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Abstract

The process that partitions the nascent vertebrate central nervous system into forebrain, midbrain,
hindbrain, and spinal cord after neural induction is of fundamental interest in developmental
biology, and is known to be dependent on Wnt/p-catenin signaling at multiple steps. Neural
induction specifies neural ectoderm with forebrain character that is subsequently posteriorized by
graded Wnt signaling: embryological and mutant analyses have shown that progressively higher
levels of Wnt signaling induce progressively more posterior fates. However, the mechanistic link
between Whnit signaling and the molecular subdivision of the neural ectoderm into distinct domains
in the anteroposterior (AP) axis is still not clear. To better understand how Wnt mediates neural
AP patterning, we performed a temporal dissection of neural patterning in response to
manipulations of Wnt signaling in zebrafish. We show that Wnt-mediated neural patterning in
zebrafish can be divided into three phases: (1) a primary AP patterning phase, which occurs during
gastrulation, (I1) a mes/r1 (mesencephalon-rhombomere 1) specification and refinement phase,
which occurs immediately after gastrulation, and (111) a midbrain-hindbrain boundary (MHB)
morphogenesis phase, which occurs during segmentation stages. A major outcome of these Wnt
signaling phases is the specification of the major compartment divisions of the developing brain:
first the MHB, then the diencephalic-mesencephalic boundary (DMB). The specification of these
lineage divisions depends upon the dynamic changes of gene transcription in response to Wnt
signaling, which we show primarily involves transcriptional repression or indirect activation. We
show that otx2bis directly repressed by Wnt signaling during primary AP patterning, but becomes
resistant to Wnt-mediated repression during late gastrulation. Also during late gastrulation, Wnt
signaling becomes both necessary and sufficient for expression of wnt8b, enZa, and her5in
mes/rl. We suggest that the change in 0£x2b response to Wnt regulation enables a transition to the
mes/rl phase of Wnt-mediated patterning, as it ensures that Wnts expressed in the midbrain and
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MHB do not suppress midbrain identity, and consequently reinforce formation of the DMB. These
findings integrate important temporal elements into our spatial understanding of Wnt-mediated
neural patterning and may serve as an important basis for a better understanding of neural
patterning defects that have implications in human health.
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1. Introduction

The vertebrate central nervous system is partitioned along the anteroposterior (AP) axis into
four gross divisions-forebrain, midbrain, hindbrain, and spinal cord— in a progressive
process that initiates concurrently with, or immediately after, neural induction in the early
gastrula (Green et al., 2015). The mechanism by which the neural plate is patterned along
the AP axis has been of interest for over 50 years, with the prevailing model being the
“activation-transformation” model proposed by Nieuwkoop (1952). This hypothesis states
that neural induction specifies neural ectoderm with anterior character (i.e. forebrain) that is
subsequently “posteriorized” (i.e. induction of midbrain, hindbrain, and spinal cord) by
signals emanating from paraxial mesoderm at the posterior aspect of the neural plate that
influence cell fate in a graded fashion. While evidence has amassed that is consistent with
this hypothesis (Cox and Hemmati-Brivanlou, 1995; Durston et al., 1989; Kiecker and
Niehrs, 2001; McGrew et al., 1995, 1997; Nordstrom et al., 2002) , recent findings have
challenged the view of a simple anterior to posterior signaling gradient being interpreted into
anterior-posterior domains. For example, recent evidence has suggested that cells may be
biased towards specific fates along the anteroposterior axis prior to neural induction (Metzis
et al., 2018), and that spinal cord fate is induced via a distinct signaling mechanism from
other CNS territories (Polevoy et al., 2019).

Despite challenges to the activation-transformation model, considerable evidence clearly
implicates Wnt, Fgf, and retinoic acid (RA) signaling in the mechanism of neural plate AP
patterning, and, of these, Wnt signaling levels are capable of inducing neural AP fates
according to concentration (Kiecker and Niehrs, 2001; Nordstrom et al., 2002; for reviews
see Elkouby and Frank, 2010; Gibbs et al., 2017). However, exactly when these signals are
interpreted by the neural plate to establish the AP axis is less clear. For example, Wnt
ligands expressed in paraxial mesoderm progenitors impart polarity on the newly induced
neural ectoderm by specifying posterior identity, a process termed “neural posteriorization”
(Green et al., 2015). In zebrafish, this function is attributed to Wnt8a (Erter et al., 2001;
Lekven et al., 2001; Rhinn et al., 2005). wnt8a expression is initiated in the embryonic
margin prior to neural induction and remains present throughout epiboly (Kelly et al., 1995;
Lekven et al., 2001). While wrnt8a expression is maintained in the margin during epiboly, it
is unclear if it serves a functional role in neural posteriorization throughout epiboly or only
during a discrete portion of epiboly. Further confusing the issue is the fact that several neural
AP patterning steps involving Wnt signaling are activated downstream of wnt8a. For
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instance, expression of Wnt8b in the diencephalon, which, together with the Wnt antagonist
Tlc, patterns the telencephalon, is altered by changes to Wnt8a signaling (Houart et al.,
2002). In addition to activating downstream effectors, Wnt8a also directly patterns the neural
plate AP axis by determining the position of the interface between otx2-expressing
mesencephalic progenitors and gbx-expressing hindbrain progenitors (Rhinn et al., 2005,
2009). The otx/gbx interface position determines the future site of the midbrain hindbrain
boundary (MHB), a lineage restriction border located within a conserved physical
constriction of the neural tube (Joyner et al., 2000; Langenberg and Brand, 2005; Matsuo et
al., 1995; Millet et al., 1999). Wnt signaling is also necessary for specification of mes/rl, the
neural domain comprising mesencephalon (mes) and the anterior hindbrain (r1) within
which the MHB forms (McMahon and Bradley, 1990; Thomas and Capecchi, 1990; Zervas
et al., 2004). Subsequently, Wnt signaling is initiated in the MHB and integrated into the
MHB gene regulatory network (Buckles et al., 2004; Lekven et al., 2003). It is unclear if
these different sources of Wnt signaling pattern the neural plate in distinct temporal phases
or if they signal at the same time, but with different outputs, such as through the activation of
different downstream receptors (Kim et al., 2002; Momoi et al., 2003).

How Whnt-mediated posteriorization is mechanistically linked to the specification of cell
fates in the neural plate is also not well understood. While there is significant evidence that
Whnt signaling can suppress anterior neural markers and induce posterior markers (Kudoh et
al., 2002), many of these experiments have been performed in explants, which may not
completely recapitulate specific developmental contexts (Kiecker and Niehrs, 2001;
Nordstrom et al., 2002). As recent single-cell RNA-seq methodologies have revealed
unexpected transcriptional diversity among cells of a presumed restricted lineage (Farrell et
al., 2018; Raj et al., 2018), it is likely that much is unknown about the timeline from Wnt
signal reception by neural plate cells to transcriptional changes underlying AP-specific fate.

