY,
there is no difference in melanocyte migration compared
to untreated controls (55% compared to 54%, p ¼ 0.811).
LY294002-treated fish also appear developmentally delayed
and have pericardial edema at concentrations above 10 mM.
To further investigate the chemical–genetic interaction of
LY294002 with kitts, we assayed for migration as a function of
drug concentration to create concentration–response curves
for both WT and kitts animals (Fig. 2A). In these graphs, we
represent migration based on the number of melanocytes on
the yolk compared to the number near the ear. Each series of
drug treatments is normalized with the untreated control
group. Thus, if the LY294002 effects on migration are independent of its interaction with kit, the slopes of the concentration response will be equal. If, however, LY294002 affects
migration through the kit pathway, the slope of the concentration response will be steeper in the kitts mutants. The effect
on migration in WT embryos treated with LY294002 is negligible at concentrations up to 20 mM. However, Figure 2A
shows that the curve for kitts is markedly steeper between 5
and 10 mM. At 10 mM LY294002, kitts animals have a migration defect that is approximately halfway between untreated
kitts and the kitnull allele (represented by the dashed line at
a migration factor of 0.3) and is significantly different from
that of WT at 10 mM LY294002 ( p ¼ 0.001). This effect levels
off at 20 mM, but is still significantly different than WT
( p ¼ 0.002).
We tested whether LY294002 could also enhance the kitts
melanocyte survival defect. We found that treatment with
LY294002 after 2 dpf did not affect melanocyte survival in
either WT or kitts (Table 2). WT larvae have approximately
104.3 dorsal melanocytes at 6 dpf. When treated with the
maximal sublethal concentration of 20 mM LY294002, WT
animals have nearly identical number of melanocytes (97.5).
Untreated kitts animals have only about 70.9 dorsal melanocytes at 6 dpf when reared at 288C, due to partial melanocyte
cell death beginning at 4 dpf in kitts. LY294002-treated kitts
have approximately 67.4 dorsal melanocytes, which is insignificantly different from the untreated kitts ( p ¼ 0.150).

We next tested whether PD98059 affected melanocyte migration or survival in kitts animals. PD98059 showed no effect
on WT melanocyte migration or survival nor showed enhancement of the kitts migration or survival defect (data not
shown).
Pharmacological screen for enhancers of kit-promoted
melanocyte migration
We next sought an unbiased approach to finding drug
modifiers of the kitts-sensitized allele to identify potential signaling pathways involved in kit-dependent migration or survival. We reasoned that this sensitized genetic background
could reveal drugs that enhance or suppress the kitts phenotype
that may not have a specific or obvious effect in a WT genetic
background when kit functioning is robust, and thus would be
missed in a screen using WT fish. We screened a panel of 1280
drugs (LOPAC; Sigma) that are biologically active in mammals
for both enhancers and suppressors of the kitts migration defect.
Through this screen, we first identified 43 possible drug
enhancers and 34 possible drug suppressors of melanocyte
migration. These drugs were retested, and three enhancers,
Papaverine, Isoliquiritigenin, and 8-DPAT, consistently replicated the initial migration phenotype. None of the 34 possible drug suppressors replicated their effect on the kitts
migration defect consistently.
Papaverine and Isoliquiritigenin enhance
the kitts migration defect, but not the survival defect
We identified two drugs, Papaverine and Isoliquiritigenin,
that specifically enhance the migration defect of kitts (Fig. 1F,
G). When kitts embryos are treated with 20 mM Papaverine,
only approximately 10.2 melanocytes, or 31% of the melanocytes in the subpopulation counted, migrate to the periphery.
This is significantly lower than the 34.1 migrated melanocytes
seen in untreated kitts controls ( p ¼ 3.8E–5). In contrast, when
20 mM Papaverine is given to WT embryos, an insignificant
decrease in migrated melanocytes is observed (33.2 melanocytes or 53% of the migratory subpopulation in Papaverine
WT, compared to 43 melanocytes or 55% in untreated embryos, p ¼ 0.571).
