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We also found that conversion of melanocytes by instructor cells
involved melanocyte-stimulating hormone (MSH)-secreting melanotrope
cells of the pituitary. To uncover previously unknown targets of long-range
bioelectrical signaling, we performed a genome-wide analysis of transcrip-
tional changes in embryos in which the instructor cells were depolarized.

One puzzling aspect of this phenotype is that hyperpigmentation is
stochastic, yet binary, at the level of the organism: A given treatment affects
only some percentage of the manipulated embryos, and every animal is either
hyperpigmented or not. Because currently available reverse-engineering
methods for steady-state or time-series concentration data cannot be used
to infer stochastic models directly from phenotypes (39—44), we developed
an automated method based on evolutionary computation to derive a
stochastic network model that predicted how divergent body-wide pheno-
types can stochastically arise. Our method reverse-engineered the necessary
components, regulatory interactions, and parameters of a stochastic ordinary
differential equation model directly from training data sets and accurately
predicted the stochastic phenotypes resulting from pharmacological manip-
ulation of the embryos. Our approach revealed the molecular steps and
circuits by which change in the membrane voltage of dispersed, specific cell
populations can affect the behavior of widely distributed cells of other types.

RESULTS

lvermectin-induced instructor cell signaling is mediated
by cAMP, PKA, and CREB

To depolarize instructor cells of 1-day [stage 10; note that all stages are
defined as Nieuwkoop and Faber (NF) (45)] Xenopus embryos, we used
the GlyR-opening drug ivermectin, which causes the efflux of chloride ions
from the GlyR-positive instructor cells (6, 46). Because melanocytes do not
express the gene encoding GlyR (6), ivermectin does not directly affect the
melanocytes. We measured the percent of the population that became
hyperpigmented at stage 45, 7 days of ivermectin exposure (Fig. 1, A to
C). Inspection of tadpole morphology, behavior, and survival indicated no
overt toxicity or teratogenesis due to hyperpigmentation, consistent with
previous studies (6).

We used a suppression screen strategy (6, 30, 47) to identify signals
involved in mediating the hyperpigmentation phenotype. We applied inhib-
itors of various aspects of cAMP signaling together with ivermectin and as-
sessed the effect on the frequency of hyperpigmentation. Treating stage
10 embryos with the cell-permeable cAMP antagonist 25’-dideoxyadenosine
and ivermectin significantly reduced the incidence of hyperpigmentation that
occurred with ivermectin treatment alone (87% hyperpigmented with 1 uM
ivermectin alone and 67% hyperpigmented with 500 uM 2'5’-dideoxyadenosine
and ivermectin) (Fig. 1C). We also exposed stage 10 embryos to ivermectin
and forskolin, which directly stimulates AC to increase cAMP, or to for-
skolin alone and found that forskolin alone led to a significant incidence of
hyperpigmentation compared with the occurrence in control animals (Fig.
1C). These results suggested the involvement of cAMP in Vy,ep-induced
changes in melanocyte behavior.

Changes in intracellular cAMP abundance regulate the activity of the
cAMP-dependent PKA. To determine whether PKA was involved in the
hyperpigmentation phenotype, we exposed stage 10 Xenopus embryos to
ivermectin and the PKA antagonist H89 dihydrochloride. Coapplication
of H89 resulted in a significant reduction in the incidence of hyperpigmen-
tation compared with embryos exposed to ivermectin alone (Fig. 1D), sug-
gesting that PKA is involved in this signaling process.

