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Abstract

Early disruption of FGF signaling alters left-right (LR) asymmetry throughout the embryo. Here
we uncover a role for FGF signaling that specifically disrupts brain asymmetry, independent of
normal lateral plate mesoderm (LPM) asymmetry. When FGF signaling is inhibited during mid-
somitogenesis, asymmetrically expressed LPM markers southpaw and lefty2 are not affected.
However, asymmetrically expressed brain markers leftyl and cyclops become bilateral. We show
that FGF signaling controls expression of six3b and six7, two transcription factors required for
repression of asymmetric leftyl in the brain. We found that Z0-1, atypical PKC (aPKC) and j3-
catenin protein distribution revealed a midline structure in the forebrain that is dependent on a
balance of FGF signaling. Ectopic activation of FGF signaling leads to overexpression of six3b,
loss of organized midline adherins junctions and bilateral loss of leftyl expression. Reducing FGF
signaling leads to a reduction in six3b and six7 expression, an increase in cell boundary formation
in the brain midline, and bilateral expression of leftyl. Together, these results suggest a novel role
for FGF signaling in the brain to control LR asymmetry, six transcription factor expression, and a
midline barrier structure.
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Introduction

Alterations of left-right (LR) asymmetries in the human brain are correlated with
neurological disorders, including dyslexia, schizophrenia, depression and autism (reviewed
in [1, 2]). The most widely studied example of asymmetric brain development occurs in the
zebrafish epithalamus. Within the epithalamus lies the asymmetrically placed pineal organ,
which participates in sleep-wake regulation [3-5], and parapineal organ, with an unknown
function. The pineal complex innervates the habenular nuclei, which project into the
interpeduncular nucleus (IPN) in the ventral midbrain [6].

Prior to the establishment of brain asymmetry, asymmetric fluid flow is generated by motile
cilia within Kupffer’s vesicle (KV) at the caudal end of the embryo. Asymmetric KV fluid
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flow is required for the asymmetric initiation of southpaw (spaw; a nodal homolog)
expression in the left lateral plate mesoderm (LPM) [7, 8]. spaw expression then progresses
from posterior to anterior LPM in a wavelike fashion eventually turning on the expression of
other TGFp family members including leftyl, lefty2, and cyclops [9-12]. Brain expression of
leftyl and cyclops localizes to the left dorsal diencephalon, a division of the forebrain.
Altered expression of leftyl and cyclops randomizes the placement of the parapineal gland
and randomizes the expression of asymmetric markers in the habenulae [4, 13].

The effect of Nodal on brain asymmetry is dependent on the developmental timing of Nodal
activity. Loss of Nodal during late gastrulation, as seen in oep or cyc mutants, results in
bilaterally symmetric signals which in turn leads to randomized orientation of asymmetric
brain structures [4, 13-15]. In contrast, loss of Nodal during midsomitogenesis, as seen in
spaw morpholino knockdown, leads to absent expression of leftyl and cyclops in the dorsal
diencephalon [12, 13]. Current models hypothesize that the wave of spaw expression
through the LPM activates downstream genes in both the heart field and the brain [12, 16].

The asymmetric expression of leftyl in the forebrain relies on a the concerted functions of at
least two members of the sine occulis family [17]. Specifically, knockdown of both six3b
and six7, two six3 homologs, leads to bilateral expression of leftyl in the dorsal
diencephalon. Overexpression of six3b represses leftyl expression in the brain but only
when expression was upregulated before somite formation at 10 hpf (tailbud stage) [17].
When spaw and six7 were knocked down in clutches in which half the embryos were
homozygous mutant for six3b, leftyl expression was present in a half of the expected
embryos (24% compared to 50% expected); the remainder of embryos had an absence of
leftyl expression (including some six3b homozygous mutants with six7 morpholino), a
phenotype seen in spaw morphants alone [12, 17]. Inbal et al interpreted these results to
indicate that Nodal activity from the LPM is required to relieve the repression by Six3 genes
on leftyl expression [17]. An alternative interpretation could be that Six3 activity is
independent of spaw.

Whnt signaling also plays a role in the establishment of normal brain asymmetry. Activation
of the Wnt pathway, either through the masterblind mutant (mutation in axinl leading to
activation of the Wnt pathway) or treatment of embryos with LiCl (chemical activation of
Whnt signaling), converts the normally left-sided expression of leftyl and pitx2c in the brain
to bilateral expression. Activation of the canonical Wnt pathway during gastrulation alters
asymmetric brain markers in a spaw independent manner, so that the patterns of
asymmetrically expressed genes in the LPM are unaffected. However, later treatment with
LiCl, during midsomitogenesis, causes asymmetric markers in the brain and in the LPM to
be expressed bilaterally. Embryos injected with spaw MO and subsequently treated with
LiCl, to activate Wnt signaling during midsomitogenesis, showed no expression (i.e.
bilateral absence) of pitx2c or leftyl [16]. This suggests that activation of brain Nodal during
somitogenesis by Wnt signaling is dependent upon Nodal activity from the LPM [16].