To further investigate whether Papaverine can affect WT
embryos and to examine whether Papaverine acts synergistically with kitts, we conducted a concentration–response assay of melanocyte migration (Fig. 2B). WT embryos showed
a migration defect of 0.70 with 40 mM Papaverine. This effect
is comparable to that observed with only 10 mM of Papaverine in kitts (0.73). In fact, 20 mM Papaverine in kitts animals
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phenocopies the kitnull mutants, which have a migration factor of 0.30 (dashed line). Thus, slightly reducing the activity
of kit signaling from WT to kitts at 288C results in a large shift
in the concentration–response curve of Papaverine, indicating
a strong interaction between Papaverine and kitts.
Isoliquiritigenin also affects kitts migration. When kitts embryos are treated with 20 mM Isoliquiritigenin (Fig. 1G), melanocytes are clustered near the ear and very few appear on
the head or yolk. Quantification reveals that only 24.6%, or
40%, of melanocytes migrate to the periphery, which is significantly fewer than migrate in untreated kitts ( p ¼ 0.008). WT
embryos treated with 20 mM Isoliquiritigenin also show a significant defect in the amount of melanocyte migration (30.9%
or 46% migrated melanocytes compared with 55% in untreated controls, p ¼ 0.002). To test whether Isoliquiritigenin
enhances the kitts defect at other concentrations, we examined
the concentration–response curve for Isoliquiritigenin between 5 and 40 mM. The response curve reveals a gradual
increase in the migration defect response in kitts (Fig. 2C) from
5 to 40 mM. The slope of the curve is slightly steeper than that
observed in WT embryos. At 40 mM, Isoliquiritigenin-treated
kitts animals are significantly different from WT ( p ¼ 0.01).
The effect of 40 mM Isoliquiritigenin is 0.63, similar to that of
20 mM Isoliquiritigenin in kitts, indicating a shift in the concentration–response curve that is less dramatic than observed
with Papaverine.
We wanted to test whether drug modifiers of the migration
defect of kitts could also affect melanocyte survival. Melanocytes in kitnull mutants begin to die from the embryo at 4 dpf.
We have shown previously that the requirement of kit activity
for embryonic melanocyte survival begins after 2 dpf. We
therefore can test whether the drugs modify kit-dependent
melanocyte survival by treating kitts animals with the maximal sublethal concentration of drug after 2 dpf and assaying
for melanocyte death at 6 dpf. Embryos treated with Papaverine or Isoliquiritigenin at concentrations above 10 mM resulted in embryonic death by 4 dpf. However, kitts embryos
treated with 10 mM Papaverine did survive to 6 dpf, and they
show no significant difference in the amount of melanocyte
survival (66.9 melanocytes for Papaverine vs. 70.9 melanocytes for control, p ¼ 0.124; see Table 2). Similarly, 20 mM
Isoliquiritigenin also shows no enhancement of the kitts survival defect (67.5 melanocytes, p ¼ 0.131). Because there was
no effect in the kitts-sensitized background, we did not test for
an effect on WT survival.
8-DPAT enhances both migration
and survival defects of kitts
In addition to the migration-specific drug enhancers, we
identified 8-DPAT as a drug that enhanced the migration defect
and also enhanced the survival defect of kitts in the secondary
screen. When kitts embryos are treated with 10 mM 8-DPAT,
they have only 3.1 migrated melanocytes (Fig. 1H), or about 7%
of melanocytes in the subpopulation counted. Untreated kitts
have significantly more (34.1 melanocytes, p ¼ 7.19E–14). Additionally, when WT embryos are treated with 10 mM 8-DPAT,
they also show a substantial defect in melanocyte migration
and have fewer total melanocytes at 3 dpf. Untreated WT embryos have 43.3 migrated melanocytes, or about 55% of the
migratory subpopulation (Fig. 1A, B). 8-DPAT–treated animals
have an average of 11.7 migrated melanocytes, only 32% of the
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migratory subpopulation. This is significantly different from
the expected number of migrated melanocytes (19.6 expected
migrated melanocytes, p ¼ 1.74E–7). In addition to the migration defect, these animals also have very small melanocytes
much like null mutants for kit (Fig. 1C).
