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Abstract

In all vertebrate brains, there is a period of widespread embryonic neurogenesis followed by specific regional
neurogenesis that continues into adult stages. The Wnt signaling pathway, which is essential for numerous de-
velopmental processes, has also been suggested to be involved in neurogenesis. To help investigate the exact roles of
canonical Wnt signaling in neurogenesis, here we examine the identity of Wnt-responsive cells in the zebrafish
hypothalamus. This tissue is a useful diencephalic neurogenesis model containing evolutionarily conserved pop-
ulations of neurons. We first performed in situ hybridization to show the expression patterns of Tcf family members
and a canonical Wnt signaling reporter in the 50 hpf embryonic hypothalamus and larval=adult hypothalamus.
We then used immunohistochemistry to identify the cell types of Wnt-responsive and Lef1-positive cells in both
50 hpf embryonic and adult hypothalamus. Our results indicate that Wnt-responsive cells in the hypothalamus are
likely to be both mitotic progenitors and postmitotic precursors at embryonic stages, but only precursors at the
adult stage. These data suggest that canonical Wnt signaling may be functionally required for maintenance of
neural progenitor and precursor pools in the embryo, and for ongoing neurogenesis in the adult zebrafish.

Introduction and Review

The Wnt signaling pathway regulates early patterning,
morphogenesis, and cellular function throughout the

animal kingdom, with evolutionary conservation between
vertebrates and invertebrates. The canonical Wnt pathway
involves a signaling cascade that ultimately results in the
stabilization of b-catenin, which is translocated into the nu-
cleus, where it binds to Lef=Tcf high mobility group (HMG)
transcription factors and activates transcription.1 Previous
reviews have summarized how Wnt signaling generally reg-
ulates embryonic development, and the roles of Wnt signaling
in neural development.2 Here we will emphasize the roles of
Wnt signaling in vertebrate brain neurogenesis.

Although the roles of Wnt signaling in early embryonic
patterning are relatively well understood, the function of this
pathway in neurogenesis is less clear. Neurogenesis at the
cellular level consists of three distinct processes: (1) prolifer-
ation and cell cycle exit, (2) proneural specification, and (3)
neuronal (and glial) differentiation. Identification of canonical
Wnt pathway targets supports roles in all of these processes.
For example, Cyclin D1, Cdx4, Neurogenin1, and Sox3 are all
identified direct transcriptional targets.3–6 The first two genes

encode regulators of cell proliferation, while the second two
encode regulators of proneural specification. In addition,
canonical Wnt signaling has been suggested to regulate
multiple neuronal=glial differentiation factors.3,7 However, it
is not clear whether Wnt signaling plays consistently positive
or negative roles in any of these processes.

Conflicting roles for Wnt signaling in neurogenesis

Most published data support the idea that the Wnt sig-
naling pathway promotes neural progenitor proliferation. At
the ligand level, Wnt1 acts as a mitogen and an apoptosis
inhibitor in the developing CNS. Ectopic Wnt1 can induce
overproliferation of caudal midbrain via expansion of the
progenitor pool, which may be attributed to the shorter cell
cycle length and decreased cell cycle exit.8–11 Wnt3a, Wnt7a,
Wnt7b, and Wnt10b also stimulate the proliferation of neural
progenitors. In mouse embryos lacking Wnt3a, a total loss of
hippocampus and reduction of caudomedial cerebral cortex
are observed, as the hypothesized result of progenitor pro-
liferation defects,12,13 and zebrafish embryos lacking Wnt3a,
Wnt1, and Wnt10b undergo extensive apoptosis in the mid-
brain and cerebellum.14 Similarly, in Lef1 null mutants, LRP6
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mutants, and D6-Cre lines with conditional inactivation of
b-catenin or activation of Dkk1 (a secreted Wnt inhibitor) in
the mouse cerebral cortex, the hippocampal fields are signif-
icantly reduced in size.7,15–18 Specifically, neurogenesis in the
dentate gyrus is decreased in both the premigratory and mi-
gratory progenitor pools, and LRP6 null mutants with a single
Lef1 null allele exhibit more severe defects, as do embryos
expressing a Lef1-lacZ fusion gene, which encodes a domi-
nant-negative protein that blocks all Lef=Tcf function.15,17

Finally, b-catenin has been shown to be essential for main-
tenance and proliferation of neural progenitors, as it can
promote proliferation of Mash1þprogenitor cells in the sub-
ventricular zone, and the overexpression of b-catenin can
induce a larger forebrain with increased neuronal produc-
tion.19–21 Together, these data suggest that Wnt signaling
promotes neurogenesis primarily by increasing the size of the
progenitor pool.