Fibroblast growth factor 8 (FGF8) has been previously implicated in asymmetric positioning
of the parapineal gland and asymmetric gene expression in the habenular nuclei, and cell
fate decisions prior to asymmetric cell migration [18, 19]. Using an FGF8 null mutant, it
was shown that loss of FGF8 reduced parapineal cell number, and cell fate analysis showed
a corresponding increase in cone photoreceptor cells, which are also encompassed in the
pineal organ [19, 20]. Epistasis experiments uncovered a cooperative role between Thx2b
and FGF8a, with Thx2b specifying cells as pineal complex precursors and downstream
FGF8a activity promoting differentiation to form parapineal cells [19]. After cell
specification, FGF signaling is required for parapineal cell migration [18]. Down-regulation
of FGF8 protein in hypomorphic fgf8 mutant embryos (acerebellar; ace) does not lead to
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early loss of asymmetrically expressed markers including leftyl, however migration of the
parapineal gland fails to occur. Implantation of FGF8-soaked beads, regardless of
implantation side, rescues this migration defect [18]. FGF8 presumably works through
FGFR4, which is expressed in the parapineal cells [18]. Thus, FGF is required for the
establishment of parapineal cell identity and also functions as a chemotactic signal for
normal parapineal cell migration, after the establishment of LR gene expression in the brain.

Here we describe a role of FGF signaling that is distinct from the previously described roles,
affecting earlier steps in brain asymmetry. We found that FGF signaling controls
asymmetric gene expression in the brain by regulating expression of sine occulis homologs
six3b and six7. Importantly, altered FGF signaling can perturb brain asymmetry in the
context of normal LPM asymmetry. We also explore the possibility of a brain midline
structure controlling brain asymmetry. To this end, we characterize a midline structure in the
forebrain, marked by ZO-1, atypical PKC (aPKC) and B-catenin. We find that a fine-tuned
level of FGF signaling is necessary for formation of this forebrain midline structure,
suggesting that FGF signaling serves as a rheostat to control forebrain midline organization
and LR asymmetric patterning.

Materials and Methods

Zebrafish stocks and embryo culture

Heat Shock

Wild type zebrafish embryos were obtained from natural matings and cultured as previously
described [21]. Tg(hsp70l:XIFgfrl, cryaa:DsRed)pd3 was a kind gift from Ken Poss [22].

Hsp70:ca-FGFR embryos were obtained by mating Tg(hsp70l: XIFgfrl, cryaa:DsRed)pd3
transgenic fish to WT fish [22]. Embryos were incubated at 28°C until the desired
developmental stage when they were placed in a 37°C water bath in two milliliter tubes
filled with embryo media for 20 minutes for Hsp70:ca-FGFR embryos. To minimize embryo
death, tubes were inverted two times during heat shock. Upon completion of heat shock,
embryos were returned to culture dishes and incubated at 28°C until fixation for ISH or
immunohistochemistry (IHC).

Genotyping embryos

To identify presence of the Hsp70:caFGFR transgene in embryos after ISH or IHC, embryos
were placed one to a tube and rinsed in 1X PBST (PBS+0.1% Tween-20) with one change
of buffer over 2 hours. Embryos were incubated overnight at 55°C in DNA extraction buffer
containing 20mM Tris pH 8.0, 50 mM KCI, 1.5 mM MgCl, 0.3% Tween-20, 0.3% NP-40
and 15p.g/ml of ProteinaseK. After overnight incubation ProteinaseK was deactivated by 10
minutes at 95°C. A PCR reaction was set up to identify those embryos carrying the
transgene using primers targeted against the DsRed marker in the construct and had the
following sequence: ds-red1 5-CATCCTGTCCCCCCAGTTCC- 3 and ds-red2 5’-
CCCAGCCCATAGTCTTCTTCTGC-3' [23]. The following PCR conditions were used:
94°C for 5 minutes; 35 cycles of 94°C for 30 seconds, 65°C for 1 minute, 72°C for 30
seconds; 72°C for 5 minutes. Samples were then run on a 1% agarose gel and assessed for
the presence of the transgene.

Embryo Injections

For gene knock-down, 1 nl of gene specific anti-sense morpholino (MO; GeneTools) was
injected into one-cell to four-cell stages as previously described [24]. The following MO and
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injection amounts were used 8 ng spaw MO (5'-
GCACGCTATGACTGGCTGCATTGCG-3) [10, 12].

Pharmacological treatments

A reversible inhibitor of FGF signaling, SU5402 (Calbiochem and Tocris Biosciences), was
applied to live zebrafish embryos still in their chorions during developmental stages of
interest at a concentration of 40-60 pM (concentration dependent on experiment and drug
lot) suspended in DMSO. As controls, sibling embryos were treated with the same
concentration of DMSO without SU5402. To end FGF inhibition embryos were washed
three times in embryo water and allowed to develop until fixed for in situ hybridization
(ISH) or IHC.

In Situ Hybridization

ISH was performed as previously described [21] with digoxigenin RNA probes made using
a Roche DIG RNA labeling kit. Templates include: spaw [12], erm [25], leftyl [9], cyclops
[26], lefty2 [9], sprouty2 [27], sprouty4 [28], six7 [29], and six3b [30], flh [31].