8-DPAT also enhances the survival defect of kitts. Untreated
kitts embryos have 70.9 dorsal melanocytes at 6 dpf when
reared at 288C. When kitts are treated with 10 mM 8-DPAT after
2 dpf, animals have only approximately 13.5 dorsal melanocytes ( p ¼ 1.2E–16). In addition, 8-DPAT–treated WT have
43.3 dorsal melanocytes at 6 dpf, significantly less than the
untreated WT, which have 112.1 ( p ¼ 2.0E–10). This reduction
of melanocytes from 2 dpf is most likely due to melanocytespecific cell death rather than improper ontogenetic development, as embryos develop a nearly full complement of
melanocytes before the drug is added by 2 dpf. Further, the
melanocytes appear to fragment and congregate in small
groups, much like that observed in MoTP-induced melanocyte death.18
Discussion
The role of Kit signaling in melanocyte migration, proliferation, and survival has been extensively studied in mice in
many developmental and oncogenic contexts. Several signaling pathways are known to act downstream of Kit or
be required for particular Kit-dependent processes. Among
the more widely studied pathways downstream of Kit include the PI3K pathway and the MAPK pathway. However,
both pathways have been implicated for promoting migration and survival functions. For example, PI3K activity is required for Kit-activated survival of gastrointestinal stromal
tumor cell lines24 and in survival of mast cells.25 The MAPK
pathway has also been shown to promote survival of many
cell types during zebrafish embryogenesis.26 With regard to
migration, both MAPK and PI3K pathways have been shown
to be required for cell migration in murine peripheral blood
cells.27
To better understand the roles of the PI3K and MAPK
pathways in zebrafish melanocyte migration and survival, we
tested two candidate drugs, LY294002 and PD98059, for their
effect in enhancing the migration and survival defects of kitts.
Both these drugs have been used effectively in zebrafish
to knock down the function of their annotated targets. The
PI3K inhibitor LY294002 inhibits activation of PKB=Akt by
PI3K,28,29 and PD98059 has been shown to inhibit Erk activation in the MAPK pathway28,30 in zebrafish cells.31
Our data are consistent with previous studies that kit interacts with the PI3K signaling pathway, specifically that PI3K
signaling promotes kit-dependent melanocyte migration in
zebrafish embryos. LY294002 strongly enhances the migration defect of kitts. Our failure to find an effect of LY294002
on melanocyte survival through our sensitized assay suggests that PI3K signaling may not have a necessary role in kitpromoted survival.
In contrast, the Mek=MAPK inhibitor, PD98059, did not
have an effect on enhancement of kitts migration or survival.
This could be due to the MAPK pathway not being involved
in melanocyte survival. However, because we did not test
directly whether Erk activation was inhibited with PD98059,
we cannot rule out the possibility that our drug did not inhibit
Mek. The lack of effect in enhancing the kitts defect might also
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be explained by the fact that the presumed target of PD98059,
Mek, is too far downstream of kit to see an enhancement of the
defect. Moreover, it remains possible that the MAPK pathway
is promoting other kit-dependent processes that we did not
assay for, such as proliferation, differentiation, or regeneration of the melanocyte.
In addition to using drugs that are known to affect
likely downstream targets of Kit signaling, we used the kittssensitized background to screen for additional drugs that
would affect unsuspected pathways involved in Kit signaling.
This study took advantage of a sensitized genetic background
to find drugs that interacted with the Kit receptor tyrosine
kinase. As above, we reasoned that using a sensitized allele might amplify the effects of perturbations in interacting
pathways. Because many pathways are required for development and survival of the embryo, it is likely that inhibiting
them completely using high concentrations of drug would not
result in a specific melanocyte phenotype in WT embryos.
However, it may be possible to find drugs that at subthreshold concentrations may reveal a specific melanocyte phenotype in the kitts genetic background. Thus, using a sensitized
allele, we were able to identify two drugs that specifically
enhanced the kitts migration defect and one drug that enhanced both the migration and survival defects of kitts. Stern
et al.15 used a similar strategy to find drug suppressors of a
bymb allele that has increased mitotic cells in the embryo.