We present evidence that the response of the neural ectoderm to Wnt signaling can be
divided into three distinct phases. First is the primary AP patterning phase, when Wnt8a
signals across the neural plate AP axis to determine the allocation of progenitor cells to
anteroposterior fate domains. The signaling events that occur here are interpreted by the
neural plate initially as transcriptional changes in a relatively small number of genes, some
directly repressed by Whnt, that ultimately lead to patterning shifts in the AP axis that take
several hours to unfold. Second is the mes/rl phase, during which Wnt ligand expression is
maintained in mes/rl through a feedback network that maintains midbrain identity and the
MHB gene regulatory network. Third is the MHB morphogenesis phase, during which Wnt
signaling plays a role in maintaining MHB gene expression and constriction morphogenesis,
but no longer impacts the AP pattern of the brain. These findings provide a temporal
framework in which we describe Wnt-mediated neural patterning, and show that both ligand
availability as well as competency of different regions of the neural ectoderm are dynamic
and essential for the establishment of neural patterning in the AP axis.

Dev Biol. Author manuscript; available in PMC 2021 June 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Green et al. Page 4

2. Materials and methods

2.1. Zebrafish care

Zebrafish were maintained as described (Westerfield, 2000). AB, TL, and AB-TL hybrid
strains serve as our wild-type stocks. The University of Houston and Texas A&M University
Institutional Animal Care and Use Committees approved vertebrate animal procedures. The
Tg(hsp701:akk1b-GFP)V3219 and Tg(hsp70l:wnt8a-GFP)¥3#79 lines were a kind gift from
Dr. Randall Moon (University of Washington) (Stoick-Cooper et al., 2007; Weidinger et al.,
2005).

2.2. Heat shocks and in situ hybridizations

Tg(hsp701:akk1b-GFP)V32T9 (hereafter referred to as /s:dkk1b/+) were crossed to wild-type
fish, and embryos were collected within 15 min of spawning. Heat shocks were performed
by placing groups of 10 embryos in standard fish water (zfin.org) into PCR tubes, incubating
at 37°C for 60 min, then returning embryos to 29°C for recovery to the designated stages.
To(hsp701-wnt8a-GFP)V34T9 (hereafter, hs:wnt8a/+)were crossed to wild-type fish, and
embryos were collected and heat shocked in groups of 10 in PCR tubes at 39 °C for 30 min,
then returned to 29 °C for recovery to the designated stage. Embryos were fixed in 4%
paraformaldehyde overnight at 4 °C. Unless otherwise indicated, heat shock transgenic
embryos were unambiguously identified after heat shock by morphological or gene
expression criteria and represented ~50% of offspring. All experiments were performed at
least twice, with a minimum of 25 embryos in each group. In situ hybridizations were
performed as described previously (Ramel et al., 2004). Embryos were imaged with a Nikon
SMZ745T or a Nikon SMZ25. Figures were assembled with Adobe Photoshop CC.
Brightness and contrast were adjusted for clarity.

2.3. Drug treatments

Wild-type embryos were collected within 15 min of spawning. BIO (Sigma) was dissolved
in DMSO to make a stock concentration of 10 mM. The BIO stock solution was diluted to
10 uM in fish water for incubations. 15 embryos were placed in each well of a 9 well plate
and incubated in 1 ml of 10 uM BIO for 30 min. Embryos were subsequently washed three
times in fish water and grown to the designated stage at 29 °C. Drug treatments were
performed in triplicate, with n=30 embryos in each group.

Cycloheximide (CHX; Sigma) was dissolved in ETOH to a stock concentration of 10 mg/ml.
The CHX ETOH stock solution was then diluted in fish water to 10 pg/ml for incubations.
The efficacy of CHX was tested by treating /s.dkk1b6/+ embryos with 10ug/ml CHX and
heat shocking embryos for 60 min at 37 °C. In untreated samples, 50% of embryos showed
GFP fluorescence within 2 h; CHX treated embryos did not show any GFP fluorescence (not
shown). For treatments, 15 embryos were placed in each well of a 9 well plate with either 1
ml of 10 pg/ml CHX or 1 ml of 10 pg/ml CHX & 10 uM BIO. Controls were incubated in
either 0.1% ETOH, 0.1% DMSO or a combination of the two. Embryos were kept in CHX
from the designated stage until bud stage (10 hpf). Embryos were treated with 10 uM
BIO/CHX for 30 min, then washed in 10 ug/ml CHX three times and shifted to 10 ug/ml
CHX until bud stage.
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2.4. RNA-sequencing transcriptome analysis

hs.adkk1bl+ or hs:wnt8al+ embryos, identified by fluorescence, and their wild-type siblings
were collected from multiple mating fish pairs, then embryos at the desired time points were
immediately homogenized in Trizol (Sigma). For each sample, n = 30 embryos, with three
biological replicates for each condition. Total RNA was isolated with Direct-zol RNA kits
(Zymo, Inc.), and was given to the Texas A&M AgriLife Research Genomics and
Bioinformatics Service for library preparation and Illumina sequencing. The RNA-seq raw
fastq data was processed with CLC Genomics Workbench 12 (Qiagen). The lllumina
sequencing adaptors were trimmed and reads were mapped to GRCz11 zebrafish reference
genome. Read alignment was represented as integer counts by using parameters of mismatch
cost 2, insertion cost 3, deletion cost 3, length fraction 0.8, similarity fraction 0.8, max of 10
hits for a read. Integer read counts were normalized by Trimmed Means of M-values (TMM)
algorithm. After normalization, we performed differential gene expression using the EdgeR
package (Robinson and Oshlack, 2010) which uses a generalized linear model linked to the
negative binomial distribution to identify significance. The significance level of FDR
adjusted p-value of 0.05 was used to identify differentially expressed genes.

3. Results

3.1. Temporal regulation of canonical Wnt signaling by inducible transgenes

To dissect stage-specific effects of Wnt signals on neural AP patterning, we took advantage
of zebrafish transgenic lines bearing either a heat shock inducible Wnt antagonist
(Tg(hsp70L :dkk1b-GFP)¥32T9) or agonist ( Tg(hsp70L .wnt8a-GFP)"3479) transgene. Dkk1b
blocks canonical Wnt signaling by binding the essential co-receptor Lrp5/6 (Ahn et al.,
2011), while Wnt8a can activate the canonical Wnt pathway through multiple Frizzled
receptors (Hsieh et al., 1999). Both transgenes are induced globally with heat shocks. We
crossed transgenic adults (hereafter referred to as /s.akk1b/+ or hs:.wnt8al+) with wild-type
adults and heat shocked offspring embryos at specific developmental intervals, with wild-
type sibling embryos from each clutch serving as the control. Because the duration of Wnt
antagonism or overexpression after standard heat shock regimens in these lines had not been
previously well characterized, we assayed the transcript dynamics of dkk1b or wnt8aand the
Whnt response gene, axinZin heat shocked transgenic embryos (Fig. S1). With hs:dkk1b/+,
akkl1btranscripts are present at high levels at 1 h post heat shock and remain high until 2 h
post heat shock, after which expression begins to decline; at 5 h post heat shock, elevated
dkk1bis no longer detectable (Figs. SIA-E, and data not shown). This pattern correlates
with the observed pattern of axin2, a commonly used measure of Wnt/B-catenin activity (Jho
etal., 2002). By 1 h post heat shock, ax/inZ2 levels are strongly reduced and remain low until
4 h post heat shock (Figs. S1F-I). By 5 h post heat shock, axinZlevels are not noticeably
different from wild-type (Fig S1J). From these data, we deduce that a 1h heat shock pulse
interferes with Wnt signaling for a duration of ~4 h after the heat shock, with recovery by 5
h post heat shock. Thus, we deduce a span of 6 h from the beginning of the heat shock to the
end of suppression of canonical Wnt signaling (Fig. S2). In a similar analysis of Wnt
pathway activation by As:wnt8al+, we found that a 0.5 h heat shock pulse leads to an
induction of the wnt8a-gfp transgene and axin2by 0.5 hph (Fig. SIK-M,0-Q), with a return
to normal expression levels between 1.0-1.5 hph (Figs. SIN and R). Thus, we deduce a span
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of 2 h from the beginning of the heat shock to the end of activation of canonical Wnt
signaling (Fig. 4).

