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Abstract

In neural development, several Wnt genes are expressed in the vertebrate diencephalon, including
the thalamus. However, roles of Wnt signaling in the thalamus during neurogenesis are not well
understood. We examined Wnt/p-catenin activity in embryonic mouse thalamus and found that a
Whnt target gene Axin2 and reporter activity of BAT-gal transgenic mice show similar, differential
patterns within the thalamic ventricular zone, where ventral and rostral regions had lower activity
than other regions. Expression of Wnt ligands and signaling components also showed complex,
differential patterns. Finally, based on partially reciprocal patterns of Wnt and Shh signals in the
thalamic ventricular zone, we tested if Shh signal is sufficient or necessary for the differential
Axin2 expression. Analysis of mice with enhanced or reduced Shh signal showed that Axin2
expression is similar to controls. These results suggest that differential Wnt signaling may play a role
in patterning the thalamus independent of Shh signaling.
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INTRODUCTION

The vertebrate thalamus is composed of dozens of nuclei, each of which has a unique gene
expression pattern, connectivity, and functions (Nakagawa and O’Leary, 2001; Jones, 2007).
In early embryonic forebrain, the thalamic ventricular zone is located in the alar plate of the
caudal diencephalon, and is bordered rostrally by the zona limitans intrathalamica (ZL1),
caudally by the pretectum, dorsally by the habenula, and ventrally by the basal plate (Puelles
and Rubenstein, 2003; see Fig. 1C). The thalamic ventricular zone is marked by the expression
of the basic helix-loop—helix (bHLH) transcription factor Olig3 and contains two molecularly
distinct domains of neural progenitor cells (Vue et al., 2007). The larger domain, pTH-C, is
located caudodorsally and generates all the cortex-projecting thalamic nuclei, while the
smaller, rostroventrally located domain, pTH-R, contributes to additional nuclei that do not
have cortical projections (Vue etal., 2007). Mechanisms that control the differential expression
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of transcription factors within the thalamic ventricular zone, and thus the positional identities
of the progenitor cells, have just begun to be explored (Hashimoto-Torii et al., 2003; Kiecker
and Lumsden, 2004; Vieira et al., 2005; Kataoka and Shimogori, 2008; Vue et al., 2009).
Among the secreted signaling molecules that are expressed near the early embryonic thalamus,
Sonic hedgehog (Shh) is expressed in the ZLI and the basal plate (Echelard et al., 1993). We
recently reported that differential Shh signaling regulates the positional gene expression
patterns in both pTH-R and pTH-C (Vue et al., 2009). When Shh signaling was enhanced in
the thalamic progenitor cells, the pTH-R domain as well as the rostroventral part of pTH-C
marked by the expression of the bHLH transcription factor Olig2 were expanded. This study
also revealed that increasing the Shh activity in the entire thalamus is not enough to convert
the entire thalamic ventricular zone into pTH-R, which indicated that other signaling
mechanisms may also play a role in the patterning of the thalamus into molecularly distinct
progenitor pools. Wnt signaling is one candidate for thalamic patterning because Wnt3a is
expressed in a wedge-shaped region in dorsal diencephalon, dorsal and caudal to the ZL1I, at
embryonic day (E) 9.5 and E10.5 (Louvi et al., 2007). In addition, Wnt5a is expressed in the
ZLI at E12 in mice (Zhou et al., 2004).

By using chick explant culture and in ovo electroporation, Braun et al. showed that Wnt
signaling directs the initial expression of Irx3 in the caudal forebrain and the repression of
Six3 in the rostral forebrain (Braun et al., 2003). The two transcription factors Irx3 and Six3
are mutually inhibitory in the chick forebrain (Kobayashi et al., 2002) and are likely to
determine the identity of the thalamus and prethalamus, respectively (Braun et al., 2003;
Kiecker and Lumsden, 2004). Additionally, mice lacking a Wnt coreceptor LRP6 showed
severe patterning defects in the diencephalon (Zhou et al., 2004). These mice lacked Shh
expression in the ZLI, and markers of the thalamic mantle zone were largely replaced by
prethalamic markers, such as DIx2. These results collectively demonstrate the early roles of
Whntsingling in the specification of the thalamic primordium as a whole. Other studies indicated
that Wnt signaling is required for later steps of thalamic development, including the cell
survival in parafascicular nucleus (Liu et al., 2008) and the projection of thalamocortical axons
(Wang et al., 2002; Zhou et al., 2008, 2009). Despite these studies, it is still unclear whether
the active Wnt signaling is still ongoing during neurogenesis and is required for the
maintenance of the thalamic identity, or whether Wnt signaling has any role in regulating the
heterogeneity of progenitor cells in the thalamic ventricular zone or in the control of cell
proliferation and differentiation in the thalamus.

In an attempt to elucidate the role of Wnt signaling in the embryonic thalamus, in this study
we examined the expression of readouts and components of the Wnt/p-catenin signaling
pathway in E10.5 to E12.5 mouse embryos, where neurogenesis is occurring in the thalamus.
We first analyzed the expression of a Wnt target gene Axin2, and the reporter activity in BAT-
gal transgenic mice, both of which report Wnt/B-catenin signaling that converges on the
activation of TCF/LEF transcription factors (Jho et al., 2002; Maretto et al., 2003; Barolo,
2006). We found that both Axin2 expression and BAT-gal activity showed similar, differential
patterns within the thalamic ventricular zone. Specifically, ventral and rostral regions showed
weaker activity than the rest of the thalamus and the ZL 1. To investigate what accounts for this
differential Wntactivity, we analyzed expression of various Wnt ligands, receptors, and soluble
inhibitors, as well as other signaling components, and found that many of them show
dorsoventral difference within the thalamic ventricular zone. Lastly, because we previously
showed that Shh signaling patterns the thalamus during neurogenesis, we analyzed mouse
embryos in which Shh signaling is enhanced or reduced within the thalamic ventricular zone
(Vueetal., 2009) to determine if Wnt/B-catenin signaling is affected by the altered Shh activity.
We found that, in both conditions, differential Axin2 expression largely remained unchanged,
indicating the lack of direct interference of Wnt signaling pathway by Shh activity.
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RESULTS AND DISCUSSION

