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Abstract of Dissertation 

The thalamus mediates a variety of important brain functions that are critical for 

behavior and survival. A key feature that enables the thalamus to perform such diverse 

functions is its parcellation into anatomically and functionally distinct groups of neurons 

called nuclei. The purpose of this project was to identify the origin of neuronal diversity 

within the thalamus by investigating the process of neurogenesis. During neurogenesis, 

proliferating progenitor cells begin to divide asymmetrically to generate neurons. The 

central hypothesis of the research presented herein is that thalamic organization requires 

the appropriate number and types of neurons to be generated and that these critical 

processes are regulated during neurogenesis. This work has characterized the different 

types of progenitor cells present during thalamic neurogenesis. We confirmed the 

existence of a special population of thalamic progenitor cells, intermediate (or basal) 

progenitor cells, and identified transcription factors that regulate their formation and/or 

maintenance. We also addressed the origin of distinct subtypes of neurons. The spatial 

organization of thalamic progenitor cells into two distinct progenitor domains during 

neurogenesis is thought to drive the formation of different subtypes of thalamic neurons. 

Signaling molecules have been proposed to induce the formation of distinct progenitor 

domains in numerous brain areas, including the thalamus. We provided a detailed 

characterization of components of the Wnt/β-catenin-mediated transcriptional pathway 

during thalamic neurogenesis. Based on the pattern of signaling activity, we 

hypothesized that Wnt/β-catenin-mediated transcription has a function in forming the 

two progenitor domains during thalamic neurogenesis. Using conditional genetic 
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manipulations of β-catenin, we found that β-catenin-mediated transcription is required 

for the specification of thalamic progenitor domains. Furthermore, we found that the 

Wnt/β-catenin signaling pathway functions in parallel with the sonic hedgehog (Shh) 

signaling pathway, which had been previously shown to specify thalamic progenitor 

identity in an opposing manner, by independently regulating transcriptional networks in 

thalamic progenitor cells. Collectively, the process of neurogenesis involves the 

generation of the correct number of neurons by regulating asymmetric progenitor 

divisions and generation of appropriate neuronal subtypes through the functions of 

signaling pathways and transcriptional networks. These mechanisms provide a broad 

map for the generation and positioning of appropriate types of neurons in the correct 

locations within the thalamus.
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Part 1: Organization and development of the thalamus 

Organization and functions of the thalamus  

The thalamus is a brain structure located in the diencephalon part of the forebrain, 

which also consists of the hypothalamus and telencephalon. The defining feature of the 

thalamus is its organization into approximately 30 anatomically distinct nuclei, or 

clusters of neurons. Historically, thalamic nuclei were identified by cytoarchitecture and 

their pattern of afferent and efferent connections. The majority of thalamic nuclei send 

fibers to, and receive fibers from, the cerebral cortex and striatum, as well as the 

paleocortex of the piriform lobule, archicortex of the hippocampal formation, olfactory 

tubercle, and the amygdala (Jones, 2007; Puelles et al., 2011). There are two main types 

of neurons that comprise the thalamus. Thalamic neurons that populate nuclei that 

project axons to the cortex and striatum are glutamatergic. Glutamatergic neurons 

within and between thalamic nuclei can also be subdivided based on their morphology, 

pattern of connectivity, and specificity (Clasca et al., 2012). A minority of thalamic 

neurons make up the GABAergic nuclei, including part of the ventral lateral geniculate 

(vLG) and intergeniculate leaflet (IGL), which form connections with structures of the 

non-image forming visual system, including pretectum, superior colliculus, and 

suprachiasmatic nucleus of the hypothalamus (Puelles et al., 2011). There are scattered 

GABAergic neurons in cortex-projecting nuclei; this population is rare in rodents, 

except in the dorsal lateral geniculate nucleus (dLG), but very abundant in primates 

(Jones, 2007; Puelles et al., 2011). 

 The parcellation of the thalamus into distinct nuclei, which have characteristic 

patterns of connectivity, mediates its primary function as a relay center. The thalamus 
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transmits sensory information from all sensory modalities except olfaction to 

appropriate primary sensory areas in the neocortex, thus enabling the conscious 

perception of sensory stimuli. Thalamic nuclei can be grouped into several classes of 

cortex-projecting neurons based on their pattern of connectivity (Macchi et al., 1996). 

The most heavily-studied type of thalamic nuclei is the primary sensory nuclei: dLG, 

ventral posterior (VP), and medial geniculate (MG). These nuclei receive specific, 

topographically-organized inputs from a single sensory modality (dLG - visual, VP - 

somatosensory, MG- auditory) and project axons densely on the appropriate primary 

neocortical area (dLG - V1, VP - S1, MG - A1). Other types of thalamic nuclei project 

more diffusely or to several neocortical areas, yet have important relay functions. For 

example, the anterior thalamic nuclei, which have connections with the limbic system, 

mediate memory and emotion (Jones, 2007). A second critical function of the thalamus 

is the gating of information based on the state of the animal. During the awake, attentive 

state, thalamic relay neurons display tonic activity, whereas bursts of action potentials 

dominate the sleep state. This switch in firing behavior is driven by inhibitory 

GABAergic neurons from the reticular nucleus (a prethalamic nucleus), which 

hyperpolarizes thalamic projection neurons during drowsy or sleep states and makes 

them less effective at relaying sensory information from the periphery (Jones, 2007; 

Puelles et al., 2011). Despite the importance of the thalamus to a wide range of brain 

functions, relatively little is known about how such a complex structure is generated 

during development. 

Developmental origins of the thalamus 

The CNS is derived from progenitor cells of the neural plate. The neural plate 
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subsequently folds up, forming the neural tube, and undergoes morphological changes 

to generate the prosencephalon (forebrain), mesencephalon (midbrain), and 

rhombencephalon (hindbrain). Neural inductive signals and signals produced from 

adjacent tissues give neural progenitors an anterior-posterior and dorsal-ventral identity 

(Lumsden & Krumlauf, 1996; Muhr et al., 1999; Kiecker & Niehrs, 2001; Martinez, et 

al., 2011). These signaling molecules induce molecular changes within neural 

progenitor cells, including regulating the expression of transcription factors (Kiecker & 

Niehrs, 2001; Muhr et al., 1999). The further diversity of neural progenitor identities is 

accomplished by secondary organizers, which produce a gradient of diffusible 

morphogen and can induce different molecular responses within the tissue (Echevarria 

et al., 2003; Lim & Golden, 2007). The zona limitans intrathalamica (ZLI) is considered 

to be a secondary organizer within the diencephalon, positioned between the 

prethalamus and thalamus (Echevarria et al., 2003; Larsen et al., 2001). It produces 

several diffusible morphogens, including sonic hedgehog (Shh), Wnts, and FGF8 and 

has been shown to induce different cell fates within the diencephalon (Hashimoto-Torii 

et al., 2003; Kiecker & Lumsden, 2004; Vieira & Martinez, 2006). 

During neural development, the prosencephalon becomes subdivided into the 

telencephalon, which will give rise to the cerebral cortex, basal ganglia, and 

hippocampus, and the diencephalon, which generates the thalamus, prethalamus, and 

pretectum (Puelles et al., 2011). Morphological studies (Coggeshall, 1964; Figdor & 

Stern, 1993) and analysis of conserved gene expression patterns in mouse and chick 

(Rubenstein et al., 1994; Shimamura et al., 1995; Puelles & Rubenstein, 2003) led to the 

prevailing hypothesis that the diencephalon is segmented into transverse segments 
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(prosomeres (p) 1-3) and longitudinal segments (roof, alar, basal, and floor plates). The 

prethalamus, thalamus, and pretectum are derived from the alar plate of p1, p2, and p3, 

respectively (Puelles & Rubenstein, 2003; Lim & Golden, 2007; Martinez et al., 2011). 

A fate mapping study, which utilized quail-chick grafts, demonstrated that the alar plate 

of p2 indeed generated thalamic nuclei later in development (Garcia-Lopez et al., 2004). 

Thus, although the thalamus is a highly compartmentalized structure with respect to its 

nuclear formation, the entire thalamus originates from a simple developmental unit, the 

proliferative neuroepithelium of the alar plate of p2. 

Generation of thalamic neurons 

In order to understand how neuroepithelial cells generate diverse postmitotic neurons, it 

is necessary to investigate thalamic neurogenesis, or the process by which proliferating 

progenitor cells divide asymmetrically to generate neurons. The temporal window of 

neurogenesis was identified in rats and mice in studies that utilized injection of tritiated-

thymidine at specific embryonic stages (Angevine, 1970; Altman & Bayer, 1979a; 

Altman & Bayer, 1989a; Altman, 1989b). Dividing cells incorporate thymidine-[H3] 

during S-phase (replication) of the cell cycle; cells that terminally differentiate after 

incorporating thymidine-[H3] will have a high level of signal, as detected by 

autoradiography (Polleux et al., 1997). Neurogenesis was found to occur early in neural 

development, around E10.5-E14.5 in mice. Several general principles of thalamic 

neurogenesis arose from these studies. Neurons of laterally-located nuclei, including 

dLG, VP, and MG, were generated earliest (E10.5-12.5), while neurons of medially-

located nuclei were generated later (E12.5-E14.5) (Angevine, 1970; Altman & Bayer, 

1979a; Altman & Bayer, 1989a; Altman & Bayer, 1989b). There is also a rostral-caudal 
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gradient, such that neurons of caudal thalamic nuclei are generated approximately 1-2 

days earlier than rostrally-located neurons (Angevine, 1970).    

 Although thalamic neurons are generated mid-gestation in rodents, most 

thalamic nuclei can only be histologically defined at early postnatal stages. It was also 

unclear whether newly-generated neurons are “destined” to form a particular nucleus or 

if nuclei formation is a later developmental process. Studies have identified conserved 

transcription factors that are differentially expressed in distinct yet overlapping patterns 

in thalamic nuclei (Nakagawa & O’Leary, 2001; Jones & Rubenstein, 2004). The gene 

expression patterns were broad in the mantle zone during neurogenesis (E10.5 and 

E12.5). However, by E14.5, when the borders of nuclei are not yet histologically 

distinguishable, the pattern was spatially restricted and persisted until postnatal stages 

(Nakagawa & O’Leary, 2001). Because the spatial pattern of gene expression preceded 

the formation of distinct nuclei, understanding earlier stages of thalamic development, 

particularly the stage of neurogenesis, may give clues to the mechanisms of thalamic 

organization. 

Patterning of the thalamus during neurogenesis  

One of the challenges in brain development is the generation of a complex brain 

structure from a homogeneous segment of neuroepithelium. This is thought to be 

accomplished by local signaling centers, or tissues that secrete signaling molecules and 

induce different cell fates in response to a gradient of signal (Echevarria et al., 2003). In 

the developing spinal cord, for example, distinct types of neurons are formed at precise 

positions along the dorsal-ventral axis and are determined by the concentration and 

duration of exposure to a gradient of Shh, which is secreted from the floor plate 
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(Briscoe et al., 1999; Dessaud et al., 2008; Dessaud et al., 2010). Shh signaling induces 

differential expression of homeodomain and basic helix-loop-helix (bHLH) 

transcription factors, forming distinct progenitor domains that instruct the specification 

of different classes of neurons (Briscoe et al., 2000; Jessell, 2000; Helms & Johnson, 

2003).   

 Thalamic progenitor cells were found to be spatially organized into two distinct 

progenitor domains, pTH-R and pTH-C, which were defined by the differential 

expression of conserved transcription factors (Vue et al., 2007; Figure 1). Indeed, many 

of the same transcription factors were found in differential patterns in spinal cord 

progenitor domains (Epstein, 2012). Each thalamic progenitor domain expressed a 

unique set of transcription factors. The bHLH transcription factor Olig3 was expressed 

in most thalamic progenitor cells (Vue et al., 2007). pTH-R, the small rostral domain 

located adjacent to the ZLI and basal plate, expressed Nkx2.2, Ascl1, Gsx1, Tal1, and 

Tal2 (Bucher et al., 2000; Scholpp et al., 2009; Kataoka & Shimogori, 2008; Vue et al., 

2007; Jeong et al., 2011). pTH-C, the larger caudal domain, homogenously expressed 

Neurog1 and Neurog2 (Scholpp et al., 2009; Vue et al., 2007; Jeong et al., 2011), and 

also contained genes expressed in restricted gradients within the domain, including 

Olig2, Dbx1, Barhl2, Ddc, and D2R (Vue et al., 2007; Suzuki-Hirano et al., 2011). 

Together, these studies demonstrated that thalamic progenitor cells are spatially 

heterogenous during neurogenesis.     

  The patterning of thalamic progenitor cells seems to be important for generating 

distinct types of neurons and may be indicative of a “positional code” within thalamic 

progenitors. Recently, genetic lineage tracing studies have been used to trace the 
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postmitotic fates of progenitor cells expressing a particular transcription factor. Because 

endogenous expression of most transcription factors is downregulated upon 

differentiation, β-galactosidase or GFP were knocked-in to the transcription factor 

locus, providing a means to label neurons derived from particular progenitor cells. 

Lineage tracing of pTH-R transcription factors (including Nkx2.2, Ascl1, and Tal1) 

showed that neurons generated from these progenitor cells populate GABAergic nuclei 

that do not project to the cortex, including vLG and IGL (Vue et al., 2007; Jeong et al., 

2011). Lineage tracing of pTH-C transcription factors (Neurog1 and Neurog2) showed 

that neurons derived from these progenitor cells generate glutamatergic neurons that 

populate all neocortical-projecting thalamic nuclei (Vue et al., 2007). Olig2-expressing 

progenitor cells, located only in the rostral part of pTH-C, generate neurons that 

populate rostral thalamic nuclei. Dbx1-expressing progenitor cells, located in the caudal 

part of pTH-C, produce neurons that populate caudal thalamic nuclei (Vue et al., 2007). 

Therefore, the transcription factor expression in thalamic progenitor cells specifies the 

types of neurons that are produced (GABAergic vs. glutamatergic) and provides a broad 

map for the positioning of thalamic neurons. Since the thalamus is already spatially 

organized during neurogenesis, understanding how patterns of transcription factor 

expression are regulated may give important insights into how thalamic organization is 

achieved.  

 

Part 2: Generation of neurons in the developing thalamus: insights from 

neocortical neurogenesis 

Progenitor cell types in the neocortex 
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Neocortical neurogenesis has been extensively studied and much emphasis has been put 

on the importance of particular progenitor cell types in producing many neurons that 

populate the six-layered neocortex. Because the thalamus is also a large, complex 

forebrain structure and several transcription factors are expressed in progenitor cells in 

both regions (Fode et al., 2000; Kim et al., 2011a; Pratt et al., 2000), understanding 

neocortical progenitor cell types may provide insights into thalamic neurogenesis. 

Early in development, the brain consists of a single layer of neuroepithelial cells 

that line the ventricles. Neuroepithelial cells primarily divide symmetrically to amplify 

the progenitor pool, although some may also generate neurons (Miyata et al., 2004; 

Kriegstein & Alvarez-Buylla, 2009). As neurogenesis commences, neuroepithelial cells 

transition into radial glial cells (RGs); this switch is characterized by the 

downregulation of epithelial characteristics (tight junctions) and the appearance of 

astroglial properties (Gotz & Huttner, 2005; Campbell & Gotz, 2002; Aaku-Saraste et 

al., 1996; Fishell & Kriegstein, 2003; Kriegstein & Gotz, 2003). 

 RGs are currently recognized as the proliferative cells of the brain, generating 

all neurons, and serve as a scaffold for migrating neurons (Kriegstein & Alvarez-Buylla, 

2009; Lui et al., 2011). However, until about a decade ago, neurons and RGs were 

thought to originate from two different progenitor pools. RGs were thought to be the 

precursors to astroglial cells and serve only a structural function (Kriegstein & Alvarez-

Buylla, 2009; Bentivoglio & Mazzarello, 1999; Fishell & Kriegstein, 2003). Studies by 

Rakic were the first to show that newly-generated neurons are closely apposed to RG 

fibers, leading to the hypothesis that the fibers serve as scaffolds for migrating neurons 

(Rakic, 1971; Rakic, 1972). The lineage relationship between RGs and neurons was not 
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realized until studies used cell fate analysis (Malatesta et al., 2000) and time-lapse 

imaging of retrovirally-labelled RGs (Miyata et al., 2001; Noctor et al., 2001) to show 

that RGs divide asymmetrically to generate a RG and a neuron, which then uses the 

radial fiber for migration to the cortical plate. 

 Time-lapse imaging studies also identified a second type of asymmetric 

division, in which RGs could give rise not only to neurons, but to transit amplifying 

progenitor cells, called intermediate (or basal) progenitor cells (IPCs), that translocated 

and divided in a basal, abventricular location called the subventricular zone (SVZ) 

(Noctor et al., 2004; Haubensak et al., 2004). The divisions in the SVZ were mostly 

symmetric, undergoing one terminal division (producing two neurons) that depleted the 

progenitor cell (Noctor et al., 2004). IPCs are present throughout neurogenesis and 

contribute neurons to all cortical layers (Kowalczyk et al., 2009). Other regions of the 

brain, notably the ventral telencephalon, also contain a significant population of IPCs, 

but relatively little is known about their significance (Smart, 1976; Brown et al., 2011). 

Progenitor cell types in the thalamus 

RGs have been identified histologically in the thalamus and they express similar 

markers as those in the neocortex (Frassoni et al., 2000; Golden et al., 1996; Golden et 

al., 1997; Suzuki-Hirano et al., 2011). In addition, thalamic neurons appear to be in 

close apposition to RG fibers (Ortino et al., 2003; Golden et al., 1997), indicating that, 

similar to neocortex, thalamic neurons may use RGs during migration. Several early 

histological studies observed mitotic cells away from the ventricular surface in the 

thalamus (Altman & Bayer, 1979b; Smart, 1972a), suggesting the thalamus may also be 

a site in the brain that contains IPCs. However, there have been no studies that have 
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provided a characterization of the gene expression patterns or cell cycle properties of 

thalamic RGs and IPCs, or determined the prevalence of basal divisions and their 

neuronal contribution to the thalamus. 

Molecules that regulate neurogenesis in the CNS 

Neurogenesis requires tight regulation of cell divisions to ensure that the appropriate 

numbers of neurons are generated at the correct times during brain development. 

Several conserved molecular mechanisms are critical for regulating the balance of 

proliferation and differentiation throughout the CNS. 

Proneural bHLHs  

Proneural genes encode transcription factors of the basic helix-loop-helix (bHLH) 

family and are necessary and sufficient to promote neuronal lineage commitment and 

differentiation (Bertrand et al., 2002; Kageyama et al., 2008). Proneural transcription 

factors integrate cell-type specification and neurogenesis, promoting the generation of 

particular neuronal subtypes. For example, Neurogenin1 (Neurog1) and Neurogenin2 

(Neurog2) are proneural bHLH transcription factors in vertebrates (Ma et al., 1997; Ma 

et al., 1998). Expression of Neurog1 and Neurog2 in neocortical progenitors comes on 

soon after the division of RGs (during G1 phase of the cell cycle), in cells that are 

exiting the ventricular zone (Britz et al., 2006; Miyata et al., 2004; Ochiai et al., 2009). 

The targets of neurogenins include proteins involved in neuronal differentiation, such as 

NeuroD and cyclin-dependent kinase (Cdk) inhibitors (p27) (Bertrand et al., 2002), as 

well as migration, such as GTP-binding protein Rnd2, GTPase RhoA, and doublecortin 

(Dcx) (Heng et al., 2008; Ge et al., 2006; Hand et al., 2005). 

Notch signaling 
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Notch signaling is essential for maintaining RG fate throughout the CNS (Gaiano et al., 

2000). Notch signaling creates different states in adjacent progenitor cells through 

lateral inhibition, whereby expression of the Notch ligand induces a signaling cascade 

in neighboring cells that express Notch receptors (Delta/DLL) (Kageyama et al., 2008). 

This induces the expression of transcriptional repressors, including the bHLH Hes, that 

directly or indirectly repress proneural gene expression (Ishibashi et al., 1995; Baek et 

al., 2006; Kageyama et al., 2008). During neocortical neurogenesis, IPCs and newly-

generated neurons were shown to activate Notch signaling in RG, maintaining their 

proliferative state (Yoon et al., 2008). Regulating proneural gene expression via Notch 

signaling is critical for maintaining the balance of self-renewing progenitor cells and 

differentiating neurons. 

Wnt/β-catenin signaling  

Wnts are a family of secreted signaling molecules that bind to cell surface receptors and 

activate various intracellular pathways. The “noncanonical” planar cell polarity (PCP) 

and Wnt/Ca2+ pathways are independent of β-catenin and have functions in axon growth 

and guidance (Hollis & Zou, 2012; Hutchins et al., 2010). A key mediator of the 

“canonical” Wnt signal is β-catenin, which has dual functions in adherens junctions that 

anchor RGs and as a cytoplasmic protein that can function as a transcriptional co-

activator (along with TCF and Lef) in the presence of Wnt signal (Grigoryan et al., 

2008).  

