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The ability of cells to collectively interpret surrounding environ-
mental signals underpins their capacity to coordinate their migra-
tion in various contexts, including embryonic development and
cancer metastasis. One tractable model for studying collective
migration is the parapineal, a left-sided group of neurons that
arises from bilaterally positioned precursors that undergo a
collective migration to the left side of the brain. In zebrafish, the
migration of these cells requires Fgf8 and, in this study, we resolve
how FGF signaling correlates with—and impacts the migratory
dynamics of—the parapineal cell collective. The temporal and spa-
tial dynamics of an FGF reporter transgene reveal that FGF signal-
ing is activated in only few parapineal cells usually located at the
leading edge of the parapineal during its migration. Overexpress-
ing a constitutively active Fgf receptor compromises parapineal
migration in wild-type embryos, while it partially restores both
parapineal migration and mosaic expression of the FGF reporter
transgene in fgf8−/− mutant embryos. Focal activation of FGF sig-
naling in few parapineal cells is sufficient to promote the migration
of the whole parapineal collective. Finally, we show that asymmet-
ric Nodal signaling contributes to the restriction and leftwards bias
of FGF pathway activation. Our data indicate that the first overt
morphological asymmetry in the zebrafish brain is promoted by
FGF pathway activation in cells that lead the collective migration
of the parapineal to the left. This study shows that cell-state differ-
ences in FGF signaling in front versus rear cells is required to pro-
mote migration in a model of FGF-dependent collective migration.
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The formation of tissue and organs during embryonic devel-
opment relies on the ability of cells to coordinate their be-

havior through physical and chemical communication between
each other and with their environment. Striking examples of
collective cell behavior are directed cell migrations, which occur
widely during development, tissue repair, regeneration, angio-
genesis, and metastasis. In these different contexts, coherent
actions of cells improve the robustness and efficiency of their
collective migration (1–4). Collective migration also facilitates
cell differentiation and morphogenesis through maintenance of
cell–cell interactions and signaling during migration (5–7). Col-
lective migration is thus the predominant mode of migration
adopted by epithelial and mesenchymal cells (8, 9).
Cells can migrate in different size groups, over variable dis-

tances, and in mechanically different environments, and can
adopt different multicellular arrangements, such as sheets,
chains, or groups with variable cohesivity. Over the last decade,
advances in genetic methods and imaging tools have consider-
ably improved our ability to observe and study collective cell
migration in vivo. For example, studies imaging the migration of
border cells and tracheal cells in Drosophila, and the lateral line

primordium (LLP) and vascular system in zebrafish, have revealed
the behavior of individual cells within the migrating group and
have highlighted some common features of collective cell migra-
tion, such as the importance of cell communication between
leaders and followers (1, 3, 5, 6). These studies also indicate that
many features of cell migration vary between models. For exam-
ple, although FGF signaling is implicated in many cell migration
events, its function varies from a role in promoting chemotaxis
(10–13), cell motility (14), and cell adhesion (15) or in coupling
migration to epithelial morphogenesis (16–20). Despite progress
in our understanding of cell migration, we are still far from fully
understanding how cells collectively interpret signals from the
surrounding environment and, consequently, there remains a need
for studies that correlate, in vivo, dynamic signaling events with
individual cell behaviors.
In the present study, we analyze the unusual left-sided mi-

gration of the parapineal in the zebrafish brain as an optically
and genetically tractable model for studying collective cell mi-
gration. The parapineal is a small group of 15–20 cells located in
the epithalamic region of the forebrain. In zebrafish, the epithalamus
has been intensively studied as a powerful model to understand how

Significance

The ability of cells to migrate collectively underlies many bi-
ological processes. The parapineal is a small group of cells that
requires Fgf8 to migrate from the midline to the left side of the
zebrafish forebrain. Studying the dynamics of FGF pathway
activation reveals that FGF activity is restricted to a few left-
sided parapineal cells. Global activation of the FGF pathway
interferes with parapineal migration in wild-type embryos,
while focal activation in few parapineal cells can restore mi-
gration in fgf8−/− mutants, indicating that FGF pathway acti-
vation in leading cells is required for collective migration. We
show that focal FGF activity is influenced by left-sided Nodal
signaling. Our findings may apply to other contexts of FGF-
dependent cell migration during development or metastasis.

Author contributions: M.R. and S.W.W. designed research; M.R., L.W., E.T., F.K., M.A.,
M.T., and M.C. performed research; E.T., F.K., J.W., and M.C. contributed new reagents/
analytic tools; M.R., P.B., and S.W.W. analyzed data; and M.R. and S.W.W. wrote
the paper.

The authors declare no conflict of interest.

This article is a PNAS Direct Submission.

This open access article is distributed under Creative Commons Attribution-NonCommercial-
NoDerivatives License 4.0 (CC BY-NC-ND).
1M.R. and L.W. contributed equally to this work.
2M.R., P.B., and S.W.W. contributed equally to this work.
3To whom correspondence should be addressed. Email: myriam.roussigne@univ-tlse3.fr.

This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10.
1073/pnas.1812016115/-/DCSupplemental.

Published online October 3, 2018.

E9812–E9821 | PNAS | vol. 115 | no. 42 www.pnas.org/cgi/doi/10.1073/pnas.1812016115

http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.1812016115&domain=pdf
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:myriam.roussigne@univ-tlse3.fr
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1812016115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1812016115/-/DCSupplemental
www.pnas.org/cgi/doi/10.1073/pnas.1812016115


left–right (LR) asymmetry develops in the brain (21–24). It is com-
posed of a pair of asymmetric nuclei called the habenulae and of the
photoreceptive pineal complex, which itself consists of the medially
located epiphysis and, to its left, the parapineal. Although it almost
always resides on the left, the parapineal derives from a group of
cells that span the midline, delaminate from the anterior epiphysis,
and collectively migrate leftward to lie adjacent to the left habenula
(25). The function of the mature parapineal is not clear but during
development it has an instructive role in the development of LR
differences between the habenulae (25–29).
We have previously shown that local Fgf8 signaling is required

for parapineal cells to migrate away from the midline (30). Al-
though Fgf8 is expressed bilaterally in the epithalamus, the
parapineal migrates to the left in most wild-type embryos. This
bias in the orientation/laterality of parapineal migration depends
on the activity of Cyclops (25, 30), a secreted signal of the Nodal/
TGF-β family that is transiently expressed in the left epithalamus
before parapineal migration (31–33). In embryos lacking Cyclops/
Nodal, asymmetry develops but the parapineal migrates to the left
or to the right with equal probability (32). Thus, one signaling
pathway promotes parapineal cell migration (FGF), while another
(Nodal/TGF-β) imparts directionality to the migration (30).
In this study, we elucidate the mechanisms by which Fgf8

promotes parapineal migration. Using a well-established genet-
ically encoded dynamic reporter of FGF signaling activity (34),
we observe that just a few parapineal cells, most often located on
the left posterior side, show FGF pathway reporter transgene
activation. This mosaic and asymmetric expression of Tg(dusp6:
d2EGFP) FGF reporter in the parapineal recapitulates the
pattern of endogenous dusp6 gene expression and is dependent
on Fgf8. Time-lapse confocal imaging in live embryos shows that
the dynamics of FGF reporter activity correlates with the be-
havior of migrating parapineal cells and that transgene expres-
sion is enriched in leading parapineal cells throughout migration.
Global expression of a constitutively active Fgf receptor (CA-FgfR1)
is able to partially rescue parapineal migration in fgf8−/− mutants.
However, despite the global expression of the activated receptor,
FGF reporter transgene activity resolves to leading cells as in wild-
type embryos. This suggests that focal activation of the FGF pathway
promotes parapineal migration. Supporting this finding, the focal
expression of CA-FgfR1 in few parapineal cells is sufficient to par-
tially restore parapineal migration in fgf8−/−mutants. Finally, we show
that left-sided Nodal activity is required for the lateralization and
restriction of FGF pathway activation and that absent or bilateral
Nodal signaling contexts differ in their impact on the pattern of FGF
pathway activation. Altogether, our data indicate that Fgf8 triggers a
focal activation of the FGF pathway in leading parapineal cells that is
influenced by left-sided Nodal activity, and this in turn promotes the
migration of the whole parapineal cell collective.