Immunohistochemistry

Results
FGF control

Embryos were fixed overnight in 4% PFA at 4°C and dehydrated stepwise into methanol for
storage at —20°C. After stepwise re-hydration, embryos were blocked for 1 hour in PBS
containing 5% sheep serum (Sigma), 1% bovine serum albumin (BSA), 1% DMSO and
0.1% Triton-X. Embryos were incubated with rabbit anti- p-catenin (1:100, Sigma C2206)
or rabbit anti-atypical protein kinase C (1:100, Santa Cruz sc-216) and mouse anti-ZO1
(1:100 Zymed 33-9100) antibodies in blocking solution overnight. After washing embryos
in 1% BSA, 1% DMSO, and 0.1% triton-X in PBS, embryos were incubated with
fluorescent secondary antibodies (1:100, Molecular Probes) overnight. Embryos were then
washed and mounted in glycerol. Embryos were dissected to show head region and were
imaged using an Olympus Fluoview FVV300 or FVV1000 scanning laser confocal microscope
with a 60X objective with images processed using ImageJ and Photoshop.

of brain asymmetry is independent of LPM asymmetry

Previously we and others have shown that FGF signaling is required during early
development for KV ciliogenesis. Disruption of cilia function alters downstream LR
development, including asymmetric gene expression in LPM, cardiac and brain asymmetry
[7, 21, 32, 33]. Here we ask whether FGF signaling is also important for brain asymmetry
independent of its role in KV ciliogenesis. Using SU5402, an FGFR inhibitor [34], we found
that inhibition of FGF signaling after KV formation alters brain asymmetry (Fig. 1). cyclops,
a nodal homolog [35], is asymmetrically expressed in the left LPM and later in the left
dorsal diencephalon in control embryos, providing an early marker of brain LR asymmetry
(Fig. 1A) [9, 35, 36]. When FGF signaling was inhibited after the 8-somite stage (SS), the
normal left-sided expression of cyclopswas converted to bilateral expression in the brain
(Fig. 1A-B, I). Similarly, leftyl was also bilaterally expressed when FGF signaling was
inhibited (Fig. 1C-D, I). Interestingly, inhibition of FGF signaling during the same
developmental periods did not alter left-sided lefty2 expression in the heart field (Fig. 1C-D,
1), nor did it perturb spaw expression in the lateral plate mesoderm (Fig. 1E-F, 1), suggesting
the effects were specific to brain asymmetry. DMSO control embryos had normal left-sided
expression of cyclops, leftyl, and lefty2 in the brain and spaw in the LPM (Fig. 1).
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To determine whether SU5402 treatment was effectively down-regulating FGF signaling,
we examined markers for known downstream targets of FGF signaling. In embryos treated
with SU5402 at 8 SS until fixation (at 24 SS) there was a global knockdown of FGF
signaling downstream targets including erm (Fig. 1G —H, S1A-B), sprouty2, and sprouty4
(Fig. S1C-F). Despite prolonged treatment with FGFR inhibitor, some expression of FGF
markers persisted. Although treatment with a higher concentration of drug further reduces
expression of FGF response genes (data not shown), we selected a drug concentration that
consistently knocked down FGF signaling in the dorsal diencephalon (Fig. 1G—H), and that
has been shown to not affect PDGF signaling [34].

To determine when FGF signaling is needed during somitogenesis for control of asymmetric
leftyl, we conducted developmental stage-specific SU5402 treatments. SU5402 treatments
prior to KV formation (70% epiboly-Tailbud) altered both brain and LPM asymmetry (Fig.
1J, S1G-H). However, treatments initiated at 8 SS and continuing until embryos were
collected for in situ hybridization (at 24 SS) affected brain asymmetry independently of
LPM asymmetry, as seen by predominantly bilateral leftyl in the brain and normal left-sided
lefty2 in heart field (Fig. 1J, S1G-H). This effect persisted in treatments that were initiated
at 10, 12 or 14 SS, but diminished when treatments were initiated at 16 SS. This suggests
endogenous FGF signaling is necessary for control of asymmetric leftyl specifically in brain
structures until the 14-16 SS (Fig. 1J, S1G-H).

Hyper-activation of FGF signaling down-regulates leftyl in the brain

As shown above, loss of FGF signaling between the 8 and 16 SS leads to bilateral leftyl
expression in the brain. Conversely, to determine whether increased activation of FGF
signaling leads to down-regulation of leftyl, we used a transgenic zebrafish line in which
expression of a constitutively active FGFR (ca-FGFR) is regulated by a heat-shock promoter
(hsp70:ca-FGFR; Fig. 2A) [22]. Heat shocking (HS) hsp70:ca-FGFR embryos allowed us to
temporarily increase FGF signaling in a time-dependent manner. To test efficacy of FGF
pathway up-regulation, embryos were collected one hour after the completion of the HS and
erm expression was analyzed by whole mount in situ hybridization. Individual embryos
were genotyped for the presence of the caFGFR transgene by PCR after in situ hybridization
analysis. Compared to sibling embryos that did not undergo HS, HS’d caFGFR transgenic
embryos had strong overexpression of erm throughout the embryo (Fig. 2B-C, E). As a
control, non-transgenic siblings were also subjected to HS and found to have no up-
regulation of erm expression compared to the non-HS siblings (Fig. 2B-D).