Other studies suggest that Wnt activity must be down-
regulated for progenitors to differentiate. Ectopic expression
of a b-catenin=Lef1 fusion protein delays the expression onset
of neural markers and subsequent neurogenesis, and condi-
tional ablation of b-catenin can also accelerate expression of
some neural markers.22 Targeted inhibition of b-catenin sig-
naling during embryonic development causes cortical pro-
genitor cells to prematurely differentiate into neurons and
migrate to the cortex.23 However, these findings are contra-
dicted by other studies showing that Wnt activity directly
leads to the specification of neural progenitors. In Xenopus,
ectopic expression of mouse Wnt8, X-Wnt8, b-catenin, or
dominant-negative glycogen synthase kinase 3 (GSK3) in-
duces the expression of neural marker NCAM.24 In zebrafish,
the canonical Wnt signaling pathway via Wnt8b and Lef1 has
been suggested to be involved in posterior hypothalamic
neural specification without significant effects on prolifera-
tion and apoptosis.4 In addition, Wnt3 is expressed in the
hippocampal neurogenic niche, and overexpression of Wnt3
increases neurogenesis.25 These opposite roles of Wnt sig-
naling during neurogenesis have been attributed to differ-
ences in context between the relevant cell populations.

Most in vitro experiments on cultured embryonic stem
cells (ESCs) support the idea that Wnt signaling contributes
to the maintenance of embryonic stemness while inhibiting
neural differentiation. Forced expression of Wnt1, Wnt5a,
or Wnt6 inhibits neural differentiation from ESCs.26,27 Ma-
nipulations that can inhibit the canonical Wnt signaling
pathway, such as Sfrp2 treatment and Dkk1 induction, can
stimulate neural differentiation from ESCs.26,28 Manipula-
tions that can activate the canonical Wnt signaling pathway,
such as lithium chloride treatment, adenomatous polyposis
coli inactivation, and expression of a dominant active form of
b-catenin, all inhibit neural differentiation.26,29 In addition,
6-bromoindirubin-3-oxime, a specific pharmacological in-
hibitor of GSK3, maintains the pluripotent state of ESCs in-
dicated by the expression of ESC markers like Oct3=4, Rex1,
and Nanog.30 By contrast, most in vitro experiments using
neural progenitor=precursor cell culture support the idea
that Wnt signaling contributes to both the proliferation of
neural progenitor cells and further neural differentiation.
Wnt3, Wnt3a, and Wnt5b have been suggested to be tran-
siently required for proliferation and further differentiation
into neuronal (Map2þ) and astrocyte lineages in neonatal or
adult neural progenitor cultures.31–33

It is possible that the Wnt signaling pathway plays different
roles in nonneuralized stem cells and neural progenitors or
precursors. Before stem cells or their progeny undergo neural
specification, Wnt signaling could inhibit neurogenesis, while
Wnt signaling could promote further differentiation in neural
progenitors or precursors. In both situations, Wnt signaling
seems to promote proliferation. The conflicting results ob-
tained from in vivo experiments could be attributed to dif-
ferent composition of the tested tissues, as it is expected that
these tissues usually contain both nonneural and neural pro-
genitors. The relative proportion of each progenitor subtype
might depend on how mature those tissues are.

The Wnt signaling pathway plays roles
in neuronal and glial differentiation

Several studies have also suggested a role for the Wnt
pathway in neuronal subtype differentiation. It has been
shown that Wnt signaling is important for dopaminergic and
GABAergic neuronal development at different contexts. Wnt1
acts to specify the midbrain-dopaminergic (mDA) precursors
in mouse embryos. Loss of Wnt1 causes loss of mDA neurons
and ectopic production of 5-HT serotoninergic neurons in
the ventral midbrain.34,35 Wnt1 and Wnt3a can promote
the proliferation of Nurr1þmDA precursors, while Wnt5a
functions in the transition from Nurr1þmDA precursors to
tyrosine hydroxylase (TH)–expressing mDA neurons.36,37