Results
Focal and Lateralized Activation of Tg(dusp6:d2EGFP) FGF Signaling
Reporter Transgene in the Parapineal. Although fgf8 is expressed
bilaterally in the epithalamus before and during parapineal mi-
gration (30), whether Fgf8-dependent parapineal migration re-
quires pathway activation in the parapineal or in surrounding cells
is not known. To resolve the spatial and temporal dynamics of FGF
signaling in the epithalamus, we used an FGF pathway reporter
transgenic line, Tg(dusp6:d2EGFP)pt6, in which a destabilized ver-
sion of green fluorescent protein (d2EGFP) is expressed under the
control of the dusp6/mkp3 gene promoter (34). dusp6/mkp3 is a
well-characterized direct and immediate FGF target gene involved
in negative feedback inhibition of FGF signaling (35–37).
Confocal imaging of the epithalamus in Tg(dusp6:d2EGFP)

embryos revealed robust transgene expression in a few para-
pineal cells that are usually found at the border between the
parapineal and the epiphysis on the left side of the parapineal at
the onset of migration (Fig. 1 A–B′). Because the pattern of
d2EGFP expression was variable from one embryo to another,
we quantified the number and position of expressing cells in the
parapineals of 32-h postfertilization (hpf) embryos; at this stage,

parapineal cells are organized in a rosette-like structure that is
distinct from the epiphysis and can easily be delineated by
staining nuclei. At 32 hpf, an average of 5.8 (±2.7) cells
expressed Tg(dusp6:d2EGFP) with variable intensity of a total
average of 16.8 (±5.6) parapineal cells per embryo. The
d2EGFP+ cells were frequently found on the left posterior
quadrants of the parapineal (Fig. 1 F and G) (an average of
1.2 d2EGFP+ cells per embryo in semiquadrant 5 and 1.4 in
semiquadrant 6) as well as in the posterior semiquadrant 4 (Fig.
1 F and G) (0.9 cells d2EGFP+ cells per embryo). Thus, while
total parapineal cells distribute equally along a clockface 2pm
to 8pm axis (Fig. 1G), the distribution of d2EGFP+ cells is
enriched in the posterior and left side of the parapineal. This
localized expression of the FGF reporter transgene re-
capitulated the expression of the endogenous dusp6 gene in the
epithalamus; although dusp6 mRNA was weakly detected by in
situ hybridization, when visible, it overlapped with d2EGFP
staining in the parapineal and elsewhere (SI Appendix, Fig. S1
A–C′). The spatial localization of Tg(dusp6:d2EGFP)pt6 ex-
pression was also confirmed with a second allele of the reporter
transgene [Tg(dusp6:d2EGFP)pt8] (SI Appendix, Fig. S1 D–E′).

Expression of the Tg(dusp6:d2EGFP) Transgene Depends on Fgf8.
Although Tg(dusp6:d2EGFP) transgene expression generally
recapitulates dusp6 expression and depends on FGF pathway
activity (34), in some contexts it has been shown to depend on
Lef1, a transcriptional activator of the Wnt pathway (38). To
determine whether Tg(dusp6:d2EGFP) expression in the para-
pineal reflects FGF pathway activation, we treated Tg(dusp6:
d2EGFP) embryos with the SU5402 inhibitor of FGF signaling
(39) between 25 and 35 hpf. Although d2EGFP was still detected
in some tissues, it was abolished in the parapineal, suggesting
that expression of the Tg(dusp6:d2EGFP) transgene reflects ac-
tivation of the FGF pathway in parapineal cells (Fig. 1 C–D′).
Consequently, the loss of Tg(dusp6:d2EGFP) expression in the
parapineal correlates with compromised parapineal migration in
comparably SU5402-treated embryos (30).
Several Fgf ligands are expressed in the epithalamus (40) but

only Fgf8 has been shown to influence parapineal migration (30).
To determine whether FGF pathway activation in parapineal
cells depends on Fgf8, we analyzed the expression of Tg(dusp6:
d2EGFP) in fgf8ti282a/acerebellar (ace) mutant embryos. Because
the parapineal is not always easy to detect in fgf8−/− mutants, we
used sox1a expression to delineate parapineal cells (40).
In most fgf8−/− embryos, Tg(dusp6:d2EGFP) expression was

either absent or markedly reduced in the parapineal (Fig. 1 I–J″),
indicating that Fgf8 is required to activate the FGF pathway
reporter in the parapineal. The loss of d2EGFP expression was
not completely penetrant as, in some mutant embryos (Fig. 1 K–
K″), the expression of Tg(dusp6:d2EGFP) was similar to control
embryos (Fig. 1 H–H″); this lack of penetrance has also been
noted for the parapineal migration phenotype (30) and may be
due to the hypomorphic nature of the fgf8ti282a mutation (41) or
compensatory activity of other Fgf ligands. However, overall, the
average number of Tg(dusp6:d2EGFP)+ cells was significantly
decreased in fgf8−/− mutants (SI Appendix, Fig. S2 A and C),
while the total number of sox1a-expressing parapineal cells was not
affected [average of 10.2 (±4.2) sox1a+ cells in controls and of 10.2
(±4.7) in mutants] (Fig. 1 H′–K″ and SI Appendix, Fig. S2 B and D).
Altogether, our results show Fgf8-dependent FGF pathway

activation in a few cells on the posterior and left side of the
parapineal at the time of onset of migration.