Expression of the Wnt Target Gene Axin2 in Embryonic Mouse Thalamus
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To examine Wnt/B-catenin signaling activity in the thalamus, we first analyzed the localization
of Axin2 mRNA. Axin2 (also known as conductin or Axil) encodes an inhibitor of the Wnt
signaling pathway, and is also a direct target of TCF/LEF1-mediated transcriptional activation,
thus forming a negative feedback loop to limit the duration or intensity of the Wnt signal. Like
other feedback inhibitors in various pathways (e.g., Patched in the Sonic hedgehog pathway
and Sprouty in the Fgf pathway), Axin2 is activated in many, possibly all, sites of signaling
and is widely used as a readout of Wnt/B-catenin signaling (Jho et al., 2002). As reported
previously (Jhoetal., 2002; Diep et al., 2004), Axin2 was expressed in the medial telencephalon
including the cortical hem (Fig. 1A), as well as in the dorsal spinal cord (Fig. 1B), two regions
where Whnt signaling has a role in neural patterning (Galceran et al., 2000; Lee et al., 2000;
Ciani and Salinas, 2005; Zechner et al., 2007; Bonner et al., 2008). We then investigated
Axin2 expression in the thalamus. In situ hybridization analysis of sagittal sections showed that
at E11.5, Axin2 expression is stronger in the dorsal region of the thalamus (Fig. 1D, double
arrows), whereas rostral and ventral regions (Fig. 1D, arrow) had a weaker signal. We also
analyzed BAT-gal reporter mice, which express the LacZ gene in cells with high TCF/LEF-
mediated transcriptional activity (Maretto et al., 2003; Barolo, 2006). In situ hybridization for
LacZ transcript on sagittal sections revealed a similar pattern to Axin2, with higher expression
in the dorsal region (Fig. 1E, double arrows) and low expression in rostral and ventral regions
(Fig. 1E, arrow). This pattern of Axin2 and LacZ expression was partially reciprocal to that of
Ptcl, a downstream target gene of the Shh signaling pathway, which is higher in the
rostroventral part of the thalamic ventricular zone (Fig. 1F, arrow) than in more caudodorsal
part (Fig. 1E, double arrows).

To further describe the spatial and temporal expression patterns of Axin2 and BAT-gal, we also
performed in situ hybridization analysis on frontal sections (planes of sections are shown in
Fig. 1C). We found that Axin2 is expressed in thalamic progenitor cells at E10.5 (Fig. 1G-I,
arrowheads). Expression was strong in the ZL1, the rostral border of the thalamus that expresses
Shh and some Wnt ligands (Echelard et al., 1993;Zhou et al., 2004; Fig. 1H,1, arrows). We also
noted that Axin2 expression in the thalamus was stronger in dorsal sections (Fig. 1G,H,
arrowheads) than in more ventral sections (Fig. 11, arrowhead).

This pattern became more pronounced at E11.5. In dorsal sections (Fig. 1J), the entire
diencephalon caudal to the ZLI, which includes both the thalamus and the habenula, exhibited
homogeneous and strong expression of Axin2 (Fig. 1J, double arrows). In contrast, a more
ventral section (Fig. 1K) had a heterogeneous pattern (Fig. 1K); caudodorsal to the ZL1I, two
regions had lower Axin2 expression, one immediately adjacent to the ZL I (Fig. 1K, arrowhead),
and the other one located further caudodorsally in the pretectum (Fig. 1K, double arrows). The
ZL I and the dorsocaudal tip including the roof plate showed strong expression of Axin2 (Fig.
1K, arrow and double arrowheads, respectively). At the most ventral level (Fig. 1L), the entire
section showed weak Axin2 expression (Fig. 1L, double arrows) except in the ZLI (Fig. 1L,
arrow) and the dorsocaudal tip (Fig. 1L, arrowhead).

LacZ expression in E11.5 BAT-gal embryos showed a similar pattern to Axin2, although the
distribution of LacZ had some degree of mosaic, columnar pattern likely caused by the way in
which the transgenic mice were generated (Fig. IM-0). In dorsal sections, LacZ expression
was high throughout the thalamic ventricular zone and ZLI (Fig. 1M, double arrows and arrow,
respectively). More ventrally, a heterogeneous pattern similar to that of Axin2 was observed,
with low LacZ expression in the region adjacent to the ZLI (Fig. 1N, arrowhead) and
caudodorsally in the pretectum (Fig. 1N, double arrows). Most ventrally, LacZ was expressed

Dev Dyn. Author manuscript; available in PMC 2010 February 23.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Bluske et al.

Page 4

inthe ZLI (Fig. 10, arrow) and in the roof plate (Fig. 10, arrowhead), but expression is weaker
in the thalamus and pretectum (Fig. 10, double arrows).

A similar pattern was also found in the ventricular zone at E12.5 (Fig. 1P-U). Dorsal sections
show homogeneous expression of Axin2 and LacZ in the thalamus (Fig. 1P,S, double arrows),
while the prethalamus is clearly negative (Fig. 1P,S arrowhead). The ZL1I still showed strong
expression at E12.5 (Fig. 1Q,R,T,U, arrows). Ventral sections have weak expression of
Axin2 and LacZ with the exception of the ZL1I, dorsal tip (Fig. 1R,U, arrowheads), and a lateral
population (Fig. 1R,U, double arrows). Together, these results show that Wnt/B-catenin
signaling activity has a spatial difference within the thalamus.