3.2. Timed Wnt loss-of-function defines three distinct functional periods for Wnt
mediated neural plate patterning

To determine whether neural plate development involves temporally distinct requirements
for Wnt signaling, As.dkk1b/+ was induced at ten time points during the first 24 h of
development, spanning gastrulation through segmentation stages (Fig. S2). These treatments
produced four clearly distinguishable phenotypic categories at 27 h post fertilization (hpf)
that correlate with time of heat shock (Fig. 1 and Fig. S2, and data not shown). Wnt
antagonism at 3 hpf produces strongly dorsoanteriorized embryos falling into the C3-C5
dorsalization classes (Kishimoto et al., 1997)(Fig. 1B), thus recapitulating the previously
described wnt&a loss of function phenotype (Baker et al., 2010; Hino et al., 2018; Lekven et
al., 2001). Initiating Wnt antagonism at 4.7 hpf (30% epiboly stage) results in axis
truncation, abnormal brain morphology, and enlarged eyes, reflective of neural
anteriorization, but not dorsalization (Fig. 1C). Wnt antagonism at 7 hpf (70% epiboly)
results in greatly abnormal brain morphology including the loss of midbrain and MHB with
minor body truncation (Fig. 1D). Antagonism at 11 hpf results in significantly less severe
brain malformations that include MHB absence (Fig. 1E). Antagonism at 14 hpf results in a
reduction in the MHB constriction, though brain morphology appears otherwise normal (Fig.
1F). Heat shock at 16 hpf produced no visible morphological defects (Fig. 1G).

To complement our morphological assessment, we assayed forebrain, midbrain, MHB, and
hindbrain cell populations by /in-situ hybridization. Initiation of Wnt antagonism at 3 or 4.7
hpf led to global brain patterning defects, including posterior shifts in forebrain domains
(e.g. enlarged epha4a telencephalon, posterior shift of epfia4a* diencephalic expression
domain, Fig. 11,J), reduced midbrain (e.g. reduced distance between diencephalic and rl
epha4a" domains, Fig. 1J) and mild effects on hindbrain, though MHB gene expression
appeared normal (e.g. fgf8a and pax2a MHB domains, Fig. 1P,Q,W,X). The severe
morphological phenotype observed after initiating Wnt antagonism at 7 hpf reflected
disrupted midbrain formation (indicated by continuity between diencephalic and r1 epha4a
expression, Fig. 1K, arrowhead), and failure of MHB gene regulatory network maintenance
(GRN) (loss of MHB fgf8a and paxZa, Fig. 1R,Y). The weaker phenotype observed after
initiating Wnt antagonism at 11 hpf reflected a less affected midbrain domain (indicated by
the restoration of gap between diencephalic and rl epfsa4a domains, Fig. 1L,M, arrowhead),
though the MHB GRN is still disrupted (Fig. 1S,2Z). Initiating Wnt inhibition at 14 hpf
resulted in largely normal neural patterning (Fig. 1M, T,A’), though the very shallow
midbrain constriction is accompanied by the absence or severe reduction of MHB paxZa and
fgf8a expression (Fig. 1F inset, T,A’). Heat shock initiation at 16 hpf or later resulted in
normal patterning (Fig. 1G,N,U,B’).

By synthesizing the morphological and molecular analysis of these loss-of-function
phenotypes with our data on the duration of Wnt inhibition associated with our /s.dkk1b
regimen (and some uncertainty about the end of Wnt antagonism in our heat shock regimen),
we deduce three distinct phases during which Wnt/g-catenin signaling influences neural
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plate patterning (Fig. S2). The first phase, termed primary AP patterning, occurs during
~4-9.5 hpf (most of gastrulation), and corresponds to the transformation portion of
Nieuwkoop’s activation-transformation model. The second phase, the mes/r1 phase, occurs
between ~9.5-12 hpf (early segmentation), and reflects a requirement for Wnt signaling for
midbrain and MHB fate. The third phase, MHB morphogenesis, occurs between ~12-17 hpf
(segmentation) and reflects dependence of the MHB gene regulatory network and MHB
morphogenesis on Wnt/p-catenin signaling.

While this analysis identifies discrete phases for Wnt control of gross neural plate
patterning, the 27 hpf phenotype may represent compounded effects of multiple earlier mis-
patterning events. We therefore next assessed the phenotypic progression after our heat
shock regimens. For phase one, we heat shocked /s.:dkk1b/+ embryos at 4.7 hpf, then
assayed fgf8a, pax2a, and otx2b expression at 9 and 10.5 hpf (Fig. 2). At 9 hpf, expression
of both fgf8a and paxZain the presumptive midbrain and hindbrain is absent (Fig. 2B,F,
arrows), while otx2b expression is expanded posteriorly (Fig. 2J). However, by 10.5 hpf,
pax2aand fgf8aexpression is largely recovered (Fig. 2D,H), though otx2b expression
remains somewhat expanded (Fig. 2L). This suggests an initial loss or delay of midbrain and
hindbrain specification that subsequently recovers. Because 10.5 hpf is outside the window
of Wnt antagonism in this experiment, recovery of paxZaand fgf8a expression could be
through either Wnt signaling or an alternate mechanism.

To address the phenotypic progression after Wnt antagonism in phase two, we heat shocked
embryos at 7 hpf, then examined fgf8a, paxZa, enZ2aand wntl expression at 10.5, 14, and
16.5 hpf (Fig. 3). At 10.5 hpf, paxZaand fgf8aexpression in the presumptive midbrain and
hindbrain appear relatively normal (Fig. 3B,H), but both en2aand wntI are substantially
reduced or absent (Fig. 3N, T). By 14 hpf, enZais absent, while MHB expression of 7g78a,
pax2aand wntl is lost, accompanied by the posterior expansion of telencephalic fgf8aand
optic stalk expression of paxZa (Fig. 3D,J,P,V). By 16.5 hpf, telencephalic fgf8ais expanded
slightly further posteriorly, and optic stalk paxZa expression extends to the prospective
hindbrain domain (Fig. 3F,L). Hindbrain and dorsal neural tube writZ expression persists at
14 and 16.5 hpf (Fig. 3V,X). Thus, in contrast to the secondary recovery observed after Wnt
suppression in phase one, disruption of Wnt signaling in phase two results in the rapid loss
of enZaand wntl expression, followed by the progressive expansion of telencephalon and
optic stalk to supplant midbrain and MHB territory.