cAMP and PKA signaling affect gene expression through CREB. Trans-
location of activated PKA to the nucleus phosphorylates Ser'** in CREB,
thereby activating it (48). To address whether CREB is involved in
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Fig. 1. cAMP and CREB are involved in mediating instructor cell signaling.
(A and B) Frogs treated with pharmacological agents at stage 10 are
scored for pigmentation phenotypes at stage 45. (C) Percent of the popu-
lation exhibiting hyperpigmentation in embryos at stage 45 after treatment
at stage 10 with the cAMP antagonist 2'5-dideoxyadenosine (2'5-DDA)
with or without ivermectin (IVM) or the AC activator forskolin. (D) Percent
of population exhibiting hyperpigmentation in embryos at stage 45 after
treatment at stage 10 with the protein kinase A (PKA) antagonist H89 with
or without ivermectin or injected into one cell at the four-cell stage with the
mRNA for the indicated CREB with or without ivermectin. A-CREB encodes
dominant-negative (DN) CREB; XICreb1 encodes wild-type (WT) CREB;
and VP16-XICreb1 encodes constitutively active (CA) CREB. In (C) and
(D), sample sizes (number of embryos) are noted for each condition. Error
bars represent 1 SEM. *P < 0.0001 based on Pearson’s x test.
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mediating the hyperpigmentation phenotype in Xenopus, we injected one
cell of a stage 5 (32-cell) embryo with synthetic mRNAs encoding either
wild-type CREB (XICrebl), dominant-negative CREB (4-CREB) (49), or a
constitutively active version of CREB (VP16-XICrebl) (50). Injection of the
RNA for wild-type CREB had no effect on the percent of hyperpigmented
animals, whereas injection of the RNA for constitutively active CREB
resulted in hyperpigmentation of ~42% of tadpoles (Fig. 1D). Injection of
the RNA for the dominant-negative CREB into one cell of a stage 5 embryo
had no significant effect on the percent of hyperpigmented animals when
injected alone and compared to control uninjected embryos or when
combined with ivermectin and compared with embryos exposed to ivermec-
tin alone (Fig. 1D). Together, these results implicate the involvement of
cAMP-PKA-CREB pathway in transducing signals from the depolarized
instructor cells to melanocytes.

Hyperpigmentation phenotype
involves the pituitary gland

Instructor cells are sparse yet widely distrib-

uted throughout the entire embryo and the A
responding neural crest—derived melano-
cytes, which can be many cell lengths away,
suggesting that the signal may not be direct
from the instructor cells to the melanocytes.
Noticing that rare embryos with spontane-
ously missing midline structures never
underwent melanocyte conversion after iver-
mectin expression, we suspected involve-
ment of one of the unpaired (centrally
located) endocrine organs. Because mela-
notrope cells of the pituitary gland secrete
oMSH, which promotes the dispersion of
melanin granules in the Xenopus melano-
cytes (51), we hypothesized that the pituitary  p
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we exposed Xenopus embryos to oMSH agonists and antagonists. Nearly
all of the embryos exposed to the aMSH agonist SHU 9119 from the neu-
rula to tadpole stages developed a hyperpigmented phenotype (Fig. 2D).
Embryos exposed to MSH-RIF and depolarizing ivermectin displayed
32% less hyperpigmentation incidence than did those exposed to ivermectin
alone (Fig. 2D).

To determine whether serotonin signaling and aMSH were part of
the same pathway, we exposed the embryos to combinations of inhibitors
of oMSH and SHT signaling. Either MSH-RIF or altanserin, a SHT-R2—
specific antagonist, significantly decreased ivermectin-induced hyper-
pigmentation when applied to embryos individually (Fig. 2D). Embryos
exposed to all three pharmacological agents (ivermectin, MSH-RIE, and
altanserin) showed a similar proportion of hyperpigmented tadpoles as
those exposed to either ivermectin and MSH-RIF or ivermectin and altan-
serin, indicating that both serotonin and aMSH signaling are in the same
pathway.
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may also be involved in controlling other as-
pects of melanocyte behavior. 100%

We individually removed regions
containing the pineal gland, the pituitary,
or, as a control, a region below the cement
gland (Fig. 2, A and B) from tail bud—stage
(stage 32) embryos that had been exposed
to ivermectin continuously starting at the
neurula stage (stage 10). The first melano-
cytes develop at stage 33 or 34; therefore,
we removed the pineal or pituitary glands

90%

80%

70%

60%

‘S 50%

40%

: 30%

before the appearance of the first melano-

cyte. The embryos were reared to free- 20%

swimming tadpole stage and scored for 10%
hyperpigmentgtif)n. Removing .the pine.al %

gland had no significant effect on ivermectin-
induced hyperpigmentation, whereas removing

Percent hyperpigmentation

VM IVM

Control cut + Pituitary cut+ Pineal cut +

T NS 1

NSNS

Depolarized

+
%
o o
ko £ =2
+ e + o + o
k7 T 9| ° O s
: N E N2 NE
8 2 5 - & o=
& $G 5 e
= (a3 A% A%
e
Control IVM SHU 9119  IVM + MSH-RIF IVM+  IVM + MSH-RIF +
IVM altanserin altanserin

the pituitary gland decreased hyperpig-
mentation incidence by ~50% compared
with ivermectin-exposed controls (Fig. 2,
C and D). These results indicated that hy-
perpigmentation involved the pituitary and
revealed that depolarization-induced hyper-
pigmentation can be interrupted by remov-
ing the pituitary until at least stage 32.
Because the pituitary releases aMSH, a
known regulator of melanocyte function,