In our previous studies, we described the progenitor cell domains in the thalamus based on the
expression patterns of several transcription factors (Vue etal., 2007, 2009). For example, Olig3
is expressed in the entire thalamus and the ZL1, and the ZL1 is labeled by Shh (Fig. 2C,G,M).
The bHLH transcription factor Ascll (also known as Mashl) is expressed in the rostroventral
progenitor domain, pTH-R, whereas Olig2 is expressed in the rostroventral part of the caudal
progenitor domain, pTH-C (Fig. 2D,H,J,N, also see Fig. 3G-I for a schematic gradient of Olig2
expression). We also reported that Ptc1, a Shh target gene, is expressed in a rostroventral high,
caudodorsal low gradient in the thalamic ventricular zone, and that the differential expression
of progenitor cell markers in the thalamus is regulated by Shh signaling (Vue et al., 2009).

To characterize Axin2 expression within the thalamus in more detail, we examined how the
differential Wnt activity is spatially correlated with the graded Shh signaling and the
differential expression of transcription factors. At E11.5, on dorsal sections corresponding to
section plane a in Figure 1C (Fig. 2A-D), the entire thalamic ventricular zone marked by Olig3
expression (marked by two arrows) showed strong Axin2 expression (Fig. 2A). Quantification
of the pixel intensity of Axin2 signal confirmed a uniformly high value throughout the thalamic
ventricular zone (Fig. 2A"). The strong Axin2 region extended caudodorsally into the habenula
(Fig. 2A, HB, double arrows). On more ventral sections (section plane b in Fig. 1C; Fig. 2E-
H), the rostral progenitor domain, pTH-R, which expresses Ascl1, showed low Axin2
expression (marked by the double arrows and bracket in Fig. 2E,1). Quantification of Axin2
confirmed low expression adjacent to the ZLI (Fig. 2E’, double arrows) and caudodorsally in
the pretectum (Fig. 2E’, double arrowhead). Higher magnification of the region including the
ZLI and adjacent Axin2-low region shows that, while Axin2 expression is clearly lower in the
pTH-R (Fig. 21, double arrows), the boundary between strong and weak Axin2 expression was
not as clear as the boundary between pTH-R and the caudal progenitor domain (pTH-C) that
expresses Olig2 (Fig. 2J, double arrows). In further ventral sections (section plane c in Fig.
1C; Fig. 2K-N), the entire Olig3-expressing thalamic progenitor domain appeared to have low
Axin2 expression (Fig. 2K, arrow), except that we saw a thin band of Axin2-expressing cells
in pTH-C along the outer edge of the ventricular zone (Fig. 2K, double arrows). The overlying
pretectum also showed weak Axin2 expression (Fig. 2K, PT, triple arrows), whereas Axin2 was
strongly expressed in the most dorsal end of the section including the roof plate. Quantification
of this expression pattern showed strong Axin2 expression in the dorsocaudal region and at the
ZLI (Fig. 2K, arrow), and weak signal throughout the thalamus and pretectum (Fig. 2K’,
between arrows).

In summary, Axin2 showed a dorsal-high, ventral-low pattern in the thalamic ventricular zone.
In addition, in the middle level (Fig. 2E,1), Axin2 was also lower in the rostral region than in
the caudal region. These patterns were compatible with those seen on sagittal sections (Fig.
1D). In comparison, Ptc1 had a more pronounced rostrocaudal difference at all dorsoventral
levels examined (Fig. 2B,F,J). The patterns of gene expression shown in Figure 2 are
schematically summarized in Figure 3. While the expression of readout genes indicates that
Whnt/B-catenin signaling is differential within the thalamus, the pattern of expression does not

Dev Dyn. Author manuscript; available in PMC 2010 February 23.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Bluske et al.

Page 5

strictly correlate with known divisions with the thalamic ventricular zone (i.e., pTH-R and
pTH-C). For example, low Axin2 expression adjacent to the ZLI in section plane b includes
pTH-R, but more ventrally (section plane c), the region of low Axin2 expression also includes
parts of the pTH-C domain.

Expression of Axin2 Compared With Markers of Cell Proliferation and Differentiation

In other regions of the developing central nervous system, Wnt/B-catenin signaling regulates
proliferation of neural progenitor cells (Megason and McMahon, 2002; Chenn, 2008; Alvarez-
Medinaetal., 2009). Thus, it is possible that differential Axin2 and BAT-gal expression reflects
a similar role of Wnt/B-catenin signaling activity in the thalamus.

To see if the pattern of Axin2 expression is related to the pattern of thalamic neurogenesis, we
compared the pattern of Axin2 expression with markers of cell proliferation and differentiation.
Bromodeoxyuridine (BrdU) is incorporated into dividing cells during S-phase and was used
to label proliferating cells, and TuJ1 is a marker for newly generated neurons. We find that, in
general terms, Axin2 expression is inversely correlated with neuronal differentiation. At E11.5,
dorsal sections, which have uniformly high Axin2 expression throughout the thalamic
ventricular zone (Fig. 4A,B, arrows), had a thin mantle zone indicated by TuJ1 labeling (Fig.
4C,D, double arrows). Conversely, ventral sections, in which Axin2 expression is low within
the thalamic ventricular zone (Fig. 41,J, arrows), had a thicker TuJ1-positive mantle zone (Fig.
4K,L, double arrows), and thus have undergone more cumulative neurogenesis than the dorsal
part of the thalamus at this stage. Furthermore, the ZLI had strong Axin2 expression in all
section planes, and this region displays a low differentiation rate, likely due to interplay
between other molecules, such as Hes1 (Baek et al., 2006). However, this general trend does
not extend to a lateral population in ventral sections that expresses Axin2, which is likely to be
postmitotic (Fig. 4J,L, arrowheads). Thus, although there is a general association between the
pattern of Axin2 expression and neurogenesis, which indicates a possible role of Wnt/B-catenin
signaling in thalamic neurogenesis, Wnt/B-catenin is likely to have other roles at the stages of
thalamic development we have analyzed.