The function of the Wnt/β-catenin pathway in regulating self-renewal of RGs is 

tied to its functions in adhesion and transcription. In spinal cord neural progenitor cells, 

the Wnt/β-catenin/TCF pathway regulates cell cycle progression and inhibits exit by 
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regulating cyclinD1 and cyclinD2 expression (Megason & McMahon, 2002). The 

Wnt/β-catenin signaling is also required for self-renewal of RGs in neocortical 

neurogenesis (Mutch et al., 2010; Munji et al., 2011). β-catenin is a component of 

adherens junctions that link adjacent RGs at the ventricular zone apical surface and 

maintains the structural integrity of the VZ, preventing progenitor cell apoptosis and 

differentiation (Machon et al., 2003; Junghans et al., 2005). There is also a cell-

autonomous role for β-catenin in regulating neurogenesis. Experiments using ICAT or 

dnTCF4, which disrupted the β-catenin-TCF4 interaction, showed that RGs prematurely 

differentiated into neurons and migrated to the cortical plate, even when adhesion of 

RGs was normal (Woodhead et al., 2006). Furthermore, N-cadherin, another component 

of adherens junctions, can stabilize β-catenin and enhance β-catenin-mediated signaling 

via Akt (Zhang et al., 2010). These studies illustrate that Wnt/β-catenin signaling may 

have various roles within the cell and regulation during neurogenesis is likely very 

complex. 

 

Part 3: Signaling molecules and transcription factors generate neuronal diversity 

The first step in generating neuronal diversity is the formation of molecularly distinct 

progenitor cells. This is accomplished throughout the CNS by locally-expressed 

diffusible signaling molecules, which can induce different transcription factor 

expression at varying concentrations. Transcription factors are, in turn, responsible for 

the differentiation of particular neuronal subtypes. 

Sonic hedgehog (Shh) surrounds the developing thalamus and induces patterning 

of progenitor cells 
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Shh is expressed in the ZLI, the boundary tissue between the thalamus and prethalamus 

(Larsen et al., 2001), and the basal plate, located ventral to the thalamus (Shimamura et 

al., 1995). Shh has been shown to regulate thalamic development in mouse (Ishibashi & 

McMahon, 2002; Vue et al., 2009; Jeong et al., 2011), chick (Hashimoto-Torii et al., 

2003; Kiecker & Lumsden, 2004; Vieira et al., 2005), and zebrafish (Scholpp et al., 

2006). Grafting experiments and in ovo electroporation in chick showed that Shh 

signaling differentially regulates regional gene expression within the thalamus (Vieira et 

al., 2005; Kiecker & Lumsden, 2004; Hashimoto-Torii et al., 2003). Recent studies 

using conditional genetic deletion of Shh in mice have narrowed down the spatial and 

temporal requirements of Shh signaling during thalamic neurogenesis. Vue et al. (2009) 

used Nestin-Cre and Olig3-Cre to conditionally delete or activate the Shh signaling 

pathway during thalamic neurogenesis. This study revealed the requirement of high Shh 

signal for specifying pTH-R and rostral pTH-C progenitor domains and that the changes 

in thalamic progenitor cell identity consequently altered the positional organization of 

thalamic nuclei (Vue et al., 2009). Jeong et al. (2011) investigated the contribution of 

basal plate Shh by conditionally deleting a Shh enhancer that is active in a region of the 

diencephalic basal plate (SBE1). Similar to Vue et al. (2009), deletion of basal plate Shh 

resulted in a conversion of progenitor cell fate, from pTH-R to pTH-C, and a 

corresponding change in postmitotic neurons derived from these domains (Jeong et al., 

2011). Together, these studies have established that Shh signaling from the ZLI and 

basal plate establish distinct thalamic progenitor identites and control the neuronal 

subtypes that are generated.   

Wnt signaling regulates progenitor cell identity before the onset of neurogenesis 
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Early in nervous system development, all cells have a rostral forebrain identity. 

Caudally-located neural cells are subsequently “reprogrammed” to acquire their identity 

as caudal forebrain, midbrain, and hindbrain cells (Lumsden & Krumlauf, 1996; Muhr 

et al., 1999; Nordstrom et al., 2002). Wnts secreted from the paraxial mesoderm induce 

Wnt expression in neural tissue. Graded Wnt activity in the neural plate induces 

progressively more caudal character in Xenopus and chick (Kiecker & Niehrs, 2001; 

Nordstrom et al., 2002), along with FGF signaling (Nordstrom et al., 2002) and retinoic 

acid (Muhr et al., 1999). The Wnt inhibitor dickkopf-1 (Dkk1) is produced in the 

prechordal plate that underlies the rostral forebrain; excluding Wnt signaling from this 

region is critical for the maintenance of rostral forebrain identity (Glinka et al., 1998).  

 An important consequence of Wnt signaling in the caudal forebrain and Wnt 

antagonism in the rostral forebrain is the differential expression of transcription factors, 

Six3 and Irx3, in these regions, respectively (Kobayashi et al., 2002). These 

transcription factors regulate the response in each tissue to FGF8 and Shh - Six3 enables 

expression of rostral forebrain genes, while Irx3 enables expression of caudal forebrain 

genes (Kobayashi et al., 2002). Importantly, this early function of Wnt signaling may 

underlie the initial formation of the thalamus. Deletion of the Wnt co-receptor LRP6 

resulted in loss of thalamic identity and a lack of ZLI formation (Zhou et al., 2004), 

indicating that Wnt signaling is essential for early stages of thalamic development. 

 Wnt/β-catenin signaling also has an early function in specifying dorsal versus 

ventral telencephalon fate before neurogenesis begins. Conditional genetic deletion of 

β-catenin revealed the temporal requirement of β-catenin in specifying dorsal 

telencephalon progenitor cells (Backman et al., 2005). Conditional deletion of β-catenin 
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before the onset of neocortical neurogenesis using a Nestin-Cre that is active starting at 

E8.5 resulted in induction of ventral telencephalon markers (Mash1, Dlx2) and 

reduction of dorsal markers (Emx1/2, Pax6), indicating β-catenin is required to restrict 

dorsal telencephalon progenitors from acquiring a ventral identity. Deletion of β-catenin 

using a second Nestin-Cre line that starts to be expressed at E11 (after the onset of 

neurogenesis) did not cause induction of ventral telencephalon markers and dorsal 

markers were intact (Backman et al., 2005).  

 These studies showed that Wnt/β-catenin signaling has functions in regulating 

forebrain and thalamic identity early in neural development. During neocortical 

development, Wnt/β-catenin signaling may only regulate the positional identity of 

progenitor cells before neurogenesis begins. However, several studies have implicated 

Wnt/β-catenin in patterning of dorsal and ventral spinal cord progenitor populations 

(Zechner et al., 2007; Alvarez-Medina et al., 2008). It is still unclear what, if any, roles 

Wnt/β-catenin signaling has in the thalamus after it is initially established. 

Interaction between Shh and Wnt signaling is context-dependent 

Shh and Wnt signaling molecules are present throughout the developing brain in various 

spatial and temporal patterns. Many studies have focused on the mechanism of 

interaction between these signaling pathways. In the developing spinal cord, Wnt 

ligands are present dorsally and Shh is expressed ventrally in the floor plate (Lee et al., 

1999; Placzek & Briscoe, 2005) during the time period of progenitor cell specification 

along the dorsal-ventral axis. One hypothesis is that Wnt/β-catenin signaling 

antagonizes Shh signaling (Robertson et al., 2004). One proposed mechanism is that 

Wnt/β-catenin signaling activates expression of Gli3, a Shh-responsive bimodal 
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transcription factor that functions as an activator in the presence of Shh and a repressor 

in the absence of Shh (Alvarez-Medina et al., 2008; Yu et al., 2008). However, Wnt/β-

catenin depends on Shh signaling for its function in regulating cell cycle progression of 

spinal cord progenitor cells (Alvarez-Medina et al., 2009). Shh and Wnt pathways also 

interact in the developing midbrain. Wnt/β-catenin signaling repressed Shh expression 

in the midbrain floor plate, releasing inhibition of dopaminergic progenitor proliferation 

in this area (Joksimovic et al., 2009; Tang et al., 2010). Thus, interactions of Shh and 

Wnt signaling pathways within and between brain regions is context-dependent. 

Functions of transcription factors in regulating cell fate during neurogenesis 

The proneural bHLH transcription factors Neurogenin and Ascl1 not only have 

functions in regulating differentiation, but also in the generation of particular neuronal 

subtypes throughout the CNS (Bertrand et al., 2002). In the developing telencephalon, 

Ascl1 is expressed in ventral progenitor cells (Gradwohl et al., 1996), while Neurog1 

and Neurog2 are expressed in dorsal progenitors (Ma et al., 1997). Examination of 

Neurog1/Neurog2 double knockout mice indicated that Ascl1, which was ectopically 

induced throughout the dorsal telencephalon, compensated for Neurogenin function in 

neuronal differentiation and activation of Notch signaling (Fode et al., 2000). However, 

the dorsal telencephalon was converted to ventral telencephalic fate (as observed by 

expression of Dlx1 and GAD67, a biosynthetic enzyme for GABA neurotransmitter) 

and dorsal progenitor markers (NeuroD1, VGLUT1, VGLUT2) were downregulated 

(Fode et al., 2000; Schuurmans et al., 2004; Mattar et al., 2004). Ascl1 gain-of-function 

experiments that forced expression in the dorsal telencephalon confirmed the function 

of Ascl1 inducing GABAergic neuronal subtype specification (Schuurmans et al., 
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2004). Together, these provided evidence that proneural bHLH transcription factors 

have functions in regulating differentiation of particular neuronal subtypes. 

Transcription factors also interact with other transcription factors to sharpen 

progenitor domains or cooperatively specify neuronal identity. In the dorsal and ventral 

spinal cord, transcription factors have cross-inhibitory interactions to sharpen progenitor 

domains (Jessell, 2000; Gowan et al., 2001; Muhr et al., 2001). In ovo electroporation 

experiments in chick showed that Neurog2 and Olig2 are required in combination to 

induce motoneurons in the ventral spinal cord (Mizuguchi et al., 2001). These studies 

illustrate the importance of transcription factor networks in regulating neuronal 

specification. Interestingly, many of the same conserved transcription factors are 

expressed during thalamic neurogenesis (Epstein, 2012) and it is unclear to what extent 

interactions among transcription factors play in regulating positional identity within the 

thalamus. 

 

The current project 

The thalamus originates from a simple developmental unit, the alar plate of p2, and 

generates a complex brain structure that contains different types of neurons 

(glutamatergic and GABAergic) and anatomically defined nuclei that have distinct 

patterns of connectivity with other brain areas. Neurogenesis is the stage during which 

thalamic progenitors start to become molecularly distinct and divide asymmetrically to 

generate neurons. The primary goal of this project is to investigate the process of 

neurogenesis in the thalamus, including characterizing progenitor cell types and the 

mechanisms by which the two thalamic progenitor domains are formed.    
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 Previous studies have identified mitotic cells in the thalamus that are located 

away from the ventricular surface. Thus far, only a few select brain areas, including the 

neocortex and ventral telencephalon, have IPCs. The first goal of this project is to 

provide a descriptive analysis of progenitor cells in the thalamus, including the genes 

that are selectively expressed by RGs or IPCs and the molecules involved in regulating 

their formation and/or maintenance. 

 Wnt ligands are present within and surrounding the thalamus during 

neurogenesis (Bulfone et al., 1993), but it is unclear precisely when and where the 

Wnt/β-catenin pathway is active during thalamic neurogenesis. The second goal of this 

project is to provide a comprehensive description of Wnt/β-catenin signaling activity 

during thalamic neurogenesis. Further, Wnt/β-catenin signaling regulates cell fate and 

neurogenesis throughout the brain; however, the function of Wnt/β-catenin signaling in 

regulating progenitor cell fate during thalamic neurogenesis is currently unknown due 

to technical limitations. More specifically, because many components of the Wnt/β-

catenin pathway are expressed throughout development in many tissues, including the 

thalamus, straight knockouts caused early embryonic lethality (Grigoryan et al., 2008) 

or revealed the early function of Wnt signaling in specifying caudal forebrain fate 

(Zhou et al., 2004). The third goal of this project is to elucidate the function of Wnt/β-

catenin signaling during thalamic neurogenesis by using a conditional genetic approach, 

in which β-catenin expression can be manipulated starting at the beginning of 

neurogenesis.  

 Shh is an important regulator of positional identity in thalamic progenitor cells 

and Shh and Wnt/β-catenin signaling pathways have been shown to interact in different 
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ways. Therefore, the final goal of this project is to investigate the integration of Shh and 

Wnt/β-catenin signaling pathways in the formation of distinct thalamic progenitor 

domains. Collectively, this project will elucidate two key aspects of thalamic 

neurogenesis, the types of progenitor cells and the specification of thalamic progenitor 

cells, and shed light on the importance of thalamic neurogenesis to thalamic 

organization.  
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Figure 1. Organization of the developing thalamus 
Neurogenesis (E10.5-12.5) Left: Side view of the diencephalon. The axis refers to orientation 
in the thalamus. Three frontal section planes (1-3) are shown (gray lines). Right: A frontal 
section from plane 2. The thalamus is partitioned into two progenitor domains, pTH-R (yellow) 
and pTH-C (green). pTH-R is located adjacent to the ZLI and basal plate (blue), the rostral and 
ventral boundaries of the thalamus, respectively. The larger pTH-C domain is located caudal 
and dorsal to pTH-R. The thalamus is bordered rostrally by the prethalamus (PTh; red) and 
caudally by the pretectum (PT; pink). 
Nuclei formation and connectivity (E14.5-P0) The thalamus contains two main types of 
neurons, GABAergic and glutamatergic. GABAergic neurons (yellow) populate IGL and part of 
the vLG and are derived from pTH-R. The prethalamus also contributes neurons to vLG. 
Glutamatergic neurons (green) comprise all other thalamic nuclei, which send projections to the 
neocortex and striatum. The spatial organization within pTH-C is retained later in development: 
rostral pTH-C (dark green) generates neurons that populate rostral thalamic nuclei (VP, dLG) 
and caudal pTH-C (light green) generates caudally-located thalamic nuclei.  
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CHAPTER 2 

Basal progenitor cells in the embryonic mouse thalamus - their molecular 

characterization and the role of neurogenins and Pax6 

Wang L*, Bluske KK*, Dickel LK, Nakagawa Y (2011) Neural Development 6: 35 (* 

denotes equal co-authors) 
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The size and cell number of each brain region are influenced by the organization and 

behavior of neural progenitor cells during embryonic development. Recent studies on 

developing neocortex have revealed the presence of neural progenitor cells that divide 

away from the ventricular surface and undergo symmetric divisions to generate either 

two neurons or two progenitor cells. These “basal” progenitor cells form the 

subventricular zone and are responsible for generating the majority of neocortical 

neurons. In this study, we have identified and characterized basal progenitor cells in the 

embryonic mouse thalamus. We found that the progenitor domain that generates all of 

the cortex-projecting thalamic nuclei contained a remarkably high proportion of basally 

dividing cells as early as at E10.5, when thalamic neurogenesis is just starting. Such 

progenitor cells were found at a much lower density in the progenitor domain that 

generates non-cortex projecting nuclei and in the zona limitans intrathalamica, which 

forms the rostral border of the thalamus. By using intracellular domain of Notch1 

(NICD) as a marker for radial glial cells, we found that basally dividing cells extended 

outside the lateral limit of radial gilal cells, indicating that, similar to the neocortex and 

ventral telencephalon, the thalamus has a distinct subventricular zone. Neocortical and 

thalamic basal progenitor cells shared expression of some markers, including Insm1, 

Neurog1, Neurog2 and NeuroD. Additionally, basal progenitor cells in each region also 

expressed exclusive markers, such as Tbr2 in the neocortex and Olig2 and Olig3 in the 

thalamus. In Neurog1/Neurog2 double mutant mice, the number of basally dividing 

progenitor cells in the thalamus was significantly reduced, which demonstrates for the 

first time that Neurogenins are indeed required for the generation and/or maintenance of 
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basal progenitor cells. In Pax6 mutant mice, the part of the thalamus that showed 

reduced Neurog1/2 expression also had reduced basal mitosis, consistent with our 

finding that Neurogenins are required for thalamic basal progenitor cells. These results 

collectively establish the existence of a unique and significant population of basal 

progenitor cells in the thalamus and their dependence on Neurogenins. 



   25 

 

INTRODUCTION 

The immense number of neurons in the mammalian neocortex is thought to be 

determined during development by a prominent progenitor cell population that shows a 

distinct pattern of migration and division. Unlike the predominant progenitor cell type 

in other brain regions, the radial glial cells (RGs), these cells divide basally away from 

the ventricular surface and undergo a symmetric division that generates two neurons or 

two progenitor cells. It is thought that the six-layered mammalian neocortex is largely 

dependent on division of these basal progenitor cells that serve as transit amplifying 

cells or intermediate progenitor cells (IPCs), and that the evolution of the mammalian 

cortex is correlated with the emergence of progenitor cell populations that enhance the 

generation of neurons (Gotz & Barde, 2005; Pontious et al., 2008; Lui et al., 2011; Fietz 

& Huttner, 2011).  

 Basally dividing progenitor cells have been identified not only in the cerebral 

cortex, but also in ganglionic eminences, thalamus, hindbrain and spinal cord (Smart, 

1972a; Smart, 1972b; Smart, 1973; Smart, 1976; Haubensak et al., 2004). However, 

only the cerebral cortex and ganglionic eminences have been shown to harbor a robust 

enough population of basal progenitor cells to form a distinct domain, the 

subventricular zone (SVZ), above the domain of RGs that comprises the ventricular 

zone (VZ). Recent studies identified a number of molecular markers of basal progenitor 

cells in the developing neocortex. In addition, genes such as Tbr2 (Arnold et al., 2008; 

Sessa et al., 2008), Insm1 (Farkas et al., 2008) and AP2γ (Pinto et al., 2009) or 

inhibition of Notch signaling (Gaiano et al., 2000; Ochiai et al., 2009) are found to be 

essential for the generation of basal progenitor cells from radial glial cells. Time-lapse 
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analysis of fluorescently labeled cortical progenitors in slices elucidated the unique 

migratory patterns and modes of division of neocortical basal progenitor cells and 

showed that these cells function as transit amplifying progenitor cells, or intermediate 

progenitor cells (IPCs) (Haubensak et al., 2004; Noctor et al., 2004; Miyata et al., 

2004).  

 The mammalian thalamus has an extremely complex organization with several 

dozen distinct neuronal populations called nuclei (Jones, 2007). During embryogenesis, 

the thalamus is composed of two molecularly distinct domains of neural progenitor 

cells, pTH-C and pTH-R, located across rostro-caudal and dorso-ventral axes (Vue et 

al., 2007). pTH-C is a larger, caudo-dorsally located domain that expresses the basic 

helix-loop-helix (bHLH) transcription factors Neurog1 and Neurog2 and gives rise to 

all of the thalamic nuclei that project to the cortex. pTH-R is a smaller domain that 

expresses another bHLH protein, Ascl1 (also known as Mash1), and lies between pTH-

C and the zona limitans intrathalamica (ZLI), the boundary population that abuts the 

thalamus and the prethalamus (Vue et al., 2007). pTH-R likely contributes to the 

majority of GABAergic neurons in the thalamus, including part of the ventral lateral 

geniculate nucleus (vLG) and intergeniculate leaflet (IGL). Recent studies have 

unveiled critical roles of secreted signaling molecules in the formation of positional 

diversity of thalamic progenitor cells (Jeong et al., 2011; Kataoka & Shimogori, 2008; 

Kiecker & Lumsden, 2004; Scholpp & Lumsden, 2010; Vue et al., 2009).  

 Despite the finding that there are basally dividing cells in embryonic mouse 

thalamus (Smart, 1972a), their molecular characteristics and the mechanisms for their 

generation have not yet been determined. Considering the extensive connections 
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between the thalamus and neocortex, we anticipated that the mammalian thalamus has 

diversified its progenitor cell populations during evolution to allow generation of a 

larger number of neurons comparable to those found in the six-layered neocortex.  

 In the study described here, we explored this possibility by performing a 

detailed characterization of thalamic basal progenitor cells in mouse embryos. We 

found that the thalamus contains a remarkably large number of basal progenitor cells, 

some of which form the subventricular zone similar to that found in the neocortex and 

ventral telencephalon. Thalamic basal progenitor cells do not express the same 

molecular markers as neocortical IPCs, such as Tbr2, but they do share many other 

aspects with their putative cortical counterpart, including the expression of the bHLH 

transcription factors NeuroD1 and Neurogenins (Neurog1 and Neurog2). We also show 

the first evidence that Neurog1 and Neurog2 are required for the normal number of 

basally dividing cells, which demonstrates the critical role of these transcription factors 

in the formation and/or the maintenance of thalamic basal progenitor cells.
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MATERIALS AND METHODS 

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 (E) day 0.5. Stages of 

early embryos were confirmed by morphology (Kaufman, 1992). Timed-pregnant 

CD1/ICR mice (Charles River) were used for gene expression analysis of wild type 

mice. Pax6 mutant mice (St. Onge et al., 1997) were obtained from G. Lanuzo and M. 

Goudling at the Salk Institute and were kept in CD1 background. Neurog1 (Ma et al., 

1999) and Neurog2 (Seibt et al., 2003) mutants were established in F. Guillemot’s lab 

(National Institute for Medical Research, London), produced by J. Johnson’s lab, and 

were kept in CD1 background. 

Axial and anatomical nomenclature 

Axial and anatomical nomenclatures are described (Vue et al., 2007). The two 

progenitor domains of the thalamus, pTH-C and pTH-R, as well as the ZLI were 

identified by the expression of marker genes Olig3, Ascl1 and Neurog2 (Vue et al., 

2007).  