Localized Tg(dusp6:d2EGFP) Expression Correlates with Time and
Direction of Parapineal Migration. To assess how activation of
the FGF pathway correlates with the temporal dynamics of
parapineal migration, we performed time-lapse analysis of the
distribution of Tg(dusp6:d2EGFP)-expressing cells before and
during migration (Fig. 2 A–H, SI Appendix, Fig. S3, and Movies
S1–S4). For 37 embryos, movies were for 10- to 14-h periods
from the onset of migration (from 26–28 hpf to 36–40 hpf). In
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four cases, we analyzed a 22-h period from 26 to 48 hpf and
averaged the number and position of Tg(dusp6:d2EGFP)-
expressing cells for each time point (Fig. 2 I–N).
Before migration, localized expression of Tg(dusp6:d2EGFP)

usually predicted the direction of subsequent parapineal migra-
tion. At 26–28 hpf, presumptive parapineal cells are detected at
the midline in the most anterior part of the pineal complex and
subsequently organize into a rosette-like structure. At this stage,
in the majority of embryos, a few cells express weakly Tg(dusp6:
d2EGFP) on the left, usually at the border between epiphysis and
parapineal (n = 26 of 41) (Fig. 2A and SI Appendix, Fig. S4A–A″). In
other embryos, d2EGFP+ cells were also detected at the epiphysis–
parapineal border but on both the left and right sides (n = 10 of 41)
or on the right side only (n = 5 of 41) (SI Appendix, Figs. S3A and S4
B–C″); subsequently, right-sided Tg(dusp6:d2EGFP)+ cells either
relocated to the left side (n = 5 of 10 and n = 3 of 5, respectively)
(Movie S2) or stopped expressing the transgene. From 28 to 32 hpf
(Fig. 2 B–D, J, and K and SI Appendix, Fig. S3I), expression of
Tg(dusp6:d2EGFP) became more robust in the left-posterior

quadrant at the border between the epiphysis and the para-
pineal. This robust lateralized d2EGFP expression correlated with
an active phase of leftward and caudally directed migration; the
distance of parapineal migration was usually highest between
32 and 36 hpf [about 14 μm (±5 μm) over the 4-h period, n = 4]
(Fig. 2K).
Tg(dusp6:d2EGFP) expression continued to delineate cells at

the leading edge of the parapineal throughout the period of
migration. At 36 hfp, the expression of Tg(dusp6:d2EGFP)
usually remained very strong on the left and posterior sides of
the parapineal (Fig. 2 E and L). However, from 36 to 40 hpf,
transgene expression progressively decreased in cells at the front
while concommitantly arising in medially positioned parapineal
cells. This change prefigured a caudal reorientation of parapineal
migration from 40 to 44 hpf and medial/caudal reorientation from
44 to 48 hpf (Fig. 2 F, G, M, and N and SI Appendix, Fig. S3 F, G,
I, and J). By 48 hpf, Tg(dusp6:d2EGFP) expression was only
retained weakly in cells at the interface with the epiphysis (Fig.
2H, SI Appendix, Fig. S3H, and Movies S1 and S2).

Fig. 1. The Tg(dusp6:d2EGFP) FGF pathway re-
porter is focally activated in the parapineal by Fgf8.
(A–B′) Confocal sections showing expression of
Tg(dusp6:d2EGFP) (green) in the epithalami of 28-hpf
(A) or 32-hpf (B) embryos with cell nuclei labeled
(Topro-3, gray) visualizing the epiphysis (white circle)
and parapineal (yellow circle). White boxes in A
and B are magnified in A′ and B′. (C–D′) Confocal
maximum projections (C and D) or sections (C′ and
D′) of the epithalami of 35-hpf Tg(dusp6:d2EGFP)
embryos treated with DMSO (C and C′) or SU5402
(D and D′) immunostained for GFP (green) and
additionally for nuclei (C′ and D′; gray). In the control
embryos (C and C′; n = 10), Tg(dusp6:d2EGFP) is
expressed in both the epiphysis and the parapineal;
in the SU5402 treated embryos (D and D′; n = 11),
Tg(dusp6:d2EGFP) is absent in the parapineal. (E) Image
of a 32-hpf parapineal defining eight 45 °C semi-
quadrants (1–8) along the antero-posterior and LR axes
relative to the mean position of the parapineal (center).
(F and G) Polar graphs showing the distribution and
mean number of total (G, gray) or Tg(dusp6:d2EGFP)+

(F and G, green) parapineal cells in each 45 °C semi-
quadrant relative to the parapineal mean position
(center) at 32 hpf; the distribution of total (gray) and
Tg(dusp6:d2EGFP)+ cells (green) are shown at the same
scale in G. The radial axis (vertical scale on the left side
of polar graphs) represents the mean number of cells
per semiquadrant (n = 27 embryos). (H–K″) Confocal
sections showing the expression of Tg(dusp6:d2EGFP)
(green) and sox1a (red) at 32 hpf in control embryos
(H–H″; n = 34) and in three illustrative fgf8−/− mutant
embryos (I–K″) displaying no expression (I and I′)
weakly and barely lateralized expression (J–J″) or rel-
atively normally patterned (K and K″). The distribution
and mean number of Tg(dusp6:d2EGFP)- and sox1a-
expressing cells are quantified in SI Appendix, Fig. S2.
In all panels (A–D′ and H–K″), embryo view is dorsal,
anterior is up. (Scale bars, 10 μm.)
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At all stages of parapineal migration but most often during the
active phase of migration between 30 and 36 hpf, protru-
sions characteristic of active migratory behavior were visible on
Tg(dusp6:d2EGFP)-expressing parapineal cells (Movies S1, S2,
and S4) (42). Our approach of visualizing protrusions using
photoverted cytoplasmic Kaede in Tg(flhBAC:Kaede)vu376 em-
bryos did not enable unequivocal allocation of protrusions to
individual cells (and may miss fine processes) but we were nev-
ertheless able to quantify processes on Tg(dusp6:d2EGFP)-
expressing and Tg(dusp6:d2EGFP)-negative parapineal cells. Al-
though Tg(dusp6:d2EGP)-negative parapineal cells did display
protrusions (SI Appendix, Fig. S5 A–B″ and Movie S5), they were
about half as frequent as on Tg(dusp6:d2EGFP)-expressing cells
(SI Appendix, Fig. S5C). Because there were about half as many
Tg(dusp6:d2EGFP)-expressing cells as Tg(dusp6:d2EGFP)-negative
cells (Fig. 1), visible protrusions were consequently about four times
more frequent in parapineal cells that express Tg(dusp6:d2EGFP)
FGF reporter transgenes than those that do not. Moreover,
we found that long protrusions were predominantly observed
on Tg(dusp6:d2EGP)+ cells (SI Appendix, Fig. S5D).
Taken together, these data suggest that FGF signaling path-

way activity is robustly enriched at the leading edge of the par-
apineal during its migration and raises the question of whether
localized pathway activation is required for effective migration.

Global Ectopic Expression of CA-FgfR1 Compromises Parapineal Migration.
In 3 of 41 imaged embryos, we noticed that an increase in the number
of Tg(dusp6:d2EGFP)-expressing cells correlated with delayed mi-
gration (Movie S3). To assess if restriction of pathway activation to a
few parapineal cells is required for migration, we activated the
FGF pathway broadly before and during the initiation of mi-
gration using a transgenic line in which CA-FgfR1 is under the
control of a heat-shock inducible promoter (43). Heat shocking
Tg(hsp70:ca-fgfr1) transgenic embryos resulted in strong ectopic
expression of the endogenous dusp6 gene but only for up to 2 to

3 h after heat shock (SI Appendix, Fig. S6 A–E). Therefore, to
ensure that the CA-FgfR1 transgene is expressed throughout
the period of initiation of parapineal migration, we performed a
first heat shock at 26 hpf, a second at 29 hpf and, in some cases,
a third at 32 hpf.
Constitutive FgfR1 activation during the early stage of para-

pineal migration often led to reduced or occasionally absent
migration (SI Appendix, Fig. S6 F–I). The parapineal migrated at
least 25 μm away from the midline to the left in about 90% of
heat-shocked control embryos (n = 32 of 35) (SI Appendix, Fig.
S6H, light blue), whereas in embryos expressing CA-FgfR1, this
frequency decreased to 60% (n = 21 of 35) SI Appendix, Fig.
S6H, dark blue) (P = 0.023); in the remaining CA-FgfR1–
expressing embryos, the parapineal either migrated partially
(between −15 and −25 μm in n = 9 of 35) or did not migrate
(within −15 μm and +15 μm of the midline in n = 4 of 35) (SI
Appendix, Fig. S6H, dark blue). Although receptor activation
compromised the extent of migration, when migration did occur,
its direction to the left was not affected (SI Appendix, Figs. S3I
and S6G).
These results suggest that widespread activation of FgfR sig-

naling compromises parapineal migration, although less severely
than when FGF signaling is absent (30).