To mimic the timing of SU5402 treatments above, HS was initiated at 6 SS to allow time for
up-regulation of the FGF signaling pathway. We included three classes of controls: non-
transgenic sibling with HS, non-transgenic siblings without HS, and caFGFR transgenic
siblings without HS. All of these controls displayed normal leftyl expression (Fig. 2F-H, R,
S3). In contrast, HS activation of the FGF pathway in caFGFR transgenic embryos resulted
in an absence of leftyl expression in the brain (Fig. 21, R, S3).

We next asked whether the absence of leftyl expression in HS’d caFGFR transgenic
embryos was due to an absence of dorsal diencephalon cells. floating head (flh; a
homeodomain transcription factor) is a reliable a marker for diencephalon cells [31]. flh was
expressed in all four classes of embryos: with or without the transgene and with or without
HS (Fig. 2J-Q, S2). Three distinct views of flh expression (dorsoposterior, Fig. 2M; dorsal,
Fig. 2Q; lateral, Fig. S2D) show that dorsal diencephalon cells were present, albeit more
dispersed, in embryos in which caFGFR has been activated (Fig. 2M, Q). Together these
results suggest that hyper-activation of FGF signaling does not prevent the specification of
flh-expressing dorsal diencephalon cells, and more specifically inhibits leftyl expression in
the brain.
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To determine the developmental time period during which FGF signaling could control
leftyl expression, caFGFR transgenic and sibling non-transgenic embryos were HS’d at
seven different stages between 4SS and 20SS. Transgenic embryos that were HS’d at 4 SS
had a complete absence of leftyl in the brain (Fig. 2S, S3). However, hyper-activation of
FGF signaling at 4SS to 6SS leads to morphological defects such as shortened body axis,
yolk extension defects, and midbrain-hindbrain defects (Fig. S2). Additionally, early HS
leads to bilateral lefty2 expression in the heart field (Fig. S3). Thus, early hyperactivation of
FGF signaling affects leftyl expression in the brain, but it also alters gross morphology and
other aspects of LR pattering. Therefore it is not known whether altered FGF signaling at
these early stages has a direct role or indirect role in aberrant brain patterning. In contrast,
later activation of FGF signaling resulted in absence of leftyl in the brain but maintained a
normal body axis, yolk extension and midbrain hindbrain morphology (Fig. 2S, S3; data not
shown). Susceptibility of leftyl to suppression by hyper-activated FGF signaling persisted
through activation at 14 SS (Fig. 2S, S3), but at the same time having little effect on lefty2
expression in the LPM (Fig. S3). Later activation of FGF signaling at 18 and 20 SS had less
effect on leftyl expression, consistent with the results seen from the FGFR inhibitor
experiments (Fig. 1J).

FGF signaling inhibits brain leftyl independently of spaw/nodal

LR development in the zebrafish is dependent on asymmetric fluid flow in Kupffer’s
vesicle, which activates asymmetric gene expression in the left LPM [7, 8]. The first of these
asymmetrically expressed genes is spaw, a Nodal family member hypothesized to turn on
leftyl expression in the brain, and |efty2 expression in the heart field [12]. In the absence of
spaw expression neither leftyl nor lefty2 are expressed [12]. We wanted to determine
whether the bilateral expression of leftyl that is induced in the brain when FGF signaling is
inhibited requires spaw function. To do so, we injected spaw MO into 1-4 cell embryos and
inhibited FGF signaling in these embryos by SU5402 treatment from 8-24 SS, and then
examined expression of leftyl. As reported above, uninjected embryos treated with SU5402
had normal left-sided lefty2 in the heart field and abnormal bilateral expression of leftyl in
the brain and (Fig. 3B, B’, E-F), in contrast to normal left-sided expression in uninjected
DMSO control embryos (Fig. 3A, A/, E-F). In embryos injected with spaw MO and treated
with DMSO as a control, both leftyl in the brain and lefty2 in the heart field were absent
(Fig. 3C, C’, E-F). However, embryos injected with spaw MO and then treated with SU5402
showed bilateral leftyl expression in the brain but absent lefty2 expression in the LPM (Fig.
3D-F). Therefore, we conclude that FGF signaling is required for suppression of leftyl
expression in the brain independently of spaw expression in the LPM.

FGF signaling controls six gene expression

Two symmetrically expressed transcription factors, six3b and six7 [29, 30], both homologs
of sine occulis, are required for brain asymmetry. Similar to inhibition of FGF signaling,
double knockdown of both six3b and six7 causes bilateral Ieftyl expression in the brain,
even in the absence of spaw [17]. To determine whether these pathways intersect to control
brain asymmetry, expression patterns of six3b and six7 were examined in FGF-signaling
inhibited embryos (Fig. 4A-E). Expression of both six3b and six7 were decreased in the
dorsal diencephalon of SU5402-treated embryos from 8-12 SS as compared to DMSO-
treated control embryos (Fig. 4A-E).

While both six3b and six7 expression were decreased when FGF signaling was inhibited, up-
regulation of the FGF pathway in hsp70:ca-FGFR embryos revealed that the level of FGF
signaling differentially controls the expression of six3 homologs. When caFGFR transgenic
embryos were HS activated at 4-6 SS, there was a dramatic up-regulation of six3b
expression compared to controls (Fig. 4F-I, O). In contrast, Sx7 expression became
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restricted in much of the brain after HS-induced up-regulation of the FGF pathway (Fig. 4J—
M, P).