Immunohistochemistry 

Immunohistochemistry was performed as described (Vue et al., 2007; Wang et al., 

2011). Additional antibodies used are: anti-NICD (rabbit, Cell Signaling, 1:100), anti-

NeuroD1 (goat, Santa Cruz, 1:100), anti-phosphorylated histone H3 (PH3) (mouse and 

rabbit, Millipore), 1:100), anti-Lhx2 (goat, Santa Cruz, sc-19344, 1:100). Antibody sc-

19344 appears to detect a broad postmitotic region in the thalamus at E14.5 (data not 
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shown), consistent with the possibility that it recognizes both Lhx2 and Lhx9 

(Nakagawa & O’Leary, 2001). For NICD detection, we extended the boiling time to 10 

min to enhance the antigen retrieval, and also used Tyramide Signal Amplification 

System (Perkin Elmer). Detailed protocols for the entire procedures are available upon 

request.  

In situ hybridization 

In situ hybridization was performed as described (Vue et al., 2007). Insm1 cDNA was 

obtained from J. Garcia-Anoveros (Northwestern University). 

Cell cycle analysis 

Ethynyl deoxyuridine (EdU) was dissolved at 0.5mg/ml in PBS, and injected 

intraperitoneally into pregnant female mice at 10μg/g body weight. Embryos were 

dissected after varying amounts of time (0.5hr, 2hr, 4hr or 8hr). EdU was detected with 

a protocol based on (Cherry et al., 2011). For simultaneous detection of EdU and 

various other antigens, cryosectioned brains on slides were first treated with primary 

and secondary antibodies. Slides were then washed once with 1X PBS and 

permeabilized with 0.5% Triton, then rinsed twice with 1X PBS. EdU labeling was 

detected with the Click-iT EdU Imaging Kit (Invitrogen); detection solution was 

applied directly to slides and incubated for 15 minutes.  Slides were then rinsed and 

coverslipped according to our previous immunostaining protocol (Vue et al., 2009).   

Image analysis 

Images were collected with Nikon E800 microscope or Olympus FluoView 1000 

confocal microscope and assembled by Image J (NIMH) and Photoshop CS3 and CS5 

softwares (Adobe).  
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Cell counting of PH3- and EdU-expressing cells 

For single counts of PH3-expressing cells, images of 20 µm-thick frontal sections were 

taken with Nikon E800 fluorescent microscope. The embryonic mouse thalamus was 

delineated using specific markers characteristic of the pTH-C and pTH-R domains and 

the ZLI (Vue et al., 2007). For each section, the thalamus was divided into 20µm bins 

from the ventricular surface to the lateral surface. Counts were taken for PH3-positive 

cells per bin. The cell counts from all sections were summed for each half brain. The 

proportion of PH3-positive cells away from the ventricular surface (>40µm or >2 bins) 

was calculated from the total number of PH3-positive cells in the thalamus. The average 

proportion of PH3-positive cells was calculated with four thalami per embryonic stage. 

 For EdU and PH3 co-localization, images were acquired by Olympus FluoView 

1000 confocal microscope. Each section was divided into bins similar to those 

described above, and the proportion of PH3-positive cells that co-localized with EdU 

was calculated from the total PH3-positive cell count. Five to six 3µm-thick optical 

slices were obtained for each field of view, and two of them were taken for cell counts. 

For EdU+ cell count and co-localization of EdU and basal progenitor markers, images 

were acquired and analyzed as described for EdU and PH3 co-localization. However, 

only a portion of the thalamus (the first 200 µm from the pTH-C/pTH-R border) was 

analyzed.  

 For PH3+ cell count in Pax6 mutants, a 300μm long column of pTH-C in 2 or 3 

adjacent sections were analyzed, separately for dorsal and ventral levels. The ratio of 

basal PH3+ cells was calculated for each of the 14 sections counted for each genotype. 

In addition, the absolute numbers of PH3+ cells per section were also counted and 
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compared. 

 Cell count data was analyzed and graphed using Prism 4 Software (GraphPad). 

A one-way ANOVA test was used to determine statistical significance, where p<0.05 

indicated significance. A post-test—the Tukey Multiple Comparison’s Test—was used 

to determine significance among groups. Double asterisks in indicate p<0.01, triple 

asterisks indicate p<0.001. 
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RESULTS 

The embryonic mouse thalamus contains a large number of basally dividing cells 

We found numerous cells away from the surface of the third ventricle that express the 

M-phase marker, phosphorylated histone H3 (PH3), which we define as dividing basal 

progenitor cells (Fig.1A-E, arrowheads). These cells were found as early as at E10.5 

(Fig.1A,B) and persisted until at least E14.5 (Fig.1E). Double/triple 

immunohistochemistry showed that a majority of these basal progenitor cells are within 

the progenitor domain pTH-C, which gives rise to all of the thalamic nuclei that project 

to the cerebral cortex (Vue et al., 2007) (Fig.1B, marked as “C”). Within the pTH-C 

domain, the ratio of basal PH3-positive cells to total PH3-positive cells was highest at 

E12.5 and declined at E14.5, when thalamic neurogenesis is largely complete except in 

the most dorsal location (Fig.1E,F,G) (Angevine, 1970). In contrast, fewer PH3-positive 

cells were found in the progenitor domain pTH-R, which produces neurons that do not 

project to the cortex (Vue et al., 2007) (Fig.1B, marked as “R”) or in the zona limitans 

intrathalamica (ZLI), the border cell population abutting the thalamus and the 

prethalamus (Fig.1B, marked as “ZLI”). The ratio of PH3-positive cells in the basal 

location to the total PH3-positive cells was significantly higher in pTH-C than the other 

two domains analyzed (pTH-R and ZLI, Fig.1H). Fig.1I shows the average number of 

PH3-positive cells in each of the 20μm-wide medial-lateral bins within pTH-C at E12.5. 

In addition to the high peak at the ventricular (apical) surface (bin 1), there was another 

peak of PH3-expressing cells away from the third ventricle (bin 6), indicating the 

presence of a discrete population of thalamic progenitor cells (Fig.1I). These initial 

analyses demonstrate the presence of basally dividing progenitor cells in the thalamus 
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throughout neurogenesis and that they are particularly enriched in the progenitor 

domain pTH-C.  

The embryonic mouse thalamus has a defined subventricular zone 

We next asked if the basally dividing cells comprise a distinct zone in the mouse 

thalamus that is not populated by radial glial cells. Such a zone, called the 

subventricular zone (SVZ), emerges by E14.5 in the mouse neocortex, and by E13.5 in 

the mouse ganglionic eminences (Gotz & Barde, 2005). However, it has not been 

evaluated in other brain regions. We used NICD (intracellular domain of Notch) and 

Pax6 as markers of radial glial cells. NICD is a cleavage product of Notch1 (Kopan et 

al., 1996), which is co-expressed with Nestin within neocortical VZ, but not in SVZ 

(Tokunaga et al., 2004). Notch activity inhibits the formation of intermediate progenitor 

cells (IPCs) from RGs in the neocortex, indicating that the presence of NICD is a 

marker for RGs within VZ. Pax6 is also highly expressed in neocortical RGs in the VZ 

(Englund et al., 2005), although low-levels of Pax6 expression are detectable in many 

IPCs (Englund et al., 2005) and a recent report identified a new class of Pax6-

expressing progenitor cells that divide away from the lateral ventricle in the mouse 

neocortex (Wang et al., 2011).  

 We found that NICD was expressed in a cluster of cells near the third ventricle 

at both E11.5 (Fig.2A,C,C’; left of broken line) and E12.5 (Fig.2E,G,G’; left of broken 

line). Basal PH3-positive cells were located on both sides of the lateral margin of this 

NICD cluster at E11.5 and E12.5 (Fig.2A,E; arrows indicate the outside population and 

arrowheads indicate the inside population). The outer population became more evident 

at E12.5 (Fig.2E). PH3-positive cells were also observed on both sides of the Pax6 
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domain (Fig. 2B,F, arrowheads and arrows). Similar to the neocortex, more laterally 

located basal progenitor cells expressed low levels of Pax6 (Fig.2B,D,D’ at E11.5; 

2F,H,H’ at E12.5). In addition, Pax6 expression was generally lower in the rostral part 

of the pTH-C domain at both E11.5 and E12.5 (Fig.2B,F, bracket). Labeling of S-phase 

cells with a 0.5hr EdU pulse showed that some thalamic progenitor cells reside outside 

the NICD+/Pax6-high zone (Fig.2C’,D’G’H’). Based on these results, we propose that, 

as early as at E11.5, a molecularly distinguishable SVZ exists in the pTH-C domain of 

the thalamus, which we define as the zone where progenitor cells reside outside of the 

NICD+/Pax6-high VZ. Thalamic basal progenitor cells populate both VZ and SVZ.  

Thalamic and neocortical basal progenitor cells share some molecular properties 

We then examined the expression patterns of previously characterized genes that are 

expressed in thalamic progenitor cells in order to determine the progenitor zone (VZ or 

SVZ) and progenitor cell types (RGs or basal progenitor cells) in which each gene is 

expressed (Figs.3-5). Thalamic progenitor cells ubiquitously express a basic helix-loop-

helix (bHLH) transcription factor Olig3 (Vue et al., 2007), but the neocortex does not. 

Double staining with a 0.5hr EdU pulse showed that the domain of Olig3 expression in 

the thalamus encompassed the entire medial-lateral extent of thalamic progenitor cells, 

indicating that Olig3 is expressed in both VZ and SVZ of the thalamus (Fig.3A,F). In 

addition, we found that Olig3 heavily overlaps with NICD (Fig.5A), demonstrating that 

Olig3 is expressed in RGs. Together, these show that Olig3 is expressed in both the VZ 

and SVZ and in both RGs and basal progenitor cells in the thalamus. 

 We next determined if NeuroD1 and Insm1, markers for neocortical IPCs, are 

also expressed in the thalamus. NeuroD1 is a basic helix-loop-helix (bHLH) 
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transcription factor that is expressed in upper SVZ and lower intermediate zone (IZ) of 

the neocortex, presumably being induced following Tbr2 expression (Hevner et al., 

2006). In the pTH-C domain of the thalamus, a densely packed population of NeuroD1-

positive cells was found in the middle portion of the diencephalic wall (Fig.3B, arrow). 

In addition, some NeuroD1-expressing cells were scattered within the VZ. Double 

immunostaining for NeuroD1 and a 0.5hr pulse of EdU showed that NeuroD1 is 

expressed in basally located progenitor cells in S-phase of the cell cycle (Fig.3G, 

arrowheads). These NeuroD1+/EdU+ cells seemed to be predominantly located in the 

SVZ. NeuroD1 was also clearly expressed outside of the NICD-expressing VZ (Fig.5D, 

arrow) and the scattered NeuroD1-positive cells within the VZ did not express NICD 

(Fig.5D, arrowhead), indicating the lack of NeuroD1 expression in RGs. Double 

staining experiments also showed that some basal progenitor cells co-expressed 

NeuroD1 and PH3 (not shown). These results together demonstrate that NeuroD1 is 

expressed in thalamic basal progenitor cells at least through S-phase to M-phase of the 

cell cycle, but not in NICD-expressing RGs.  

 Insm1 (insulinoma-associated 1) is a zinc-finger transcription factor expressed 

broadly in progenitor cells within the embryonic brain and spinal cord located away 

from the ventricular surface (Duggan et al., 2008). Insm1 is required for the generation 

of basal progenitor cells in the neocortex (Farkas et al., 2008). We found that Insm1 is 

strongly expressed in a lateral band of cells within the thalamus. Comparison of Insm1 

with PH3 on the same section shows that Insm1 is indeed expressed in thalamic basal 

progenitor cells (Fig.3C,H). 

 Olig2 is a bHLH transcription factor expressed in the pTH-C domain of the 
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thalamus in a rostro-ventral high to caudo-dorsal low gradient at E11.5 and E12.5 (Vue 

et al., 2007). We found that Olig2 is not only expressed in the VZ (Fig.3D, arrowhead) 

but also in a more lateral region (Fig3D, arrow). Olig2 expression overlapped with 0.5hr 

EdU pulse (Fig.3I), and extended further laterally (Fig.3I, arrow; Fig.5E). Within VZ, 

Olig2 co-localized with NICD (Fig.5E, arrowheads), suggesting that it is expressed in 

RGs. Thus, similar to Olig3, Olig2 is expressed in both RGs and basal progenitor cells. 

Olig2 also appeared to be expressed lateral to the SVZ, most likely in the mantle zone. 

 Finally, Lhx2 and Lhx9 are LIM-homeodomain transcription factors expressed 

in the thalamus (Nakagawa & O’Leary, 2001; Porter et al., 1997). In the neocortex, 

Lhx2 is expressed in neural progenitor cells and Lhx9 is expressed in the marginal zone 

(Bertuzzi et al., 1999; Retaux et al., 1999). We found Lhx2/9-positive cells are largely 

confined outside VZ, with only a minimum overlap with a 0.5hr EdU pulse (Fig.3J), 

indicating that they are expressed mostly in postmitotic cells.  

 Interestingly, a well-established IPC marker in the neocortex, Tbr2, a T-box 

transcription factor (Ochiai et al., 2009; Englund et al., 2005), was undetectable in the 

thalamus at E11.5 and E12.5 (data not shown; Fig.9M).  

 These results collectively show that, although the thalamus has a histologically 

visible SVZ populated by basal progenitor cells and these cells share expression of 

some genes such as Insm1 and NeuroD1 with neocortical IPCs, they are clearly distinct 

from their putative neocortical counterpart. Thalamic basal progenitor cells do not 

express Tbr2 and express additional markers such as Olig2 and Olig3 that are not 

expressed in the neocortex.  

Proneural bHLH proteins Neurog1 and Neurog2 are expressed in overlapping but 
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different progenitor populations in the thalamus 

To further characterize the thalamic basal progenitor cells, we examined the expression 

of two bHLH proteins, Neurogenin1 (Neurog1) and Neurogenin2 (Neurog2). Both 

Neurog1 and Neurog2 are expressed in neocortical progenitor cells. In the neocortex, 

expression of Neurog2 is initiated soon after the division of radial glial cells, preceding 

the induction of Tbr2 (Ochiai et al., 2009). Britz et al. (2006), reported that at E12.5, 

95% of Neurog1-expressing progenitor cells in the cortical VZ also express Neurog2, 

and at E15.5, both Neurog1 and Neurog2 are expressed in VZ as well as SVZ (Britz et 

al., 2006). 

 We previously showed that Neurog1 and Neurog2 are expressed in the pTH-C 

thalamic progenitor domain (Vue et al., 2007). In this study, we examined the patterns 

of their expression in more detail. Comparison of Neurog1 expression with EdU (0.5hr 

pulse) indicated that Neurog1 expression does not extend as laterally as EdU (Fig.4A, 

arrowheads), although Neurog1 and EdU overlap at the lateral part of the Neurog1 

expression domain (Fig.4A, arrows). Neurog2 expression extended more laterally than 

Neurog1, where it heavily overlapped with EdU (Fig.4B, arrowheads). Neurog2 also 

overlapped with EdU more medially, in the region where Neurog1 is expressed (Fig.4B, 

arrows). A direct comparison of Neurog1 and Neurog2 expression indicated that 

Neurog2 expression extends more laterally than Neurog1 (Fig.4C, arrowheads). The 

lateral border of the Neurog1 expression domain matched the lateral border of NICD 

expression (Fig.5B, broken line). Thus, in contrast to the neocortex, Neurog1 expression 

in the thalamus is confined to the VZ. Within the VZ, Neurog1 and Neurog2 showed 

partially overlapping but distinct expression patterns (Fig.4C). Similar to the neocortex 
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(Tokunaga et al., 2004), neither of these two transcription factors co-localized with 

NICD within the VZ (Fig.5B,C, arrowheads). This result is consistent with the 

hypothesis that Neurogenin-expressing VZ cells are basal progenitors translocating 

laterally towards the SVZ (summarized in Fig.11). In contrast, Olig2 and Olig3 were 

expressed both in thalamic VZ and SVZ and had extensive overlap with NICD within 

the VZ (Fig.5A,E). 

Cell cycle properties of basal progenitor cells in the thalamus 

We next examined the cell cycle properties of thalamic basal progenitor cells. First, we 

pulsed the progenitor cells with an S-phase marker, EdU, and analyzed the distribution 

of PH3-positive cells at various times after EdU injection. We detected EdU and PH3 

on the same section of E11.5 and E12.5 embryos to estimate the time it takes progenitor 

cells to enter M-phase (Fig.6). In E11.5 embryos that had been pulsed with EdU 0.5 

hour prior to sacrifice, we detected a large, single cluster of EdU-positive cells that 

encompassed a broad medial-lateral region of the thalamic progenitor domain, 

suggesting the close proximity of radial glial cells and basal progenitor cells during S-

phase (Fig.6A; black line in Fig.6F,G). As expected, very few mitotic cells expressing 

PH3 are labeled by EdU.  

 At 2 hours after EdU injection, we detected some EdU-positive cells at the 

ventricular surface and the region closer to the ventricle (Fig.6B, arrow; red line in 

Fig.6F,G) and many PH3-positive cells both at the ventricular surface and in the basal 

location also had EdU (Fig.6B, arrowheads). This indicates that, particularly at E11.5, 

cells start to enter M-phase about 2 hours after S-phase.  

 At 4 hours, as many as 60-75% of PH3-expressing cells were positive for EdU 



   39 

 

both at the apical and basal locations (Fig.6C, arrowheads; 6E). In addition, we found 

two dense clusters of EdU-positive cells that were now separated from each other. One 

was located close to the ventricle. The other population was located more laterally 

(green line in Fig.6F,G). This separation implies a distinct migratory behavior of 

thalamic basal progenitor cells, which stay in the basal location from S phase to M 

phase. Conversely, radial glial cells translocate their nuclei medially from S phase to M 

phase by interkinetic nuclear migration.  

 At 8 hours, we again detected only a small overlap between EdU and PH3, 

indicating that a majority of progenitor cells labeled 8 hours before have already 

divided. A broad cluster of EdU-positive cells were found in the middle of the 

diencephalic wall (Fig.6D, between broken lines), and additional EdU-positive cells 

were found far laterally, which are likely to be postmitotic cells (blue line in Fig.6F,G).  

 In summary, the EdU pulse experiment distinguishes radial glial cells and basal 

progenitor cells because of their distinct patterns of migration during their cell cycle. 

Expression of basal progenitor markers at different stages of the cell cycle 

By taking advantage of the EdU pulse labeling, we next examined the expression of 

NeuroD1, Lhx2/9, Neurog1 and Neurog2 in more detail with regard to the cell cycle 

status of basal progenitor cells.  

 As already shown in Fig.3, NeuroD1 was co-localized with 0.5hr EdU only in 

the basal location (Fig.7A; Fig.7U, black line). Co-localization of NeuroD1 with EdU 

continues in the basal location at 2hr (Fig.7B, arrowheads; Fig.7U, black line), 4hr 

(Fig.7C, arrowheads; Fig.7U, green line) and 8hr (Fig.7D, arrowheads; Fig.7U, blue 

line), indicating that basal progenitor cells express NeuroD1 throughout their cell cycle 
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after the newly generated cells reach the basal location. NeuroD1 also partially co-

localized with p27 (Fig.8H), a cyclin-dependent kinase inhibitor expressed in 

differentiating neural progenitor cells as well as postmitotic neurons (Kawaguchi et al., 

2004; Nguyen et al., 2006), but it did not co-localize with NeuN (Fig.8C), a marker for 

a subset of postmitotic neurons, suggesting that NeuroD1 expression is transient. 

 Lhx2/9 was expressed in the lateral part of the thalamus, and showed only a 

minor overlap with EdU at each of the pulse times (Fig.7E,F,G,H,V). The overlap with 

neuronal markers NeuN and p27 was robust (Fig.8E,J), indicating that Lhx2/9 

expression persists in postmitotic neurons, consistent with a previous study showing 

widespread expression of Lhx2 and Lhx9 in postmitotic thalamic nuclei (Nakagawa & 

O’Leary, 2001).  

 As shown in Fig.4, Neurog1 is co-localized with 0.5hr EdU in the VZ (Fig.7I, 

arrowheads; Fig.7W, black line) but not in the SVZ. In contrast, Neurog2 co-

localization with 0.5hr EdU was found both in the VZ and SVZ (Fig.7M, arrowheads; 

Fig.7X, black line). Cells co-expressing EdU and Neurog1 and cells co-expressing EdU 

and Neurog2 were found more medially at 2hr pulse (Fig.7J,N, arrowheads; Fig.7W,X, 

red line). This suggests that basal progenitor cells expressing Neurogenins migrate 

apically, which is consistent with a time-lapse observation of neocortical IPCs 

(Haubensak et al., 2004). At 4hr, when a majority of PH3-positive cells are also EdU-

positive, co-localization of Neurogenins and EdU was restricted to the lateral cluster of 

EdU-positive cells (Fig.7K,O, arrowheads; Fig.7W,X, green line). At 8hr pulse, we 

detected double-labeled cells closer to the ventricle, while the lateral cluster of EdU-

positive cells, which are likely to be postmitotic neurons, did not express Neurogenins 
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(Fig.7L,P, arrowheads; W,X, blue line). These results indicate that Neurog1 and 

Neurog2 are both induced as newly-formed basal progenitor cells migrate to basal 

positions, either within the VZ (for both Neurog1 and Neuorg2) or SVZ (for Neurog2), 

and their expression is maintained as the basal progenitor cells undergo cell cycles and 

divide again. Double staining with NeuN (Fig.8A,B) and p27 (Fig.8F,G) showed that 

Neurogenins overlap with p27 but not with NeuN. Thus, expression of Neurogenin is 

transient. 