However, in zebrafish embryos, dopaminergic precursor
number is restricted by the canonical Wnt signaling pathway
(Wnt8a, Fz8a, and Lef1) in the diencephalon, which may
again reflect a context-dependent difference.38 Three compo-
nents of the canonical Wnt signaling pathway—GSK3b,
b-catenin, and Lef1—are also involved in GAD67 regula-
tion,39 suggesting their roles in GABAergic neuronal differ-
entiation. The Wnt pathway also has specific effects on glial
subtype differentiation. In the mouse cortex with D6-Cre–
driven conditional inactivation of b-catenin, premature dis-
assembly of the radial glial scaffold and increased numbers of
astrocytes are found at newborn stages.16 Activation of Wnt
signaling in vitro is also able to increase the number of GFAP-
positive astrocytes but suppresses the number of oligoden-
droglial lineage cells labeled by PDGFR or O4.32

Mechanisms underlying the differential
response to Wnt signals

Several potential mechanisms could explain how neural
progenitors and precursors respond differently to Wnt sig-
naling. One possibility is that crosstalk between Wnt and
other signaling pathways such as Fgf, Shh, and RA can result
in different outputs. Overexpression of b-catenin in the pres-
ence of FGF2 helps to maintain neural progenitor cells in a
proliferative state, while overexpression of b-catenin in the
absence of FGF2 enhances neuronal differentiation.40 Simi-
larly, Wnt7a and Wnt7b have been shown to differentially
regulate proliferation or maturation of neural precursors de-
pending on the context of FGF2 and Shh signaling.3,13,41

Further, Wnt and FGF signaling may act simultaneously on
the promoters of downstream targets such as Sox2 and can
together contribute to the specification of dorsal telencephalic
character.42,43 Retinoic acid (RA) is another signal that can
change the response of cells to Wnt signals. Wnt1 induces
neuronal differentiation in the absence of RA but inhibits
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neural differentiation in response to RA treatment.26,44 In
addition, the Notch intracellular domain can function as a
coactivator of Lef1,45,46 and the BMP signaling pathway can
interact with Wnt signaling to regulate neural tube prolifer-
ation and patterning.29,47,48 Recently, epigenetic research
also shows that chromatin modification status can affect
the selective promoter occupancy by Tcfs.49 Taken together,
these findings suggest that Wnt responses are very context
dependent.

Multiple Tcf family members may contribute
to the different responses to Wnt signaling

Another level of cell-intrinsic differences is determined by
the expression of diverse Tcf=Lef family members. There are
four closely related Tcf family members identified in human
and mouse50—Lef1, Tcf7 (Tcf1), Tcf7l1 (Tcf3), and Tcf7l2
(Tcf4). One of these factors (Tcf7l1) is duplicated in zebrafish,
leading to five proteins in total. All Tcf=Lef proteins have a
highly similar HMG box that allows specific DNA binding.
Biochemical assays using biotinylated oligonucleotides and
the HMG domain of Tcf4 have calculated a binding affinity
matrix with CCTTTGATG as the highest affinity sequence.51

Although all Tcf family members contain similar domains,
alternative splicing and promoter usage may produce domi-
nant-negative isoforms, contributing to functional diversity.52

For example, Lef1 is normally a b-catenin–dependent tran-
scriptional activator, but a truncated form of Lef1 lacking the
b-catenin binding domain can be produced in colon cancer
and lymphocyte development.53–55 In addition, the cysteine-
rich domain of Lef1 can be alternatively spliced in response to
TGF-b signaling.56

Among the four Tcfs, Tcf7 and Lef1 are highly functionally
redundant. Both factors show redundancy in paraxial meso-
derm and ectoderm morphogenesis as well as limb develop-
ment.57–59 However, more careful investigation suggests that
the two factors are not completely interchangeable and have
distinct responses to Wnt signaling.58,60 Partial functional re-
dundancy also exists between Tcf7 and Tcf7l2,61 which both
have dual functions as repressors and activators.62–64 Tcf7 and
Tcf7l2 also share similar C-termini that can cooperate with b-
catenin and p300 to form a specialized transcription factor
complex for the Cdx1 promoter, unlike Lef1.65,66 However,
each factor also plays some distinct roles; for example, Tcf7l2
has been suggested to be specifically essential for intestinal
development and cancer.67–69