To determine whether control over six genes persists in HS’d caFGFR embryos, we
activated the FGF pathway at 14 SS and observed up-regulation of six3b expression in HS’d
caFGFR transgenic embryos comparable to the earlier heat shocks (data not shown). Sx7 is
no longer expressed at 14 SS and a later up-regulation of FGF signaling does not cause
ectopic expression (data not shown). Together these results demonstrate that FGF signaling
levels differentially control six3 homolog expression; decreased FGF signaling decreases
six3 homolog expression and conversely, increased FGF signaling increases six3b but
decreases Six7 expression.

Disruption of FGF signaling alters forebrain midline development

The notochord and neural floor plate have long been thought to serve as a midline barrier
that separates asymmetric signals in LPM [37]. Previous studies of the brain have uncovered
a midline in the forebrain which might be an analogous structure for brain laterality [38].
Considering the already characterized role of Wnt signaling in brain asymmetry [16] we
used immunofluorescence with $-catenin antibodies in an attempt to uncover a link between
Whnt and FGF signaling in the brain. While the overall levels of B-catenin appear to be only
mildly affected in embryos that had either hyper-activated or downregulated FGF signaling
(data not shown), we determined that the midline structure of the forebrain is affected by
FGF signaling (Fig. 5). This midline structure is located in the forebrain at 14-16 hpf before
ventricle lumen formation occurs (Fig. 5A, B). To obtain a better description of the midline
structure labeled by anti-B-catenin antibody, the forebrain was scanned by confocal
microscopy from dorsal to ventral; this structure continues down to the ventral floorplate
(Fig. 5B). Focusing on the time period during which FGF signaling is required for brain
asymmetry (12-16 somite), we found that HS’d caFGFR transgenic embryos showed
decreased midline organization, as determined by p-catenin-labeling, compared to that of
non-HS’d or non-transgenic siblings (Fig. 5C, G, K). To further explore the nature of this
midline structure, we utilized other cell polarity markers including ZO1 to label tight
junctions, and atypical protein kinase C (aPKC) as an apical marker (Fig. 5D-F, H-I, L-N).
In non-HS’d transgenic embryos and HS’d non-transgenic control embryos all three of these
markers were highly organized at the midline of the forebrain (Fig. 5C-J; Supplemental
Movie 1; Table S1). In contrast, in HS’d caFGFR transgenic embryos there was a complete
loss of midline organization, and the markers had either disrupted distribution or were
absent (Fig. 5K-N, W; Supplemental Movie 2; Table S1).

To determine if decreasing FGF signaling lead to altered forebrain midline structure, we
treated embryos with SU5402 from 8 SS to 14 SS (the time period during which FGF
signaling affects brain asymmetry). Inhibiting FGF signaling altered the localization of all
three forebrain midline markers (Fig. 55-V), compared to normal midline organization in
DMSO controls (Fig. 50-R). In the SU5402 treated embryos, midline staining was
disrupted and expanded, not organized into tightly opposing junctions seen in DMSO
control embryos (Figure 55—V, X, Table S1), suggesting that decreasing levels of FGF
signaling also disrupts midline organization.

Discussion

In this report we have uncovered an early role for FGF signaling in the establishment of
brain asymmetry that can be altered without disrupting the highly conserved pathway
establishing asymmetry in LPM and the heart. Inhibition of FGF signaling creates a
bilaterally symmetric brain phenotype, with leftyl expression in both the right and left dorsal
diencephalon, whereas hyper-activation of FGF signaling leads to the converse phenotype,
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absent leftyl expression. Together this suggests that too much FGF signaling negatively
regulates asymmetric gene expression in the brain, an intermediate level of FGF signaling is
required for asymmetric gene expression, and too little FGF signaling allows ectopic,
bilateral expression of asymmetry genes (Fig. 6). Modulation of the FGF pathway affects
brain expression of six3 transcription factors. Similarly, an appropriate balance of FGF
signaling is required for normal forebrain midline organization, with excess FGF signaling
resulting in loss of forebrain midline structures, and reduced signaling resulting in a
disorganized forebrain midline.

FGF signaling controls brain asymmetry distinct from LPM asymmetry

We and others have previously shown that FGF signaling has an early role in LR patterning
through ciliogenesis and the downstream establishment of LPM asymmetry [21, 32, 33].
Here we present data showing a distinct and later role for FGF signaling in brain LR
patterning, in the context of normal LPM asymmetry. Inhibition of FGF signaling creates
bilateral expression of early markers of brain asymmetry. Although disruption of FGF
signaling during gastrulation results in a bilateral brain phenotype, consistent with other
studies of early brain development [16, 17], LPM asymmetry is affected. Here we show that
later FGF signaling, during mid-somitogenesis, is required to control leftyl expression in the
brain, but not LPM asymmetry, resulting in embryos with normal LPM asymmetry but
altered brain asymmetry.