To address phase three, we heat shocked As.dkk1b/+ embryos at 14 hpf, then examined
wnitl, pax2aand fgf8aexpression at 17 and 19 hpf. In all cases, changes in gene expression
at 17 and 19 hpf were difficult to observe by in situ hybridization, suggesting that the loss of
expression of these genes in As:dkk1b/+ embryos occurs between 19 and 27 hpf (Fig. S3,
and data not shown). The significant delay in downregulation of MHB genes in this
experiment may explain the lack of observed midbrain patterning defects compared to those
observed with the earlier heat shocks. Thus, Wnt signaling is required during phase three for
maintenance of MHB gene expression and normal formation of the MHB constriction, but
midbrain tissue formation does not require Wnt signaling during this period.
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In summary, our Wnt loss-of-function experiments identify discrete time limits to three
independent phases of Wnt pathway influence on gross brain patterning: phase one
comprises global AP patterning, phase two comprises mes/rl maintenance, and phase three
comprises MHB morphogenesis (Fig. S2). Phase one, limited to gastrula stages, corresponds
to the transformation portion of the activation-transformation AP patterning model, which
raises the question of whether AP patterning regulation by Wnt signaling could be attributed
to signaling duration rather than signal levels per se. Additionally, in light of our previous
results that forebrain, midbrain, and hindbrain domains respond differently to elevated
Whnt8a signaling caused by increased mRNA stability (Wylie et al., 2014), we addressed
whether AP fate domains might respond differently to timed Wnt pulses.

3.3. A Wnt overexpression assay identifies dynamic transcriptional control of otx2b by
Wnt signaling

To complement the loss-of-function experiments and to test whether AP brain domains show
temporally different responses to Wnt, we assayed the effects of timed Wnt overexpression
with a particular focus on phase one, primary AP patterning. We globally activated canonical
Whnt signaling by performing heat shocks on As:wni8al+ and sibling +/+ embryos at four
time points during epiboly and assayed brain divisions at 27 hpf (Fig. 4). Overexpression at
all time points suppressed eye formation, indicative of a loss of forebrain fate. Consistent
with this, the telencephalic expression domain of zic1 is absent (Fig. 4B—F). After heat
shocks at 4.7 hpf, zic1 expression is observed extending to the anterior tip of these embryos
(Fig. 4C, arrowhead). The absence of 0tx2b (diencephalon and midbrain, Fig. 4C”) and
anterior shift of egr2b (hindbrain rhombomeres 3 and 5, Fig. 4C”) suggests that the observed
zic1 expression reflects its hindbrain expression domain. Heat shock at 6 hpf produces a
similar result, though egr2b expression is not shifted as far anteriorly (Fig. 4D-D”). In
contrast, heat shocking at 8 hpf does not suppress otx2b (Fig. 4E’) and egr2b expression is
shifted only mildly anteriorly (Fig. 4E”), suggesting that the zicZ expression observed may
correspond to either diencephalic or midbrain identity. Heat shocks at 9 hpf produce a
similar result (Fig. 4F—F"). These experiments suggest that forebrain expression can be
suppressed by Wnt signaling throughout gastrulation, while midbrain fate becomes resistant
to Wnt suppression between 6 and 8 hpf. The binary responses of forebrain and midbrain
contrast with the graded anterior shift in hindbrain fate with timed Wnt overexpression.

To determine how rapidly otx2b regulation responds to Wnt overexpression, we repeated our
hs:wnt8al+ activation at the same time points but analyzed gene expression at 10 hpf (Fig.
5). After heat shocking at either 4.7 or 6 hpf, otx2bis completely suppressed in the neural
plate at 10 hpf (Fig. 5B,D; some prechordal mesodermal cells that transiently express otx2b
at this stage retain some 0tx2b, see Fig. 6L). In contrast, otx2b is not affected after heat
shocks at 8 or 9 hpf (Fig. 5F,H). The resistance of neural plate 0£x26 to Wnt-mediated
suppression at 8 hpf is not simply a matter of the short period between heat shock and
subsequent analysis, as otx2b is normal when analyzed 4 h later (Figs. S4A and B).

The binary response of otx2bto Wnt overexpression was unexpected, since Wnt signaling
during this developmental period is thought to regulate neural plate polarization in a graded
fashion, which would predict a variable response by otx2b. We therefore assayed the
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additional neural plate patterning markers otxZ, gbx1, and her5at 10 hpf. After heat
shocking at 4.7 hpf, otx1 in the anterior neural plate is also suppressed at 10 hpf, while gbxZ
is expanded into the anterior neural plate but with a large medial gap in staining, and her5
appears as a disorganized medial domain (Fig. 5J,R,Z). After heat shocking at 6 hpf, otxZ is
slightly reduced, while gbxZ appears roughly normally positioned, but with low level ectopic
staining in the posterior neural plate, and Aer5is slightly disorganized with scattered
expressing cells anterior to the normal domain (Fig. 5L,T,B’). After heat shocking at either 8
or 9 hpf, otx1, gbx1, and her5appear roughly normal at 10 hpf (Fig. 5N,V,D’,P,X,F").

These results demonstrate that the mechanisms responsible for early regulation of otx2b6 and
gbx1 operate independently, as otx2b repression is observed in the absence of gbxZ anterior
expansion after heat shocks at 6 hpf (cf. Fig. 5D, T). By 6 h after administration of the heat
shock at 6 hpf (i.e. at 12 hpf), gbxI expansion into the anterior neural plate is observed,
correlating with absence of both otxZ and otx2b (Figs. S4AC-F and Fig. 5D). Thus, while our
data support independent modes of early regulation, they are also consistent with the known
antagonistic relationship between otx and gbx genes (Joyner et al., 2000; Li and Joyner,
2001; Millet et al., 1999; Simeone, 2000; Wassarman et al., 1997).

otx2b is directly repressed by Wnt signaling

The above results suggest a close relationship between Wnt signaling and o£x2b regulation
that mechanistically changes between 6-8 hpf, but an alternate possibility is that neural plate
cells change in their ability to respond to the ectopic Wnt ligand expressed from the
transgene. To test this, we induced Wnt signaling intracellularly with BIO, a small molecule
Gsk3-B inhibitor (Sato et al., 2004). Treatment of embryos with 10 uM BIO at 6, 8, and 9
hpf caused loss of eyes at 27 hpf, mimicking the effects of As:wnit8a at these time points
(Fig. 6B,C,D). In addition, treatment with BIO at 6 hpf suppressed midbrain development as
indicated by loss of dmbxlaand otx2b expression (Fig. 6B) and produced a concomitant
anterior shift of egr2b (Fig. 6F), phenocopying the effects of As.wnt8a. Importantly, BIO
treatment at 8 hpf did not suppress midbrain fate (Fig. 6C) and treated embryos showed a
correspondingly milder anterior shift of egr2b (Fig. 6G), effects that are also observed,
though milder, after BIO treatment at 9 hpf (Fig. 6D,H). Thus, BIO treatment recapitulates
all key aspects of hs:wnit8a treatments, supporting the argument that the change in otx2b
regulation by Wnt reflects a property of the o£x2b locus rather than a change in the cellular
reception of ectopic Wnt ligand.