By contrast, Tcf7l1 appears to function complimentarily to
other Lef=Tcf factors, acting primarily as a repressor. Tcf7l1 is
expressed broadly in the early embryo and contributes to
tissue patterning together with other Tcfs.58,60,70–72 Although
Tcf7l1 and Lef1 are usually expressed adjacently, they per-
form distinct functions. In hair follicles, Lef1 promotes the
differentiation of hair-producing progenitors, whereas Tcf7l1
may maintain bulge stem cells. The two factors also cooperate
in early embryonic ectoderm differentiation and medial pal-
lium development in the telencephalon.15,60,73 It is likely that
the combination of the activator and repressor forms of Tcfs
determines the cellular response. Recently, with the devel-
opment of ChIP-sequencing techniques, Tcf7l1 has been
identified as a key factor together with Oct4, Sox2, and Na-
nog, in contributing to the core regulatory circuitry within
ESCs.74–78

The zebrafish hypothalamus is a good model
to investigate Tcf functions

We are focusing on Wnt-dependent neurogenesis in the
zebrafish, using Tcfs as a means to investigate the canonical
Wnt signaling pathway. This approach has several advan-
tages. First, the relatively small number of Tcfs compared
with 21 identified vertebrate Wnt ligands allows loss-of-
function analyses. In addition, these factors act cell autono-
mously as opposed to secreted Wnt ligands, allowing us to
analyze the phenotypes of single cells from a defined popu-
lation. Finally, Tcf-mediated transcription is the final step of
the canonical Wnt signaling pathway, allowing us to analyze
a single output and use biochemical tools. In zebrafish, the
expression and function of multiple Tcf factors have been
examined in detail. In the CNS, canonical Wnt signaling
through Lef1 is required for hypothalamic neurogenesis.4,79

tcf7 Is specifically expressed in the early dorsal retina and
forebrain, but does not alone appear to have a required role in
embryonic development. Together with lef1, tcf7 is required
for fin and ectoderm development.59,80 tcf7l2 is alternatively
spliced in zebrafish and exhibits transient expression in the
embryonic telencephalon and midbrain,81 but little is known
about its function. tcf7l1a and tcf7l1b share similar expression
patterns and contribute redundantly to early A-P brain pat-
terning.82,83

In the mouse, most studies of neurogenesis are performed
in the hippocampus, for which there are no comparable
structures in the zebrafish embryo. Further, in zebrafish most
Tcf family members are absent from the telencephalon after
early embryogenesis. We have chosen the hypothalamus as a
model to investigate the role of Tcfs in neurogenesis. Previous
publications and preliminary work have suggested the ex-
pression of transgenic b-catenin–dependent reporters and
canonical Wnt components in the embryonic and adult hy-
pothalamus.4,84,85 In addition, both the embryonic and adult
hypothalamus contain a diversity of neurons, glial cells, and
proliferating cells.86,87 Despite these facts, the hypothalamus
has been poorly exploited as a model for neurogenesis. It is an
evolutionarily conserved endocrine and autonomic organ in
vertebrates, and it has recently been suggested that both the
vertebrate hypothalamus and the insect pars intercerebralis
trace back to a simple brain with neurosecretory cells that
existed in common bilaterian ancestors.88,89 The anatomical
and functional conservation of the hypothalamus between
diverse vertebrate species makes it an attractive system for
uncovering mechanisms of neurogenesis in model organisms.
While the role of Wnt signaling in early patterning of the
embryonic hypothalamus has been well studied in zebra-
fish,90 the function of this pathway in later neurogenesis is
poorly understood. Here we examine the identity of TCF-
expressing and Wnt-responsive cells in the embryonic, larval,
and adult hypothalamus, as an initial step leading to further
functional studies.

Materials and Methods

Zebrafish

Embryos were obtained from natural spawning of wild-
type (AB*), Tg(TOP:dGFP)w25, and Tg(1.4dlx5a-dlx6a:GFP)ot1

zebrafish lines.91,92 Adult brains were dissected from an-
esthetized adult fish fixed in 4% paraformaldehyde for 2 days.
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In situ hybridization and immunohistochemistry

Probe synthesis and in situ hybridization were performed
as described elsewhere.93 The following RNA probes were
used: lef1,79 tcf7,80 tcf7l1a=b,82 tcf7l2,81 gfp,91 and axin2 (made in
our laboratory).