Global Ectopic Expression of Fgf8 or CA-FgfR1 Rescues Parapineal
Migration in fgf8−/− Mutants. In the experiments above, exoge-
nous FgfR1 activation occurs in the context of normal Fgf8-
mediated signaling in the epithalamus and consequently it is not
possible to disentangle the contribution of endogenous and ex-
ogenous pathway activation to migration. To more cleanly re-
solve the requirement of FGF pathway activation on parapineal
migration, we expressed CA-FgfR1 or Fgf8 ligand itself in fgf8−/−

mutant embryos and assessed effects upon migration.
Widespread expression of CA-FgfR1 during the period when

the parapineal initiates its migration reduced the penetrance and

Fig. 2. Tg(dusp6:d2EGFP) expression is enriched in
cells at the leading edge of the migrating para-
pineal. (A–H) Time series of thin confocal maximum
projection (3 μm) of the brain of a live Tg(dusp6:
d2EGFP)pt6 (green) embryo (embryo no. 1 shown in
Movie S1) expressing H2B-RFP protein (red) in cell
nuclei at different stages of development (26, 28, 30,
32, 36, 40, 44, 48 hpf). The epiphysis and the para-
pineal are shown as white or yellow dotted circles.
Tg(dusp6:d2EGFP) is also expressed in the pre-
sumptive habenulae, shown by an asterisk (*); two
asterisks (**) indicate autofluorescence that ap-
pears from 44 hpf. Embryo view is dorsal, anterior
is up. (Scale bars, 10 μm.) Position of Tg(dusp6:
d2EGFP)+ cells relative to the mean position of all
parapineal cells at different stages of parapineal mi-
gration are shown in SI Appendix, Fig. S3I. (I–N) Polar
graph showing the distribution of Tg(dusp6:d2EGFP)
cells per 45 °C semiquadrant (1–8) relative to the
parapineal mean position (center) and the antero-
posterior line at a given time point: 26 hpf (I),
28 hpf (J), 32 hpf (K), 36 hpf (L), 40 hpf (M), and 44 hpf
(N). The radial axis (0–2, vertical scale, upper left)
represents the mean number of Tg(dusp6:d2EGFP)+

parapineal cells per semiquadrant and per embryo
(n = 4). At each specific time point, arrows show the
orientation of migration for each of the four embryos
[defined by the extrapolated line passing through the
parapineal mean positions at T and at T + 2 h (for
26 hpf) or T + 4 h (28, 32, 36, 40, 44 hpf)]. The length
of the arrow is proportional to the extrapolated dis-
tance migrated per hour. Anterior (Ant), posterior
(Post), left and right orientations are shown in the I
graph.
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expressivity of the parapineal migration deficit in fgf8−/− em-
bryos. In most control embryos (90%, n = 15 of 17), the mean
position of parapineal cells is between −25 and −55 μm to the
left of the midline (Fig. 3 A and E, light blue) and, as above, this
frequency decreased upon expression of CA-FgfR1 (56%, n =
9 of 16) (Fig. 3 A and E, dark blue). Also as expected, in the
absence of the Tg(hsp70:ca-fgfr1) transgene, the parapineal failed
to migrate in about half of the fgf8−/− embryos (n = 17 of 32)
while, in the other half, it migrated normally (n = 7 of 32) or at
least partially toward the left (between −15 and −25 μm in n =
7 of 32); rarely, the parapineal was found to migrate on the right
side (n = 1 of 32) (Fig. 3 C and E, light red). In contrast, in fgf8−/−

mutant embryos with activated CA-FgfR1, only 3 of 32 embryos
failed to show any migration, while the parapineal migrated nor-
mally or partially leftward in respectively 56% (n = 18 of 32) and
25% (n = 8 of 32) of the embryos or migrated rightward (n = 3 of
32) (Fig. 3 C and E, dark red). This leftward shift in the mean
position of the parapineal in fgf8−/−;Tg(hsp70:ca-fgfr1)+ embryos
after heat shock (Fig. 3 E and F) (P = 0.039, SI Appendix, Table
S1) indicates that global activation of FgfR1 can partially rescue
parapinal migration without a major effect on leftward orientation.
There was no rescue of migration in mutant embryos that were not
heat-shocked before parapineal migration (Fig. 3 E and F).
Because Fgf8 can influence the specification of the parapineal

(40), one possibility is that pathway activation might improve
migration in fgf8 mutants indirectly by increasing the number of
parapineal cells. However, the number of gfi1ab-expressing
parapineal cells did not vary significantly between control and
fgf8−/− mutant embryos not carrying the Tg(hsp70:ca-fgfr1)
transgene [12.4 (±3.8) for controls vs. 11.5 (±3.6) cells for fgf8−/−
mutants; adjusted P = 1 in pairwise Wilcoxon test] nor between
heat-shocked embryos that do or do not carry the Tg(hsp70:ca-
fgfr1) transgene [11.5 (±3.6) cells for fgf8−/−; compared with 12.4
(±3.3) cells for fgf8−/−; Tg(hsp70:ca-fgfr1)+/−; adjusted P = 1].
Therefore, the activation of FgfR signaling does not affect par-
apineal cell number but promotes its migration.
Supporting the conclusions above, global activation of Fgf8 ligand

by heat shocking Tg(hsp70:fgf8) embryos at 26 and 29 hpf similarly
partially restored parapineal migration without influencing para-
pineal size or its leftward orientation (SI Appendix, Fig. S7).

Rescue of Parapineal Migration by Ectopic Expression of CA-FgfR1
Correlates with Restoration of Localized Expression of Tg(dusp6:
d2EGFP). Because fgf8 is expressed broadly in the epithalamus
and parapineal migration still usually occurs after widespread
FgfR activation, one possibility is that if spatially localized acti-
vation of signaling is important for migration, then this may
occur downstream of ligand and receptor. To ascertain if this
may be the case, we assessed expression of Tg(dusp6:d2EGFP)
reporter transgene in fgf8−/− mutants following widespread ac-
tivation of the Tg(hsp70:ca-fgfr1) transgene.
Global activation of FgfR1 restored Tg(dusp6:d2EGFP) ex-

pression within the parapineal and despite the nonlocalized ex-
pression of CA-FgfR1, within a few hours, the FGF pathway
reporter was only activated mosaically as in the wild-type condi-
tion. As mentioned above (Fig. 1), the expression of Tg(dusp6:
d2EGFP) was either absent or strongly decreased in the para-
pineal of fgf8−/− mutants (Fig. 4 C–C″) and, when it was detectable
in parapineal cells, expression was most often not lateralized (Fig.
4G). However, following expression of CA-FgfR1, within 3–6 h,
Tg(dusp6:d2EGFP) expression was robustly detected in the para-
pineal of fgf8−/− mutants (Fig. 4 D–D″ and H) with a pattern that
is very similar to that of control embryos (Fig. 4 A–A″ and E).
These results show that in fgf8−/− mutants that express CA-

FgfR1, FGF signaling is reactivated mosaically despite the con-
stitutively activated receptor being expressed ubiquitously. This
suggests that the intracellular pathways downstream of the re-
ceptor are tightly and rapidly regulated to spatially localize
pathway activation. This is also consistent with the observation
that although Tg(dusp6:d2EGFP) expression was globally in-
creased upon ectopic activation of FgfR1 in control wild-type

embryos, reporter transgene expression also rapidly resolved to
being mosaic and enriched at the front of the migrating parapineal
(Fig. 4 A–A″ and E and E′ vs. Fig. 4 B–B″ and F and F′).