Fig. 2. The pituitary gland is necessary for ivermectin-mediated hyperpigmentation. (A) Side view showing
the main regions of Xenopus tadpole brain. (B and C) Xenopus embryos were treated with ivermectin from
neurula stage (stage 10), cut at tail bud stage (stage 32), raised to tadpole stage (stage 45), and scored for
hyperpigmentation (HP). Cuts were performed on tail bud stage (stage 32), removing the pineal gland,
pituitary gland, or a control region below the cement gland and away from both the pituitary and pineal.
(D) Effect of control cuts (n = 54 embryos), pineal cuts (n = 46 embryos), or pituitary cuts (n = 59 embryos)
on the percent of ivermectin-induced hyperpigmented tadpoles. Effect of inhibition of MSH with aMSH
release—inhibiting factor (MSH-RIF), an MSH agonist SHU 9119, or a 5HT receptor antagonist altanserin
on the percent of hyperpigmented tadpoles. Error bars represent 1 SEM. *P < 0.0001, Pearson’s x° test;
NS, not significant.
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Instructor cell depolarization results in transient increase

in Sox10 expression

Sox10 is a transcription factor that promotes the specification of neural crest
progenitors to the melanocyte lineage (33). Slug is a member of the Snail family

of transcription factors that are important in
the epithelial-to-mesenchymal transition in
neural crest cells (37, 52). Depolarization
of specific regions of developing Xenopus
embryos by forced expression of genes en-
coding depolarizing ion channels increases
the expression of genes encoding several
transcription factors, including Sox10 (27).
Whereas injection of mRNA encoding de-
polarizing ion channels into blastomeres re-
sults in depolarization of all of the injected
cells and daughters thereof, ivermectin de-
polarizes only the instructor cells. Therefore,
we compared the effects of ivermectin and
injection of XminK, which encodes a subunit
of a depolarizing potassium channel sub-
unit, on Sox/0 and Slug expression by quanti-
tative real-time polymerase chain reaction
(RT-qPCR) of tail bud-stage embryos (Fig. 3,
A and B). We used RT-qPCR of whole em-
bryos to obtain quantitative results that could
not be achieved by in situ hybridization in
the ivermectin-treated embryos. Either injec-
tion of XminK at the one- or two-cell stages or
exposure to ivermectin at stage 12 resulted in
a similar induction of Slug in the entire tail
bud-stage embryo. Both also induced Sox10,
but injection of XminK produced a larger
increase in Sox/(0 abundance (Fig. 3B).

Because ivermectin resulted in a lower
than expected increase in Sox /0 expression
in the tail bud-stage embryos, we analyzed
Sox10by RT-gPCR from embryos exposed
to ivermectin at stage 10 and then fixed at
different stages. This revealed that Sox/0
mRNA increased in abundance by stage
15, which occurs ~12 hours after the addi-
tion of ivermectin under our experimental
conditions, and then decreased at later
stages (Fig. 3C). To determine the spatial
profile of Sox/0 expression, we analyzed
stage 15 embryos that had been treated with
ivermectin by in situ hybridization. In con-
trol embryos, Sox 10 expression was limited
to symmetrical regions along the neural
fold (Fig. 3D). In contrast, ivermectin-treated
embryos displayed ectopic Sox/0 expres-
sion in a punctate pattern throughout the
embryo (Fig. 3, E and F), in a pattern simi-
lar to that of the GlyR-expressing instruc-
tor cells (6). Moreover, in contrast to the
consistent expression pattern of Sox/0 in
controls, the ivermectin-treated embryos
exhibited a patchier signal, suggesting a re-
duction in expression in the regions where
Sox10 is normally expressed.