Expression of Wnt Ligands, Receptors, and Inhibitors in Embryonic Mouse Thalamus

The expression of Axin2 mRNA is a final readout of Wnt/B-catenin signaling. Thus, its
differential expression pattern within the thalamus should be the culmination of regional
differences of various signaling components. For example, Wnt ligands, soluble inhibitors,
receptors, and intracellular molecules including LEF/TCF transcription factors could be
differentially expressed across the thalamic ventricular zone. Therefore, we next examined the
expression of these genes at E10.5 and E11.5.

We first analyzed the expression of various Wnt ligands (Wnt1, Wnt3, Wnt3a, Wnt5a, Wnt7b,
Wnt8b) by in situ hybridization at E10.5 (Fig. 5) and E11.5 (Fig. 6). Of these genes, Wnt3,
Wnt3a, Wnt5a, and Wnt7b were robustly expressed in the thalamus and/or in the ZLI. Wntl
was strongly expressed in the roof plate of the diencephalon, but not within the thalamus (data
not shown). Wnt3 has been used as a definitive marker that delineates the thalamus and the
prethalamus (Salinas and Nusse, 1992;Bulfone et al., 1993). We found that at E10.5, Wnt3 was
indeed expressed in the thalamus with a sharp rostroventral boundary; the expression was
strongest immediately caudal to the ZLI and gradually decreased caudally and dorsally, but
continued into the habenula and the pretectum (compare Fig. 5A and D). At a more ventral
level, Wnt3 appeared to be expressed in the ZL I, and the thalamus had much weaker expression
thanthe ZLI (Fig. 5E). This pattern was similar at E11.5; in general, there was stronger thalamic
expression in dorsal sections (Fig. 6A) than in ventral sections (Fig. 6G), which is reminiscent
of Axin2 distribution. It has been shown that Wnt3a is expressed in a wedge-like region in the
diencephalon dorsal and caudal to the ZLI at E9.5 and E10.5, and that the expression level
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decreased after E10.5 (Louvi etal., 2007). We found that at E10.5, Wnt3a expression is similar
to that of Wnt3; it was strongly expressed within the thalamus at the dorsal level (Fig. 5B), but
at the ventral level, strong Wnt3a expression was detected in the ZLI, while the thalamus
showed weaker expression (Fig. 5F). At E11.5, the dorsal expression of Wnt3a was decreased
as reported previously (Louvi et al., 2007), but the ventral part of the ZL1 still maintained
Wnt3a expression (Fig. 6H). Wnt5a was expressed in the ZL1 at both E10.5 and E11.5 (Figs.
5C,G,6C,1), as reported previously (Zhou et al., 2004). Wnt7b has been reported to be expressed
both in the thalamus and the prethalamus in early chick embryos (Garda et al., 2002). Of
interest, Wnt7b was not expressed at all in the thalamus in dorsal sections (Figs. 51, 6M), but
was clearly detected in more ventral sections (Figs. 5M on the right side, 6S). In addition to
the ventral region of the thalamic ventricular zone, Wnt7b was strongly expressed in the
prethalamus (Figs. 51,M, 6M,S). Wnt8b was expressed in the eminentia thalami, but was not
clearly detected within the thalamus (data not shown). In summary, similar to Axin2, Wnt3 and
Wnt3a are generally expressed in a dorsal-high, ventral-low pattern, in addition to their
expression in the ZLI at the ventral level. In contrast, Wnt7b is expressed in the thalamus only
at the ventral level and Wntba is largely restricted to the ZL1I.

We next analyzed the expression of soluble Wnt inhibitors, receptors, and transcription factors.
Soluble inhibitors Dkk3, sFRP1, sSFRP2, and sFRP5 were not clearly expressed in the thalamic
ventricular zone (data not shown). Another soluble inhibitor, Dkk2, was expressed specifically
inthe ZL1at E11.5, but only in the dorsal portion (Fig. 6E,F,K,L). Dkk2 mRNA was distributed
in a similar manner (data not shown). Wnt receptor Fzd10 was expressed broadly in the
thalamic ventricular zone both at E10.5 and E11.5, but not in the ZLI (Figs. 5J,N, 6N, T), as
reported previously (Fischer etal., 2007). Wnt/B-catenin signaling is mediated by transcription
factors of the LEF/TCF family. We found that strong TCF4 immunoreactivity is found in the
thalamic ventricular zone, both in pTH-R and pTH-C, but not in the ZL1 (Fig. 6Q,R,W,X). In
ventral sections where the mantle zone is further developed than in the dorsal sections, TCF4
immunoreactivity was even stronger in the mantle zone than in the ventricular zone (Fig. 6W).
Weak signal was also detected in the prethalamus (Fig. 6W). The pattern was similar for
TCF4 mRNA (data not shown). LEF1 was expressed strongly in the dorsal sections of the
thalamus at E10.5 (Fig. 5K) and E11.5 (Fig. 60). In more ventral sections, LEF1 expression
was very weak (Figs. 50, 6U), with some signal just outside the ventricular zone at E11.5 (Fig.
6U, double arrows). We noted strong LEF1 expression in the mantle zone of the pretectum
(Fig. 6U, arrowheads) and the ZLI (Figs. 50, 60,U).