Neurogenins are required for the formation and/or maintenance of basal 

progenitor cells in the thalamus 

In the neocortex, Neurog1 and Neurog2 together play a role in neuronal differentiation 

and, at the same time, in the specification of dorsal telencephalic fate of neural 

progenitor cells (Schuurmans et al., 2004). Microarray analysis shows that the 

expression levels of Tbr2 and NeuroD1 in the neocortex are decreased in Neurog1/2 

double knockout mice (Schuurmans et al., 2004). Although histological analysis of 

cortical IPCs with immunohistochemistry for Tbr2 and NeuroD1 has not been reported 

in these mutant mice, both PH3-positive mitotic cells and BrdU-labeled S-phase 

progenitor cells are increased in SVZ and decreased in VZ in Neurog2 single as well as 

Neurog1/2 double knockout mice (Britz et al., 2006), suggesting that these transcription 

factors are likely to play an important role in IPC specification and/or differentiation. 

 In order to determine if Neurogenins play a role in the formation or maintenance 

of basal progenitor cells in the thalamus, we analyzed Neurog1/2 double knockout mice 

and Neurog1 and Neurog2 single knockout mice in comparison with double 

heterozygous controls. We found that double knockout mice (Neurog1-/-; Neurog2-/-) 
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have fewer PH3-positive, dividing basal progenitor cells in the pTH-C domain at E12.5 

(Fig.9D,E). Both the absolute number and the ratio against the total PH3-positive cell 

number were significantly reduced from the controls. In contrast, the number of apical 

PH3-positive cells or the total PH3-positive cells did not show significant difference. 

Neurog2 single (Neurog1+/-; Neurog2-/-) mutant showed reduction in absolute number of 

basal PH3-positive cells but not in the ratio against the total PH3-positive cells 

(Fig.9C,E) Neurog1 single mutant did not show any significant difference from the 

control (Fig.9B,E). These results indicate that Neurogenins are required for the normal 

number of basally dividing progenitor cells in the thalamus, and that the role of 

Neurog2 is only partially compensated by Neurog1.  

 As already shown previously (Fode et al., 2000), another bHLH transcription 

factor Ascl1 (also known as Mash1) is induced in the neocortex of Neurog2 single and 

Neurog1/2 double mutant mice. Ascl1 is normally expressed at a high level in the 

ventral telencephalon, suggesting a role for Neurogenins in specifying dorsal 

telencephalic fate and suppressing ventral telencephalaic fate. It has also been shown 

that Neurogenins are required to suppress Ascl1 expression in the thalamus (Fode et al., 

2000; Scholpp et al., 2009). Consistent with these previous findings, we found robust 

Ascl1 induction in the thalamus of Neurog1/2 double mutant mice (Fig.9H), whereas 

Neurog2 single mutants (Neurog1+/-; Neurog2-/-) showed much less severe induction of 

Ascl1 (Fig.9G). Ascl1 was not induced in  Neurog1 single mutants (Neurog1-/-; 

Neurog2+/-; data not shown). These results demonstrate that Neurogenins, of which 

Neurog2 being the prominent one, suppresses Ascl1 expression. Reduction of the basal 

progenitor cell number in the thalamus of Neurogenin mutant mice indicates that Ascl1 
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does not compensate for the function of Neurogenins in this cell type. Interestingly, 

Tbr2, a cortical IPC marker, was normally not expressed in the thalamus but was 

ectopically induced in the mantle zone of the thalamus of the Neurog1/2 double mutant. 

(Fig.9M,N). Considering the fact that SVZ mitosis is increased in the neocortex (Britz 

et al., 2006) but was decreased in the thalamus (Fig.9) of Neurog1/2 double knockout 

mice, we conclude that the roles of Neurogenins in basal progenitor cells in the 

thalamus are likely different from those in the neocortex. 

 The paired/homeo-domain transcription factor Pax6 is known to play a critical 

role in thalamic development (Pratt et al., 2000). As already shown in Fig.2, high-level 

expression of Pax6 was detected in the thalamic VZ, although the expression decreased 

in the rostro-ventral part of the pTH-C domain at E11.5 and later. In Pax6 mutant mice, 

we detected reduction of Neurog2 expression (FIg.10E,G) and ectopic induction of 

Ascl1 (Fig.10F,H) in the ventral part of the pTH-C domain, but not in the dorsal part 

(Fig.10A-D). The ratio of basal PH3+ cells were specifically reduced in ventral 

sections, where a large number of Ascl1-expressing cells were intermingled with 

Neurog2-expressing cells (Fig.10G,H,I). The decrease in the number of basal PH3+ 

cells was accompanied by increase in the number of apical PH3+ cells (Fig.10J), 

indicating the role of Pax6 in generating basal progenitor cells from apical progenitor 

cells. The total number of basal + apical PH3+ cells did not change between wild type 

and mutant embryos both at dorsal and ventral levels (data not shown). 
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DISCUSSION 

In this study, we showed that throughout thalamic neurogenesis, a high proportion of 

progenitor cells divide away from the third ventricle and some of these basal cell 

divisions occur outside of the VZ. We found that basal progenitor cells are most 

abundant in the thalamic progenitor domain that expresses bHLH transcription factors 

Neurog1 and Neurog2, which are also expressed in the neocortex where basal 

progenitor cells abound. The thalamus and the neocortex share some of the molecular 

markers expressed in these cell populations, including Neurog1, Neurog2, NeuroD1 and 

Insm1, but each also expresses a unique set of genes. For example, Tbr2 is expressed 

only in the neocortex and Olig2 and Olig3 are expressed only in the thalamus. We then 

characterized various transcription factors that are differentially expressed at different 

cell cycle stages of thalamic progenitor cells. We further showed that two bHLH 

transcription factors, Neurog1 and Neuorg2, are together required for the normal 

number of thalamic basal progenitor cells. 

Medial-lateral organization of the thalamic progenitor domain  

Our current study has identified a domain of progenitor cells outside the thalamic VZ. 

We term this external zone of progenitor cells the thalamic SVZ. The term thalamic 

SVZ has been used before (e.g. (Bulfone et al., 1993)), but there have not been reports 

showing the presence of progenitor cells outside of the VZ that are either dividing or in 

S-phase of the cell cycle. In this paper, we used the presence of cleaved Notch1 (NICD) 

as the landmark of VZ (Tokunaga et al., 2004). In the neocortex, Notch signaling plays 

a critical role in maintaining radial glial fate and inhibiting the expression of Neurog2 

and Tbr2, and thus the formation of IPCs (Gaiano et al., 2000; Ochiai et al., 2009; 
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Kawaguchi et al., 2008). Within the pTH-C domain of the thalamus, progenitor cells 

outside the VZ start to be detectable at E11.5 and become more prominent at E12.5, 

although basal cell division occurs not only within the SVZ, but also in the VZ as early 

as E10.5, when thalamic neurogenesis has just started (Angevine, 1970). Based on these 

results, we propose a classification of thalamic progenitor cells into three types based on 

where they divide. The first population (type I) is the radial glial cells that divide at the 

apical surface of the third ventricle. If we define them as producing NICD (although the 

signal is weaker near the ventricular surface), they also express Olig3 and Olig2. The 

second (type II) and third (type III) populations divide away from the ventricular 

surface; type II cells divide within VZ and type III cells divide in SVZ. Based on our 

gene expression analysis, Neurog1 differentiates type II and type III cells because it is 

expressed by NICD-negative cells in the VZ, but not in the SVZ. Among the markers 

expressed in both types of progenitor cells, Neurog2 is expressed evenly between VZ 

and SVZ, while NeuroD1-expressing cells are distributed much more densely in SVZ 

than in VZ. Two other bHLH factors Olig2 and Olig3 are expressed in all three 

progenitor types (summarized in Fig.11). Interestingly, a recent study analyzed gene 

expression profiles of single progenitor cells in E14 mouse cortex and classified the 

progenitor cells into three clusters that likely correspond to radial glial cells, VZ basal 

progenitors and SVZ basal progenitors (Kawaguchi et al., 2008). Since it is unclear 

whether the two basal progenitor cell clusters in the cortex represent the difference in 

their state of cell cycle phase (e.g., G1/S phases for VZ basal progenitor cells and G2/M 

phases for SVZ progenitor cells) or the location of mitosis, it remains to be determined 

how our two progenitor populations (type II and III) differ in overall gene expression 
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profiles and how they are related with regard to cell lineage.  

What is the significance of the large number of basal progenitor cells in the 

thalamus? 

Our current study shows that the thalamus is one of the brain regions where basal 

progenitor division is most prominent. In comparison with a similar quantification 

study, the ratio of basal PH3-positive cells in E12.5 thalamus is comparable to the peak 

ratio of basal divisions in neonatal cortex (Kowalczyk et al., 2009). As in the neocortex, 

basal progenitor divisions occur in both the VZ and SVZ. Although basal division of 

neural progenitor cells have been described in many regions in the central nervous 

system including the spinal cord and the hindbrain (Smart, 1972a; Smart, 1972b; Smart, 

1973; Smart, 1976), the existence of the embryonic SVZ, which is populated 

exclusively by basal progenitor cells and not by radial glia, has been described only for 

the neocortex and the ventral telencephalon, where basal progenitor cells are dominant 

and a large number of neurons are generated. We propose that the thalamus belongs to 

this group of brain regions. Considering the extensive interconnections between the 

mammalian thalamus and the neocortex, it is intriguing to speculate that these two brain 

regions have evolved together to produce a balance in the large numbers of neurons 

needed to connect these regions.  

 Recent lineage tracing studies show that both Neurog1- and Neurog2-expressing 

progenitor cells produce neurons of all thalamic nuclei that project to the neocortex 

(Vue et al., 2007; Kim et al., 2011a). Because Neurog1 is expressed in basal progenitor 

cells in the VZ but not in the SVZ, whereas Neurog2 is expressed in both populations, it 

will be interesting to determine if the basal progenitor cells in VZ and those in SVZ 
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generate different sets of neurons in each nucleus. The potentially distinct postmitotic 

cell fates of Neurog1- and Neurog2-expressing progenitor cells might result in specific 

thalamic phenotypes in Neurog2 single knockout mice. Seibt et al. (2003) showed 

normal expression of Lhx2 and Gbx2, both of which are widely expressed in postmitotic 

thalamic neurons at E12.5, in Neurog2 single knockout mice. We have also obtained 

similar results in Neurog1+/-; Neurog2-/- mice (data not shown). Thus, analysis of later 

embryonic stages with nuclei-specific markers would be necessary to reveal the specific 

roles of Neurog2 in thalamic neurogenesis.   

 Although our study does not provide information on how the thalamic basal 

progenitor cells migrate, divide and produce progeny in real time, it is possible they 

have similar properties to neocortical IPCs, which divide symmetrically to self renew or 

produce two neurons, and that thalamic basal progenitor cells contribute to the diversity 

and the large neuronal number of thalamic nuclei. Our analysis of gene expression 

combined with EdU pulse support this hypothesis (summarized in Fig.11). It is also 

possible that some basal progenitor cells we identified later generate oligodendrocytes 

and/or astrocytes. Future lineage tracing studies using live imaging and genetic fate 

mapping will test such possibilities. 

Roles of Neurogenins and Pax6 in generation/maintenance of thalamic basal 

progenitor cells  

We observed a decreased number of basal PH3-positive cells in the thalamus of 

Neurog2 single and Neurog1/2 double knockout embryos. In the neocortex, the level of 

Tbr2 mRNA is decreased in Neurogenin mutant mice (Britz et al., 2006), and in vivo 

over-expression of Neurog2 increased Tbr2-expressing cells in the cortex 24 hours after 
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electroporation (Ochiai et al., 2009). However, basal PH3-positive cells were increased 

at the expense of apical mitosis in the neocortex of Neurog2 single and Neurog1/2 

double knockouts (Britz et al., 2006). In contrast, we saw a decrease in basal progenitor 

cells and an unchanged number of apical progenitor cells in the thalamus of these 

knockout mice. Our data suggest that Neurog2, once induced in one of the daughter 

cells after the radial glial division in the neocortex and perhaps in the thalamus, plays a 

cell-autonomous role in specifying basal progenitor fate (Ochiai et al., 2009). 

Differences in the genes regulated by Neurogenins in the thalamus and neocortex and 

the functions of these genes may account for the opposite phenotypes in the SVZ of 

Neurogenin knockout mice.  

 There are many other regions in the central nervous system where Neurogenins 

are expressed, but, among them, only the neocortex and the thalamus appear to have 

prominent populations of basally dividing cells. Conversely, the ventral telencephalon 

expresses Ascl1 and not Neurogenins, but still contains a large number of basally 

dividing progenitor cells. Therefore, expression of Neurogenins alone is not sufficient 

or absolutely necessary for a large population of basal progenitor cells. Further study is 

needed to determine what other molecules play a shared role in the neocortex and 

thalamus.  

 Our study also showed that Pax6 mutant mice have reduced number of basal 

progenitor cells in the ventral part of the thalamus where there was a severe reduction of 

Neurogenin expression and massive induction of Ascl1. Unlike in the Neurogenin 

mutants, however, we saw increased apically dividing cells in this region of the 

thalamus. The similarities and differences between the Neurogenin and Pax6 mutants 
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indicate that, although Pax6 regulates the formation of basal progenitor cells in the 

thalamus by regulating the normal expression of Neurogenins, it also has distinct roles 

in radial glial cells, which also control the balance between the apical and basal 

progenitor cells. 

 Our study provides evidence for the presence of a prominent population of basal 

progenitor cells in the embryonic mouse thalamus, part of which forms the 

subventricular zone. Combined analysis of transcription factor expression and cell cycle 

status revealed that these basal progenitor cells may be divided into two populations: 

one that divides in the ventricular zone and the other that divides in the subventricular 

zone (summarized in Fig.11 as a working hypothesis). We also found that Neurogenins 

are required for the formation and/or maintenance of basal progenitor cells in the 

thalamus. Our study implicates the importance of this special progenitor cell population 

in enhancing the generation of neurons within the thalamus and may also be critical for 

generating neuronal diversity in this complex brain region. 
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Figure 1: Numerous cells divide away from the third ventricle in the embryonic mouse 
thalamus  
A-F. Frontal sections of E10.5 (A,B), E12.5 (C,D) and E14.5 (E,F) of wild type mouse 
forebrain. Midline is to the left. A,B and C,D each shows the same sections of triple 
immunohistochemistry for PH3, Olig3 and Neurog2. E is more dorsal to F. Numerous PH3-
positive cells exist not only at the surface of the third ventricle (A, arrow) but also away from 
the ventricle (A-D, arrowheads). At E14.5, when thalamic neurogenesis is almost over, a small 
number of PH3-positive cells are found in dorsal sections (E), but not in more ventral sections 
(F). Scale bar, 100 μm. PT, pretectum; C, thalamic progenitor domain pTH-C; R: thalamic 
progenitor domain pTH-R; ZLI, zona limitans intrathalamica. G-I: Cell count of PH3+ cells in 
the thalamus. G. Proportion of PH3+ cells located more than 40µm away from ventricular 
surface (basal PH3+ cells) was calculated for E11.5, E12.5 and E14.5. Ratio of basal PH3+/total 
PH3+ cells is significantly higher at E12.5 than E11.5 or E14.5 (p<0.05 and p<0.01 respectively; 
n=4 for E11.5, E12.5; n=6 for E14.5). H. At E12.5, significantly higher ratio of basal PH3+/total 
PH3+ cells is found in pTH-C compared to pTH-R and ZLI domains ( p<0.01; n=4 for pTH-C; 
n=6 for pTH-R and ZLI). I. Distribution of PH3+ cells in each of the 20µm-wide medio-lateral 
bins, showing two distinct populations of PH3+ cells; one is located closest to ventricular surface 
(bin 1) and the other population is located more basally, with the peak at bin 6 (mean±SEM; 
5.0±0.79).  
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Figure 2: Subventricular zone exists in the embryonic mouse thalamus 
Confocal images of frontal sections of E11.5 (A-D,C’,D’) and E12.5 (E-H,G’,H’) mouse 
forebrain showing combined immunostaining of NICD (intracellular domain of Notch1) or 
Pax6 with 0.5hr pulse-labeled EdU. Midline is to the left. C and C’, D and D’, G and G’ as well 
as H and H’ are from the same section, respectively. Broken lines in A,C,C’,E,G,G’ show the 
lateral border of NICD-expressing cells, and broken lines in D,D’,H,H’ show the lateral border 
of cells with strong Pax6 expression. Solid lines in C’ and G’ show the lateral border of EdU-
expressing cells. The space between the broken line and the solid line in C’ and G’ represents 
the thalamic subventricular zone (SVZ). PH3+ cells shown by arrowheads (A,B,E,F) indicate 
dividing cells within the VZ, whereas those shown by arrows (A,B,E,F,D’,H’) are located 
outside the VZ within the SVZ. Scale bar, 100 μm. 3V, third ventricle; VZ, ventricular zone; 
SVZ, subventricular zone.
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Figure 3: Expression of various transcription factors in thalamic progenitor cells 
A,B,D-G,I,J. Confocal images of E11.5 frontal sections showing combined immunostaining of 
Olig3 (A,F), NeuroD1 (B,G), Olig2 (D,I), Lhx2/9 (E,J) with 0.5hr pulse-labeled EdU. Midline 
is to the left. A,F. Dotted line delineates border of Olig3 expression, which coincides with the 
lateral border of EdU-expressing cells. B,G. Arrow in B shows the lateral cluster of NeuroD1-
expressing cells. Arrowheads in G show cells co-expressing NeuroD1 and EdU, which are 
found within the lateral cluster of NeuroD1-expressing cells. C,H. Combined in in situ 
hybridization for Insm1 and PH3 shows overlapping expression of these two markers (arrow). 
D,I. Arrowhead and arrow point to location of Olig2 expression in the VZ and more lateral 
locations, respectively. Z-projections along the indicated lines are shown in the insets in I, 
indicating the co-localization of green and red signals. E,J. Arrow in E shows the lateral 
position of Lhx2/9-expressing cells that show minimum overlap with 0.5hr EdU. Scale bar, 100 
μm.  
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Figure 4: Comparison of Neurog1 and Neurog2 expression patterns with regard to 0.5hr 
EdU pulse  
A-C. Confocal images of the same E11.5 frontal section showing combined immunostaining of 
Neurog1 and Neurog2 with 0.5hr pulse-labeled EdU on the same section. Midline is to the left. 
Dotted line delineates the lateral border of Neurog1-expressing cells. Arrows point to cells 
expressing Neurog1, Neurog2 and EdU within the lateral limit of Neurog1-expressing cells. 
Arrowheads point to cells that express EdU and Neurog2 but not Neurog1, located outside of 
the Neurog1-expressing domain. Scale bar, 50 μm. 
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Figure 5: NICD-expressing radial glial cells also express Olig3 and Olig2, but not Neurog1 
or Neurog2  
Confocal images of E11.5 frontal sections showing double immunostaining of NICD and 
various transcription factors. Midline is to the left. A. Olig3 shows robust overlap with NICD. 
B-D. Dotted line indicates lateral border of NICD-expressing cells, which we define as the 
lateral border of VZ. Neurog1(B), Neurog2(C), and NeuroD1(D) do not show co-localization 
with NICD within VZ (B-D, arrowheads) or within SVZ (C,D, arrow). E. Arrowheads point to 
cells co-expressing NICD and Olig2. Scale bar, 50 μm. 
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Figure 6: EdU pulse labeling and PH3 expression 
A-D. Confocal images of E11.5 frontal sections showing double staining of PH3 and EdU 
pulsed for different durations. Midline is to the left. A. With 0.5hr EdU pulse, PH3 shows no co-
localization with EdU in both apically and basally dividing cells. B. With 2hr EdU pulse, some 
cells show colocalization in both apical and basal locations (arrowheads). Compared with the 
0.5hr pulse, more EdU-labeled cells are found close to the ventricle (arrow). C. With 4hr EdU 
pulse, many cells express both PH3 and EdU at both apically and basally (arrowheads). D. With 
8hr EdU pulse, no co-localization of EdU and PH3 is detected. Dotted lines indicate the large, 
central cluster of EdU labeled cells. E. Cell counts showing the proportion of PH3+/EdU+ cells 
in  total PH3+ cells at E11.5 and E12.5. Greatest proportion of co-localization is found with 4hr 
pulse, suggesting that majority of cells enter M-phase within 4 hours after S-phase. Cell counts 
are shown as mean±SEM; One-way ANOVA test F=27.70, p<0.0001. Post-hoc Tukey test 
shows significant difference between EdU 0.5h vs 2h (p<0.01), EdU0.5h vs 4h (p<0.001) 
EdU2h vs 4h (p<0.05), EdU 2h vs 8h (p<0.01), and EdU 4h vs 8h (p<0.001) at E11.5 and 
significant difference between EdU0.5h vs 4h (p<0.01), EdU2h vs 4h (p<0.01), and EdU4h vs 
8h (p<0.01) at E12.5. No significance is detected for ratios between apically and basally 
dividing cells at the same pulse time. Scale bar, 50 μm. F,G. Distribution of EdU+ cells for each 
pulse time at E11.5 (F) and E12.5 (G). Each bin is 20μm wide and bin 1 is at the surface of the 
third ventricle. Three sections for each pulse time at each stage were averaged. 
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Figure 7: Co-expression of various transcription factors with EdU at different pulse 
durations 
Confocal images of E11.5 frontal sections showing double staining of various transcription 
factors and EdU pulsed for different durations of time. Midline is to the left. A-D. NeuroD1 is 
co-localized with EdU in basal locations at 0.5hr, 2hr, 4hr and 8hr after EdU labeling 
(arrowheads).  E-H. Lhx2/9 shows co-localization with EdU mostly at lateral locations with 
0.5hr, 2hr and 4hr pulses (arrowheads), but with 8hr pulse, scattered EdU-positive cells in the 
VZ as well as in far lateral locations show co-localization. I-L. With 0.5hr pulse, Neurog1 is co-
expressed with EdU near the lateral margin of the VZ (arrowheads). With 2hr and 4hr pulses, 
more double-positive cells are located medially, but not at the ventricular surface (arrowheads). 
M-P. Neurog2 shows a similar pattern to that of Neurog1, but cells expressing Neurog2 and 
EdU are found more laterally than Neurog1+/EdU+ cells (arrowheads). Neither of the 
Neurogenins shows robust co-localization with EdU with 8hr pulse in lateral locations (P, 
arrow). Scale bar, 50 μm. Q-T. Cell counts for each EdU pulse time are shown for each marker. 
Three sections for each sample were counted and cell numbers are averaged. Each bin is 20μm 
wide and bin 1 is at the surface of the third ventricle. U-X. Cell counts for each marker at 
different EdU pulse time. Three sections for each sample were counted and cell numbers are 
averaged. Each bin is 20μm wide and bin 1 is at the surface of the third ventricle. 