Targeted Focal Activation of CA-FgfR1 Expression in Few Parapineal
Cells Improves Parapineal Migration in fgf8−/− Mutants. The results
above are consistent with localized FGF pathway activation
mediating parapineal migration. However, they do not exclude
the possibility that it is the activation of FGF signaling in
neighboring habenular cells that indirectly promotes parapineal
cell migration. Additionally, although Tg(dusp6:d2EGFP) is only
expressed in some parapineal cells, it is still possible that other
intracellular branches of the FGF pathway need to be activated in
all parapineal cells. To address whether the observed focal acti-
vation of the FGF pathway in parapineal cells is indeed sufficient
for parapineal migration, we tested whether we could restore
parapineal migration in fgf8−/− mutants by activating the FGF
pathway in only few parapineal cells. To do so, we performed
highly localized heat shock using an adapted infrared laser-evoked
gene operator (IR-LEGO) optical system (44).
By irradiating two or three cells in the anterior part of the

pineal complex where the future parapineal rosette forms, we
could trigger the subsequent expression of CA-FgfR1 in ∼six
cells (n = 10) (Fig. 5 A–D). In irradiated fgf8−/− embryos carrying
the Tg(hsp70:ca-fgfr1) transgene (n = 30), the parapineal mi-
grated leftward further than −15 μm in 60% of embryos (Fig. 5E,
dark red) compared with only 33% of similarly treated fgf8−/−

mutant embryos lacking the transgene (Fig. 5E, light red, and
Fig. 5F) (P = 0.02 in Wilcoxon test). In these experiments, we never
detected cells expressing CA-FgfR1 in the habenulae or other areas
outside of the pineal complex, suggesting that activation of the FGF
pathway is indeed required in parapineal cells. Therefore, we con-
clude that focal activation of CA-FgfR1 in a few parapineal cells is
able to improve parapineal migration in fgf8−/− mutants.

Nodal Signaling Restricts FGF Pathway Activation to the Left Posterior
Side of the Parapineal. The orientation of parapineal migration de-
pends on activation of Nodal signaling in the left epithalamus (32).
Previous results described that absent or bilateral Nodal signaling in
the brain lead to comparable outcomes on parapineal migration:
that is, a randomization of directionality (25, 30, 32). To address
whether the lateralization of FGF pathway activation is influenced
by left-sided Nodal activity, we analyzed Tg(dusp6:d2EGFP) ex-
pression at the onset of parapineal migration in contexts where
Nodal is either absent or bilateral following the injection of
validated morpholino oligonucleotides against southpaw (spaw
morphants; epithalamic Nodal signaling absent) (45) or no tail
(ntl morphants; epithalamic Nodal signaling bilateral) (25), re-
spectively (SI Appendix, Table S2).
As described in Figs. 1, 2, and 5, at 29–30 hpf, most para-

pineals showed a higher number of Tg(dusp6:d2EGFP)+ cells in
the left than in the right posterior quadrant: for example, an
asymmetry index (AI) in the number of Tg(dusp6:d2EGFP)-
expressing cells was smaller than or equal to −0.2 in about 80%
of control fish (Fig. 6 A, B, G, and J and SI Appendix, Table S3).
In both contexts of absent or bilateral Nodal signaling, we observed
a randomization of lateralized Tg(dusp6:d2EGFP) expression with
one-third of embryos displaying a left bias (AI ≤ −0.2 in 38% of ntl
morphants and in 34% of spaw morphants) (Fig. 6 C and H–J and
SI Appendix, Table S3) and one-third displaying a right bias (AI ≥
+0.2 in 32% of both ntl and spaw morphants) (Fig. 6 D, H″, I″,
and J and SI Appendix, Table S3); in the remaining third of em-
bryos, Tg(dusp6:d2EGFP) expression either was not (AI = 0) or was
weakly lateralized (AI comprised between −0.2 and +0.2) (Fig. 6 E,
F,H′, I′, and J and SI Appendix, Table S3). While the distribution of
AIs looks similar in ntl and spaw morphants, the variance of these
AI was significantly higher in ntl morphants (AI more spread along
the −1 +1 axis) than in spawmorphants (AI closer to the median 0)
(variance ratio =1.9, P = 0.045 in F test) (Fig. 6J). This reflects
Tg(dusp6:d2EGFP) expression showing overall less lateralization
in spaw morphants than in ntl morphants (Fig. 6J).
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The difference observed in the pattern of Tg(dusp6:d2EGFP)
expression in contexts of absent or bilateral Nodal signaling cor-
related with a difference in the timing of initiation of parapineal
migration. At 29–30 hpf, the parapineal rosette is formed and has
usually initiated its migration toward the left side in control em-
bryos: for example, in over 90% of control embryos, the para-
pineal mean position was displaced more than 5 μm to the left of
the midline (Fig. 6L and SI Appendix, Table S4). At this stage, the
parapineal in ntl morphants had usually started to migrate toward
the left (30%, n = 37) or the right side (35%, n = 37) or was
observed at/near the midline (35% of embryos with a parapineal
mean position between −5 μm and +5 μm, n = 37) (Fig. 6L and SI
Appendix, Table S4). In contrast, the parapineal was found at the
midline in most spawmorphants at this stage (76%, n = 38), while
it had initiated its migration toward the left or the right side in
only 11% and 13% of the embryos, respectively (Fig. 6L and SI
Appendix, Table S4). This delay in parapineal migration in spaw
morphants was not due to a global delay of development as, at
that time point, the parapineal rosette was clearly visible in the
anterior epiphysis (Fig. 6 E and F). Moreover, as late as 36–38 hpf,
the parapineal was still observed at the midline in about one-
quarter of spaw morphants (25%, n = 32) (SI Appendix, Fig. S8
C and C′ and Table S5) while, at this stage, the parapineal had
initiated migration in all controls (n = 17) (SI Appendix, Fig. S8 A
and A′) and in all ntl morphants (54% with a left and 46% with a
right parapineal, n = 26) (SI Appendix, Fig. S8 B and B′).
Finally, the total number of Tg(dusp6:d2EGFP)+ parapineal

cells was increased in spaw morphants at 30 hpf (mean = 9.7;
median = 9.5) compared with control embryos (mean = 7.6;
median = 7.0) (Fig. 6K) (P = 0.026, Welch t test). The number of
Tg(dusp6:d2EGFP)+ cells was also slightly increased in ntl mor-
phants (mean = 8.3; median = 9.0), although this difference is
not significant (P = 0.41, Welsh t test).
In summary, we show that left-sided Tg(dusp6:d2EGFP) acti-

vation is Nodal signaling-dependent. In the presence of bilateral
Nodal signaling, Tg(dusp6:d2EGFP) expression is no longer
consistently lateralized to the left, although expression is usually
spatially restricted within the parapineal as in wild-type; this
correlates with the parapineal initiating its migration toward the
left or the right in most embryos from 29 to 30 hpf. Consistent
lateralization of Tg(dusp6:d2EGFP) expression is also com-
promised in the absence of Nodal signaling but, in this condi-

tion, expression is generally less restricted and less lateralized
within the parapineal and this correlates with delayed parapineal
migration.