In summary, we found that various Wnt signaling components are differentially expressed
within the thalamus. Expression patterns of Wnt3, Wnt3a, Wnt5a and LEF1 predicted the
differential Wnt pathway activation in the thalamus, and the majority of Wnt inhibitors except
Dkk2 were not robustly expressed in the thalamic ventricular zone. However, Wnt7b was
expressed in the part of the thalamus where Wnt3, Wnt3a, and Wnt5a were specifically not
strongly expressed. Such a complex pattern of gene expression makes the simple prediction of
differential Wnt activation difficult. Further studies are needed to elucidate the contribution of
each signaling component to Wnt activity in the thalamus.

Increased Shh Signaling in Thalamic Progenitor Cells Does Not Significantly Reduce Axin2
Expression in Thalamic Progenitor Cells

The overall dorsal-high, ventral-low pattern of Wnt/B-catenin signaling within the thalamus is
partially reciprocal to the differential Shh signaling, which is high rostroventrally and low
caudodorsally (Vue et al., 2009). Therefore, we tested the possibility that Shh signaling
negatively regulates Wnt signaling. For this purpose, we analyzed Axin2 expression in
Olig3Cre/+: R265MOM2/+ mice that express a constitutively active form of the Shh effector
molecule, Smoothened, within the thalamus (Vue et al., 2009). In these mice, the expression
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of Ptcl, a target gene of Shh signaling, is strongly enhanced in the entire thalamic ventricular
zone, in contrast to a smoothly graded pattern across the rostrocaudal and dorsoventral axes of
the thalamus in the control mice (compare Fig. 7B,J and 7F,N; Vue et al., 2009). We also
observed expanded expression of Ascll, a pTH-R marker, and Olig2, a marker for the
rostroventral region within the pTH-C domain (compare Fig. 7D,L and Fig. 7H,P), as reported
previously (Vue et al., 2009). Using adjacent sections, we examined the expression of Axin2
and found that, despite the enhanced Shh signaling broadly within the thalamus, the region of
weak Axin2 expression does not expand dorsally or caudally (Fig. 7E,M, bracket in M shows
weak Axin2 expression). This result indicates that high Shh signaling itself is not sufficient to
repress the expression of Wnt target gene, Axin2. We also did not observe changes in the
expression of Wnt3, Wnt7b, TCF4, or LEF1 in the thalamus (data not shown).

Decreased Shh Signaling in Thalamic Progenitor Cells Does not Significantly Change the
Axin2 Expression Pattern in Thalamic Progenitor cells

Summary

To test the possibility that Wnt signaling requires Shh signaling to be activated or repressed,
we also analyzed Axin2 expression in Nestin®"e/*: Shh¢/c mice, in which Shh is deleted in neural
progenitor cells (Vue et al., 2009). Late deletion of Shh using the NestinCre/* allele allows us
to analyze thalamic gene expression during neurogenesis; complete null mice show severe
reduction of diencephalon size by E9.0 (Ishibashi and McMahon, 2002).

As shown previously (Vue et al., 2009), NestinC®/*; Shh/c mice had very low Shh signaling
inthe thalamus at E11.0 (Fig. 8B,F). The pTH-R marker Ascl1 and rostroventral pTH-C marker
Olig2 were not expressed in the thalamus of the Shh conditional knockout (Fig. 8D,H,
arrowhead). On adjacent sections, we analyzed the expression of Axin2 and found that Axin2
expression is similar to controls (Fig. 8A,E). In the middle level sections (similar to section
plane b in Fig. 1C) in control embryos, Axin2 expression was high in most of the thalamus
except the region immediately caudal to the ZLI (Fig. 8A, red arrow), and the putative ZLI
showed strong Axin2 expression (Fig. 8A, yellow arrow). This pattern is similar in
NestinCre/*; Shhe/c embryos (Fig. 8E; the red arrow shows a region of weak expression, whereas
the yellow arrow shows a region of strong Axin2 expression), although Shh is no longer detected
in the rostral end of Olig3-expression domain (Fig. 8C). This result indicates that Shh signaling
is not required for the differential pattern of Wnt/B-catenin signaling within the thalamus.
However, it is possible that Wnt and Shh signaling pathways interact in other manners. For
example, they may converge on enhancers of genes that are differentially expressed within the
thalamus (such as Nkx2,2, Ascl1, or Olig2), or Wnt signal may interfere with the Shh pathway
upstream of Gli activators.

Although previous studies have demonstrated that Wnt/B-catenin signaling plays an early role
in specifying the thalamic primordium, it is not well understood if Wnt has any role at later
stages when Shh patterns the thalamus along the rostrocaudal and dorsoventral axes. In this
study, we found evidence suggesting that Wnt/B-catenin signaling is active during thalamic
neurogenesis, and expression of a Wnt target gene, Axin2, and the reporter activity of BAT-
gal transgenic mice show similar, differential patterns within the thalamic ventricular zone.
This differential pattern is generally inversely correlated with the progression of neuronal
differentiation within the thalamus, suggesting that this pathway may play a role in the spatial
and temporal regulation of neurogenesis. Although gene expression boundaries of Axin2 do
not exactly match the boundaries between known progenitor domains in the thalamus, it is still
possible that Wnt/B-catenin signaling contributes to thalamic patterning and cell fate
specification in collaboration with other pathways, such as those controlled by Shh signaling.
In this study, we found that the differential expression pattern of Axin2 is not significantly
affected by enhancing or reducing the Shh signal, indicating the lack of direct interference of
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the Wnt/B-catenin signaling pathway by Shh. Several studies have proposed a variety of
mechanisms by which Wnt and Shh pathways interact during neural development (Robertson
etal., 2004; Lei etal., 2006; Ulloa et al., 2007; Alvarez-Medina et al., 2008, 2009; Joksimovic
et al., 2009; Quinlan et al., 2009), but it is not known whether or how Wnt/B-catenin and Shh
pathways interact during thalamic neurogenesis. Further functional studies are needed to
address these questions.