   57 

 

 

 

Figure 8: Co-expression of various transcription factors with postmitotic neuronal 
markers 
Confocal images of E11.5 frontal sections showing double staining of various transcription 
factors and NeuN (A-E) or cyclin-dependent kinase inhibitor, p27 (F-J). Midline is to the left. 
A-D. Neurog1, Neurog2, NeuroD1 and Olig2 show almost no overlap with the postmitotic 
neuronal maker, NeuN. NeuN expressing cells are restricted to the lateral part of the section. E. 
Lhx2/9 and NeuN are co-expressed. F-I. Neurog1, Neurog2, NeuroD1 and Olig2 show some 
co-expression with the cyclin-dependent kinase inhibitor, p27 in the VZ and SVZ (arrowheads). 
J. Abundant co-localization of Lhx2/9 and p27 in both VZ/SVZ (arrowheads) and the mantle 
zone. Scale bar, 50 μm. 
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Figure 9: Neurogenins are required for the normal number of basally dividing progenitor 
cells in the thalamus 
A-D. E12.5 frontal sections showing the expression of mitosis marker PH3 in (A) control 
compound heterozygote (Neurog1-/-;Neurog2+/-), (B) Neurog1 single knockout (Neurog1+/-

;Neurog2-/-) , (C) Neurog2 single knockout (Neurog1+/-;Neurog2-/-) and (D) Neurog1/2 double 
knockout (Neurog1-/-;Neurog2-/-) embryos. E: Cell count of PH3+ cells in the pTH-C domain of 
thalamus of Neurogenin knockout mice (n=9 for Neurog1+/-;Neurog2+/-, n=13 for Neurog1-/-

;Neurog2+/-, n=13 for Neurog1+/-;Neurog2-/-, n=4 for Neurog1-/-;Neurog2-/-). One sample is one 
section. Numbers of basal, apical and basal+apical PH3+ cells as well as the ratio of basal PH3+ 
cells/total PH3+ cells were compared between the genotypes. One-way ANOVA for Neurog1+/-

;Neurog2+/-, Neurog1-/-;Neurog2+/-and Neurog1+/-;Neurog2-/- embryos; F=11.96 for basal PH3, 
F=1.744 for apical PH3, F=4.517 for basal+apical PH3, F=5.881 for basal/total ratio.  H-J: 
Expression of the pTH-R/prethalamic marker Ascl1 in Neurogenin knockout mice at E12.5. 
Note induced expression of Ascl1 in pTH-C domain in I and J. F-L: Expression of transcription 
factor Tbr2 in Neurog1/2 double knockout embryos at E12.5. K and L show reduced but still 
persistent expression of Tbr2 in the neocortex of Neurog1/2 double knockout mice. M and N 
show induction of Tbr2 in the thalamic mantle zone of Neuorg1/2 double knockout mice. Olig3 
is used as a reference for thalamic VZ and SVZ. Scale bar, 100 μm for A-D, F-L.
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Figure 10: Pax6 mutant mice show regionally specific mis-expression of Ascl1 and 
reduction of Neurog2 expression in the thalamus, which is accompanied by reduced 
basally dividing cells 
E12.5 frontal sections showing double immunostaining of Neurog2 (A,C,E,G) or Ascl1 
(B,D,F,H) with PH3 in Pax6 mutant embryos (C,D,G,H) and their littermate control (A,B,E,F). 
A-D. Sections at the dorsal level shows a largely normal level of Neurog2 expression in the 
pTH-C domain of the thalamus (A,C) and the absence of Ascl1 expression (B,D). Basal PH3+ 
cells also appear normal (B,D, arrows). E-H. In more ventral sections, however, Neurog2 
expression is reduced (E,G) and Ascl1 is ectopically expressed (F,H). In the region where Ascl1 
is induced, basal PH3+ cells appear to be reduced (F,H, arrows). I,J. Cell count of PH3+ cells in 
the pTH-C domain of thalamus of Pax6 knockout mice (n=14 for each dorsal sections, n=14 for 
ventral sections). One sample is one section. I. The ratio of basal PH3+ cells/total PH3+ cells 
was compared between control dorsal, Pax6 knockout dorsal, control ventral, Pax6 knockout 
ventral sections. One-way ANOVA was done to compare ; F=56.25 J. The number of apical 
and basal PH3+ cells on ventral sections were compared between the Pax6 knockout and the 
control wild type embryos. Student’s t-test was done. Scale bar, 100 μm. 
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Figure 11: Summary of distinct progenitor cell populations in the thalamus-a working 
hypothesis 
Based on our observation, we propose a working hypothesis in which three types (I, II, III) of 
progenitor cells reside in the embryonic mouse thalamus. A-C denote the position of these 
progenitor cells at different phases of the cell cycle. Midline is to the left. Dotted line indicates 
VZ/SVZ border. A. Cells in S phase, most typically detected by 0.5hr EdU pulse. All the 
progenitor cell types comprise a single, wide column in the middle of the thalamus. B. Cells in 
G2 phase, most typically detected by 2hr EdU pulse. Radial glial cells are moving towards the 
ventricle by interkinetic nuclear migration. C. Cells in M phase. Radial glial cells divide at the 
ventricular surface, whereas type II and type III cells (both are basal progenitor cells) divide 
away from the ventricle. Type II cells divide in the VZ and type III cells divide in the SVZ. D. 
Hypothetical mode of cell division based on studies on neocortical IPCs. Radial glial cells 
divide asymmetrically to produce a radial glial cell and either a basal progenitor cell (1,2) or a 
neuron (3). Type II cells divide basally in the VZ and generate two neurons (4) or two type II 
cells (5). Type III cells divide basally in the SVZ and generate two neurons (6) or two type III 
cells (7). The actual lineage relationship between the three progenitor cell types in the thalamus 
is a topic of future investigation. 
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CHAPTER 3 

Differential activity of Wnt/β-catenin signaling in the embryonic mouse thalamus 

Bluske KK, Kawakami Y, Koyano-Nakagawa N, Nakagawa Y (2009) Developmental 

Dynamics 238 (12): 3297-309 
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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/β-catenin activity in 

embryonic mouse thalamus and found that a Wnt 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 & 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 (ZLI), caudally by the pretectum, dorsally by the habenula, and ventrally 

by the basal plate (Puelles & 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 et al., 

2007). Mechanisms that control the differential expression 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 & 

Lumsden, 2004; Vieira et al., 2005; Kataoka & 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 
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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 ZLI, 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 & 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 Dlx2. These results 

collectively demonstrate the early roles of Wnt singling 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 (Lui et al., 2011) and the projection of thalamocortical axons (Wang et al., 

2002; Zhou et al., 2008; Zhou et al., 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 
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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/β-

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/β-

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 ZLI. To investigate what accounts for this differential 

Wnt activity, 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 (Vue et al., 2009) to determine if Wnt/β-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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MATERIALS AND METHODS 

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). Olig3Cre/+; R26SmoM2/+ 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 c 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, Ascl1, Neurog2 (also known as 

Neurogenin 2 or Ngn2), and Olig2 as markers (Figs. 3, 4). Shh is a marker for the ZLI. 

Olig3 is expressed in the ZLI and the two progenitor domains, pTH-R and pTH-C. 

Ascl1 is expressed in pTH-R, prethalamus, and the caudal part of the pretectum. 

Neurog2 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 
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probes were used and gave rise to positive signals at least in some parts of the sections: 

Wnt1 (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), sFRP1 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; Vue et al., 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 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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RESULTS 

Expression of the Wnt Target Gene Axin2 in Embryonic Mouse Thalamus 

To examine Wnt/β-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/β-catenin signaling (Jho et al., 2002). As reported previously (Jho 

et al., 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 Wnt signaling has a role in neural patterning (Galceran et al., 2000; Lee 

et al., 2000; Ciani & 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 Ptc1, a downstream 
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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 ZLI, the rostral 

border of the thalamus that expresses Shh and some Wnt ligands (Echelard et al., 1993; 

Zhou et al., 2004; Fig. 1H,I, 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. 1I, 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 ZLI, two regions had lower Axin2 expression, one immediately 

adjacent to the ZLI (Fig. 1K, arrowhead), and the other one located further 

caudodorsally in the pretectum (Fig. 1K, double arrows). The ZLI 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, 
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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. 1M–O). 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 in the ZLI (Fig. 1O, arrow) and in 

the roof plate (Fig. 1O, arrowhead), but expression is weaker in the thalamus and 

pretectum (Fig. 1O, 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 ZLI 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 ZLI, dorsal 

tip (Fig. 1R,U, arrowheads), and a lateral population (Fig. 1R,U, double arrows). 

Together, these results show that Wnt/β-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 et al., 

2007; Vue et al., 2009). For example, Olig3 is expressed in the entire thalamus and the 

ZLI, and the ZLI is labeled by Shh (Fig. 2C,G,M). The bHLH transcription factor Ascl1 

(also known as Mash1) is expressed in the rostroventral progenitor domain, pTH-R, 

whereas Olig2 is expressed in the rostroventral part of the caudal progenitor domain, 
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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,I). 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. 2I, 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-
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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,I), 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 Wnt/β-catenin signaling is differential within 

the thalamus, the pattern of expression does not 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/β-catenin signaling 
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regulates proliferation of neural progenitor cells (Megason & McMahon, 2002; Chenn, 

2008; Alvarez-Medina et al., 2009). Thus, it is possible that differential Axin2 and BAT-

gal expression reflects a similar role of Wnt/β-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. 4I,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/β-catenin signaling in thalamic neurogenesis, Wnt/β-

catenin is likely to have other roles at the stages of thalamic development we have 
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analyzed. 

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

Thalamus 

The expression of Axin2 mRNA is a final readout of Wnt/β-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. Wnt1 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 & 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 ZLI, and the thalamus had much weaker expression than the 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 
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wedge-like region in the diencephalon dorsal and caudal to the ZLI at E9.5 and E10.5, 

and that the expression level decreased after E10.5 (Louvi et al., 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 ZLI still maintained Wnt3a expression 

(Fig. 6H). Wnt5a was expressed in the ZLI at both E10.5 and E11.5 (Figs. 5C,G, 6C,I), 

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. 5I, 

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. 5I,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 Wnt5a is largely restricted to 

the ZLI. 

 We next analyzed the expression of soluble Wnt inhibitors, receptors, and 

transcription factors. Soluble inhibitors Dkk3, sFRP1, sFRP2, and sFRP5 were not 

clearly expressed in the thalamic ventricular zone (data not shown). Another soluble 

inhibitor, Dkk2, was expressed specifically in the ZLI at E11.5, but only in the dorsal 
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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 et al., 2007). Wnt/β-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 ZLI (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. 6O). 

In more ventral sections, LEF1 expression was very weak (Figs. 5O, 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. 5O, 6O,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 
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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/β-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/+; R26SmoM2/+ 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 of Ptc1, 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 Ascl1, a pTHR marker, and Olig2, a marker for the rostroventral region 

within the pTHC 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 
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Change the Axin2 Expression Pattern in Thalamic Progenitor cells 

To test the possibility that Wnt signaling requires Shh signaling to be activated or 

repressed, we also analyzed Axin2 expression in NestinCre/+;Shhc/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 & 

McMahon, 2002).  

 As shown previously (Vue et al., 2009), NestinCre/+; Shhc/c mice had very low Shh 

signaling in the thalamus at E11.0 (Fig. 8B,F). The pTH-R marker Ascl1 and 

rostroventral pTHC 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/+; Shhc/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/β-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 
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signal may interfere with the Shh pathway upstream of Gli activators. 
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DISCUSSION 

Although previous studies have demonstrated that Wnt/β-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/β-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/β-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 the Wnt/β-catenin signaling pathway by Shh. Several studies have 

proposed a variety of mechanisms by which Wnt and Shh pathways interact during 

neural development (Robertson et al., 2004; Lei et al., 2006; Ulloa et al., 2007; Alvarez-

Medina et al., 2008; Alvarez-Medina et al., 2009; Joksimovic et al., 2009; Quinlan et 

al., 2009), but it is not known whether or how Wnt/β-catenin and Shh pathways interact 

during thalamic neurogenesis. Further functional studies are needed to address these 

questions.
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Figure 1: Differential expression of Axin2 and BAT-gal in the thalamic ventricular zone 
A: At embryonic 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 c 
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 intrathalamica (ZLI, 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 
Ptc1 (F) in the thalamus. Rostrocaudal and dorsoventral axes within the thalamus are shown. a, 
b, and c 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 ZLI. 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, Ptc1 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–I), 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 I, L, O, R, and U include the most ventral part, 
corresponding to plane c. G–I: At E10.5, Axin2 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 (I). 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 µm in A,B,D–U.
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Figure 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, Ascl1 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. Ascl1 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 ZLI (double arrows) and in the pretectum (double arrowheads) and 
high expression in remainder of the thalamic ventricular zone. I is a higher magnification image 
of E and shows the region adjacent to the ZLI (I, double arrows and bracket) with reference to 
Ascl1 (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; ZLI, zona limitans intrathalamica. Scale bar: 100 µm. 
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Figure 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. 
3I, double arrowheads). D–F: Ptc1 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 ZLI does not express Ptc1. Ptc1 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 ZLI (red), is divided into two domains, pTH-R (blue) and pTH-C 
(yellow-white). pTH-R expresses transcription factors such as Ascl1 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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Figure 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 ventralmost 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, I, 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 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 I,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: 100 µm. 
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Figure 5: 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 µm. 
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Figure 6: 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,I), 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 µm. 
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Figure 7: Expression of Axin2 in Olig3Cre/+;R26SmoM2/+ 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 Olig3Cre/+;R26SmoM2/+ embryos and A–D and I–L are controls 
(Olig3/+;R26SmoM2/+). 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 Olig3Cre/+;R26SmoM2/+ 
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). I, 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 µm. 
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Figure 8: Expression of Axin2 in NestinCre/+;Shhc/c 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 NestinCre/+;Shhc/c embryos 
and A–D are controls (Nestin+/+;Shhc/c). Within each set of panels, adjacent sections were 
analyzed for in situ hybridization (Axin2, Ptc1) 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 Ptc1 expression 
were used to confirm that NestinCre/+;Shhc/c embryos have decreased Shh signaling compared 
with controls (F,G compared with B,C). H: The pTH-R marker Ascl1 and rostroventral pTH-C 
marker Olig2 are not expressed in the thalamus of NestinCre/+;Shhc/c 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/+;Shhc/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 µm.
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CHAPTER 4 

β-catenin signaling specifies progenitor cell identity in concert with Shh signaling in the 

developing mammalian thalamus 

Bluske KK, Vue TY, Kawakami Y, Taketo MM, Yoshikawa K, Johnson JE, Nakagawa 
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Neural progenitor cells within the developing thalamus are spatially organized into 

distinct populations. Their correct specification is critical for generating appropriate 

neuronal subtypes in specific locations during development. Secreted signaling 

molecules, such as Sonic hedgehog (Shh) and Wnts, are required for the initial 

formation of the thalamic primordium. Once thalamic identity is established and 

neurogenesis is initiated, Shh regulates the positional identity of thalamic progenitor 

cells. Although Wnt/ β-catenin signaling also has differential activity within the 

thalamus during this stage of development, its significance has not been directly 

addressed. In this study, we used conditional gene manipulations in mice and explored 

the roles of β-catenin signaling in the regional identity of thalamic progenitor cells. We 

found β-catenin is required during thalamic neurogenesis to maintain thalamic fate 

while suppressing prethalamic fate, demonstrating that regulation of regional fate 

continues to require extrinsic signals. These roles of β-catenin appeared to be mediated 

at least partly by regulating two bHLH transcription factors, Neurog1 and Neurog2. β-

catenin and Shh signaling function in parallel to specify two progenitor domains within 

the thalamus, where individual transcription factors expressed in each progenitor 

domain were regulated differently by the two signaling pathways. We conclude that β-

catenin has multiple functions during thalamic neurogenesis and that both Shh and β-

catenin pathways are important for specifying distinct types of thalamic progenitor 

cells, ensuring that the appropriate neuronal subtypes are generated in the correct 

locations. 
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INTRODUCTION 

The mammalian thalamus performs a diverse array of critical brain functions, each of 

which is subserved by specific neuronal groups or nuclei (Jones, 2007). Most thalamic 

nuclei are composed of glutamatergic excitatory neurons. These nuclei show differential 

patterns of gene expression and form connections with the neocortex in unique patterns 

(Nakagawa & O’Leary, 2001; Jones & Rubenstein, 2004). A second group of thalamic 

nuclei, including intergeniculate leaflet (IGL) and ventral lateral geniculate nucleus 

(vLG), are composed predominantly of GABAergic inhibitory neurons that do not 

project to the neocortex (Jones, 2007). Generation and positioning of different types of 

thalamic neurons depend on the proper patterning of the embryonic thalamus into 

distinct progenitor cell populations (Vue et al., 2009). However, its underlying 

molecular mechanisms are only beginning to be explored (Kiecker & Lumsden, 2004; 

Vieira et al., 2005; Kataoka & Shimogori, 2008; Scholpp & Lumsden, 2010; Jeong et 

al., 2011; Nakagawa & Shimogori, 2012). 

 During thalamic neurogenesis, many transcription factors are heterogeneously 

expressed by progenitor cells, and their expression patterns delineate two distinct 

progenitor domains, pTH-R and pTH-C (Vue et al., 2007). Each domain generates 

distinct subtypes of neurons; pTH-C generates nuclei that project to the cortex, whereas 

pTH-R generates GABAergic nuclei (Vue et al., 2007; Jeong et al., 2011).   

 The Wnt/β-catenin and Shh signaling pathways are crucial for various aspects of 

thalamic development. During early brain patterning, Wnts are expressed outside the 

nervous system (Nordstrom et al., 2002) and specify caudal forebrain fate, including the 

thalamus, and suppress rostral forebrain fate, including the prethalamus, through 
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regulation of transcription factors of the Irx, Fez and Six families (Braun et al., 2003; 

Kobayashi et al., 2002; (Shimizu & Hibi, 2009). The prethalamus is immediately rostral 

to the thalamus and gives rise mainly to GABAergic neurons that populate the vLG, 

zona incerta and reticular nucleus (Vue et al., 2007; Delaunay et al., 2009). In mice 

deficient in LRP6, a Wnt co-receptor, the entire thalamic tissue expressed prethalamic 

genes and the zona limitans intrathalamica (ZLI), the tissue that separates the thalamus 

from the prethalamus and produces signaling molecules such as Shh and various Wnts, 

did not form properly (Zhou et al., 2004). Thus, early Wnt signaling is crucial for 

establishing thalamic identity and forming the ZLI. Wnt ligands are induced within the 

caudal forebrain itself shortly before ZLI formation and they are still expressed within 

and near the thalamus during neurogenesis (Salinas & Nusse, 1992; Bulfone et al., 

1993; Louvi et al., 2007; Quinlan et al., 2009). Wnt ligands and their downstream 

transcription factors Lef1 and Tcf4 are expressed in unique patterns within the 

embryonic mouse thalamus and/or the ZLI and transcriptional activity of a target gene, 

Axin2, is differential within the thalamus (Bluske et al., 2009). These results raise the 

possibility that Wnt/β-catenin signaling continues to function during thalamic 

neurogenesis. However, no specific roles at this stage have been directly assessed either 

in chick or mouse.   

 During thalamic neurogenesis, Shh is produced by the ZLI and basal plate, a 

tissue located ventral to the developing thalamus (Echelard et al., 1993). Graded Shh 

signaling, high rostroventrally and lower caudodorsally, regulates the position-specific 

fates of thalamic progenitor cells (Kiecker & Lumsden, 2004; Vieira et al., 2005; Vue et 

al., 2009; Jeong et al., 2011). Because β-catenin and Shh signaling as evaluated by their 
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transcriptional readouts are active in partially complementary patterns across the 

thalamus (Bluske et al., 2009), it is possible the two pathways functionally oppose each 

other to control the identity of thalamic progenitor domains.  