Control of brain asymmetry by FGF signaling appears to be subsequent to spaw signaling
from LPM. Knocking down spaw does not change the outcome of FGF inhibition: leftyl
expression in the brain was bilateral in the vast majority of embryos when FGF signaling
was inhibited, either with or without spaw knockdown (Fig. 3). In contrast to this major
effect, Inbal et al. [17] show that approximately half of six3b/six7/spaw knockdown embryos
did not express leftyl. Similarly, leftyl is bilateral in only 50% of masterblind mutants
(axinl mutant) when spaw is knocked down [16]. The high frequency of bilateral leftyl we
observe when FGF is inhibited, which is independent of spaw expression, indicates that FGF
activity functions farther downstream in the control of leftyl than Nodal signaling from the
LPM. In addition, the effective window of transgenic Six3b overexpression ends [17] before
the effective window of caFGFR or the FGFR inhibitor. The lack of a full epistatic
relationship between LPM Nodal activity and Six3 genes, and differences in effective
developmental windows for various manipulations, suggests that FGF works beyond the
previously suggested Nodal-Six pathway to control asymmetric leftyl expression.

Epistasis experiments to test the relationship of FGF signaling, six3b and six7 to leftyl
regulation were inconclusive due to severe, pleiotropic morphological defects. Activation of
FGF signaling in either a double MO injection for six3b and six7 or six7 MO injections into
six3b mutations had severe brain and axial defects at 22-24 SS, precluding the analysis of
leftyl expression. Further studies will be necessary to determine the presence of other
downstream targets for brain midline formation and asymmetry.

Other reports indicate that FGF signaling also has roles in brain LR morphology at
significantly later stages of development. Regan et al. show that the parapineal organ fails to
migrate when FGF signaling is inhibited at 24-28 hpf, approximately 8-12 hours after the
time window we describe here [18]. Clanton et al. show that inhibition of FGF signaling
from 18-30 hpf results in a dramatic decrease in parapineal cell number through regulation
of cell fates [19]. These studies demonstrate that the FGF ligand FGF8 regulates for
parapineal migration and cell number. It is possible that FGF8 plays an additional role in
early asymmetry establishment. However a single knock-down of this ligand does not affect
leftyl expression [18]. Combinatorial knockdown of multiple FGF ligands (FGF8, FGF3 and
FGF24) produces a severe, compound phenotypes that make interpretation of brain
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development difficult [39, 40]. With the addition of our study, it appears that FGF signaling
plays multiple and distinct roles in brain midline organization, asymmetric gene expression,
cell division, and migration all of which are required for normal parapineal development to
occur.

Unbalanced FGF signaling disrupts forebrain midline and LR asymmetry

Because of the importance of axial midline structures (notochord and neural floor plate) in
patterning of asymmetric signals in the LPM [37, 41], we explored whether FGF signaling
has an effect on brain midline structures. Altering the balance of FGF signaling reveals the
importance of a midline structure in the developing forebrain. Remarkably, down-regulation
of FGF signaling leads to mislocalization of cell polarity markers along the dorsal midline of
the forebrain, and the conversion of brain asymmetry to symmetry as reflected in bilateral
leftyl expression. We propose that a decrease in FGF signaling leads to diminished six3
expression, abnormal expansion of midline and derepression of leftyl expression (Fig. 6A).
Conversely, hyperactivation of FGF signaling results in three correlated events: loss of
forebrain midline organization, increased six3b expression, and loss of leftyl expression
(Fig. 6C). We also found flh expressing cells are present, indicating that cell fate has not
changed, but that flh expression was abnormally dispersed, reflecting the disorganization of
the cells in this region. Therefore a finely-tuned balance of FGF signaling is necessary for
the establishment of normal brain LR asymmetry (Fig. 6B). Further experiments designed to
directly disrupt the brain midline independent of FGF signaling will be necessary to
determine the role of this midline structure in controlling brain asymmetry.

Conclusions

Control of early brain asymmetry requires a balance of FGF signaling, sine occulis homolog
function, and formation of a forebrain midline structure demarked by ZO-1, aPKC and beta-
catenin. Strikingly, FGF signaling functions at distinct stages in development, probably
through different mechanisms, to control asymmetric gene expression throughout the
embryo and also in the brain. FGF signaling controls expression of six3 homologs for
normal brain asymmetry, but also utilizes novel downstream components.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. FGF dependent control of brain asymmetry isuncoupled from earlier LR patterning
(A-D) Dorsal view of 22—-24 somite embryos. L=left, R=right. (A-B) Cyclops is normally
expressed in left diencephalon (A; DMSO controls) however when FGF signaling is
inhibited, expression becomes bilateral (B; yellow arrowhead. (C-D) Normal left-sided
expression of |efty2 within the prospective heart field in the LPM in both DMSO control (C)
and SU5402 treated (D) embryos (white arrows). Note that SU5402 was suspended in
DMSO in all experiments. Yellow arrowhead indicates bilateral expression of leftyl in
SU5402 treated embryos (D) compared with normal left-sided expression in DMSO treated
embryos (C). (E, F) Dorsal view of 18-20 somite embryos showing spaw expression in the
LPM. Normal left-sided expression of spaw in the left LPM of SU5402 (F) compared to the
DMSO control embryo (E). (G, H) Images of the head dissected from 20 somite embryos
showing erm expression (anterior is up). Ermexpression is down-regulated in SU5402
treated embryos (H, n=28) in the dorsal diencephalon (red bracket) in comparison to a
DMSO control embryo (G, white bracket, n=32). (I) Histogram showing the percentages of
embryos displaying normal (left-sided), reversed (right-sided), absent and bilateral
expression patterns of cyclops (brain), leftyl (brain), lefty2 (heart field), spaw (LPM) in
SU5402-treated embryos and DMSO-treated embryos. (J) Line graph showing a timeline of
SU5402 and DMSO treatments affecting lefty expression in the brain (See Supplemental
Figure 1 for all expression classes). 70% epiboly-Tailbud: DMSO n= 29, SU5402=42. 8-24
SS: DMSO n=53, SU5402 n=60. 10-24 SS: DMSO n=49, SU5402 n=57. 12-24 SS: DMSO
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n=45, SU5402 n=28. 14-24 SS: DMSO n=53, SU5402 n=48. 16-24 SS: DMSO n=64,
SU5402 n=37.
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Figure 2. FGF pathway controls brain asymmetry