Because of this phenotype, they were able to find several
suppressors that inhibit the cell cycle. We designed our screen
to identify both enhancers and suppressors of the kit temperature-sensitive migration defect; however, we failed to
find suppressors of migration that consistently replicated in
kitts. Several drugs selected as suppressors enlarged melanocytes in kitts (data not shown), but did not alter migration
quantitatively. The study presented here is the first demonstration of identifying drug enhancers for a specific phenotypic defect in zebrafish. Further, our result that two of our
drugs, Papaverine and Isoliquiritigenin, would not have
shown a phenotype in WT animals at the concentration used
in the screen (10 mM) indicates that these drugs would have
been missed in a screen using WT animals. This demonstrates
the attraction for finding temperature sensitive, or hypomorphic, alleles in other pathways in zebrafish.
Although many novel drugs have been identified using
larger and more diverse synthetic libraries with the zebrafish,
we chose a smaller panel of known, pharmacologically active
drugs for our screen. One of the more challenging problems in
drug development is identifying the target of a novel compound.32 The compounds in the LOPAC panel have been well
characterized and have proposed mechanisms of action in
mammals. Although these mechanisms may not always be
conserved between mammals and fish, we can consider the
annotated target in generating models of possible modes of
action in zebrafish. We discuss each of our identified drug
enhancers, their known target in mammals, and their potential role in zebrafish melanocyte development below.
Papaverine is a strong enhancer of the kitts migration phenotype. The concentration–response curve of Papaverine’s
effect on kitts and WT reveals a large shift in the effective
concentration on migration. In fact, it is possible to achieve a
migration defect identical to the kitnull allele in kitts with 20 mM
Papaverine, a concentration that in WT animals causes no
defect in migration. This chemical–genetic interaction sug-
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gests that Papaverine inhibits processes that interact with the
kit-signaling pathway involved in promoting migration or
possibly interacts with the part of the kit receptor that is responsible for cell migration. Embryos treated with higher
concentrations of Papaverine are also developmentally delayed, indicating that it is blocking an essential pathway in
development. Although we find that Papaverine-treated animals have slightly fewer ontogenetic melanocytes, it does not
appear to affect melanocyte survival in either WT or kitts animals. Papaverine-treated animals also display a change in
melanocyte morphology, resulting in slightly larger melanocytes. In mammals, Papaverine acts as a nonselective phosphodiesterase inhibitor, increasing the amount of the
secondary messengers cyclic AMP (cAMP) and cyclic GMP
(cGMP) available for signaling. Consistent with this notion,
the retinal pigmented epithelium, which is a melanocyte
population independent of the neural crest, has been shown to
have increased cAMP levels after treatment with Papaverine.33 This mechanism predicts that increased cAMP or cGMP
levels should inhibit melanocyte migration. An inhibitory
role for cell migration has previously been proposed for both
cAMP34,35 and cGMP.36,37
Isoliquiritigenin also appears to have a migration-specific
enhancement of kitts. Its migration defect is not as strong as
Papaverine in kitts, and its effect appears synergistic, as the
slope of the concentration response is steeper in kitts than in
WT. However, this slope is not as severe as Papaverine in kitts.
The concentration response suggests that Isoliquiritigenin
interacts with kitts, but that this interaction is weak. Isoliquiritigenin activates guanylyl cyclase in mammals, but has
been shown to increase both cGMP and cAMP levels.38,39
Thus, its mode of action may be similar to that of Papaverine,
in that it increases the amount of cGMP and cAMP and that
they both inhibit the kit pathway in promoting migration
specifically. This finding suggests that increases in these secondary messengers inhibit kit-dependent melanocyte migration. The reports that Papaverine more effectively raises cAMP
levels39 and our finding that it is more potent in enhancing kitts
migration defects than Isoliquiritigenin raise the possibility
that cAMP levels may be more important to inhibiting melanocyte migration than cGMP.