Antibodies and their working dilution ratios are listed below:

Rabbit-anti-GFP (Molecular Probes [Carlsbad, CA], A11122,
1:500)
Mouse-anti-GFP (Molecular Probes, A11120, 1:250)
Affinity-purified rabbit anti-Lef1 (Open Biosystems [Hunts-
ville, AL], 1:500)
Rabbit-anti-GABA (Sigma [St. Louis, MO], A2052, 1:500)
Rabbit-anti-5HT (ImmunoStar [Hudson, WI], Part 20080,
1:1000)
Mouse-anti-TH (ImmunoStar, Part 22941, 1:500)
Mouse-anti-Hu (Molecular Probes, A21271, 1:500)
Mouse-anti-PCNA (Sigma, P8825, 1:1000)
Mouse-anti-GFAP (zrf-1; Zebrafish International Resource
Center [Eugene, OR], 1:1000)
TO-PRO-3 iodide (Molecular Probes, T3605, 1:1500)

For whole-mount immunostaining, embryos were fixed
with 4% paraformaldehyde for 3 h at room temperature, and
incubated with primary and secondary antibodies at 48C
overnight. For whole-mount photography after all staining
methods, yolks and eyes of embryos were dissected.

Sectioning and microscopy

Cryosections were cut at a thickness of 12mm for embryos
and 25mm for adults. Plastic sections were cut at a thickness of
10mm. Fluorescent images of whole-mount embryos and cryo-
sections were taken using an Olympus FV1000 confocal micro-
scope and a fluorescent dissecting microscope. Bright-field im-
ages were obtained using a conventional compound
microscope.

Results

The embryonic hypothalamus contains
Wnt-responsive cells

Although Tcfs and the Wnt reporter TOP:dGFP have been
shown to be expressed in the brain during early zebrafish
embryogenesis,4,79–82 expression after 40 hpf has not been
characterized. To assess the precise expression patterns of
these markers in the late embryonic hypothalamus, we ana-
lyzed embryos at 50 hpf. We chose this stage because the
hypothalamus is anatomically distinct and contains dividing
progenitors as well as postmitotic precursors and multiple
differentiated cell types.

At 50 hpf, lef1 is expressed strongly in the tectum opticum
(TeO), habenula (Ha), and the posterior hypothalamus
(Fig. 1A). In the hypothalamus, lef1 expression can be observed
around the presumptive posterior recess of the diencephalic
ventricle (Fig. 1A). tcf7 Is also expressed in the posterior hy-
pothalamus, around the presumptive posterior recess of the
diencephalic ventricle (Fig. 1B). Cross sections through the
posterior hypothalamus show that lef1 and tcf7 are expressed
most strongly in the marginal regions, where postmitotic
precursors and neurons reside (Fig. 1G, H). At 50 hpf, tcf7l1a
and tcf7l1b are both expressed at low levels throughout the
posterior hypothalamus (Fig. 1C, D). Cross sections through

the posterior hypothalamus show that tcf7l1a is expressed
more broadly, whereas tcf7l1b is expressed primarily in the
medial region adjacent to the ventricle, where neural progen-
itors=stem cells reside (Fig. 1I, J). By contrast, tcf7l2 expression
is almost absent from the entire ventral diencephalon (Fig. 1E,
K). At 50 hpf, the only expression of tcf7l2 in the hypothalamus
is found right above the future hypophysis (Fig. 1E), consistent
with the finding that Tcf7l2 negatively regulates pituitary
growth in early mouse embryos.94 Expression of the canonical
Wnt reporter top:dgfp,91 as detected by in situ hybridization for
gfp mRNA, is found throughout the hypothalamus at 50 hpf
(Fig. 1F, L), suggesting the presence of canonical Wnt activity
in a large region. Considering the requirement of tcf gene
function for transcription of the gfp reporter, broad expression
of gfp may reflect the combined expression of multiple Lef=Tcf
factors earlier in development.