 To resolve these unanswered questions, we have used mouse genetics to 

conditionally increase or decrease β-catenin activity in thalamic progenitor cells during 

neurogenesis. In addition, we deleted Shh and β-catenin in the same embryos to 

determine the relative contributions of these two pathways to the positional identity of 

thalamic progenitor cells. Our results indicate that thalamic identity continuously 

requires β-catenin signaling for its maintenance and that normal patterning of the 

thalamus requires the complementary activity of both Shh and β-catenin pathways. We 

also found that ablation of β-catenin signaling during neurogenesis results in aberrant 

organization of glutamatergic and GABAergic neuronal populations later in 

development.  
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MATERIALS AND METHODS 

Mice 

The mutant mouse alleles used in this study have been reported previously: BAT-gal 

(Maretto et al., 2003), Ctnnb1flox(exon2-6) (β-catenin(2-6)c; (Brault et al., 2001; Jackson 

Laboratory), Ctnnb1flox(exon3) (β-catenin(ex3); (Harada et al., 1999), Olig3Cre (Vue et al., 

2009), Neurog1CreERT2 (Kim et al., 2011a), ShhN (St-Jacques et al., 1998; Jackson 

Laboratory), Shhflox (Shhc; (Lewis et al., 2001); Jackson Laboratory), Neurog1-, 

Neurog2GFP (Ma, et al. 1998; Seibt et al., 2003; obtained from F. Guillemot), Ascl1CreERT2 

(Kim et al., 2011b), Rosa26stop-YFP (Srinivas et al., 2001), and CAG-loxP-stop-loxP-

ZsGreen (Ai6) (Madisen, et al., 2010; Jackson Laboratory). 

 Tamoxifen was dissolved in corn oil (20mg/mL), and one dose (0.2mL) was 

administered via oral gavage to pregnant female mice containing CreERT2 alleles. 

Noon of the day of the vaginal plug was considered embryonic (E) day 0.5; stages of 

embryos was confirmed by morphology (Kaufman, 1992). Care and experimentation 

was done in accordance with the Institutional Animal Care and Use Committee of the 

University of Minnesota.   

Histology 

Mouse embryos were fixed in 4% paraformaldehyde (PFA) and cryoprotected in 30% 

sucrose, embedded in OCT compound and cryosectioned at 20μm thickness. All 

sections were cut frontally; see Fig.1 and (Vue et al., 2007; Nakagawa & Shimogori, 

2012) for description of section planes and nomenclature.       

Immunofluorescence and in situ hybridization 
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Immunofluorescence was done based on (Vue et al., 2007). Primary antibodies unique 

to this study included: Dlx2 and Dlx5 (1:3000; guinea pig; (Kuwajima et al., 2006)), 

Gata2 and Gata3 (1:200; rabbit; Santa Cruz Biotechnology), Helt/Heslike (1:500; 

guinea pig; (Miyoshi et al., 2004), Islet1 (39.4D5) and Pax6 (1:10; mouse, 

Developmental Studies Hybridoma Bank), Ki67 (1:100; mouse; BD), Lhx2 (1:100; 

goat; Santa Cruz Biotechnology; note: based on the expression pattern, this antibody 

may also recognize Lhx9, so we refer to this as Lhx2/9) and β-catenin (1:200; mouse; 

BD) and PDGFRα (1:100; rat; BD). Secondary antibodies were DyLight- or Cy2/3/5-

conjugated from Jackson ImmunoResearch (West Grove, PA, USA). Most 

immunofluorescence images were taken with a confocal Olympus Fluoview 1000 

microscope. Optical sections were collected at 2μm intervals and ImageJ software 

(NIH) was used to merge channels. Immunofluorescence images were also captured 

with a fluorescent microscope and analyzed as previously described (Vue et al., 2007), 

and are indicated in the figure legend.  

 In situ hybridization was performed as described (Vue et al., 2007). LacZ 

mRNA shown in Fig. 1 was detected by Tyramide Signal Amplification (TSA) (Perkin 

Elmer) combined with peroxidase-conjugated anti-digoxigenin antibody (Roche).   

Electroporation and whole embryo culture 

E10.5 embryos were dissected in 1x PBS according to Takahashi et al. (2008). We 

utilized the roller tube/bottle system for whole-embryos culture using a rotating bottle 

holder mounted inside an incubator. Embryos were precultured for 1 hour at 37℃ in 

100% rat serum (Gemini, Woodland, CA) supplemented with 2mg/mL glucose with 

95%O2/5%CO2. After preculture, embryos were individually electroporated with 
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pCAG-dnLef1-2A-H2BEGFP vector (based on pCAG-TdTomato-2A-H2BEGFP 

(Trichas et al., 2008) or co-electroporated with pCAG-Neurogenin2 (Mizuguchi et al., 

2001) into the third ventricle (Vue et al., 2009). After electroporation, embryos were 

transferred to the culture medium, re-gassed, and returned to the roller tube/bottle 

apparatus for another 24 hours.  
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RESULTS 

β-catenin-controlled transcription occurs in multiple cell populations during 

thalamic neurogenesis 

The embryonic mouse thalamus is partitioned into two progenitor domains, rostro-

ventrally located pTH-R and the caudo-dorsally located pTH-C (Fig.1; Vue et al., 

2007). Our previous work indicated that β-catenin-controlled transcription is active in a 

spatially and temporally dynamic pattern during thalamic neurogenesis, where it was 

highest in pTH-C and lower in pTH-R (Bluske et al., 2009). Our recent study (Wang et 

al., 2011) showed the presence of two distinct types of thalamic progenitor cells: 1) 

radial glial cells that divide apically at the surface of the third ventricle and 2) basal 

progenitor cells that divide away from the surface of the ventricle and form the 

subventricular zone (SVZ) in addition to also residing in the VZ. LacZ expression in 

BAT-gal transgenic mice reports Tcf/LEF1-dependent transcription that requires β-

catenin activity (Maretto et al., 2003). At E12.5, LacZ mRNA was robustly expressed in 

pTH-C in the VZ (Fig. 1A-F), which contained apically-dividing, phosphohistone-H3 

(PH3)-positive cells (Fig. 1B’,D’,F’) and also in a more lateral location where basal 

PH3-positive cells reside (Fig. 1B’D’,F’). LacZ expression further extended into the 

mantle zone (Fig. 1D,F). This indicates that within the pTH-C domain of the thalamus, 

β-catenin-controlled transcription is active in radial glial cells, basal progenitor cells 

and postmitotic cells in the thalamus. 

Neurog1CreERT2 and Olig3Cre alleles cause recombination in the thalamus during 

neurogenesis 
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To investigate the roles of β-catenin signaling, we deleted the β-catenin gene in a 

spatially- and temporally-regulated manner using two different Cre alleles, Olig3Cre 

(Vue et al., 2009) and Neurog1CreERT2 (Kim et al., 2011a). Olig3 is a basic helix-loop-

helix (bHLH) transcription factor expressed from E10.5 to E13.5 in most thalamic 

progenitor cells, as well as in the ZLI, but not in the prethalamus or in the pretectum 

(Fig. 1 for orientation; (Vue et al., 2007)).Neurog1 is another bHLH factor expressed in 

thalamic pTH-C domain and the ZLI, but not within pTH-R or in the prethalamus (Vue 

et al., 2007). Our recent work showed that at E11.5 and E12.5, Neurog1 is expressed in 

VZ but showed minimal overlap with a radial glial marker, NICD (intracellular domain 

of Notch), indicating it is expressed in basal progenitor cells, while Olig3 is expressed 

in both radial glial cells and basal progenitor cells (Wang et al., 2011). Crossing Olig3Cre 

mice with the CAG-loxP-stop-loxP-ZsGreen reporter mouse line (Madisen et al., 2010) 

showed near complete recombination in E12.5 thalamus, including the entire VZ (Fig. 

2A,B).  The tamoxifen-inducible Neurog1CreERT2 allele causes recombination in diverse 

but discrete populations of neuron-committed progenitor cells in different brain regions, 

including the thalamus (Kim et al., 2011a). With tamoxifen administration at E10.5, we 

obtained less complete recombination in thalamic progenitor cells compared with 

Olig3Cre mice (Fig. 2C,D). While a vast majority of progenitor cells expressing Pax6, a 

marker for radial glial cells, had undergone recombination with the Olig3Cre allele (Fig. 

2A’,B’), a smaller proportion of Pax6-positive cells showed recombination with the 

Neurog1CreERT2 allele (Fig. 2C’,D’). Recombination was particularly limited in ventral 

sections (Fig. 2D,D’). Thus, within the pTH-C domain of the thalamus, the 
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Neurog1CreERT2 allele causes less recombination in VZ radial glial cells than the Olig3Cre 

allele.   

Deletion of β-catenin during thalamic neurogenesis causes ectopic induction of 

prethalamic markers 

We deleted β-catenin in the thalamus by using these two Cre alleles. Expression of 

Axin2, a downstream target gene of β-catenin-controlled transcription, was reduced in 

the thalamus at E12.5 in both Olig3Cre/+; β-catenin(2-6)c/c (“Olig3-β-catenin cko”) and 

Neurog1CreERT2/+; β-catenin(2-6)c/c (tamoxifen administered at E10.5) (“Neurog1-β-catenin 

cko”) mice (Fig. 3). The decrease in β-catenin signaling resulted in ectopic induction of 

prethalamic progenitor marker Dlx2 (Fig. 4A-I) in the entire pTH-C domain. Dlx5 and 

Islet1, postmitotic prethalamic markers, were also present within the thalamus of both 

ckos (data not shown and Fig. 15). The degree of prethalamic marker induction in pTH-

C correlated with the efficiency of Cre-mediated recombination. In Neurog1-β-catenin 

ckos, middle sections (Fig. 4H), which underwent more Cre-mediated recombination in 

the VZ than ventral sections (Fig. 2), contained more ectopic Dlx2-expressing cells than 

ventral sections (Fig. 4I). Olig3-β-catenin cko showed robust ectopic prethalamic cells 

throughout the thalamus (Fig. 4D-F). The amount of prethalamic marker induction also 

varied with the timing of recombination in Neurog1-β-catenin ckos. Administering 

tamoxifen at E9.5 and E10.5 resulted in robust induction of Islet1 (Fig. 5A,B), whereas 

administering tamoxifen at E11.5 resulted in very few Islet1+ cells within the thalamus 

(Fig. 5C), suggesting β-catenin may not play a role in regulating progenitor fate at later 

stages of neurogenesis. It is also possible that with the delayed Cre activation, deletion 

of β-catenin occurred only in postmitotic cells and did not affect the progenitor cell 
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fate. Olig3, a thalamic radial glial and basal progenitor marker, and Gbx2, a thalamic 

postmitotic marker, were reduced in both ckos (Fig. 6A-D and data not shown), 

indicating loss of thalamic identity in some thalamic progenitor cells. However, Otx2, 

which is required for the specification of glutamatergic identity in the thalamus (Puelles 

et al., 2006), was unchanged in the Olig3-β-catenin cko (Fig. 6E,F), indicating that 

Otx2 may be either upstream or independent of the β-catenin signaling pathway. In 

summary, β-catenin is required during thalamic neurogenesis to maintain thalamic fate 

and prevent prethalamic fate. 

Deletion of β-catenin causes a pTH-C to pTH-R fate switch  

Because β-catenin-controlled transcription is active in pTH-C and is much weaker in 

pTH-R (Bluske et al., 2009; and Fig. 1A,B), we next determined if β-catenin is required 

in the pTH-C domain to suppress not only prethalamic fate, but also pTH-R fate. For 

this purpose, we first identified transcription factors that are expressed in pTH-R but not 

in the prethalamus or pTH-C. We found that Helt (Nakatani et al., 2007; Miyoshi et al., 

2004; Guimera et al., 2006) and Gata2 (Kala et al., 2009) were specifically expressed in 

pTH-R progenitor cells and Gata2 and Gata3 can be used as markers of postmitotic, 

pTH-R-derived cells (Fig. 7).  

 In E12.5 Olig3-β-catenin and Neurog1-β-catenin cko embryos, pTH-R markers 

Helt and Gata2 were ectopically induced within the entire pTH-C (Fig. 4A-R), while the 

pTH-C marker Neurog2 was downregulated in cells expressing ectopic Helt (Fig. 4J-R). 

Induction of pTH-R specific markers often occurred in the same cells that had ectopic 

prethalamic markers. For example, in Neurog1-β-catenin cko embryos, 20% of ectopic 

cells expressed only Dlx2 and 25% expressed only Gata2, while 55% of ectopic cells 
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expressed both (Dlx2+/Gata2+) (Fig. 4G-I; a total of 700 cells were counted in 4 brains 

of each genotype). Dlx2 and Gata2 were normally co-expressed in a few pTH-R cells at 

E10.5 (Fig. 8), but Dlx2+/Gata2+ cells were no longer found at E12.5 (Fig. 4A-C), 

suggesting that there is a thalamus-specific mechanism that downregulates Dlx2 after 

E10.5, which is lost in β-catenin cko mice.  

 In addition to the pTH-C domain, pTH-R also undergoes recombination with the 

Olig3Cre allele (Vue et al., 2009), but deletion of β-catenin using the Ascl1CreERT2 allele 

(Kim et al., 2011b), which causes recombination in pTH-R and the prethalamus and not 

in pTH-C, did not result in induction of the prethalamic marker Dlx2 (Fig. 9). This 

indicates that the requirement for β-catenin signaling in preventing prethalamic fate is 

unique to the pTH-C domain.  

Cellular basis for the induction of prethalamic and pTH-R markers in β-catenin 

cko mice 

β-catenin has a variety of important functions within the cell, including cell adhesion 

and activating transcription via Tcf/Lef family transcription factors (Grigoryan et al., 

2008). In control embryos, β-catenin was ubiquitously expressed in the thalamus, 

including in the pTH-C domain (Fig. 10). In Neurog1-β-catenin and Olig3-β-catenin 

ckos, ectopic expression of Helt and Dlx2 was found in cells that lack strong β-catenin 

expression (Fig. 11D-F,J-L and data not shown). Ascl1, which is expressed in both the 

prethalamus and pTH-R, was also expressed in cells that lack β-catenin (Fig. 11G-I). 

Not all the cells that did not express β-catenin showed aberrant patterns of gene 

expression, which is likely due to the heterogeneity of these cells in terms of the 

duration of the β-catenin loss or in their differentiation state. In summary, these results 
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suggest that induction of prethalamic and pTH-R markers is a cell-autonomous 

phenotype of β-catenin deletion.  

 In agreement with the differential frequency of recombination in radial glial 

cells between the Neurog1CreERT2 and Olig3Cre alleles, we observed different degrees of 

disruption of adherens junctions at the surface of the third ventricle. Olig3-β-catenin 

cko embryos showed severe disorganization of β-catenin distribution at E12.5, whereas 

β-catenin smoothly delineated the ventricular surface in control and Neurog1-β-catenin 

cko embryos (Fig. 12). Despite the differences in ventricular architecture, prethalamic 

fate was induced in the thalamus of both ckos at this stage, suggesting the role of β-

catenin in maintaining progenitor cell identity is mediated by transcription, rather than 

cell adhesion. 

  To directly test if the conversion of pTH-C progenitors to pTH-R identity was 

mediated by β-catenin-controlled transcription, we overexpressed a dominant negative 

Lef1 (dnLef1) in wild-type embryos and found that the pTH-R marker Helt and the 

prethalamic marker Dlx2 are induced at varying levels in many of the transfected pTH-

C cells (Fig. 13A-F). This result supports the conclusion that induction of these markers 

is autonomous to reduced β-catenin-controlled transcription. 

 The presence of prethalamic progenitor cells within the thalamus was also not 

due to aberrant movement of prethalamic cells across the ZLI, a boundary tissue that 

separates the prethalamus and thalamus. We generated Olig3-β-catenin cko embryos 

that express YFP in a Cre-dependent manner. YFP-positive cells co-labeled with 

prethalamic marker Dlx2 in the Olig3-β-catenin cko (Fig. 14).  
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 The above results suggest that β-catenin maintains thalamic progenitor fate cell-

autonomously by controlling transcription. 

Deletion of β-catenin affects the types of postmitotic cells generated in the 

thalamus 

We next determined if mis-specified progenitor cells produce postmitotic cells that are 

characteristic of prethalamic and/or pTH-R origins in β-catenin ckos. In E14.5 

Neurog1-β-catenin cko embryos, Pax6, a postmitotic prethalamic marker, was detected 

in both the mantle zone and near the third ventricle within the thalamus (Fig. 15A-B’). 

Because these ectopic Pax6+ cells did not express the progenitor cell marker Ki67 (Fig. 

16), it is unlikely that they are aberrant progenitor cells. Moreover, ectopic Pax6+ cells 

had low levels of β-catenin (Fig. 16G-G”). At E17.5, another postmitotic prethalamic 

marker, Islet1, was also ectopically induced (Fig. 15I,J). Thus, deletion of β-catenin 

during neurogenesis causes aberrant generation of prethalamic neurons within the 

thalamus.    

We also examined markers for pTH-R-derived postmitotic cells. A cluster of 

Gata3+ cells that appeared to be the enlarged vLG/IGL nuclei was found (Fig. 15D), and 

scattered, ectopic Gata3+ cells were observed in the medial region of the thalamus (Fig. 

15D,D’). The SRY-box transcription factor Sox1 is normally expressed in pTH-R-

derived postmitotic cells without overlapping with Sox2 (Vue et al., 2009). At E14.5 

and E17.5, a number of ectopic, Sox1+/Sox2- cells were found in the thalamus (Fig. 

15H,L-L’’). Tight clusters of Sox1+ cells were not only found in lateral locations where 

pTH-R-derived vLG/IGL cells normally populate, but also in more medial locations 
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(Fig. 15H,L’’). These results showed that vLG/IGL nuclei, which contain the normal 

postmitotic derivatives of the pTH-R domain, were expanded in β-catenin ckos.  

Within the thalamus, Sox2 is expressed in pTH-C-derived postmitotic cells in 

addition to progenitor cells (Vue et al., 2009). In Neurog1-β-catenin cko embryos, Sox2 

expression was lost in cells that ectopically express Gata3 or Pax6 (data not shown), 

indicating that expression of postmitotic Sox2 depends on the pTH-C identity in 

progenitor cells. Similarly, RORα, which is expressed in pTH-C-derived cells 

(Nakagawa & O’Leary, 2003) showed reduction in cko embryos (Fig. 15F). Although 

Wnt/β-catenin signaling inhibits the formation of oligodendrocyte precursor cells 

(Zhong et al., 2011; Ye et al., 2009; Langseth et al., 2010), we did not find increase in 

cells expressing PDGFRα, a marker for oligodendrocyte precursor cells (Fig. 16E,F).   

These data are consistent with the idea that correct specification of pTH-R and 

pTH-C progenitor identity by β-catenin signaling is critical for the generation and 

positioning of the neuronal subtypes generated from these domains. However, it is also 

possible that β-catenin plays a role in postmitotic thalamic cells as well (Fig. 1) and 

may contribute to the phenotypes we observed at late embryonic stages shown in Figure 

15. 

Elevated Wnt/β-catenin signaling induces pTH-C fate in the thalamus 

We next tested whether ectopically activated β-catenin signaling is sufficient to induce 

pTH-C fate at the expense of pTH-R fate. Deletion of exon 3 of β-catenin causes 

truncation of the protein that renders it resistant to degradation and activates 

downstream genetic programs (Grigoryan et al., 2008). We found that E12.5 Olig3-β-

catenin(ex3) embryos showed significant downregulation of pTH-R markers Helt (cell 
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count: mean ± SEM; control: 431.33 ± 70.46; exon3+: 217.67 ± 27.84; p=0.048), Ascl1 

(control: 491.33 ± 70.37; exon3+: 269 ± 32.13; p=0.045) and Gata2 (control: 736 ± 

92.32; exon3+: 449.33 ± 28.81; p=0.041) (Fig. 5A-F; cells were counted in 3 brains for 

each genotype). Nkx2.2-positive cells were also reduced within pTH-R (data not 

shown). In the same domain, Neurog2 was ectopically induced (Fig. 17F). Although a 

similar phenotype was observed with reduced Shh signaling (Vue et al., 2009) 

expression of Shh in the ZLI or Shh signaling within the thalamus was not decreased in 

Olig3-β-catenin(ex3) embryos (data not shown), demonstrating that the fate switch from 

pTH-R to pTH-C was specific to the elevation of β-catenin signaling (summarized in 

Fig. 22E,F).  

Neurog1 and Neurog2 are required for proper specification of pTH-C identity as 

thalamic progenitor cells differentiate 

Neurog1 and Neurog2 were downregulated in β-catenin cko embryos (data not shown; 

Fig. 4J-R) and ectopically induced with elevated β-catenin signaling (Fig. 17F). 

Therefore, we hypothesized that Neurog1/2 may be downstream of β-catenin-controlled 

transcription and mediate its function in regulating the regional fate of thalamic 

progenitor cells.  

 In Neurog1/2 double knockout (dko) embryos, the prethalamic progenitor 

markers Dlx2 and Ascl1 were ectopically induced throughout the thalamus (Fig. 