We next tested whether Wnt-mediated o£x2b repression is direct or requires a protein
intermediate by combining BIO treatment with the translation inhibitor cycloheximide
(CHX). As a control, embryos treated with CHX at 6 or 8 hpf did not show a change in the
expression pattern of otx2b at 10 hpf, and gbxZ was only mildly affected (Fig. 61-K; N-P),
and treatment with BIO alone at 6 hpf, but not 8 hpf, suppressed otx2b in the neural plate
(insets in Fig. 6L,M). In contrast, BIO treatment at 6 hpf was able to repress neural plate
otx2b expression in the presence of CHX (Fig. 6L) but treatment at 8 hpf could not (Fig.
6M), indicating that otx2b repression after the 6 hpf treatment occurs in the absence of new
protein synthesis. gbxZ expression was not expanded anteriorly after treatment at either time
point (Fig. 6Q,R), thereby confirming that changes in anteroposterior patterning per se were
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not responsible for otx2b regulation. Thus, our results argue that 0£x26 is directly repressed
in the neural plate by Wnt signaling at its onset, but a transition occurs by 8 hpf such that
otx2bis no longer Wnt responsive.

3.5. Timed Wnt modulation induces a rapid and dynamic transcriptional response

Our results argue that phase one comprises a period of dynamic transcriptional responses to
Whnt signaling in the neural plate. To test this further, we performed four RNA-Seq analyses
after activation or inhibition of Wnt signaling during sub-portions of phase one
(experimental design shown in Fig. S5). Briefly, 4s.dkk1b/+ and hs:.wnt8al+ embryos were
first heat shocked from 5-6 hpf or 5.5-6 hpf, respectively, then collected at 7 hpf for analysis
(“5—7 hpf’), or heat shocked from 7-8 or 7.5-8 hpf, respectively, and collected at 9 hpf
(*7—9 hpf’). RNA was extracted from transgenic embryos or their wild-type siblings, then
subjected to RNA-seq differential gene expression analysis (see Materials and Methods).
Genes with fold change > 2 and FDR < .05 were considered significantly changed.

Overall, under each of our experimental conditions, only a relatively small number of genes
showed significantly changed expression, with down-regulated genes outnumbering
upregulated genes approximately 3:1 (Fig. 7, Supplemental Tables 1-4) with implications
regarding Wnt impact on neural AP patterning. In the 5—7 hpf experiment, Wnt
suppression and Wnt activation result in gene expression changes suggestive of maintenance
of posterior neural gene expression; i.e. Wnt suppression (/s:akk1b) reduces posterior neural
genes (gbx1, znf503, znf703, znfl1h), but does not increase anterior neural genes, while Wnt
activation (/s.wnt8a) suppresses anterior neural plate markers (otx1, otx2b, otx2a, shisaZa),
but posterior neural markers are not significantly altered (Supplemental Tables 1 and 2; Fig.
7A,B). In the 7—9 hpf experiment, the same trends continue (Fig. 7C,D), but with an
increased number of identified differentially expressed genes. Thus, Wnt inhibition
(hs:dkk1b) results in suppression of posterior neural gene expression (18 genes), but not
elevation of anterior neural gene expression (2 exceptions), and Wnt activation (/s.:wnt8a)
suppresses anterior neural gene expression (17 genes), but does not alter posterior neural
gene expression (Fig. 7C,D, Supplemental Tables 3 and 4). Together, this suggests Wnt
signaling is required, but not sufficient, for posterior neural plate gene expression, and Wnt
signaling is strongly antagonistic to anterior neural plate identity.

Our data also reveal dynamic aspects of the cellular response to Wnt signaling. While 17/18
genes that require Wnt signaling at 5-7 hpf (downregulated /in As.dkk1b) continue to be
dependent on Wnt signaling at 7-9 hpf (Supp. Tables 1,2), only 7/18 genes responsive to
hs.:wnit8a at 5-7 hpf continue to be responsive at 7-9 hpf (Supp. Tables 3,4).

The dynamism of the transcriptional response to Wnt is exemplified by Wnt pathway genes.
For instance, dkkbis induced by activated Wnt at both timepoints, and though our
experimental design does not allow us to determine Wnt necessity for dkk1b expression, this
relationship has experimental support (Hino et al., 2018; Nusse and Clevers, 2017). In
contrast, while Wnt signaling is both necessary and sufficient for axin2 expression at 5-7
hpf, Wnt is necessary but not sufficient for axin2at 7-9 hpf (Supp. Tables 1-4). This result
may reflect the rapid induction and decline of axinZlevels (Fig. S1). nkd1 and fpbga, which
both encode Wnt pathway negative regulatory proteins (Malinauskas and Jones, 2014;
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Schneider et al., 2010) require Wnt signaling at both time points, but Wnt activation is
sufficient to induce their elevated expression only at 7-9 hpf. Other genes also show a
dichotomous relationship to Wnt signaling in our datasets. Consistent with Figs. 4-6, otx2b
is downregulated at 5-7 hpf, but not at 7-9 hpf by As.wnt8a. Additionally, two genes
expressed in prechordal plate change responses to ectopic Wnt: whereas /¢1.1 is induced by
hs:wnit8a at 5-7 hpf, it is suppressed at 7-9 hpf, and fent5ba was activated by hs:wnt8a at 5—
7 hpf, but was unaffected at 7-9 hpf. Thus, the transcriptional response of Wnt regulated
genes is dynamic and heterogeneous, with fundamentally different responses being observed
before and after 7 hpf.

We detected nine genes for which Wnt signaling is both necessary and sufficient in our
datasets, with none in common to 5-7 and 7-9 hpf. At 5-7 hpf, axin2is the only
representative of this class of gene targets. At 7-9 hpf, we identified the Wnt pathway genes
nkdl1and tpbga, pax3a (expressed in the neural plate border), prrx1b, one unknown gene,
and three genes expressed in the midbrain-hindbrain boundary, wnt8b, enZaand her5. That
these three MHB genes have clear relationships to Wnt signaling (Buckles et al., 2004;
Danielian and McMahon, 1996; Kim et al., 2002; Lekven et al., 2003; McGrew et al., 1999)
raises the possibility that they interact in a feedback loop established downstream of primary
AP patterning Wnt signaling (see discussion).