(A) Diagram of heat-shock (HS) activation of the FGF pathway by expression of a
constitutively active FGFR1 (caFGFR) protein with a K562E point mutation to activate
downstream targets of FGF signaling. (B-E) Lateral view of erm expression in 8 somite
embryos. Normal expression of ermin a non-HS’d non-transgenic embryo (B; WT
expression 100%, n=24). No up-regulation of ermexpression in either a caFGFR transgenic
non-HS’d embryo (C; WT expression 100%, n=19) or a non-transgenic HS’d embryo (D;
WT expression 93.3%, n=15). However, a dramatic increase in ermexpression in a HS’d
transgenic embryo (E; Increased expression 73.17%, n=41). (F-1) Dorsoposterior view of
22-24 somite embryos expressing leftyl (brain). Normal left-sided expression of leftyl in
non-transgenic non-HS’d (F), transgenic non-HS’d (G), and non-transgenic HS’d (H)
control embryos. Contrary to normal expression in control embryos leftyl expression is
absent in the brain of transgenic HS’d embryos (I). (J-M) Dorsoposterior and (N-Q) dorsal
views of distinct 22—24 somite embryos expressing flh. Normal expression of flh in the
dorsal diencephalons of non-transgenic non-HS’d (J, N; n=19 WT expression), transgenic
non-HS’d (K, O; n=10 WT expression), and non-transgenic HS’d control embryos (L, P; n=
17 WT expression). Expression of flh is detected in the dorsal brain of caFGFR transgenic
HS’d embryos (M, Q; n=23 present but dispersed expression), but appears to be more
dispersed. (R) Histogram quantifying the expression of leftyl in the brain of genotyped
embryos. (S) Line graph illustrating the timeline over which FGF signaling controls leftyl
expression in the brain. Embryos that were HS’d caFGFR before 14SS can be clearly
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identified by changes in morphology, as confirmed by genotyping (panel 2R). Therefore,
embryos HS from 4 SS to 14 SS were classed as follows: HS Morph WT (HS non-
transgenic siblings), HS Morph caFGFR (HS transgenic siblings). Embryos HS from 16 SS
to 20 SS cannot be distinguished by morphological phenotype, so they were individually
genotyped, and were classed as follows: HS non-transgenic siblings (HS genotype WT), HS
transgenic siblings (HS genotype caFGFR). 4 SS: No HS n=50, 37C HS- morph WT n=27,
37C HS- morph caFGFR n=30; 6 SS: No HS n=91, 37C HS- morph WT n=42, 37C HS-
morph caFGFR n=35; 10 SS: No HS n=40, 37C HS- morph WT n=28, 37C HS- morph
caFGFR n=29; 14 SS: No HS n=39, 37C HS- morph WT n=34, 37C HS- morph caFGFR
n=26; 16 SS: No HS n=51, 37C HS- genotype WT n=27, 37C HS- genotype caFGFR n=30;
18 SS: No HS n=33, 37C HS- genotype WT n=24, 37C HS- genotype caFGFR n=28; 20 SS:
No HS n=42, 37C HS- genotype WT n=23, 37C HS- genotype caFGFR n=16.
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Figure 3. FGF signaling regulates leftyl expression in the brain independently of spaw activity
(A-D) Dorsal views of 22—24 somite embryos showing leftyl in the brain and (A’-D’)
different focal plans showing leftyl in the brain and lefty2 in heart field within the same
embryo. Uninjected embryos showing normal left-sided expression of lefty2 in the heart
field (green arrows) of both DMSO control embryos and SU5402 treated embryos (A, A’, B,
B’). In contrast, bilateral leftyl expression (yellow arrowhead) in the brain of SU5402
treated embryos in comparison to the normal left-sided expression (green arrowhead) of
leftyl in the DMSO control embryos (A, A’, B, B’). spaw MO injected embryos treated with
either DMSO or SU5402 show absence of lefty2 expression in the heart field (blue arrows;
C, C/, D, D’). However, SU5402 treated embryos still exhibit bilateral expression of leftyl in
the brain whereas DMSO control embryos no longer express leftyl (blue arrowhead; C, C/,
D, D). (E) Histogram indicating percentages of embryos displaying normal (left-sided),
reversed (right sided), absent and bilateral heart expression patterns of leftyl for uninjected
DMSO control embryos, uninjected SU5402 treated embryos, spaw MO injected DMSO
embryos, and spaw MO injected embryos treated with SU5402. (F) Histogram indicating
percentages of embryos displaying normal (left-sided), reversed (right-sided), absent and
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bilateral brain expression patterns of lefty2 for WT DMSO control embryos, WT SU5402

treated embryos, spaw MO injected DMSO embryos, and spaw MO injected embryos
treated with SU5402.
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Figure 4. FGF signaling controls brain asymmetry through regulation of six3 transcription
factor expression