18A’,C’), as shown previously (Fode et al., 2000). The postmitotic prethalamic marker 

Islet1 was also induced in the thalamic mantle zone (Fig. 18B’). Furthermore, pTH-R 

progenitor marker Helt and pTH-R-derived postmitotic marker Gata3 were expanded 

(Fig. 18D’). Olig3, which is expressed in radial glial and basal progenitor cells in pTH-
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C and pTH-R, was still expressed in the dko embryo (Fig. 18E’). Thus, Neurog1 and 2 

are required to suppress both prethalamic and pTH-R fates. Ptch1 (Agren et al., 2004) 

and Axin2 expression was not changed in dko embryos (data not shown), indicating Shh 

and β-catenin-controlled transcription was not affected. In accordance with the changes 

in progenitor cell identity, we found that the pTH-C basal progenitor cell marker 

NeuroD1 (Wang et al., 2011) was absent (Fig. 18F’), as was a marker for postmitotic 

cells derived from pTH-C, Lhx2/9 and Sox2 (Fig. 18G’ and data not shown). Thus, 

Neurog1/2 are required as pTH-C cells undergo differentiation to properly specify pTH-

C fate and inhibit prethalamic and pTH-R fates. 

 Although there were some differences between Neurog1/2 dko and β-catenin 

cko mice (e.g., ectopic expression of Dlx2 was found in the mantle zone in Neurog1/2 

dko mice, but in the VZ/SVZ in β-catenin cko, and smaller numbers of cells expressed 

ectopic markers in β-catenin cko mice), these two mutants both showed similar changes 

in progenitor cell identity. In addition, induction of pTH-R and prethalamic markers in 

pTH-C cells electroporated with dnLef1 was suppressed when the cells were 

electroporated with both dnLef1 and Neurog2 (Fig. 13G-P). The co-electroporated cells 

showed significantly reduced ectopic induction of prethalamic marker Dlx2 (ratio Dlx2+ 

cells: total electroporated cells: mean ± SEM; dnLef: 0.43 ± 0.04; dnLef+Neurog2: 0.11 

± 0.03; p=0.004) and pTH-R marker Helt (dnLef: 0.64 ± 0.03; dnLef+Neurog2: 0.35 ± 

0.05; p=0.006) within pTH-C compared with electroporation of dnLef1 alone. 

Therefore, we propose that β-catenin-controlled transcription regulates the regional 

identity of thalamic progenitor cells at least partially through regulating neurogenins.  
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Interactions of Shh and β-catenin pathways in specifying positional progenitor cell 

fate in the thalamus 

We have shown that β-catenin is required for maintaining pTH-C and preventing pTH-

R and prethalamic fates. Previous studies have shown that high Shh signaling is 

required for pTH-R and rostral pTH-C identity (Vue et al., 2009; Jeong et al., 2011). 

Thus, induction of pTH-R markers in β-catenin cko mice could be due to increased Shh 

signaling in the pTH-C domain. To test this possibility, we examined the expression of 

Shh and Patched1 (Ptch1), a direct target of Shh-controlled transcription via Gli family 

proteins (Agren et al., 2004). In both Neurog1-β-catenin and Olig3-β-catenin cko 

embryos, expression of Shh and Ptch1 was not significantly changed (Fig. 19). These 

data indicate that mechanisms independent of Shh-mediated transcription are 

responsible for the induction of pTH-R markers with reduced β-catenin signaling.  

 To determine how Shh and β-catenin pathways interact to regulate positional 

progenitor cell fate in the thalamus, we analyzed embryos in which both signals were 

reduced. By taking advantage of the fact that Olig3 is not only expressed in thalamic 

progenitor cells, but also in the ZLI, we used the Olig3Cre allele to delete both β-catenin 

and Shh. In single Shh cko embryos (Olig3Cre/+; Shhn/c), Shh is deleted in the ZLI but not 

in the basal plate (Fig. 20D,J). The pTH-R markers Helt, Gata2, Ascl1 and Nkx2.2 were 

all absent in the thalamus except near the basal plate, while Neurog1 and Neurog2 

expanded into pTH-R (Fig. 21D,H and Fig. 20E,F,K,L). This result demonstrates the 

requirement of the ZLI as a continuous source of Shh in specifying pTH-R identity 

(summarized in Fig. 22I,J). Interestingly, conditional deletion of Shh only in the 

diencephalic basal plate resulted in a similar fate switch within pTH-R (Jeong et al., 
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2011). These, along with other studies (Vieira & Martinez, 2006; Kiecker & Lumsden, 

2004), collectively demonstrate that both ZLI and basal plate Shh sources are required 

for appropriate patterning of thalamic progenitor cells.  

 In β-catenin; Shh double cko embryos (Olig3Cre/+; β-catenin(2-6)c/c; Shhn/c), robust 

induction of pTH-R markers Helt and Ascl1 was observed within the thalamus (Fig. 

21C,G), similar to the single β-catenin cko embryos (Fig. 21B,F). Prethalamic marker 

Dlx2 was also ectopically induced within the thalamus of the dko (Fig. 21G,). However, 

another pTH-R gene, Nkx2.2, was not increased by changes in β-catenin signaling (Fig. 

21F,G). Ptch1 expression was reduced in β-catenin; Shh double cko embryos, similar to 

single Shh cko embryos (Fig. 21K,L). Therefore, in the absence of active β-catenin 

signaling, Helt and Ascl1 are ectopically induced in the pTH-C domain even without 

high Shh signaling.  
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DISCUSSION 

The transcriptional activity controlled by β-catenin signaling is regionally differential 

during thalamic neurogenesis (Bluske et al., 2009). To our knowledge, this current 

study is the first demonstration that β-catenin maintains regional thalamic fate and 

specifies the rostro-caudal positional identity of progenitor cells during neurogenesis. 

Such roles depend on β-catenin-mediated transcription and not on the role of β-catenin 

in maintaining the structural integrity of the radial glial scaffold. In the mouse, Wnt3, 

Wnt3a and Wnt7b are differentially expressed in the thalamus at E10.5 and E11.5, but 

none of their expression patterns completely recapitulate the pattern of Axin2 expression 

(Bluske et al., 2009). Therefore, it is likely that combined activity of these Wnt ligands 

play a role in activating the β-catenin -Lef1/Tcf signaling during thalamic neurogenesis. 

Although it is also possible that β-catenin signaling has a role in dorsoventral patterning 

of the thalamus, we did not detect ectopic expression of the basal plate marker Shh in 

the alar plate of β-catenin cko embryos, indicating that alar-basal identity of the caudal 

diencephalon is not altered. Regulation of thalamic progenitor cell identity by β-catenin 

signaling was also shown to be important for the generation of neuronal subtypes in the 

correct location.  

Continuous requirement of β-catenin signaling in the regional fate specification of 

thalamic progenitor cells 

Previous studies using chick (Braun et al., 2003) and mice (Zhou et al., 2004) showed 

that Wnt/β-catenin signaling is critical for the initial distinction between the thalamus 

and the prethalamus, as well as for ZLI formation (Zhou et al., 2004). Irx, Six and Fez 

families of transcription factors are regulated by Wnt/β-catenin signaling and 
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intrinsically control thalamic fate during early forebrain patterning (Shimizu & Hibi, 

2009). However, it was unclear whether global regional fates of the thalamus and 

prethalamus continue to require extrinsic signals for their maintenance after they are 

established long before the onset of neurogenesis or whether intrinsic roles of 

transcription factors are enough to maintain the regional fates. Our study addressed this 

unresolved question and provided evidence for the requirement of β-catenin-controlled 

transcription in the maintenance of thalamic fate after the onset of neurogenesis. This is 

in a striking contrast to the telencephalon, where deletion of β-catenin during 

neurogenesis did not affect the dorsal versus ventral fate (Fig. 23 and Backman et al., 

2005). 

Downstream mediators of β-catenin-controlled transcription in regional fate 

regulation in the thalamus 

This study demonstrated that expression of Neurog1/2 is dramatically reduced in β-

catenin cko embryos and is ectopically induced in mice with constitutively active β-

catenin. Thus, neurogenins are functionally downstream of β-catenin-controlled 

transcription (see Fig. 24 for our working hypothesis). Neurog1/2 dko mice showed 

robust induction of prethalamic and pTH-R markers in the thalamus, similar to β-

catenin cko mice. The induction of prethalamic and pTH-R markers within pTH-C cells 

electroporated with dominant negative Lef1 could be partially rescued by co-

electroporating with Neurog2. Together, these results suggest that neurogenins mediate 

some of the roles of β-catenin signaling in controlling the positional identity of thalamic 

progenitor cells.  
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There are, however, some differences in the phenotypes between Neurog1/2 dko 

mice β-catenin cko mice. The smaller number of cells expressing ectopic markers in β-

catenin cko mice is likely due to the delayed and incomplete downregulation of 

neurogenins in these mice compared with Neurog1/2 dko mice, in which both genes are 

completely deleted in the germ line. The incomplete deletion of Neurog1 and Neurog2 

could also lead to the compensation by the remaining neurogenin for the loss of the 

other. The fact that ectopic, Dlx2-expressing cells were in the mantle zone of Neurog1/2 

dko mice but in VZ/SVZ in β-catenin cko mice suggests that β-catenin has functions 

other than regulating neurogenin expression, such as controlling cell adhesion and 

migration. The scattered nature of the ectopic cells in β-catenin cko mice may also have 

contributed to their aberrant positioning. Reduction of Olig3 expression in β-catenin 

cko but not in Neurog1/2 dko mice indicates the different roles of β-catenin and 

neurogenins in regulating Olig3 expression.  

Previous in vitro studies demonstrated direct binding of Tcf/Lef1 factors to the 

proximal region of the Neurog1 gene in neocortical progenitor cells (Hirabayashi et al., 

2004; Israsena et al., 2004). However, its in vivo significance has not been established. 

In fact, we did not detect a significant decrease in the expression of Neurog1 or 

Neurog2 in the neocortex of β-catenin cko mice (Fig. 23 and data not shown), 

implicating distinct regulatory mechanisms of β-catenin-controlled transcription 

between the thalamus and the neocortex. Further studies are needed to determine 

whether Tcf/Lef1 signaling directly regulates Neurog1 and/or Neurog2 transcription in 

the thalamus or in the neocortex in vivo.  

Interactions between β-catenin signaling and Shh signaling in thalamic patterning 
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Our previous work showed that a high level of Shh signaling is required to specify the 

pTH-R domain (Vue et al., 2009). This function of Shh opposes that of β-catenin 

signaling, which we have shown in the current study to be necessary and sufficient to 

induce pTH-C fate and suppress pTH-R fate (summarized in Fig. 22).  

 Many different mechanisms have been proposed for the interactions between 

Shh and Wnt/β-catenin signaling during neural patterning (Alvarez-Medina et al., 2008; 

Yu et al., 2008; Tang et al., 2010; Joksimovic et al., 2009) and, depending on the 

temporal and spatial relationships between the two signaling pathways, they are likely 

to interact differently in different brain regions. By conditionally reducing both β-

catenin and Shh signals in thalamic progenitor cells, we found that the expression of the 

pTH-R transcription factors Helt and Ascl1 requires the absence of β-catenin signaling 

and are independent of direct transcriptional regulation by Shh signaling. However, 

expression of another pTH-R transcription factor, Nkx2.2, relies solely on high Shh 

signaling. Therefore, different transcription factors expressed in the same pTH-R 

domain have different requirements for β-catenin and Shh signaling. Interactions 

between transcription factors have been demonstrated in many CNS regions (Gowan et 

al., 2001; Nakatani et al., 2007; Kala et al., 2009), and are likely to play critical roles in 

defining progenitor domains in the thalamus (Jeong et al., 2011; this study). Based on 

the results of this study as well as others, we propose a working hypothesis on the 

interactions of β-catenin and Shh pathways and transcription factors in specifying the 

regional identity of thalamic progenitor cells (Fig. 24). This model proposes that the 

regional identity of neural progenitor cells is formed by a combination of different 

transcription factors, and yet individual transcription factors are regulated by different 
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mechanisms downstream of signaling molecules, such as Shh, β-catenin, or other 

transcription factors. Such sophisticated mechanisms define the identity of progenitor 

cells and ensure that each progenitor cell population gives rise to the appropriate 

neuronal subtypes in the correct location.         
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Figure 1: β-catenin-controlled transcriptional activity in multiple cell populations during 
thalamic neurogenesis 
Top. Left: Side view of the diencephalon. The axis refers to orientation in the thalamus. Three 
frontal section planes (1-3) are shown (gray lines). Right: A frontal section from plane 2. 
Because frontal sections are between horizontal and coronal orientations, several diencephalic 
regions can be observed in the same section. The bottom of the section contains rostral-ventral 
regions of the diencephalon and the top contains caudal-dorsal regions. Comparing sections 1-3 
also reveals the dorsal-ventral difference within the thalamus; section 1 contains dorsal regions 
of the thalamus, section 3 contains ventral regions. A-F’. In situ hybridization (ISH) for LacZ 
mRNA on frontal sections from E12.5 BAT-gal transgenic mice. A-B’ are from approximately 
section plane 1, C-D’ from plane 2, and E-F’ from plane 3. Dotted line in A and C indicates the 
midline. Arrows in D and F indicate LacZ expression in the mantle zone. B’,D’,F’ are higher 
magnification images of the boxed regions in B,D,F, respectively; midline is on the right. 
Arrows (B’,D’,F’) indicate apically-dividing PH3+ cells surrounded by LacZ signal and 
arrowheads (B,D’,F’) indicate basally-dividing PH3+ cells surrounded by LacZ signal. Scale bar 
A-F: 100 μm; B’,D’,F’: 50 μm. 
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Figure 2: Cre-mediated recombination with Olig3Cre and Neurog1CreERT2 alleles 
Recombination was assessed with CAG-loxP-stop-loxP-ZsGreen reporter mice. E12.5 
Olig3Cre/+; ZsGreen/+ (A-B’) and Neurog1CreERT2/+; ZsGreen/+ embryos (tamoxifen 
administered at E10.5) show overlap of ZSGreen (ZSG) signal with Pax6. A’,B’,C’,D’ are high-
magnification images of the regions boxed in A,B,C,D, respectively. Dorsal sections are from 
approximately plane 2 and ventral sections from plane 3 (Fig. 1). Third ventricle is on the left. 
Scale bar: 50 μm.  
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Figure 3: Reduced Axin2 expression in Olig3-β-catenin and Neurog1-β-catenin ckos 
ISH for β-catenin target gene Axin2 in control (from Olig3-β-catenin litter) (A), Olig3-β-
catenin cko (B), and Neurog1-β-catenin cko (C) at approximately section plane 2 (Fig. 1). Scale 
bar: 100 μm. 
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Figure 4: Prethalamic and pTH-R markers are ectopically induced within pTH-C in β-
catenin cko embryos 
E12.5 control (from Olig3-β-catenin litter), Olig3-β-catenin cko, and Neurog1-β-catenin cko 
(tamoxifen administered at 10.5) immunostained sections from three dorsal-ventral levels. Third 
ventricle is on the left. A-C. Normal expression of the prethalamic marker Dlx2 and pTH-R 
marker Gata2. D-F, G-I. Induction of both Dlx2 and Gata2 in pTH-C of Olig3-β-catenin and 
Neurog1-β-catenin ckos (arrows and arrowheads indicate Dlx2+/Gata2+ cells). J-L. Normal 
expression of Helt and Neurog2 in the pTH-R and pTH-C domains, respectively. M-O, P-R. 
Ectopic Helt+ cells scattered throughout pTH-C in the Olig3-β-catenin and Neurog1-β-catenin 
cko embryos (arrows, arrowheads). Scale bar: 50 μm.  
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Figure 5: Timing of tamoxifen administration and induction of prethalamic markers 
A-C. Immunostaining for Islet1 (postmitotic prethalamic marker), Gata2 (progenitor/postmitotic 
pTH-R marker), and Neurog2 (thalamic basal progenitor marker) on Neurog1-β-catenin cko 
sections. A. Tamoxifen administered at E9.5 and fixed at E12.5. B. Tamoxifen administered at 
E10.5 and fixed at E12.5. C. Tamoxifen administered at E11.5 and fixed at E13.5. Islet1 and 
Gata2 are induced throughout the thalamus in A and B, but to a lesser extent in C. Scale bar: 
100 μm. 
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Figure 6: Thalamic VZ/SVZ and postmitotic markers 
A-D. E12.5 control and Neurog1-β-catenin cko frontal sections. A,C. ISH for postmitotic 
thalamic marker Gbx2. B,D. Immunostaining for VZ/SVZ marker Olig3. Note decrease in Olig3 
and Gbx2 in the cko (arrow, C,D). E,F. ISH for Otx2 on E12.5 control and Olig3-β-catenin cko 
frontal sections. Scale bar A,C,E-F: 100 μm; B,D: 50 μm. 
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Figure 7: Normal expression of pTH-R markers 
A-E. Immunostaining on frontal sections. Third ventricle is on the right. A. At E11.5, Ascl1 and 
Helt are co-localized in many cells of the pTH-R domain (arrowhead) and the pretectum (near 
top of image). Ascl1 is also expressed also in the prethalamus (bottom of image). B-D. High 
magnification image of pTH-R region. B. Arrows indicate co-localization of Ascl1 and Helt. C. 
Gata2 is expressed in pTH-R, partially overlapping with Helt. D. Gata3 expression in pTH-R is 
located lateral to Gata2. These markers were all undetectable in the prethalamus and pTH-C. E. 
At E14.5, Gata2 overlapped extensively with Nkx2.2 in IGL and vLG, part of which is derived 
from pTH-R. Helt and Gata2 are specific pTH-R progenitor markers and Gata2 and Gata3 can 
be used as markers of postmitotic, pTH-R derived cells. Scale bar A, E: 100 μm; B-D and inset 
in E: 50 μm.  
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Figure 8: Early co-expression of Dlx2 and Gata2 
A-F. Immunostaining for prethalamic marker Dlx2 and pTH-R marker Gata2 at E10.5 and 
E11.5. Third ventricle is on the left side of section. A-C. Dlx2 and Gata2 are co-expressed in 
scattered cells at E10.5 in cells found near the lateral edge of the ZLI (marked by FoxA2 
staining) (arrowheads, A,B). D-F. A few scattered cells at E11.5 co-express Dlx2 and Gata2 
(arrowheads, D,E). Scale bar: 50 μm. 
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Figure 9: Prethalamic marker Dlx2 is not ectopically induced in the Ascl1-β-catenin cko 
thalamus 
Immunostaining and fluorescence microscopy for Dlx2 on E12.5 frontal sections (tamoxifen 
was administered at E10.5). Normal expression of Dlx2 is observed in the prethalamus in both 
control and cko. Scale bar: 100 μm. 
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Figure 10: β-catenin staining in control embryos 
A-F. Immunostaining for β-catenin and Neurog2 at E12.5 in control thalamus (from Neurog1-
β-catenin litter) at three dorsal-ventral levels. Third ventricle is on the left. The area shown at 
all levels is from the middle of pTH-C. A-F. β-catenin surrounds Neurog2-expressing cell 
nuclei (D-F) at all levels. Scale bar: 25 μm. 
 