Tcf expression and canonical Wnt signaling activity
persist in the adult hypothalamus

To determine whether Wnt-responsive cells exist in the
hypothalamus at later stages, we examined brains from larvae
at 10 days postfertilization and 6-month-old adults. At larval
stages, specific expression of tcf7l1a=b and tcf7l2 was not ob-
served in the posterior hypothalamus (data not shown). By
contrast, lef1, tcf7, and top:dgfp were all expressed in the caudal

FIG. 1. Expression of tcf and top:dgfp mRNA in the 50 hpf
embryonic zebrafish hypothalamus. (A–F) Lateral views of
whole-mount brains at 50 hpf. (G–L) Ten-micron plastic cross
sections of the posterior hypothalamus. Sectioned regions are
indicated in panels (A–F). Circled regions in (G–L) indicate
domains of specific gene expression. top:dgfp and all tcf genes
except tcf7l2 are expressed in the posterior hypothalamus. T,
telencephalon; Ha, habenula; TeO, tectum opticum; DT, dorsal
thalamus (thalamus); Hy, hypothalamus. Scale bars: 100mm.
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zone of the periventricular hypothalamus (Fig. 2A–C). The
expression pattern of top:dgfp appeared to overlap with the
combined domains of lef1 and tcf7, with higher intensity in the
zone closest to the posterior recess of the diencephalic ven-
tricle (Fig. 2D–F). We found that the expression of lef1, tcf7,
and top:dgfp also persists in the adult brain, specifically in the
caudal zone of the periventricular hypothalamus (Fig. 2G–I).
Cross sections through this region of the adult brain indicated
that lef1, top:dgfp, and axin2 (a candidate Wnt target95) are
strongly expressed in the posterior recess of the diencephalic
ventricle (Fig. 2J–L), where potential adult stem cells reside as
marked by labeling with PCNA and BrdU.86 These data
suggest that canonical Wnt signaling may be involved in
adult hypothalamic neurogenesis.

Characterization of Wnt-responsive and Lef1-positive
cell types within the embryonic hypothalamus

To further investigate the potential role of canonical Wnt
signaling in hypothalamic neurogenesis, we determined

which cell types expressed TOP:dGFP and Lef1 protein in
50 hpf embryos. We found that in the posterior hypothala-
mus, TOP:dGFP spanned the proximal to distal extent of this
region (Fig. 3A), in which we observed a gradient of neuronal
differentiation. The neuronal marker HuC=D was primarily
restricted to cells more proximal to the thalamus (Fig. 3B),
while the proliferation marker PCNA was mainly expressed
in distal cells (Fig. 3C). Cross-section analysis revealed that
TOP:dGFP-positive cells were either negative or weakly
positive for HuC=D (circle, Fig. 3D). Some of these cells also
co-expressed PCNA (circle, Fig. 3E), suggesting that the Wnt-
responsive population spans the period of cell cycle exit and
early differentiation. We found that some TOP:dGFP-positive
cells expressed serotonin (5-HT, circle, Fig. 3F), but did not
express TH, GABA, or the glial marker GFAP (Fig. 3G–I).
These data indicate that Wnt-responsive cells may adopt
particular neuronal fates characteristic of their position in the
hypothalamus. Taken together, TOP:dGFP-positive cells in
the 50 hpf hypothalamus are likely to be neural progenitors,
precursors, and specific subtypes of neurons.

Surprisingly, we found that Lef1 and TOP:dGFP expression
overlapped only occasionally (circle, Fig. 4A). Similar to the
Wnt-responsive cells described above, some Lef1-positive
cells were weakly positive for HuC=D and others were

FIG. 2. Expression of tcf genes and top:dgfp in the larval and
adult zebrafish hypothalamus. (A–C) Ventral view of 10 dpf
larval brains; orientation is indicated in panel (A). (D–F)
Higher power images of the fields indicated in (A–C).
top:dgfp Expression encompasses the combined domains of
lef1 and tcf7. (G–I) Ventral views of 6mpf adult brains. (J)
Cross section through adult hypothalamus at the level indi-
cated in panel (G). (K) GFP antibody staining on an adult
TOP:dGFP hypothalamus cross section at the same level as
panel (J). (L) axin2 expression on an adult hypothalamus
cross section at the same level as panel (J). lef1 and
GFP=axin2 occupy different regions of the periventricular
zone. pHy, periventricular hypothalamus. Scale bars: (A, D)
100 mm; (G) 500 mm; (J) 200mm.