3.6. Changes in level of transcription of AP patterning genes do not correspond to
changes in domain size

To validate the RNA-Seq findings and to observe the relationship between changes in
transcription and AP neural plate patterning, we performed in situ hybridizations against a
selection of genes that were affected in at least one of the treatment conditions. In
hs.dkk1bl+ embryos, tpbga staining in the margin is visibly reduced in both the 5—7 hpf
and 7—9 hpf experiments (Fig. 8A,B), matching the 2-3 fold decrease measured by RNA-
seq (Supplemental Tables 1 and 2). /efI and her5 appeared identical in control and
experimental embryos at 7 hpf, but were visibly reduced in /s:dkk1bembryos at 9 hpf (Fig.
8C-F). Though RNA-seq measurements showed gbxZ downregulation in both 5-7 hpf and
7-9 hpf experiments, it was difficult to see differences by in situ hybridization, perhaps
reflecting the difficulty in its detection and low expression levels (Fig. 8G,H). otx2balso
appeared the same in /s.dkk1b/4 and +/+ siblings (Fig. 81,J). In all cases, Wnt suppression
in this experimental paradigm did not appear to change the AP position of any gene
expression domains, indicating that transcriptional level changes precede AP patterning
changes.

We used the same probes to analyze As:wnt8al+ embryos in both experiments. While fpbga
appears unchanged in the 5—7 hpf experiment (Fig. 9A), staining is visibly stronger in the
7—9 hpf experiment, though no change in AP pattern is observed (Fig. 9B). /ef1 staining
appears mildly stronger at 7 hpf (Fig. 9C), though the RNA-seq analysis did not measure a
significant difference in levels (this could be attributed to low statistical power, see materials
and methods). In contrast, staining is equivalent in As:wnt8al+ and wild-type sibling
embryos at 9 hpf (Fig. 9D). her5 provided the only example of a change in expression
pattern: at 7 hpf, As:wnt8a embryos show scattered Aer5t cells, though these appear to be in
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the mes/rl region, and no difference in transcript levels is measured (Fig. 9E). At 9 hpf, her5
is expanded anteriorly, consistent with the measured 2-fold increase in expression (Fig. 9F).
Consistent with results shown in Fig. 5, gbxZ appears unaltered at either time point (Fig.
9G,H), and otx2bis reduced in intensity at 7 hpf, but is not visibly different at 9 hpf (Fig.
91,J). Therefore, with the exception of Aer5, the most rapid response to Wnt pathway
activation during gastrulation is a change to the transcription levels of a small number of
genes without a change in the AP fates of the expressing cells.

4. Discussion

4.1. Wnt-mediated neural patterning is divided into distinct temporal phases

We have used temporal control of Wnt signaling to show that it influences global neural
plate patterning in zebrafish in three distinct phases (Fig. 10). The first phase, which we
define as the primary AP patterning phase, occurs during gastrulation (between 4-9.5 hpf).
During this time period, Wnt signaling, likely stimulated by wrnit8a, acts across the neural
plate to establish the progenitor cell allocations to gross brain divisions. This function is
mediated through two types of rapid transcriptional responses: repression of anterior neural
genes, including direct repression of 0tx2b, and indirect activation of hindbrain genes. The
second phase, which we refer to as the mes/rl phase, occurs during early neurulation
(between 9.5 and 12 hpf). In response to primary AP patterning, Wnt ligands, i.e. wnt8band
wnitl, are expressed in the mes/rl domain of the neural plate, and reinforce mes/r1 identity,
likely through regulation of enZa, which prevents expansion of forebrain gene expression
into midbrain territory. Otx2b expression is resistant to Wnt-mediated repression at this
stage, thus the otx2/gbx interface can be maintained in the presence of active Wnt signaling.
Signaling during this period also feeds into the MHB gene regulatory network (GRN) to
maintain MHB fate. Finally, during segmentation (between 12 and 17 hpf), Wnt signaling
maintains the MHB GRN to enable proper MHB morphogenesis.

4.2. The neural plate transcriptional response to Wnt signaling is dynamic

Our findings show that the response of the neural plate to Wnt signaling changes as the
embryo develops, and that transcriptional responses to Wnt stimulation are dynamic. For
example, intracellular Wnt transduction activates Wnt pathway genes in distinct ways: e.g.,
while axinZis induced rapidly and decays rapidly, dkk1bis induced rapidly and decays more
slowly (thus enabling its detection in both timed experiments). Additionally, the antagonists
nkd2and tpbga are only induced by ectopic Wnt under undetermined circumstances of
cellular compentency (i.e. only at 7-9 hpf). In support of this, fpbga is induced by ectopic
Whnt, but only in the normal expression pattern with greater transcript abundance (Fig. 9B).
Indeed, our in situ hybridization analyses show that, of genes that are differentially regulated
by Whnt, all but one show immediate changes in transcript abundance without changes in
their spatial pattern of expression. Thus, we suggest that the immediate response to Wnt
signaling in the neural plate is the normal establishment of gene expression levels rather than
their spatial pattern per se.

One function of Wnt signaling during neural patterning is to regulate Tcf proteins. Prior
studies of fcf7/1 orthologs in neural patterning suggested that Wnt-mediated brain patterning
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could be modeled as graded de-repression of fcf7/1-repressed gene targets (Dorsky et al.,
2003; Kim et al., 2000). Zebrafish embryos lacking #cf7/function show rostral expansion of
midbrain and MHB genes concomitant with loss of forebrain, a phenotype that is rescued by
wnit8a loss of function (Dorsky et al., 2003) . Our data suggest that the presence of Tcf7l
proteins prevents the precocious suppression of anterior neural plate genes, and thus the
expansion of MHB gene expression observed in fcf7/ mutants (Chitnis and Itoh, 2004;
Dorsky et al., 2003; Kim et al., 2000). While our data do not rule out the graded de-
repression model, they also suggest that the process may be complex, as we show that at
least one gene, 0tx2b, is a target of direct Wnt-repression. Several Wnt-repression targets are
known, and repression may potentially involve steric interference of activator binding
(Piepenburg et al., 2000), binding of activated p-catenin-Tcf or B-catenin-Lefi complexes
with a co-repressor (Jamora et al., 2003; Theisen et al., 2007), or involvement of an
alternative Tcf “helper” binding site that engages the C-clamp domain found in some Tcf
proteins (Zhang et al., 2014). Identifying the mechanism of target gene regulation will be an
important step in understanding the patterning mechanism.

An intriguing aspect of otx2b regulation by Whnt signaling is the conversion of the otx2b
locus from responsive to non-responsive around the 7 hpf time point. ofx2bis not alone in
this response switch, e.g. /el.1 is activated by Wnt at 57 hpf and repressed at 7-9 hpf.
Another switch occurs at this same time point: biphasic wnt8atranscription in the embryonic
margin switches from Nodal to Brachyury-dependent regulation of a margin enhancer
(Narayanan and Lekven, 2012; Narayanan et al., 2011). Determining whether these
transitions are mechanistically linked will require further study.