Discussion
In this study we show that during their leftward migration, par-
apineal cells respond to Fgf8 and that, despite it being likely that
all parapineal cells are exposed to Fgf ligands, FGF signaling is
activated focally in only few cells usually located at the leading
edge. Activation of FGF reporter transgene expression in parapineal
leading cells is lost in fgf8−/− mutant embryos in which parapineal
migration is compromised. Widespread activation of the FGF
pathway in fgf8−/− mutant embryos rescues migration, while
concommitantly restoring the localized expression of Tg(dusp6:
d2EGFP) at the leading edge of the parapineal and targeted
activation of the FGF pathway in a small number of parapineal
cells is sufficient to promote parapineal migration in fgf8−/−

mutants. Finally we show that lateralized Nodal signaling in-
fluences the spatial localization and restriction of Tg(dusp6:
d2EGFP) expression and subsequent timing and direction of
parapineal migration. Our results show that parapineal cells
respond as a collective rather than as individuals to environmental
signals and that the capacity of parapineal cells to coordinate
cellular responses to such signals impacts the ability of the para-
pineal to undergo efficient directed collective migration.
During border cell migration and tracheal sprouting inDrosophila

or during endothelial cell migration in vertebrate angiogenesis, se-
lection and guidance of cells at the migration front, so-called
leading cells or tip cells, are dependent on receptor tyrosine kinase
(RTK) signaling (3). Here, we establish the parapineal as an ex-
ample of a freely migrating group of cells that depends on RTK
signaling for the selection of leading cells and promotion of mi-
gration. Although Tg(dusp6:d2EGFP) expression is always de-
tected in cells located at the migration front during the active
phase of migration, in some embryos it can also be detected at the
rear or on the lateral side of the parapineal rosette and the intensity
of transgene activation can also vary among expressing cells. This
variability in the number, position, and fluorescence intensity
of Tg(dusp6:d2EGFP)+ cells might reflect the dynamic nature
of the cell-to-cell communication events within the parapineal
that define leading cells and that may mediate competition

Fig. 3. FgfR1 receptor activation partially restores
parapineal migration in fgf8−/−mutants. (A–D) Confocal
maximum projection (10 μm) showing gfi1ab expres-
sion (red) and cell nuclei (gray) in representative control
embryos (A and B) and fgf8−/− mutants (C and D) that
express CA-FgfR1 (B and D) or not (A and C); embryo
view is dorsal, anterior is up. (Scale bars, 10 μm.) Control
embryos are siblings of fgf8−/− mutants and thus cor-
respond to both wild-type or fgf8+/− heterozygotes.
gfi1ab expression marks the parapineal (yellow circle)
while cell nuclei staining allows us to define the
epiphysis (white circle) and the brain midline (straight
dotted white line). (E) Dot plot showing, for each em-
bryo, the mean parapineal position in micrometers
distant to the brain midline (x = 0), at 52 hpf, in control
embryos (Con, blue dots) and in fgf8−/− mutant em-
bryos (fgf8−/−, red dots) that expressed (CA-FgfR+, dark
color) or not (light color) CA-FgfR1 after a heat shock at
26 and 29 hpf; “NoHS_fgf8−/−;CA-FgfR+” and
“NoHS_fgf8−/−” correspond to fgf8−/− mutants that do
or do not carry the Tg(hsp70:ca-fgfr1) transgene but
were not heat-shocked (dark and light yellow dots,
respectively). Gray-shaded zone (−15 μm and +15 μm) define the “no migration” domain as corresponding to the average width of the epiphysis; gray dotted lines
show −25 μm and +25 μm. (F) Boxplot showing the distribution of parapineal mean position relative to the brain midline (reference 0, red dotted line) in the same
embryos. Parapineal mean position is shifted toward the midline in wild-type embryos expressing CA-FgfR1 (dark blue in E; n = 16) compared with control embryos
that do not express CA-FgfR1 (light blue in E; n = 17); P = 0.023 (Wilcoxon test). The expression of CA-FgfR1 partially restores parapineal migration in fgf8−/−mutants
(dark vs. light red in E; n = 32); P = 0.039. Parapineal mean position did not differ significantly between fgf8−/−mutants that do or do not carry the Tg(hsp70:ca-fgfr1)
transgene but were not heat-shocked (dark versus light yellow in E; n = 26); P = 1 (see pairwise Wilcoxon test in SI Appendix, Table S1). Statistical significance is
indicated in F, *P < 0.05, **P < 0.01.
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among parapineal cells for the leading position; indeed,
during the active phase of migration, parapineal cells can
exchange the leading position as cyclists do in the peleton
(Movie S4). A similar dynamic in leader-exchange has also been
described during Drosophila border cell migration (46) and vessel
sprouting in zebrafish (47), and may provide a way for the migrating
cluster to better adapt to the environment. Such variability in the
number and in the position of Tg(dusp6:d2EGFP)-expressing cells
could underlie the variability that exists in the timing of parapineal
migration in wild-type embryos. Indeed, we noticed that parapineal
migration is more frequently delayed in the rare embryos in which
Tg(dusp6:d2EGFP)-expressing cells are initially found on both sides
or on the right side only than when they locate to the left side at the
onset of migration.
One interesting aspect of our study is the relative robustness of

parapineal migration in response to global activation of FGF
signaling. Various observations suggest that all parapineal cells
are competent to activate the FGF pathway; for example, ab-
lating the left or the right side of the presumptive parapineal
results in the remaining half migrating normally, indicating that
both left and right parapineal cells are competent to migrate
toward the left (25). Moreover, we show that all parapineal cells
can activate expression of the dusp6 gene rapidly after ectopic
expression of Fgf8 (SI Appendix, Fig. S9). Although all para-
pineal cells seem able to respond to Fgf8, activation of FGF
signaling is nonetheless restricted to few cells. This suggests the
existence of a mechanism downstream of the activated receptor
that permits pathway activation in a few cells while silencing it in
others. The processes involved in restricting FGF pathway acti-
vation are likely functional in fgf8−/− mutants, as we can rescue
the mosaic pattern of Tg(dusp6:d2EGFP) expression after global
misexpression of CA-FgfR1. The mechanisms restricting FGF

pathway activation are likely to depend on parapineal cells being
able to communicate their state of FGF pathway activation. In
both the Drosophila tracheal system and vertebrate vessel
sprouting, Notch-Delta signaling contributes to tip cell selection
by restricting the ability of follower cells to activate RTK sig-
naling (48–50), and this pathway is an obvious candidate for a
comparable role in the parapineal.
The mechanisms underlying the roles of the FGF signaling

pathway in collective migration vary depending on the context in
which they have been addressed and even within the same model
of cell migration (51). In the zebrafish LLP for example, FGF
signaling is required upstream of Notch signaling for the epithe-
lialization and apical constriction that underlies neuromast rosette
formation at the back of the primordium, thereby coupling mor-
phogenesis with LLP migration (16–20, 52). Besides this Notch-
mediated role in rosette self-organization (52), FGF signaling is
also required in this system to trigger the coalescence of the LLP
at the onset of migration (12), to maintain LLP polarity via re-
striction of Wnt/ß-catenin signaling to the leading zone (53), and
to maintain cohesion among cells of the cluster during migration,
as trailing cells are attracted toward Fgf signals produced by leading
cells (54). However, despite progress in understanding the various
specific functions of the FGF pathway in promoting cell migration,
it is not clear yet how Fgf signals are interpreted by cell collectives.
In Drosophila, expression of an active version of the PDGF and
VEGF related receptor (PVR) receptor in a single border cell can
rescue migration of the entire cluster in the absence of ligand (55).
This study suggested that it is the difference in RTK signaling levels
between cells in the cluster rather than, or in addition to, an
asymmetry in RTK signaling at the level of the individual cells
(along the leading to trailing axis of the migrating cell) that
triggers migration. In contrast, expression of a constitutively