FIG. 3. Immunohistochemical identification of Wnt-
responsive cells in the 50 hpf embryonic hypothalamus. (A)
Lateral view of TOP:dGFP whole-mount brain stained with
GFP antibody, observed in a 100-mm confocal projection. (B,
C) Triple labeling for TOP:dGFP, HuC=D or PCNA, and
Topro3, observed in a single confocal slice. (D–I) Twelve-
micron cryosections immunostained for the markers listed in
each panel. Positions of cross sections are indicated in panel
(A). Boxed region is shown at higher magnification in lower
right corner, and circled cells are double labeled. GFP
staining partially overlaps with HuC=D, PCNA, and 5-HT,
but not with TH, GABA, or GFAP. T, telencephalon; TeO,
tectum opticum; DT, dorsal thalamus (thalamus); Hy, hy-
pothalamus. Scale bars: (A, B) 100mm; (D) 50 mm.
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positive for PCNA (circles, Fig. 4B, C). In addition, none of the
Lef1-positive cells expressed GFAP (Fig. 4D). Due to diffi-
culties with antibody specificity, we were unable to directly
analyze the neuronal subtypes of Lef1-positive cells. How-
ever, we took advantage of a transgenic fish line that ex-
presses GFP driven by a dlx5=6 enhancer.92 These two genes
have been reported to label GABAergic progenitors and pre-
cursors in mouse.96,97 We found that many of the dlx5=6:gfp-
positive cells in the posterior hypothalamus co-expressed Lef1
(circle, Fig. 4E). The transgene labels a large number of cells
within the posterior hypothalamus, spanning both post-

mitotic and progenitor regions (Fig. 4F–H, circled cells are
double labeled). Immunohistochemical analysis revealed that
as in mouse, GFP-positive cells were primarily GABAergic
(circle, Fig. 4I), and we did not detect overlap with TH, 5-HT,
or GFAP (Fig. 4J–L). This indirect analysis suggests that Lef1-
positive cells in the 50 hpf hypothalamus are likely to be
neural progenitors, GABAergic precursors, and immature
neurons.

Characterization of Wnt-responsive cells within
the adult hypothalamus

We found that cells with strongest expression of TOP:dGFP
in the adult hypothalamus are mainly located adjacent to the
diencephalic ventricle (Fig. 5A). We further analyzed these
cells in cross sections through the diencephalic ventricle, and
found that TOP:dGFP-positive cells did not express HuC=D,
PCNA, or GFAP, but instead were located between the
HuC=D and PCNA=GFAP-positive cell populations (Fig. 5B–
D). Because HuC=D labels postmitotic neurons, and PCNA
labels proliferating cells, while GFAP has also been reported
to be expressed in adult astrocyte-like neural stem cells,98 our
data suggest that Wnt-responsive cells in the adult hypo-
thalamus occupy a developmental state between proliferating
progenitors=stem cells and postmitotic neurons.

Discussion

Wnt-responsive cells in the hypothalamus are likely
to be neuronal precursors

Based on our data, Wnt-responsive and Lef1-expressing
cells in the 50 hpf embryonic hypothalamus are most likely to
be a subset of mitotic progenitors and postmitotic precursors,

FIG. 4. Immunohistochemical identification of Lef1-
expressing cells in the 50 hpf embryonic hypothalamus. (A–E)
Twelve-micron cryosections immunostained for the markers
listed in each panel. Positions of cross sections for panels (A)
and (C–E) are at the same level as Figure 3E, and panel (B) is at
the same level as Figure 3G. Boxed region is shown at higher
magnification in lower right corner, and circled cells are
double labeled. Lef1 staining partially overlaps with
TOP:dGFP, HuC=D, PCNA, and dlx5=6:gfp, but not with
GFAP. (F) Lateral view of dlx5=6:gfp whole-mount brain, ob-
served with a 100-mm confocal projection. (G–L) Twelve-
micron cryosections immunostained for the markers listed in
each panel. Positions of cross sections are indicated in panel
(F). Boxed region is shown at higher magnification in lower
right corner, and circled cells are double labeled. GFP stain-
ing partially overlaps with HuC=D, PCNA, and GABA, but
not with TH, 5-HT, or GFAP. T, telencephalon; TeO, tectum
opticum; DT, dorsal thalamus (thalamus); Hy, hypothalamus.
Scale bars: (A, G) 50mm; (F) 100 mm.

FIG. 5. Immunohistochemical identification of Wnt-
responsive and Lef1-expressing cells in the adult hypothala-
mus. (A) GFP antibody staining on a sagittal section through
the midline of a TOP:dGFP adult brain. Specific expression of
GFP is observed in the optic tectum (white box) and the
periventricular hypothalamus (red box). (B–D) Twenty-five-
micron hypothalamic cross sections immunostained for the
markers listed in each panel. GFP-positive cells do not ex-
press HuC=D, PCNA, or GFAP. Scale bars: (A) 300 mm; (B)
100 mm.