4.3. Wnt signaling sets boundaries to establish brain domains

Our findings provide a model framework to reconcile the known diverse roles of Wnt
signaling in regulation of neural AP patterning. It has recently been shown that the initial
regionalization that partitions the spinal cord from the rest of the nervous system occurs
prior to neural induction (Metzis et al., 2018). Our results provide further evidence that the
next step of nervous system regionalization involves the establishment of compartment
interfaces separating first midbrain and hindbrain followed by forebrain and midbrain.
Whnt8a positions the midbrain-hindbrain boundary (MHB) through its suppression of otx2b
and facilitation of gbxZ activation (Rhinn et al., 2005, 2009). However, at 7 hpf, otx2b
becomes refractory to Wnt-mediated suppression. This causes the position of the MHB to
become fixed along the AP axis, as gbxI cannot expand anteriorly into otx2* cells. The
secondary patterning phase can be seen as the fixing of another major interface, the
diencephalic-mesencephalic boundary (DMB) (Scholpp and Brand, 2003) as well as
refinement within the mes/rl region. In this case, our results suggest an autoregulatory
mes/rl feedback module comprising wnt8b, enZa, and her5 activated downstream of primary
phase Wnt8a signaling, as Wnt signaling is both necessary and sufficient for their regulation.
mes/r1 Wnt signaling maintains midbrain identity, but wnt8b also controls diencephalon
patterning (Houart et al., 2002; Kim et al., 2002). Because locking the MHB and DMB in
position on the AP axis ultimately determines the size of the relative regions of the brain,
these findings show that the regionalization of the neural ectoderm occurs in a temporally
progressive manner starting at the most posterior end prior to neural induction and
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progressing anteriorly. Through this step-wise mechanism, Wnt-mediated patterning occurs
in a series of temporally distinct events that must occur in the correct order to properly
pattern the neural plate AP axis.

Integrating models of Wnt transport and neural AP patterning

Considerable evidence supports the model that Wnt signaling functions in a dose-dependent
manner to pattern the neural plate AP axis, and several models have been proposed for how
these doses could be generated (Chitnis and Itoh, 2004; Elkouby and Frank, 2010; Niehrs,
2004). This has classically been explained with a model where Wnt8a, secreted from its
posterior paraxial mesoderm source, diffuses anteriorly to form a concentration gradient
(Kiecker and Niehrs, 2001). This model has been challenged recently with the discovery of
filopodial delivery of Wnt8a from cells in the zebrafish embryonic margin (Mattes et al.,
2018; Stanganello et al., 2015). While the filopodial transport model resolves the conundrum
of diffusion of hydrophobic Wnt ligands, one potential issue is that filopodial delivery of
Whnt8a would be predicted to have a signaling range restricted to the length of filopodia, i.e.
closer to the margin, than would be possible through diffusion (Green et al., 2015), though
modeling studies of Wnt8a-induced filopodial dynamics suggests this mode of delivery can
affect cells at considerable distances, given enough time (Mattes et al., 2018). Our results
provide a potential framework in support of the filopodial delivery model: during the early
epiboly stages that Wnt8a-mediated patterning occurs, most neural plate progenitor cells are
within several cell diameters of Wnt8a-expressing marginal cells. The mes/rl phase of
patterning then initiates by 9.5 hpf, when the embryonic margin has migrated vegetally and
would potentially be beyond the range in which filopodia containing Wnt8a can influence
patterning further.

5. Conclusion

We have investigated the temporal elements of Wnt-mediated neural patterning and have
provided evidence that Wnt-mediated neural patterning can be divided into three distinct
temporal phases. These phases are established both by the Wnt ligands involved, including
Whnt8a and mes/rl expressed ligands, and differential transcriptional responses of neural
plate progenitor cells to Wnt signaling itself. The mechanics of neural posterization also
occurs in a predictable time line, with the suppression of anterior neural fate occurring prior
to posterior gene expansion. Finally, we establish that the response of different Wnt
receptive genes to Wnt signaling takes different periods of time in a manner that is
independent of the directness of the response. These findings broaden our understanding of
the mechanisms that drive Wnt-mediated neural patterning and may serve an important
function in understanding the causes of patterning defects underlying a wide range of
neuropathologies in humans.
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Wnt inhibition period:

3-9hpf  4.7-107 hpf  7-13 hpf 11-17 hpf ~ 14-20 hpf  16-22 hpf
o T

Fig. 1. Timed inhibition of Wnt/B-catenin signaling reveals distinct neural plate responses.
Embryos derived from As:dkk1b/+ outcrosses were heat shocked to inhibit Wnt signaling

during the time periods indicated above each column and in Fig. S2. All images: heads of 27
hpf embryos, anterior left, dorsal up. Brightfield (A-G). Insets in (A,E,F) are dorsal views,
arrows indicate inner edge of MHB constrictions, which touch in control embryos. In situ
hybridizations to epha4a (H-N), fgf8a (0-U), and pax2a (V-B’). Wild-type siblings to
hs.:dkk1b/l+ embryos are shown in control (A,H,0,V). Note that Wnt inhibition between 3-9
hpf produces a range of dorsalized phenotypes; C3 dorsalized embryos are shown in
(B,1,P,W). In situ results are equivalent in all dorsalized classes. (H-N) Arrows indicate
telencephalon (t), diencephalon (d), rhombomere 1 (rl). Bar indicates midbrain, MHB and
cerebellar primordia that do not express ephada, indicated with arrowheads in (K,L,M). (O-
B”) Arrows indicate optic stalk (0), and mhb (m, when present). Asterisks in (O-U) indicate
dorsal diencephalon domain.
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Wnt loss-of-function
heat shock initiated at 4.7 hpf and embryos fixed at:
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Fig. 2. Wnt suppression transiently disrupts MHB establishment during epibaly.

In situ hybridization to fgf8a (A-D), pax2a (E-H), and otx2b (1-L). hs:dkk1b/+ or +/+
sibling (control) embryos heat shocked at 4.7 hpf, then analyzed at 9 hpf (A,B,E,F,1,J) or
10.5hpf (C,D,G,H,K,L). (A-H) Dorsal view, animal pole up. (I-L) Lateral view, animal pole
up. Note the absence of MHB associated fgf8a and paxZaat 9 hpf (B,F, arrows) but return of
expression by 10.5 hpf (D,H). Arrows in (I-L) indicate anterior limit of 0£x2b, posterior
limit of otx2b, and posterior edge of embryonic margin. Note shortened distance between
the otx2b posterior limit relative to the margin in conditions of Wnt loss of function.
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Wnt loss-of-function
heat shock initiated at 7 hpf, fixed at:

10.5 hpf 14 hpf 16.5 hpf
control transgenic  control transgenic control  transgenic

Fig. 3. Wnt suppression during late epiboly/early segmentation leadsto progressive loss of mes/r1
and expansion of forebrain.