EXPERIMENTAL PROCEDURES

Animals

Care and experimentation on mice were done in accordance with the Institutional Animal Care
and Use Committee of the University of Minnesota. Noon of the day on which the vaginal plug
was found was counted as embryonic day (E) 0.5. Stages of early embryos were confirmed by
morphology (Kaufman, 1992). CD1/ICR mice (Charles River) were used to examine normal
gene expression patterns. BAT-gal mice were obtained from Kyuson Yun (Jackson
Laboratory). Olig3C™®/*; R265MOM2/+ mice and NestinCre/*; ShhC/c mice were described
previously (Vue et al., 2009).

Axial and Anatomical Nomenclature

Axial and anatomical nomenclatures are described (Vue et al., 2007). Briefly, we cut frontal
sections as described in Figure 1C. The section plane a contains the dorsal part of the thalamus
in addition to the habenula. Section plane ¢ contains ventral part of the thalamus as well as the
pretectum. Section b is between a and c. All the sections contain the ZLI, a thin cell domain
that forms the rostral border of the thalamus. For identifying thalamic progenitor populations,
we used Shh, Olig3, Ascll, Neurog? (also known as Neurogenin 2 or Ngn2), and Olig2 as
markers (Figs. 3, 4). Shh is a marker for the ZL1. Olig3 is expressed in the ZLI and the two
progenitor domains, pTH-R and pTH-C. Ascll is expressed in pTH-R, prethalamus, and the
caudal part of the pretectum. Neurog?2 is expressed in the ZLI, pTH-C and the rostral part of
the pretectum. Olig2 is expressed in a gradient in the rostroventral part of pTH-C and the
prethalamus.

In Situ Hybridization and Immunohistochemistry

In situ hybridization was performed as described (Vue et al., 2007). The following probes were
used and gave rise to positive signals at least in some parts of the sections: Wntl (IMAGE
clone #3983987), Wnt3 and Wnt3a (gifts from Roel Nusse, Stanford University), Wnt5a and
7b (gifts from Andrew McMahon, Harvard University), Wnt8b (IMAGE clone #40056929),
SsFRP1 and sFRP2 (gifts from Sam Pleasure, UCSF), sFRP5 (IMAGE clone #1244831),
Dkk2 (IMAGE clone #3483699), Dkk3 (IMAGE clone #6465233), Fzd10 (IMAGE clone
#556296), Axin2 (a gift from Frank Costantini, Columbia University), and LEF1 and TCF4
were cloned by reverse transcriptase-polymerase chain reaction from mouse embryonic brain
cDNA. IMAGE clones were purchased from Open Biosystems or Invitrogen.

Immunohistochemistry was performed as described (Vue et al., 2007, 2009). The two
additional antibodies used are anti-Dkk2 (R&D Systems, AF2435) and anti-TCF4 (Millipore
05-511).

Quantification of In Situ Hybridization Images

In situ hybridization for Axin2 was performed, and regional differences in pixel intensity in
the thalamus was quantified using the Image J program. Images were converted to black and
white and inverted, and a line was drawn along the length of the BrdU-positive ventricular
zone, starting at the dorsal-most tip and extending to the ZLI. The “Plot Profile” function was
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used to obtain values for each pixel along the line. The images shown in Figure 2 were used
for the quantification panels in Figure 2.
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[ dorsal (a)

Fig. 1.

Differential expression of Axin2 and BAT-gal in the thalamic ventricular zone. A: Atembryonic
day (E) 11.5, Axin2 is expressed in the medial part of the telencephalon including the cortical
hem (arrow) that is known to express several Wnt ligands. B: At E11.5, Axin2 is also expressed
in the dorsal spinal cord (arrow). C: Schematic representations to show axial nomenclature and
section planes of frontal sections used in this study, based on our previous study (Vue et al.,
2007). In the left panel, a lateral view of E12.5 mouse brain is shown. Front of the brain is to
the left. As shown in blue dotted line, the rostrocaudal axis is curved in the caudal diencephalon,
which includes the thalamus. Three different planes of frontal sections (a,b,c) are shown.
Section plane a includes the dorsal region, and section ¢ includes the most ventral part of the
thalamus. The thalamic ventricular zone is divided into the rostroventral domain pTH-R (blue)
and the caudodorsal domain pTH-C (yellow). There is a graded expression transcription factors
such Olig2 and Dbx1 within pTH-C. The gradient of Olig2 expression is represented by the
intensity of the yellow color. The thalamus is bordered rostrally by the zona limitans

Dev Dyn. Author manuscript; available in PMC 2010 February 23.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Bluske et al.