   125 

 

 

 

Figure 11: β-catenin staining in Neurog1-β-catenin cko 
A-L. Immunostaining for β-catenin and regional markers at E12.5 in Neurog1-β-catenin cko 
thalamus at three dorsal-ventral levels. Third ventricle is on left of section. The area shown at 
all levels is from the middle of pTH-C. A-C. Neurog2 expression is associated with cells that 
retain β-catenin protein (arrows, A,B,C). The dorsal and middle sections show “holes” in β-
catenin staining that also lack Neurog2 (asterisks, A,B), but the ventral-most section retains 
most β-catenin staining (arrows, C). D-L. Cells that ectopically express pTH-R marker Helt (D-
F), pTH-R/prethalamic marker Ascl1 (G-I), or prethalamic marker Dlx2 (J-L) lack β-catenin 
(arrowheads). The dorsal and middle sections show the most robust induction of markers 
(D,E,G,H,J,K) and ventral sections show only a few scattered cells (F,I,L), correlating with the 
loss of β-catenin in the Neurog1-β-catenin cko. Scale bar: 25 μm. 
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Figure 12: Adhesion phenotypes for Olig3-β-catenin and Neurog1-β-catenin ckos 
A-D. Immunostaining and fluorescence microscopy for β-catenin and DAPI at E12.5 in controls 
(A,C), Neurog1-β-catenin cko (B), and Olig3-β-catenin cko (D). Ventricular surface is toward 
the bottom of the image. Area shown is in pTH-C. Arrowheads indicate expression of β-catenin 
at the ventricular surface of the thalamus. In the Olig3-β-catenin cko, β-catenin staining is 
reduced and the VZ is disorganized (D). Scale bar: 25 μm. 
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Figure 13: Ectopic expression of dominant negative Lef1 in wild-type embryos and rescue 
with Neurog2 
A-P. Ex utero electroporation in E10.5 ICR embryos. Electroporated embryos were cultured for 
24 hours before fixation. Third ventricle is on right. B,C and E,F are high-magnification images 
of boxed region in A and F, respectively; H-K and M-P are high-magnification images of G and 
L, respectively. A-F. Electroporation of pCAG-dnLef1-2A-H2BEGFP. A-C. Immunostaining 
for GFP and prethalamic progenitor marker Dlx2. Some electroporated cells (GFP+) in the 
thalamus co-label with Dlx2. Arrowheads in B,C indicate the same cells. D-F. Immunostaining 
for GFP and pTH-R progenitor marker Helt. Some GFP+ cells in pTH-C co-label with Helt. 
Arrowheads in E,F indicate the same cells. G-P. Co-electroporation of pCAG-dnLef1-2A-
H2BEGFP and pCAG-Neurog2. G-K. Immunostaining for GFP, Dlx2, and Neurog2. Because 
the pCAG-Neurog2 construct does not contain a fluorescent tag, we used Neurog2 
immunostaining to detect Neurog2+ cells; most GFP+ cells also expressed Neurog2. 
Neurog2+/GFP- cells represent endogenous Neurog2-expressing cells within pTH-C (K,P). Most 
co-electroporated cells in pTH-C lack Dlx2 induction (arrowheads indicate scattered Dlx2+ 
electroporated cells). L-P. Immunostaining for GFP, Helt, and Neurog2. Most co-electroporated 
cells in pTH-C lack Helt induction (arrowheads in N indicate scattered Helt+ electoporated 
cells). Scale bar: 50 μm. 
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Figure 14: Labeling thalamic progenitors in Olig3-β-catenin cko 
Olig3Cre/+; β-catenin(2-6)c/+ were mated with R26-stop-EYFP Cre-reporter mice to obtain 
Olig3Cre/+; β-catenin(2-6)c/+; EYFP/+ animals, which were then bred with β-catenin(2-6)c/c animals to 
generate Olig3Cre/+; β-catenin(2-6)c/c; EYFP/+ embryos. Olig3 is expressed in most thalamic 
progenitor cells, so YFP+ cells label thalamic progenitor cells in the Olig3-β-catenin cko. A-B’. 
Immunostaining for GFP and Dlx2 on E12.5 frontal sections from Olig3-β-catenin cko;YFP/+ 

embryos. Third ventricle is on the right. B and B’ are high-magnification images of the region 
boxed in A. Arrowheads indicate induced Dlx2+ cells surrounded by GFP signal. Scale bar A: 
100 μm; B: 50 μm.     
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Figure 15: Incorrect specification and positioning of postmitotic cells in Neurog1-β-catenin 
cko embryos 
A-H. E14.5 control and Neurog1-β-catenin cko (tamoxifen at E10.5) sections. Midline is on the 
left. A-B’. Immunostaining for prethalamic postmitotic marker Pax6. Arrow in B and B’ 
indicates ectopic Pax6+ cells within the thalamus of the cko. C-D’. Immunostaining for pTH-R-
derived marker Gata3. Scattered Gata3+ cells were found in medial regions of the thalamus 
(arrow, D,D’); arrowheads indicate the expanded domain of Gata3+ cells in the IGL/vLG in the 
cko. B’ and D’ are high-magnification images of the indicated region in B and D, respectively. 
E,F. ISH for pTH-C-derived postmitotic marker RORα; note reduction in the cko (F). G,H. 
Immunostaining for Sox1 and Sox2. Arrowheads in H show clusters of ectopic Sox1+/Sox2- 
cells in the thalamus. I-L’’. E17.5 control and Neurog1-β-catenin cko (tamoxifen at E10.5) 
sections. I,J. Immunostaining for prethalamic postmitotic neuronal marker Islet1. Arrow (J) 
indicates Islet1+ cells within the thalamus of the cko. K-L’’. K’,K’’,L’,L’’ are higher 
magnification images of the boxed regions in K and L, respectively. Note expanded Sox1+ 
region in IGL/vLG (arrowhead, L’) and medial clusters of Sox1+ cells in the cko embryos 
(arrow, L’’). Scale bar A-D,G,H,I,J,K’-L’’: 100 μm; G,H: 100 μm; K,L: 200 μm; B’D’: 50 μm.           
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Figure 16: Ki67, PDGFRα, and β-catenin staining in Neurog1-β-catenin cko  
A-D. Immunostaining for Ki67 (progenitor marker) and Sox1 on E14.5 Neurog1-β-catenin cko 
and control sections. Dotted line in C and D indicates the midline. Control shows Ki67 staining 
along the surface of the third ventricle (arrow, B), but cko embryos lack Ki67 staining (D). Loss 
of the VZ in the cko may be due to residual Cre recombination in radial glial cells, causing 
premature differentiation and depletion of the progenitor pool. E,F. Immunostaining and 
fluorescence microscopy for the oligodendrocyte precursor marker PDGFRα on E17.5 
Neurog1-β-catenin cko and control sections (tamoxifen at E10.5). Midline is on the left. G-G’’. 
Immunostaining for β-catenin, Pax6, and Sox1 on E14.5 Neurog1-β-catenin cko sections. G’ 
and G’’ are high-magnification images of boxed region in G. Note reduced β-catenin staining in 
Pax6+ and Sox1+ cells (G’,G’’, arrowheads). Scale bar A-D, G: 100 μm; E,F: 100 μm.  
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Figure 17: Stabilized β-catenin in thalamic progenitor cells is sufficient to downregulate 
pTH-R markers and induce pTH-C markers 
A,C. Normal expression of pTH-R markers Helt and Gata2 (bracket). Third ventricle is on the 
left. B,D. Reduced number of Helt+ and Gata2+ cells within pTH-R in Olig3-β-catenin(ex3)/+ 
embryos. E. Normal expression of Neurog2 in pTH-C and Ascl1 in pTH-R. F. Decrease in the 
number of Ascl1+ cells and ectopic appearance of Neurog2+ cells within pTH-R of Olig3-β-
catenin(ex3)/+ embryos (arrows). Scale bar 50 μm.   
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Figure 18: Ectopic induction of prethalamic and pTH-R markers in the Neurog1/2 dko 
mice 
A-G’. E12.5 Neurog1/Neurog2 double knockout and control (Neurog1+/-; Neurog2+/-) sections. 
A,A’. Prethalamic progenitor marker Dlx2 is expressed in the thalamus of the dko embryo 
(arrowheads) (A’). B,B’. Prethalamic postmitotic marker Islet1 is expressed in the thalamus 
(arrowheads) (B’). C,C’. pTH-R/prethalamic marker Ascl1 is robustly expressed in the dko 
thalamus (arrow, C’). Arrowhead points the ZLI (C’). D,D’. pTH-R progenitor marker Helt and 
pTH-R postmitotic marker Gata3 are expanded in the dko embryo (arrowheads and arrows, D’). 
E,E’. Thalamic progenitor marker Olig3. F,F’. pTH-C basal progenitor marker NeuroD1 
(arrow). G,G’. Postmitotic pTH-C-derived neuronal marker Lhx2/9; note robust downregulation 
in the mantle zone of the dko embryo (arrow, G’). Scale bar 100 μm. 
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Figure 19: Shh signaling in Olig3-β-catenin and Neurog1-β-catenin ckos 
A-R. ISH for Shh and Patched1 (Ptch1) on E12.5 control, Neurog1-β-catenin cko, and Olig3-β-
catenin cko sections at three dorsal-ventral levels. Shh and Ptch1 expression in the Neurog1-β-
catenin cko are unchanged (C,D,I,J,O,P). In the Olig3-β-catenin cko, Shh expression is normal 
(E,K,Q); Ptch1 expression appears in “patches” in the middle section (arrow, L) but is not 
noticeably increased (F,L,R). Scale bar: 100 μm.   
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Figure 20: Shh exon2 and pTH-R marker expression in Olig3-Shh cko 
A-L. ISH and immunostaining at section planes 2 and 3 in control and Olig3-Shh cko. A,D,G,J. 
ISH for Shh exon2 in the ZLI (A,D) and basal plate (G,J). D-F. In section plane 2, pTH-R 
markers Helt, Gata2, Nkx2.2, and Ascl1 are reduced in the Olig3-Shh cko, corresponding with 
complete loss of Shh in the ZLI. J-L. In section plane 3, Shh expression is intact in the basal 
plate (J), and some pTH-R marker expression was present at this level (K,L), though not to the 
same extent as in control embryos (H,I). Scale bar A,D,G,J: 200 μm; B,C,E,F, H,I,K,L: 100 μm. 
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Figure 21: Interaction between Shh and β-catenin signaling in thalamic patterning 
A-H. Frontal sections at E12.5. Third ventricle is on the right. The ZLI is indicated with an 
arrowhead, brackets define pTH-R. A-D. Expression of pTH-C and ZLI marker Neurog2, pTH-
R marker Helt and pTH-R/prethalamic marker Ascl1 in control (A), β-catenin cko (B), β-
catenin; Shh double cko (C), and Shh cko (D) embryos. Arrows indicate induction of Helt+ and 
Ascl1+ cells within pTH-C in the β-catenin cko (B) and β-catenin; Shh double cko (C). E-H. 
Expression of pTH-C marker Neurog1, prethalamic marker Dlx2, and pTH-R/prethalamic 
marker Nkx2.2 in control (E), β-catenin cko (F), β-catenin; Shh double cko (G), and Shh cko 
embryos (H). Arrows indicate Dlx2+ cells throughout the thalamus in the β-catenin cko (F) and 
β-catenin; Shh double cko (G). I-L. ISH for Shh target gene Ptch1 in control (I), β-catenin cko 
(J), β-catenin; Shh double cko (K), and Shh cko (L) embryos. Arrow indicates the position 
caudal to the ZLI where Ptch1 expression is normally high (I). Note decreased Ptch1 in K,L. 
Scale bar A-H: 50 μm; I-P: 100 μm. 
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Figure 22: Summary of thalamic progenitor domain phenotypes after manipulation of β-
catenin and/or Shh signaling 
Schematic representations illustrate a side view of the thalamus. A,B,G,H. The thalamus of 
control embryos, with normal β-catenin and Shh signaling, is partitioned into two progenitor 
domains, pTH-R and pTH-C. C,D. Conditional deletion of β-catenin within the thalamus causes 
induction of prethalamic (red) and pTH-R markers Helt and Ascl1 (green) within pTH-C (this 
does not represent Nkx2.2, which is not induced beyond the pTH-R); yellow dots represent 
progenitor cells positive for both markers. E,F. Expression of constitutively active β-catenin 
causes induction of pTH-C fate within pTH-R (purple) and a decrease in progenitor cells with 
pTH-R identity (green). I,J. In ZLI-specific Shh ckos, pTH-R identity is decreased near the ZLI 
(green), and the pTH-C domain (purple) expands. K,L. In β-catenin;Shh double ckos, 
prethalamic and pTH-R markers are induced, similar to β-catenin single ckos (D). 
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Figure 23: Ventral telencephalic markers are not ectopically induced in Neurog1-β-catenin 
cko neocortex  
A-L. ISH for ventral telencephalon progenitor markers Dlx2 and Ascl1 and immunostaining for 
dorsal telencephalon progenitor marker Neurog2. A-F. Frontal sections of E12.5 Neurog1-β-
catenin cko and control brains (tamoxifen at E10.5). Dlx2, Ascl1 and Neurog2 expression are 
normal in the cko (B,D,F). G-L. Frontal sections of E14.5 Neurog1-β-catenin cko and control 
brains (tamoxifen at E12.5). Dlx2, Ascl1 and Neurog2 expression are normal in the cko (H,J,L). 
Scale bar: 100 μm. 
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Figure 24: Our working hypothesis for the interactions of β-catenin, Shh signaling and 
transcription factors in thalamic patterning 
This working hypothesis is based on the current and previous studies (Fode et al., 2000; 
Nakatani et al., 2007; Kala et al., 2009; Vue et al., 2009; Bluske et al., 2009; Jeong, 2011). The 
only direct regulation that has been demonstrated is Gli regulation of Nkx2.2 (Vokes et al., 
2007). Based on our β-catenin conditional knockout and stabilization data, Neurog1 and 
Neurog2 are likely downstream targets of β-catenin signaling within pTH-C. Neurog1/2 double 
knockout embryos, which have normal Shh and β-catenin signaling, also show induction of 
prethalamic marker Dlx2 and pTH-R markers Ascl1 and Helt. In Shh cko embryos, Neurog1/2 
expression expands into pTH-R, possibly because normal suppression of Neurog1/2 by Nkx2.2 
is reduced. Therefore, we propose that β-catenin and Shh signaling regulate the positional 
identity of thalamic progenitor cells primarily by regulating transcriptional networks. Due to the 
high expression of Wnt ligands and receptors in the thalamus, it is highly likely that activity of 
β-catenin in thalamic progenitor cells is regulated by multiple Wnt ligands.  
 



   139 

 

 

 

 

 

 

 

 

 

CHAPTER 5 

Discussion 
 

 

 



   140 

 

The development of the thalamus involves the generation of an immensely 

complex structure, consisting of different types of neurons and dozens of anatomically 

and functionally distinct nuclei, from a homogenous segment of neuroepithelium. This 

dissertation work has investigated two key aspects of thalamic neurogenesis, progenitor 

cell division and specification of thalamic progenitor cell identity, with the goal of 

understanding how neuronal diversity is generated in the thalamus.  

Identification of thalamic IPCs 

We first characterized the types of progenitor cells that are present during 

thalamic neurogenesis. We identified RGs and IPCs, a special progenitor cell type 

associated with robust neuronal production in the neocortex and ventral telencephalon 

(Lui et al., 2011; Fietz & Huttner, 2011; Brown et al., 2011).  

Our analysis of the molecular composition of thalamic progenitor cells indicated 

that IPCs are molecularly heterogeneous, expressing different sets of transcription 

factors, including distinct combinations of neurogenins. While the significance of this 

heterogeneity is still unclear, it raises the possibility that, rather than simply providing a 

means to generate a large number of neurons, thalamic IPCs may introduce another 

level of complexity by generating distinct neuronal subtypes. Interestingly, SVZ 

divisions were required for the differentiation of parvalbumin (PV)-positive 

interneurons in the ventral telencephalon, while somatostatin (SST)-positive 

interneurons, which are generated in same time period and location, were unaffected 

(Glickstein et al., 2007; Ross, 2011). Further investigation into the contribution of IPCs 

to thalamic organization will be an important topic for future research.  

Transcription factor expression in thalamic IPCs indicated that they have 
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similarities and differences with neocortical and ventral telencephalon IPCs, suggesting 

genes expressed in IPCs in each tissue function in a context dependent manner. This is 

further supported by our investigation of the function of Neurogenin1 and 2, proneural 

bHLHs expressed in IPCs in neocortex and thalamus (Miyata et al., 2004; Britz et al., 

2006). We found that Neurog1/2 dko embryos have severe defects in thalamic IPC 

formation/maintenance and neuronal production, yet the neocortex does not show this 

phenotype (Britz et al., 2006), suggesting that even the same genes have distinct 

functions in each tissue.  

Even though the neocortex and ventral telencephalon progenitors have distinct 

transcription factor expression, time-lapse imaging experiments revealed that the mode 

of RG and IPC divisions were remarkably similar in these two areas (Noctor et al., 

2004; Brown et al., 2011). Time-lapse imaging experiments have yet to be performed in 

the thalamus and they would benefit the field by indicating if there is a common 

mechanism for proliferation via IPCs in these three regions. Several intriguing 

candidates for molecules that promote IPC divisions are those that regulate the length of 

the cell cycle, including cyclin D1 and cyclin D2 (Lange et al., 2009; Glickstein et al., 

2009), or activate Notch signaling independent of C-promotor binding factor 1 (CBF1) 

(Mizutani et al., 2007). 

Specification of thalamic progenitor cells 

We next asked if there are signaling pathways in addition to Shh that contribute to 

thalamic patterning during neurogenesis. We found that the pattern of β-catenin-

mediated transcriptional activity was differential within the thalamus during 

neurogenesis, with a high level of signaling in pTH-C and a lower level in pTH-R. 
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Early in neural development, Wnt/β-catenin activity is relatively uniform throughout 

the thalamic primordium and it is still unclear how the differential pattern of target gene 

expression is established during neurogenesis. It is likely that many components of the 

Wnt/β-catenin pathway contribute to this pattern. Several Wnt ligands, soluble Wnt 

inhibitors, and transcription factors were all expressed in different patterns in the 

thalamus. An endogenous, dominant negative form of TCF4 may also be expressed in 

the thalamus (Vacik et al., 2011), further adding complexity.  

The spatial pattern of Wnt/β-catenin activity led to the hypothesis that this 

signaling pathway contributes to thalamic patterning. Using a conditional genetic 

approach to manipulate β-catenin in thalamic progenitor cells during neurogenesis, we 

found that β-catenin is necessary and sufficient to maintain pTH-C identity and prevent 

pTH-R and prethalamic identity. This is the only study that has identified a role for β-

catenin in regulating cell fate in the forebrain after neurogenesis has commenced 

(Backman et al., 2005), although a role in patterning has been described in the spinal 

cord (Zechner et al., 2007). Because many molecules of the same family have 

overlapping expression patterns, we do not currently know which Wnts or transcription 

factors mediate this function of the Wnt/β-catenin signaling pathway.   

Several studies have identified roles for Wnt/β-catenin signaling in other aspects 

of thalamic development. β-catenin mRNA and protein is highly expressed in 

thalamocortical axons and guidance molecules Slit and Netrin1 were shown to activate 

TCF/Lef-mediated transcription (Pratt et al., 2012), suggesting β-catenin functions in 

the guidance of thalamocortical axons. Wnt3 is expressed in postmitotic neurons in a 

few thalamic nuclei, including VP (Salinas & Nusse, 1992). While the function of Wnts 
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in neurons remains elusive, several studies have demonstrated that Wnts can act as 

retrograde signals for axon termination and synapse formation (Salinas, 2005) and can 

be released from axons and bind to Wnt receptors on the postsynaptic neuron (Korkut et 

al., 2009). These suggest a postmitotic function for Wnt and β-catenin in the thalamus, 

perhaps in regulating axon guidance and synapse formation. Experiments utilizing 

conditional genetic manipulation of Wnt pathway components will be necessary to 

identify these later developmental functions in the thalamus. 

 By analyzing the combinatorial function of Shh and β-catenin, we demonstrated 

that these signaling pathways act in concert to specify two thalamic progenitor domains, 

pTH-R and pTH-C. The purpose of thalamic patterning seems to be to instruct the 

generation of GABAergic and glutamatergic neurons and their general positioning 

within the thalamus. However, this mechanism cannot directly account for the 

specification of different types of glutamatergic neurons in thalamic nuclei (dLG vs. 

VP, for example). There are two interpretations for this disconnect between relatively 

simple progenitor cell patterning and generation of a complex structure. 

 The first interpretation is that thalamic patterning is actually much more 

heterogenous and intricate than we currently appreciate. Within each progenitor 

domain, individual cells express varying combinations of transcription factors. This 

mechanism would be analogous to spinal cord neuronal production, in which many, 

very precisely-formed progenitor domains specify the identity of one or two types of 

neurons in a restricted dorsal-ventral location. The spatial precision in thalamic 

progenitors may not be organized in the same manner as the spinal cord, but perhaps the 

distinct combinations of transcription factors in individual cells encodes for particular 
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subtypes of thalamic neurons. Much work has been done in the spinal cord to elucidate 

the functions of transcription factors in specifying neuronal subtype identity. Currently, 

the roles of individual and combinations of transcription factors and their interactions 

within a network in specifying neuronal identity are unknown. While it is unlikely that a 

“future dLG” or “future VP” progenitor cell type exists, a “future sensory nucleus” or 

“future anterior nucleus” is plausible. Further dissection of the thalamic transcriptional 

network will be key to understanding neuronal specification on a finer scale. 

 The second interpretation is that the patterning of thalamic progenitor cells is 

relatively simple, consisting of only two domains, and later developmental events refine 

neuronal identity. This mechanism is comparable to neocortical area development, in 

which intrinsic patterning, involving signaling molecules and transcription factors, 

specify broad positional identity, but that area-specific characteristics require extrinsic 

signals, such as thalamic afferents (Nakagawa et al., 1999; O’Leary et al., 1994). This is 

supported by regulatory gene expression patterns in the thalamus (Nakagawa & 

O’Leary, 2001); most are broadly expressed by postmitotic neurons during 

neurogenesis, but shortly thereafter (by E14.5), a more region-specific pattern emerges 

that precedes the formation of nuclei. Interestingly, Coggeshall (1964) suggested 

thalamocortical connections developed first and that nuclear differentiation and the 

arrival of subcortical afferents were correlated. The thalamus is probably not fully 

connected with the neocortex by the time most subcortical afferent arrive (Jones, 2007), 

but it raises an interesting point about the role of afferents in driving the differentiation 

of thalamic nuclei. Thus far, no studies have directly addressed this issue.  

 The purpose of patterning is to generate neuronal diversity. The expression of 
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many molecules, particularly signaling molecules and conserved transcription factors, 

are reiterated throughout the CNS. Spatial and temporal variation can change the ways 

in which molecules interact in different areas, producing distinct structures from shared 

features. In the thalamus, Shh and Wnt/β-catenin pathways are active in a unique spatial 

pattern and interact to form two progenitor domains, which are critical for generating 

the appropriate number or GABAergic and glutamatergic neurons. Additional 

postmitotic mechanisms may be required for nuclei-specific characteristics to emerge. 

For example, distinct patterns of type II cadherins segregate motor neuron pools in the 

developing spinal cord (Price et al., 2002). Thalamic nuclei also express distinct sets of 

cadherins (Suzuki et al., 1997) and cadherin 6 has been shown to mediate axon-target 

matching in the non-image-forming visual system, including in vLG and IGL 

(Osterhout et al., 2011). Investigating the consequences of thalamic patterning, 

including the migration and aggregation of newly-generated neurons, and the 

contribution of afferents in nuclei differentiation will be important topics for future 

research in order to elucidate the postmitotic mechanisms of generating neuronal 

diversity.   
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