In situ hybridization to fgf8a (A-F), pax2a (G-L), enZa (M-R), and wntI (S—X) on
hs.dkk1bl+ or +/+ sibling embryos. Dorsal views, anterior up (A,B,G,H,M,N,S,T). Lateral
views, dorsal right, anterior up (C-F, I-L, O-R, U-X). Note normal fgf8a and paxZaat 10.5
hpf, despite significant reduction of wntZ and enZa. By 14 hpf, MHB expression of fgf8and
pax2ais lost (indicated by black asterisks, C,I,E,K absent in D,J,F,L) with posterior
expansion of telencephalic fgf8a (red asterisks, C—F) and optic stalkpaxZa (arrows, 1-L). At
16 hpf, posterior expansion of forebrain has increased (E,F,K,L). Midbrain and MHB wnt1
and enZa expression is absent, while dorsal hindbrain and spinal cord wntZ persists (large
arrows, V,X).
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Wnt gain-of-function
heat shock initiation at:
control 4.6 hpf 6 hpf

Fig. 4. Timed global Wnt/B-catenin activation reveals two distinct windows of Wnt response.
(A) Timeline (hours post fertilization) indicating periods of /4s:wnt8a activation. Dashed

lines represent uncertainty of beginning and end of Wnt pathway activation after heat shock.
C,D,E,F: heat shock activation periods corresponding to images in bottom half of figure. (B—
F) Lateral views of heads of 2427 hpf embryos, anterior left. (B—-F) /n situ hybridization to
zicl. (B’-F’) otx2b. (B”-F”) egr2b. Control: +/+ siblings of As:wnt8al+ embryos. Note
absence of telencephalic z/icZ domain (B, arrow) in all As:wnt8al+ embryos. Diencephalic
zicI domain is absent after 4.6 and 6 hpf heat shocks (B,E,F, arrowheads). otx2b expression
is suppressed after 4.6 and 6 hpf heat shocks but is present, but shifted anteriorly, after 8 hpf
and 9 hpf heat shocks (C’-F’). egr2b expression within r3 and r5 are shifted anteriorly in all
treatments with the degree of anterior shift decreasing with later heat shocks (B”-F”,
arrows).
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Fig. 5. The neural plate responds dynamically to global Wnt activation during gastrulation.

In situ hybridizations to otx2b (A—-H), otx1 (1-P), gbx1 (Q-X), and Aer5 (Y-F’) on bud stage
hs:wnt8al+ and +/+ sibling (control) embryos. Dorsal views, animal pole up. Time of heat
shock initiation is indicated above respective columns. Note repression of otx2 (B) and otxZ
(J) after 4.7 hpf heat shock, concomitant with anterior expansion of gbxZ (R) and
disorganized her5* cells (Z). otx2b repression occurs after 6 hpf heat shock (D), though ozxZ
does not (L), gbxZ is mildly increased in the posterior neural plate (T), and fer5 shows
scattered expression anterior to normal domain (B’). Expression of all markers is relatively
normal after 8 hpf heat shocks (F,N,V) with slight anterior expansion of Aer5into
prospective telencephalic domain (D’). 0tx2b, otxI and gbxI are normal after 9 hpf heat
shock (H,P,X), while Aer5is reduced (F’).
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BIO treatment at:

8 hpf

dmbx1a
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egr2b

CHX treatment at: BIO/CHX treatment at:
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el | L M
. | '. . . | * .
N o] P Q R
'I ' 7
(A-H) BIO treatment recapitulates /s.wnt8a effects. /n situ hybridization to dmbxIain

Fig. 6. otx2b isdirectly suppressed by Wnt signaling.

midbrain (A-D), egr2bin hindbrain (E-H). Insets in B,C,D show 0tx2b staining. 27hpf
embryos anterior left, dorsal up. Note suppression of midbrain dmbxIaand otx2b after BIO
treatment at 6 hpf (B) that is not observed with 8 or 9 hpf treatment (C,D). egr2b is shifted
anteriorly, with the degree of anterior shift correlated with time of treatment (E-H; dotted
line indicates anterior edge of embryo in H). (I-R) BIO treatment suppresses otx2bin
absence of new protein synthesis. Analysis of 10 hpf embryos, oblique dorsal views, animal
pole up, in situ hybridizations to 0tx2b (I-M) or gbx1 (N-R). (J,K,0,P) CHX treatment only.
(LM,Q,R) BIO + CHX treatment. Note the lack of neural plate ofx2b after treatment with

otx2b

gbx1

Dev Biol. Author manuscript; available in PMC 2021 June 15.

8 hpf




1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Green et al.

Page 25

BIO + CHX at 6 hpf (L), similar to treatment with BIO alone (inset in L), which is not
observed after treatment at 8 hpf (M; inset: BIO alone). Remaining mesodermal otx2b
positive cells are visible, though numbers vary between embryos. gbxZ is not significantly
affected with either CHX or CHX/BIO treatment (N-R).
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Fig. 7. Functional classes of geneswith significant transcriptional changesin responseto Wnt
pathway modulation during gastrulation.
(A,B) Results from 5—7 hpf experiment. (C,D) Results from 7—9 hpf experiment. (A,C)

Genes with significantly changed expression after induction of /ss:dkk1b. (B,D) Genes with
significantly changed expression after induction of As:wnt8a. Genes were assigned
categories based on functional and expression information obtained from the Zebrafish
Information Network (ZFIN.org). Complete lists of genes can be found in Supplemental
Tables 1-4.
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Fig. 8. Validation of hs.dkk1lb RNA-Seq analysis.

Embryos collected from a As.dkk1b/+ X +/+ cross were heat shocked during gastrulation
according to experimental regimens outlined in Fig. S5 and fixed at 7 hpf (5—7 hpf
experiment) or 9 hpf (7—9 hpf experiment) for in situ hybridization. Gene analyzed is
indicated on left. Fold change is from the RNA-seq analysis (Supplemental Tables 1 and 2).
wt: +/+ sibling. Tg: hs:dkk1b/+ embryo. wt/Tg: representative embryo from collection,
genotype cannot be determined by staining pattern. Animal pole up, lateral views (A-D) or

dorsal views (E-J).
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Fig. 9. Validation of hs:.wnt8a RNA-Seq analysis.
Embryos collected from a As.wnt8al+ X +/+ cross were heat shocked during gastrulation

according to experimental regimens outlined in Fig. S5 and fixed at 7 hpf (5—7 hpf
experiment) or 9 hpf (7—9 hpf experiment) for in situ hybridization. Gene analyzed is
indicated on left. Fold change is from the RNA-seq analysis (Supplemental Tables 1 and 2).
wt: +/+ sibling. Tg: hs:dkk1b/+ embryo. wt/Tg: representative embryo from collection,
genotype cannot be determined by staining pattern. Animal pole up, lateral views (A,C,D) or
dorsal views (B,E-J).
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Primary AP Patterning  mes/r1 Morphogenesis

otx2b Responsive jotx2b Refractory
to Wnt to Wnt
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Fig. 10. Model of temporal phases of Wnt-mediated neural patterning.
Timeline of zebrafish development in hpf. Wnt-mediated neural patterning is divided into

three phases; primary AP patterning, mes/R1, and morphogenesis. We overlay the dynamic
competency of otxZband the major developmental phases of the MHB.
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