54 WANG ET AL.



although Wnt reporter expression may persist as cells become
immature neurons due to the rapid rate of differentiation.
Wnt-responsive cells in the adult are most likely to be post-
mitotic precursors, residing between mitotic progenitors and
neurons. It is also possible that these cells could be quiescent
(PCNA-negative) neural stem cells, as it is known that the cell
cycle inhibitor p21 promotes degradation of PCNA during an
extended G1 phase.99 However, their position and lack of
GFAP expression makes this possibility unlikely. A core
question remains as to what role the canonical Wnt signaling
pathway plays in the process of precursor maintenance and
specification.

Our data also suggest that the regulation of canonical Wnt
signaling inside the hypothalamus may be modified by cell-
intrinsic states. The expression patterns of TOP:dGFP and
Lef1 are not fully overlapping, and in the posterior hypo-
thalamus, where Lef1 is strongly expressed at 50 hpf, the in-
tensity of TOP:dGFP is not particularly strong. This suggests
that other Tcfs such as Tcf7 and Tcf7l1a=b, which are expressed
in this region as well, may compete to keep canonical Wnt
activity at an intermediate level. Further, GFP-positive cells
express 5-HT, while Lef1-positive cells appear to become
GABAergic, indicating that these represent two divergent
lineages. Cells that have stopped responding to Wnt signals
may retain Lef1 protein for some time, as it is known that Lef1
expression itself is upregulated by the Wnt pathway through
autoregulation.54,100 In addition, alternative lef1 transcripts
encoding dominant-repressor forms of the protein have been
reported in other contexts, and these isoforms could be rec-
ognized by our antibody and mRNA probe. Further, other
Wnt pathway modulators could also influence the transcrip-
tional output.

Wnt signaling and neural stem cells

Canonical Wnt signaling has been suggested to be gener-
ally responsible for the expansion of neural stem cells or
progenitor pools in previous publications. However, in the
adult brain we found strong TOP:dGFP expression only in the
optic tectum and hypothalamus, while at least 10 distinct re-
gions within the adult zebrafish brain have been identified as
proliferation zones with neural progenitors.86,101 It is there-
fore unlikely that the canonical Wnt signaling pathway is a
generally required factor for all neural stem cell maintenance.
Instead, the more restricted expression pattern we observe
suggests that Wnt-responsive cells may be limited to partic-
ular progenitor or precursor populations, and those lineages
may be as evolutionarily conserved as Wnt signaling itself. It
has been suggested that postnatal neural stem cells are likely
to be fate restricted,102,103 which further supports the idea that
Wnt signaling is required for specific neurogenesis processes.

Intriguingly, Tcf7l1 has been reported to function as a
transcriptional repressor in the maintenance of ESCs,77 which
may suggest that inhibition of Wnt transcriptional targets is a
key condition for stem cell=progenitor maintenance. As most
previous studies have focused on the ultimate phenotypes
following Wnt pathway manipulation in the brain, it is not
clear whether particular transcriptional targets are repressed
or activated in these instances. It is therefore important to
understand the mechanism of Tcf function in detail when
examining the more general role of Wnt signaling in verte-
brate neurogenesis.

Adult neurogenesis and the hypothalamus

Adult neurogenesis has become an attractive target for
potential therapeutic strategies in neural degenerative dis-
eases and injury, and the Wnt signaling pathway has also
been suggested to have therapeutic potential for Alzheimer’s
disease and Parkinson’s disease.35,104 The generation of new
neurons in the adult mammalian brain has long been thought
to be restricted primarily to two regions: the subventricular
zone of the lateral ventricle, which generates olfactory bulb
GABAergic interneurons via the rostral migratory stream,
and the subgranular zone of the dentate gyrus, which gen-
erates hippocampal granular neurons, both in the telenceph-
alon. Recently, investigation has revealed the diencephalic
third ventricle as another proliferating region in mammalian
forebrain, contributing to the adult hypothalamic neurogen-
esis.105,106 The hypothalamus has also been confirmed as a site
of adult neurogenesis in the teleost,86,87,107 highlighting this
part of the brain as a good model to investigate adult neuro-
genesis in both mammalian and nonmammalian vertebrates.
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