Page 13

intrathalamica (ZL1, red) and ventrally by the basal plate (BP, red). The prethalamus is located
rostral to the ZLI. The habenula (HB, green) is dorsal to the thalamus and the pretectum (PT,
pink) is caudal to the thalamus. D-F: Three adjacent sagittal sections from BAT-gal embryos
showing differential expression of Axin2 (D), LacZ (E), and Ptcl (F) in the thalamus.
Rostrocaudal and dorsoventral axes within the thalamus are shown. a, b, and ¢ show three
hypothetical section planes that correspond to C. The thalamus (indicated by Olig3 expression
in adjacent sections) is outlined by dotted white lines, where the red segment is the rostral
boundary of the thalamus abutting the ZL1. In D and E, the dorsal region of the thalamus shows
strong Axin2 and LacZ expression (double arrows), whereas the ventral part has a weaker signal
(arrow). In F, Ptcl is expressed in a smooth gradient within the thalamus, where the
rostroventral region (arrow) shows stronger expression than the dorsocaudal region (double
arrows). G-U: Frontal sections showing Axin2 expression in the diencephalon of E10.5 (G-1),
and Axin2 and LacZ expression in E11.5 (J-O) and E12.5 (P-U) mouse embryos. G, J, M, P,
and S are sections that include the dorsal region of the thalamus (corresponding to plane a in
C)and |, L, O, R, and U include the most ventral part, corresponding to plane c. G-I: At E10.5,
AXxin2 is expressed in the ZLI (H and I, arrows) and in the thalamic ventricular zone (G, H, I,
arrowheads), with higher expression in the thalamus of dorsal sections (G) than ventral sections
(). J-O: At E11.5, Axin2 and LacZ are expressed in the ZLI (K, L, M, N, O, arrows) and in a
heterogeneous pattern within the thalamus (J-O). J,M: Dorsal sections have strong expression
throughout the thalamic ventricular zone (double arrows). K,N: More ventrally, expression is
heterogeneous, with most of the caudal diencephalon high except for two regions that show
low signal: a region adjacent to the ZLI (arrowheads) and in the pretectum (double arrows).
L,O: The ventral-most sections show very low Axin2 and LacZ expression throughout the
thalamus and pretectum (double arrows). P-U: At E12.5, Axin2 and LacZ are expressed highly
in the thalamus of dorsal sections (P,S, double arrows), in the ZLI (Q,R,T,U, arrows), and in
a ventral lateral population (R,U, double arrows). Scale bars = 1 mm for the left panel of C,
200 um in A,B,D-U.
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Fig. 2.

Comparison of Axin2 expression with Ptc1 and markers of different progenitor populations in
the thalamus. Frontal sections of E11.5 embryos are shown. A—D,K-N: Sections of the dorsal
part of the thalamus (A—-D) the most ventral part of the thalamus (K-N). E-J: Sections between
A-D and K-N. Within each set of panels, adjacent sections were analyzed for in situ
hybridization (Axin2, Ptc1) and double immunohistochemistry (Olig3 and Shh, Ascll and
Olig2). C,D,G,H,J,M,N: Arrows in each panel indicate the boundaries of thalamic ventricular
zone as delineated by Olig3 and Shh expression. Ascll is expressed in the rostroventral
progenitor domain, pTH-R as well as in the prethalamus (PTh), and Olig2 is expressed in the
rostral and ventral part of pTH-C and the prethalamus. A: Dorsal sections show homogeneous,
high Axin2 expression (A). E: More ventral sections have heterogeneous Axin2 expression,
with low expression adjacent to the ZL1 (double arrows) and in the pretectum (double
arrowheads) and high expression in remainder of the thalamic ventricular zone. 1 is a higher
magnification image of E and shows the region adjacent to the ZL1I (I, double arrows and
bracket) with reference to Ascll (J, double arrows) and Olig2. K: Most ventrally, Axin2 is low
throughout the thalamus and pretectum (triple arrows), with the exception of a lateral
population that expresses Axin2 (double arrows). Pixel intensity of Axin2 in situ images shown
in panels A’, E', and K’ were obtained from the images in A, E, and K, respectively. High pixel
values are to the right and low values to the left; the top of the graph corresponds to values for
the dorsal tip of the diencephalon and the bottom corresponds to the ZLI. The habenula (HB)
is on top of the thalamus in sections A-D and the pretectum (PT) is on top of the thalamus in
sections K-N. HB, habenula; Th, thalamus; ZL1I, zona limitans intrathalamica. Scale bar = 100
pm.

Dev Dyn. Author manuscript; available in PMC 2010 February 23.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Bluske et al.

Page 15

dorsal ventral

—_
=
<
2
~—
A
8
Q

Progenitor domains

Fig. 3.

Schematic summary of Axin2 expression in relation to Shh activity and thalamic progenitor
domains. Midline is to the left. A—C: Axin2 expression shown in pink. A: On dorsal sections,
Axin2 is uniformly high in the thalamus as well as the ZLI, habenula (HB) and the roof plate
(RP). The prethalamus (PTh) shows lower expression, which is shown in lighter pink. B: At
the middle level, Axin2 expression is strong in the roof plate, the caudal part of the thalamus
and the ZLI. C: The pretectum (PT), the rostral part of the thalamus just caudal to the ZLI and
the prethalamus show weaker expression. At the most ventral level, Axin2 is strong only in the
roof plate and the ZLI, whereas other part is uniformly weak. Not shown here is that the lateral
edge of the thalamic ventricular zone shows strong Axin2 expression even at this ventral level
(Fig. 31, double arrowheads). D-F: Ptcl expression shown in green to indicate the differential
Shh signaling. On all three section planes, Ptc1 shows a rostral-high, caudal-low gradient of
expression, whereas the ZL| does not express Ptcl. Ptcl is also expressed in the most caudal
part of the prethalamus. G-I: Thalamic progenitor domains. The thalamic ventricular zone,
which lies caudal to the ZL1 (red), is divided into two domains, pTH-R (blue) and pTH-C
(yellow-white). pTH-R expresses transcription factors such as Ascll and Nkx2.2, whereas
pTH-C expresses Neurog2 (=Neurogenin 2 or Ngn2), Olig2, and Dbx1. Olig2 is expressed in
rostroventral-high, caudodorsal-low pattern (shown in the graded yellow color) and Dbx1 is
expressed in the opposite pattern within pTH-C.
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ventral (plane c)
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Fig. 4.