Fig. 4. Global overexpression of CA-FgfR1 in fgf8−/−

mutants rescues focal left-sided expression of
Tg(dusp6:d2EGFP). (A–D″) Confocal maximum pro-
jection (55 μm) showing the whole head (A–D) or
confocal sections (A′–D″) showing the epithalamus
of 32-hpf Tg(dusp6:d2EGFP) control embryos (A–B″)
or Tg(dusp6:d2EGFP) fgf8−/− mutants (C–D″) that
express (B–B″ and D–D″) or not (A–A″ and C–C″)
Tg(hsp70:ca-fgfr1) transgene after heat shock at 26
and 29 hpf. (Scale bars, 25 μm in A–D and 10 μm in
A′–D″.) The image in A″–D″ corresponds to the image
in A′–D′ (green) superimposed on nuclear staining
(gray) allowing visualization of the epiphysis (white
circle) and parapineal (yellow circle); embryo view is
dorsal, anterior is up. (E–H′) Polar graphs showing
the distribution and mean number of total (E′–H′) or
Tg(dusp6:d2EGFP)+ (E–H) parapineal cells in each 45 °C
semiquadrant (1–8) relative to the parapineal mean
position (center) at 32 hpf. Cell distribution and mean
number are shown for control embryos that express
(F and F′; n = 11) or not (E and E′; n = 10) CA-FgfR1
transgene and for fgf8−/− mutants that express (H and
H′; n = 16) or not (G and G′; n = 12) CA-FgfR1. Radial
axis (vertical scale on the left side) represent the mean
number of Tg(dusp6:d2EGFP)+ parapineal cells (green
area in E–H, scale 0–2) or all parapineal cells (gray area
in E′–H′, scale 0–3) per semiquadrant and per embryo.
The expression of Tg(dusp6:d2EGFP) is increased in the
parapineal of embryos expressing CA-FgfR1 although
it is still mosaic and enriched on the left/posterior side
(B–B″ and F; n = 11) as in controls (A–A″ and E; n = 10).
In fgf8−/− embryos, Tg(dusp6:d2EGFP) is either not
expressed in the parapineal or weakly detected (C–C″
and G; n = 12) while its expression is rescued in the
parapineal of fgf8−/− embryos expressing CA-FgfR1
transgene (D–D″ and H; n = 16).
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active Breathless Fgf receptor in a single cell is not sufficient
to rescue the migration of Drosophila tracheal cells (56), de-
spite expression of a wild-type FgfR doing so (57). Therefore, in
tracheal cells, the activation of FGF signaling needs to be asym-
metrically distributed, not only between cells in the cluster as in
border cells, but within the cell itself for it to become a leading cell
and to drive the migration of the whole cluster.
Here, we show that parapineal migration can be restored by

expressing constitutively activated CA-FgfR1 focally in few cells
in a context of reduced ligand level. Therefore, our results differ
from those described for Drosophila tracheal cells and suggest
that, similar to border cells, differences in the levels of FGF
pathway activation between parapineal cells can define leading
cells and promote migration. The fact that global activation of
FgfR1 delays migration in wild-type embryos further supports
this idea. However, in contrast to what has been suggested by
studies in border cells (58), we show that parapineal migration
can also be restored in fgf8−/− mutants by expressing constitu-
tively activated CA-FgfR1 in all cells as, in this context, the
global activation of FGF signaling resolves to become spatially
restricted downstream of the activated receptor. Therefore, our
data highlight common features and point out important dif-
ferences in the mechanisms underlying the interpretation of
Fgf signals in different models of Fgf-dependent collective
cell migration.
One unusual feature of parapineal migration is that it almost

always is directed to the left side of the brain. This is a conse-
quence of bilaterally expressed Fgf8 promoting cell migration
while left-sided expression of Cyclops, a Nodal/TGF-β signal,
determines directionality (25, 30). Our results show that consis-
tent left-sided lateralization of Tg(dusp6:d2EGFP) expression is
lost when unilateral Nodal pathway activation is abrogated, and
this correlates with randomized parapineal cell migration. Our
results also reveal Nodal-dependent influence upon restriction of
Tg(dusp6:d2EGFP) expression to a few parapineal cells, which in
turn influences the timing of onset of parapineal migration. In-
deed, although absent or bilateral Nodal signaling both result in
randomized parapineal migration (29, 30, 32), we find that these
two contexts differ in their impact on the pattern of FGF activation.
Bilateral Nodal signaling leads to a randomization of Tg(dusp6:
d2EGFP) lateralization and a randomization of parapineal migration
without significant delay. In contrast, in absence of Nodal pathway
activation, lateralization and restriction of Tg(dusp6:d2EGFP) ex-
pression is reduced and this correlates with delayed parapineal cell
migration. Therefore, our data suggest that Nodal signaling direc-

tionally biases and times parapineal migration by contributing to the
restriction and lateralization of Fgf signaling.
This work sets the stage for studies aimed at understanding

how the Nodal pathway could contribute to restrict the activation
of the FGF pathway to a few leading cells and how it provides a
leftwards bias to the focal FGF pathway activation.

Materials and Methods
Fish Lines. Adults heterozygous for the fgf8 mutation (fgf8ti282a/acerebellar/
ace) (59) were identified by PCR genotyping (60). Heterozygous embryos
carrying the Tg(hsp70:fgf8a)x17 transgenic insertion were identified by PCR
genotyping (61). Embryos heterozygous for Tg(hsp70:ca-fgfr1;cryaa:
DsRed)pd3 (43) were identified by the presence of DsRed expression in the
lens from 48 hpf or at 32 hpf by PCR, as described previously (62). Tg(dusp6:
d2EGFP)pt6 and Tg(dusp6:d2EGFP)pt8 (34) lines were used as reporters for
FGF pathway activity; Tg(flhBAC:Kaede)vu376 was used as marker of the
pineal complex (40).

Quantification of the Number and Position of Tg(dusp6:d2EGFP)+ and gfi1ab+

Parapineal Cells. The position and number of parapineal cells negative or
positive for the Tg(dusp6:d2EGFP) transgene were analyzed using the ImageJ
software (ROI Manager tool), the position of each cell being defined by the
center of the cell nucleus detected with the Topro-3 staining. For each
parapineal cell, we calculate its x and y position relative to the center of the
parapineal to create the polar graph (R Studio). Parapineal cells positive for
the gfi1ab marker were counted using the Multipoint tool on ImageJ
software and the position of each parapineal cell was measured relative
to the brain midline (reference origin = 0) to define parapineal mean
position.