(A, B) Dorsal view of a 12-14 somite embryo with head dissected away from yolk, showing
expression of six3b. six3b is expressed broadly in the eye fields and brain, including the
dorsal diencephalon (black arrow) of the developing embryo in DMSO control (A; n=75),
but is diminished in SU5402 embryos (B; WT=81), including in the diencephalon (red
arrow). (C, D) Dorsal view of a 12—14 somite embryo with head dissected away from yolKk,
showing expression of six7. six7 is expressed broadly in the eye fields and brain, including
the dorsal diencephalon (black arrow), of the developing embryo in DMSO control (C;
n=48), but is diminished in SU5402 embryos (D; n=51), including in the diencephalon (red
arrow). (E) Histogram quantifying the % of embryos expressing WT levels of both six3b and
six7 in DMSO Control and SU5402 treated embryos. (F-1) Dorsal view of a 12-14 somite
control or caFGFR transgenic embryos, with head dissected away from yolk, showing
expression of six3b Embryos were HS activated at 4-6 somites to have maximal activation
of FGF signaling at 8 SS to parallel the SU5402 studies. Sx3b expression is upregulated in
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caFGFR transgenic HS’d embryos (I) compared to non-transgenic non HS’d (F; white
bracket showing dorsal diencephalon staining), caFGFR transgenic HS’d (G), and non-
transgenic HS’d embryos (H). (J-M) Dorsal view of a 12—14 somite control or caFGFR
transgenic embryos, with head dissected away from yolk, showing expression of six7. (M)
S X7 expression is absent in the dorsal diencephalon of caFGFR transgenic HS’d embryos
compared with non-transgenic non HS’d (J; white bracket showing dorsal diencephalon
staining), caFGFR transgenic non HS’d (K), and non-transgenic HS’d embryos (L). (O)
Histogram quantifying six3b expression in caFGFR genotyped embryos. (P) Histogram
quantifying six7 expression in caFGFR genotyped embryos.

Dev Biol. Author manuscript; available in PMC 2015 February 01.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuei\ Joyiny Vd-HIN

Neugebauer and Yost

Page 21

oo

-B-Catenin

No HS

2
€
o
>
3
c
e
T
&
S
=
L
€
o
<3
3
2

37°CHS
Transgenic ~ Non-

37°C HS

DMSO Control

SU5402

% embryos = W

Brain Midline Organization
[ Loss of Midiine  [I Normal Midiine  [] Expanded Midiine
100, — X 100

20 20,

[ 5 8
transgenic — + - +

HS

n= 13 12 15 24 29 25

Figure 5. Brain midline morphology is disrupted when the balance of FGF signaling isaltered
(A) Dorsal view of a 14 somite embryo, red box indicates area imaged by confocal
microscopy. (B) To orient the reader, a cross sectional view through the forebrain, red box
corresponds to the z-stacks imaged by confocal microscopy. (C-V) Dorsal view of the brain
of 16 somite embryos, anterior down, taken at 60X magnification. Z-stacks were taken to
encompass the organized midline of the brain, except in the cases where the midline
organization was absent and then z-stacks were taken over the entire brain. (C, G, K, O, S)
Representative images of a-p-Catenin. (D, H, L, P, T) Representative images of a-ZO1. (E,
I, M, Q, U) Representative images of a-aPKC. (F, J, N, R, V) Merged images of both a-
Z01 (green) and a-aPKC (red). HS activated transgenic caFGFR embryos (K-N) appear to
lose cellular organization in the midline of the brain compared to non-HS’d controls (C-F)
and HS’d non-transgenic siblings (G-J). SU5402 embryos appear to have an increase of
midline staining (S-V) compared to DMSO controls (O-R). (W-X) Histograms showing
frequency of loss of midline (loss of midline), WT midline (normal) and disorganized
midline organization of caFGFR transgenics and siblings (W) and SU5402 and DMSO
embryos (X). See Supplementary Table 1 for quantification of midline organization and
quantification of markers used.
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Figure 6. A balance of FGF activity in the brain controls six3 gene expression, brain midline

organization and L eft-Right asymmetric leftyl gene expression

(A) Down-regulation of FGF signaling leads to decreased six3 expression on both sides of
the brain and an expansion of brain midline structures. (B) When both FGF signaling and
six3 activity are normal, a normal midline structure forms in the brain and allows normal
left-sided expression of leftyl. (C) Hyper-activation of FGF signaling increases six3b
expression, and other factors, while inhibiting six7 expression. Enhanced FGF-signaling also
disrupts brain midline organization. Consequently, leftyl expression is absent on both sides
of the brain, leading to bilateral symmetry (absent expression) that is the opposite of the
bilateral symmetry (bilateral expression) seen in the absence of FGF signaling and six3 gene

function.
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