To further test whether increased levels of cAMP inhibit
migration, we asked if Forskolin, which increases cAMP levels through adenylyl cyclase activation,40,41 also can inhibit
melanocyte migration. Forskolin is in the LOPAC panel, and
we noted during the primary screen that it caused large melanocytes in kitts embryos consistent with previous reports.42
However, we scored Forskolin as having no effect on migration in kitts. Indeed, when Forskolin was retested at 10 and
100 mM in kitts animals, we noted normal amounts of migration on the yolk and few melanocytes near the ear (data not
shown), tending to rule out that increased cAMP levels are
sufficient to inhibit melanocyte migration. We have not tested
agents that specifically increase cGMP. Thus, we suggest that
the drugs Papaverine and Isoliquiritigenin may act to inhibit
migration by increasing cGMP levels, or instead by an unidentified pathway.
8-DPAT appears to have several roles in zebrafish melanocyte development, including migration and survival. Our
data show that 8-DPAT affects migration in kitts and WT
embryos, and that, like Isoliquiritigenin, the effect on kitts is
slightly more than an additive effect, because the slope of the
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concentration–response curve is steeper in kitts animals than
in WT animals. This suggests that there is a specific interaction with kit signaling, but that this interaction is weak. Additionally, when animals are treated with 8-DPAT after
melanocytes have finished developing at 2 dpf, they have
fewer melanocytes at 6 dpf, indicating that 8-DPAT also
blocks melanocyte survival.
To address where in the kit genetic pathway 8-DPAT was
acting, we asked whether activating kit could suppress the
effect of 8-DPAT. Activating kit through the overexpression of
the kit ligand, kitla, in cmv:kitla transgenic animals results in
50% more melanocytes than WT at 6 dpf.23 To test whether the
cmv:kitla phenotype is epistatic to the 8-DPAT phenotype, we
administered 8-DPAT to cmv:kitla animals. 8-DPAT–treated
cmv:kitla animals are categorically identical to WT fish treated
with 8-DPAT, indicating that 8-DPAT is epistatic to cmv:kitla.
This result raises the possibility that the inhibition of kit signaling of 8-DPAT is downstream of kitla activity. None of the
other drugs in this manuscript had an effect on melanocyte
number or migration in cmv:kitla animals.
8-DPAT acts in mammals specifically as an agonist to
5-HT1A serotonin receptors to decrease the levels of cAMP in
the cell. Thus, if 8-DPAT mode of action is conserved in zebrafish, it might have had the opposite effect of Papaverine and
Isoliquiritigenin. However, we observe that all three are
acting to inhibit melanocyte migration in zebrafish. Our
findings are consistent, however, with in vitro evidence that
serotonin may promote migration of neural crest cells.43
However, no other serotonergic antagonists or agonists were
identified in the primary screen or in a follow-up screen with
15 other serotonergic drugs that were retested from the LOPAC panel (not shown). It is possible that 8-DPAT is acting
either as an antagonist to serotonin receptors or as an agonist
to other G-protein–coupled receptors that may increase cAMP
in the cell, or function through cAMP-independent means.
Previous work has shown that the G-protein–coupled receptor, CXCR4, and its ligand, Stromal cell–derived factor 1
(sdf1), are required in zebrafish for neuromast migration in the
posterior lateral line,44 as well as melanocyte migration to
the lateral stripe.6 Our results may suggest a larger role for
G-protein–coupled receptors in melanocyte migration and
suggest a new role in melanocyte survival.
This study reveals that care must be taken while drawing
inferences about the targets of small molecules even when
drugs are identified from panels of well-studied pharmaceuticals. In mammals, each of the drugs we identified from our
LOPAC screen has targets that together suggest roles for cyclic
nucleotides in regulating melanocyte migration. Yet, our efforts
to substantiate the mechanism of drug action, by more directly
modifying cAMP levels with Forskolin, or blocking serotonin
receptors with other serotonergic antagonists, failed to support
the predicted mode of action. In zebrafish, which also allows
for the use of genetic screens, additional clues to drug targets
may come from reversing the logic of the screen performed in
this study, and instead screening for mutations that specifically
enhance the efficacy of the drug. Such screens seem particularly
attractive when the phenotype involves the melanocyte, a cell
that is not essential for viability of zebrafish. Indeed, proof of
this principle is provided by screens that found hypomorphic
and viable alleles of the cuproenzyme ATP7a among enhancers
of the copper chelator neocuproine.45
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