Calculation of the AI of Tg(dusp6:d2EGFP) Expression. The AI of Tg(dusp6:
d2EGFP) expression was calculated using the following equation: n(Rp) − n
(Lp)/n(Rp) + n(Lp), where n(Rp) is the number of Tg(dusp6:d2EGFP)+ cells in
the right posterior quadrant of the parapineal rosette and n(Lp), the num-
ber in the left posterior quadrant.

Ethics Statement. All experiments were performed in accordance with both
the guidelines from the European directive on the protection of animals
used for scientific purposes (2010/63/UE) and national guidelines. In France,
all animals were maintained in a facility certified by the French Ministry of
Agriculture (approval no. A3155510). The work received the project no.
APAFIS#3653-2016011512005922 on the 01/12/2016. M.R. received authori-
zation to experiment on vertebrates models (311255556) from the Direction
Départementale de la Protection des Populations de la Haute-Garonne. In
Germany, all experimental procedures were performed according to the
guidelines of the German animal welfare law and approved by the local
government (Tierschutzgesetz §11, Abs. 1, Nr. 1, husbandry permit no. AZ

Fig. 5. Focal activation of FGF signaling in few
parapineal cells partially restores parapineal migra-
tion in fgf8−/− mutants. (A–D) Confocal 40-μm max-
imum projection and confocal thin 2-μm projections
(B–D) showing the expression of the ca-fgfr1 trans-
gene by in situ hybridization (red) in four different
representative fgf8−/−; Tg(hsp70:ca-fgfr1)+/− em-
bryos, 1–2 h after two cells were irradiated in the
anterior epiphysis. (Scale bars, 25 μm in A and 10 μm
in B–D.) Superimposed nuclear staining (Topro-3,
gray) visualizes the pineal complex (white circle)
consisting of both the pineal and the parapineal at
this stage (26–28 hpf). ca-fgfr1 mRNA is only de-
tected in the anterior pineal complex, in three cells
(A and B) or six cells (C and D), the average number
being 6 CA-FgfR1–expressing cells (n = 10 em-
bryos). Given their location in the anterior pineal
complex, most of these CA-FgfR1–expressing cells
are expected to become parapineal cells; some more posterior cells (*) might become epiphyseal cells; embryo view is dorsal, anterior is up. (E ) Dot plot
showing, for each embryo, the mean parapineal position in micrometers distant to the brain midline (x = 0), at 52 hpf, in fgf8−/− mutants that were
locally heat-shocked (two to three irridiated cells) between 25 and 29 hpf; gray-shaded zone (–15 μm and +15 μm) defines the average width of the
epiphysis. Parapineal mean position in fgf8−/− mutant embryos carrying the Tg(hsp70:ca-fgfr1) transgene is slightly shifted toward the left (dark
red dots, n = 30) compared with fgf8−/− mutants that do not express CA-FgfR1 (light red dots, n = 33). (F ) Boxplot showing the distribution of parapineal
mean position relative to the brain midline (reference 0) in same embryos. Local expression of CA-FgfR1 in few parapineal cells partially rescues parapineal
migration (P = 0.02; Wilcoxon test; *indicates statistical significance in F).
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35-9185.64/BH). In the United Kingdom, all experiments were conducted
with Project and Personal license approval. Anesthesia and euthanasia
procedures were performed in Tricaine Methanesulfonate (MS-222) solu-
tions as recommended for zebrafish (0.16 mg/mL for anesthesia, 0.30 mg/mL

for euthanasia). Efforts were made to minimize the number of animals used
and their suffering.

A detailed description of all materials and methods can be found in SI
Appendix, SI Materials and Methods.

Fig. 6. Left biased lateralization of FGF pathway activation depends on lateralized Nodal signaling. (A–F) Confocal sections of the pineal complex at 30 hpf
showing the expression of Tg(dusp6:d2EGFP) (green) in two illustrative control embryos (A and B; n = 36) and in two embryos injected with no tail mor-
pholinos (ntlMO) (C and D; n = 37) or southpawmorpholinos (spawMO) (E and F; n = 38); the superimposed nuclear staining (gray) allows visualization of the
epiphysis (white circle) and parapineal (yellow circle). Embryo view is dorsal, anterior is up. (Scale bars, 10 μm.) (G–I′) Polar graphs showing the distribution and
mean number of total (gray) or Tg(dusp6:d2EGFP)+ (green) parapineal cells in each 45 °C hemiquadrant relative to the parapineal mean position (graph
center) at 30 hpf in control embryos (G–G″, n = 36), ntl morphants (H–H″; n = 37), or spaw morphants (I–I″; n = 38). For each context, cell distributions and
mean numbers of cells are averaged within embryos that display an AI (see Materials and Methods and SI Appendix) in Tg(dusp6:d2EGFP) expression ≤ −0.2
(G, n = 28 of 36; H, n = 14 of 37; I, n = 13/38), AI ≥ +0.2 (G″, n = 4 of 36; H″, n = 11 of 37; I′, n = 13 of 38) or −0.2 ≤ AI ≥ +0.2 (G′, n = 4 of 36; H′, n = 12 of 37; G″,
n = 12 of 38); percentages of embryos in each category are shown on the lower right side of the polar graph. Radial axis (scale 0–6) represents the mean
number of Tg(dusp6:d2EGFP)+ parapineal cells (green area) or all parapineal cells (gray area) per hemiquadrant and per embryo. In both ntl and spaw
morphants, the expression of Tg(dusp6:d2EGFP) is either not clearly lateralized or lateralized with random orientation (enriched on the left or on the right
side). (J) Dot plot showing, for each embryo, the AI in the number of Tg(dusp6:d2EGFP)+ cells in the left posterior versus the right posterior quadrant in
control embryos (n = 36), ntl morphants (n = 37) or spaw morphants (n = 38). Left-sided lateralization of Tg(dusp6:d2EGFP) expression observed in controls is
lost in both ntl and spaw morphants. The distribution of AIs is less spread in spaw morphants than in ntl morphants (P = 0.045 in F test comparing variances)
showing that Tg(dusp6:d2EGFP) expression is overall less lateralized in spaw morphants than in ntl morphants. Gray-shaded zone shows AI between −0.2 and
+0.2. (K) Dot plot showing, for each embryo, the number of Tg(dusp6:d2EGFP)+ parapineal cells in control embryos, ntl morphants and spaw morphants at
30 hpf. The number of Tg(dusp6:d2EGFP)+ cells is overall increased in the parapineal of spaw morphants compared with controls (P = 0.026, Welsh t test). In J
and K, means ± SD are indicated as a horizontal (mean) and vertical lines (SD); statistical significance is indicated, *P < 0.05. (L) Dot plot showing, for each
embryo, the mean parapineal position in micrometers distant to the brain midline (x = 0) in control embryos, ntl morphants and spaw morphants at 30 hpf.
Gray-shaded zone shows parapineal mean position between −5 μm and +5 μm. In controls and ntl morphants, the parapineal had usually started to migrate,
respectively, toward the left or randomly by 30 hpf, while it had not initiated migration in spaw morphants at this stage.
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