These data indicated that similar to regional depolarization through
mRNA injection, ivermectin, which produces abnormally depolarized Vpem
only in the instructor cells, can alter gene expression, in particular,
producing foci of ectopic Sox10 expression throughout the embryo in
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Fig. 3. Both localized depolarization and sparse, widely distributed depolarization increase Sox710 tran-
scripts. (A) Expression of Sox70 in embryos injected with a mixture of XminK and B-gal mRNAs at the
four-cell stage that were fixed at tail bud stages. Far left shows injection, and middle shows the section
plane for the data shown at the right. (B) Effect of ivermectin treatment or XminK injection on the expression
of Sox10and Slug in tail bud stage embryos (stage 25) as assessed by RT-qgPCR. XminK-injected animals
were injected into one cell at the four-cell stage. Ivermectin-treated animals were exposed to the drug from
neurula stage (stage 10) onward until processing for RT-gPCR at stage 25. Control animals were uninjected
and untreated. Red dashed line denotes no fold change compared to control. All experimental treatments
resulted in significant increase in expression of both Sox70 and Slug compared to control (P < 0.05, Stu-
dent’s ttest; n = 10 embryos per sample, samples run in triplicate, three biological replicates). (C) Effect of
ivermectin exposure started at neurula stage on Sox70 expression as assessed by RT-gPCR in embryos
collected at the indicated stages. ST, stage. NF stages 15 to 35, n = 10 embryos per sample, samples run
in triplicate, three biological replicates; NF stage 45, n = 5 embryos per sample, samples run in triplicate,
three biological replicates. P < 0.05, Student’s ttest. (D to F) In situ hybridization for Sox70 performed on
stage 15 control (CTRL) embryos (D) or embryos that had been exposed to ivermectin treatment starting at
stage 10 (E and F). (F) is an enlargement of the area boxed in (E), and arrowheads indicate positive staining
outside the main Sox10-positive area.
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a pattern similar to that of instructor cells, but
Sox10 induction is transient compared with
that achieved by regional depolarization by
mRNA injection.

Instructor cell depolarization
produces a distinct pattern of
gene expression

Given that instructor cell depolarization
increased the expression of genes encoding
Sox10 and Slug, two neural crest—specific
transcription factors, we performed tran-
scriptional microarray analysis of whole
embryos at early neurula (stage 15) and tad-
pole (stage 45) stages, comparing stage-
matched controls and embryos treated with
ivermectin from stage 10.

We found that ivermectin exposure re-
sulted in 45 transcripts (Fig. 4A and table
S1) that were differentially expressed by
stage 15 embryos and 517 transcripts that
were differentially expressed in stage 45
embryos (Fig. 4A and table S2). Hierarchical
clustering of the data revealed that develop-
mental stage, rather than ivermectin, was the
main driver of the differences in gene expres-
sion (fig. S1). Of the five mRNAs that were
differentially expressed in both stage 15 and
stage 45 embryos exposed to ivermectin,
three are unknown and represent expressed
sequence tags (one for UniProt ID X1.52612
and two for X1.52879). The two genes that
were differentially expressed in embryos
of both stages in response to ivermectin ex-
posure were HIG1 (encoding hypoxia-
inducible domain family, member 1A) with
a 2.4-fold increase in the early embryos rela-
tive to the controls and a 4.5-fold increase in
late embryos relative to the controls, and
ANKRD37 (encoding ankyrin repeat do-
main 37) with a 2.9-fold increase in the
early embryos relative to the controls and
9-fold increase in the late embryos relative to
the controls. Too few differentially ex-
pressed genes were identified in the early
embryos for functional enrichment analysis;
nevertheless, our data showed that five
mRNAs were altered in abundance within
a few hours of depolarization of instructor
cells (in the stage 15 embryos) and remained
differentially expressed from controls at the
second time point (in the stage 45 embryos).

We identified sufficient differentially
expressed transcripts in the later stage em-
bryos (the same stage at which the hyper-
pigmentation phenotype is strongly evident)
to perform enrichment analysis using the
GOrilla database (53) with Homo sapiens
as the reference species. We analyzed the
transcripts for enrichment of Gene Ontology
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Fig. 4. Human homologs of the genes with increased expression resulting from ivermectin-induced de-
polarization are associated with neoplasms and cancer. (A) Venn diagram of the transcripts that were differen-
tially regulated (increased or decreased) in transcriptional microarrays of Xenopus tadpoles treated with ivermectin
starting at stage 10 and collected at early (stage 15) and late stage (stage 45). See fig. S1 for the differentially
expressed transcripts clustered by stage and condition. See tables S1and S2 for a list of the transcripts and genes.
(B and C) Pathway analysis of the differentially expressed transcripts in stage 15 embryos (B) and stage 45
embryos (C). Proteins are red shapes, diseases are purple boxes, stimulatory regulatory events are indicated
by an arrow and a plus sign on the relationship line, inhibitory regulatory events are indicated by a blunt line,
and arrows without any sign indicate direct binding of proteins.
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