Comparison of Axin2 expression with markers for cell proliferation and neuronal
differentiation. Frontal sections through embryonic day (E) 11.5 embryos are shown. Midline
is to the right. A-D include the dorsal-most part of the thalamus and corresponds to section
plane a of Figure 1C; E-H corresponds to section plane b; and I-L includes the ventral-most
part of the thalamus and corresponds to section plane c. Within each set of panels, adjacent
sections were analyzed for in situ hybridization (Axin2) and double immunohistochemistry
(bromodeoxyuridine [BrdU] and TuJ1). B, D, F, H, J, and L are higher power images of those
shown in A, C, E, G, |, and K, respectively. Bromodeoxyuridine (BrdU) was injected into
pregnant females 30 min before killing. BrdU is incorporated during S-phase of the cell cycle
and is used as a marker of proliferating cells. TuJ1 labels newly generated neurons. Arrowheads
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in all panels label the position of the ZLI. The thickness of the TuJ1-positive mantle layer is
used as a measure of cumulative neurogenesis (double arrows in C,D,G,H,K,L). The thickness
of the TuJ1-positive layer is larger ventrally (K and L) than dorsally (C,D). Axin2 expression
is high dorsally and low ventrally (A,B compared with 1,J, arrows). An Axin2-positive lateral
population is likely TuJ1-positive (J and L, arrowheads). HB, habenula; PT, pretectum; TH,
thalamus; ZLI, zona limitans intrathalamica. Scale bar = 100um.
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Differential expression of Wnt ligands and signaling components in thalamic progenitor cells
at embryonic day (E) 10.5. Frontal sections of E10.5 forebrain. A—P: A-D and I-L are sections
that include dorsal part of the thalamus, whereas sections E-H and M—P contain more ventral
part. A-P: In situ hybridization for Wnt3 (A,E), Wnt3a (B,F), Wnt5a (C,G), Wnt7b (I,M),
Fzd10 (J,N), and LEF1 (K,O) are shown in comparison with double immunohistochemistry of
Olig3 and Shh (D,H,L,P) that provides reference for the thalamic ventricular zone. See text for
more details. Th, thalamus; ZLI, zona limitans intrathalamica; PTh, prethalamus. Scale bar =
200 pm.
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Differential expression of Wnt ligands and signaling components in thalamic progenitor cells
at embryonic day (E) 11.5. Frontal sections E11.5 forebrain. A-X: A-F and M-R are sections
that include dorsal part of the thalamus, whereas sections G-L and S—X contain more ventral
part. A-D,G-J,M-P,S-V: In situ hybridization for Wnt3 (A,G), Wnt3a (B,H), Wnt5a (C,1),
Wnt7b (M,S), Fzd10 (N, T), and LEF1 (O,U) are shown in comparison with double
immunohistochemistry of Olig3 and Shh (D,J,P,V) that provides reference for the thalamic
ventricular zone. E,F,K,L,Q,R,W,X: Also shown are immunohistochemistry for Dkk2
(E,K,F,L) and TCF4 (Q,R,W,X) in combination with Ascl1 (F,L) and Neurog2 (R,X). See text
for more details. Th, thalamus; ZLI, zona limitans intrathalamica; PTh, prethalamus. Scale bar
=200 pm.
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Fig. 7.

E)?pression of Axin2 in Olig3Cre/+; R265MOM2/+ mice. Frontal sections of embryonic day (E)
11.5 embryos are shown. Midline is to the left. A—P: E-H and M—P are from Olig3¢re/+;
R265MoM2/* empryos and A-D and I-L are controls (Olig3+/*+; R265M0M2/+) A_H are sections
of the dorsal part of the thalamus, and I-P contain more ventral part of the thalamus. Within
each set of panels, adjacent sections were analyzed for in situ hybridization (Axin2, Ptc1) and
double immunohistochemistry (Olig3 and Shh, Ascl1 and Olig2). C,G,K,O: Arrows in each
panel indicate the boundaries of thalamic ventricular zone as delineated by Olig3 and Shh
expression. A,B,D-F,H,L,P: In dorsal sections, Axin2 is still expressed highly throughout the
thalamic ventricular zone of Olig3C"e/*; R265M°M2/+ embryos (A E), although Ptc1 expression
is enhanced specifically in thalamic progenitor cells (F compared with B) and Ascl1 and Olig2
expression is expanded (H and P compared with D and L, respectively). 1,J,M,N: More
ventrally, the heterogeneous Axin2 expression pattern is retained within the thalamus (I,M),
despite high Ptc1 expression (J,N). I,M: Brackets indicate a region in the rostroventral part of
the thalamus with low Axin2 expression. HB, habenula; Th, thalamus; ZLI, zona limitans
intrathalamica; PTh, prethalamus. Scale bar = 200 pum.
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Efpression of Axin2 in NestinC"®*; Shh¢/® mice. Frontal sections of embryonic day (E) 11.0
embryos at the mid-level (close to section plane b in Fig. 1C) are shown. Midline is to the right.
A—H: E-H are from NestinCr/*; Shh¢/c embryos and A-D are controls (Nestin*/*; Shh¢/).
Within each set of panels, adjacent sections were analyzed for in situ hybridization (Axin2,
Ptcl) and double immunohistochemistry (Olig3 and Shh, Ascl1 and Olig2). Arrows in each
panel indicate the boundaries of thalamic ventricular zone as delineated by Olig3 and Shh
expression (C,G). B,C,F,G: Shh and Ptcl expression were used to confirm that NestinCre/*;
Shhe/¢ embryos have decreased Shh signaling compared with controls (F,G compared with
B,C). H: The pTH-R marker Ascll and rostroventral pTH-C marker Olig2 are not expressed
in the thalamus of NestinC"®/*: Shh/ embryos. A: In control embryos, Axin2 is highly
expressed in most of the thalamus at this dorsoventral level, except in the most rostral region
(shown by red arrow) immediately caudal to the ZLI (yellow arrow). E: In NestinCre/+:
Shhe/c embryos, Axin2 expression is still high in most of the thalamus at this level, and low in
the most rostral region (red arrow), whereas the region rostral to this weak region is again
strong (yellow arrow). HB, habenula; Th, thalamus; ZLI, zona limitans intrathalamica. Scale
bar =100 pm.
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