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Abstract

Neuronal-glial relationships play a critical role in the maintenance of central nervous system 

architecture and neuronal specification. A deeper understanding of these relationships can 

elucidate cellular cross-talk capable of sustaining proper development of neural tissues. In the 

cerebellum, cerebellar granule neuron precursors (CGNPs) proliferate in response to Purkinje 

neuron-derived Sonic hedgehog (Shh) before ultimately exiting the cell cycle and migrating 

radially along Bergmann glial fibers. However, the function of Bergmann glia in CGNP 

proliferation remains not well defined. Interestingly, the Hh pathway is also activated in Bergmann 

glia, but the role of Shh signaling in these cells is unknown. In this study, we show that specific 

ablation of Shh signaling using the tamoxifen-inducible TNCYFP-CreER line to eliminate Shh 

pathway activator Smoothened in Bergmann glia is sufficient to cause severe cerebellar hypoplasia 

and a significant reduction in CGNP proliferation. TNCYFP-CreER; SmoF/− (SmoCKO) mice 

demonstrate an obvious reduction in cerebellar size within two days of ablation of Shh signaling. 

Mutant cerebella have severely reduced proliferation and increased differentiation of CGNPs due 

to a significant decrease in Shh activity and concomitant activation of Wnt signaling in SmoCKO 

CGNPs, suggesting that this pathway is involved in cross-talk with the Shh pathway in regulating 

CGNP proliferation. In addition, Purkinje cells are ectopically located, their dendrites stunted, and 

the Bergmann glial network disorganized. Collectively, these data demonstrate a previously 

unappreciated role for Bergmann glial Shh signaling activity in the proliferation of CGNPs and 

proper maintenance of cerebellar architecture.
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INTRODUCTION

Cerebellar development proceeds in a tightly regulated manner, requiring the proper balance 

of neural progenitor cell expansion and differentiation to form a characteristically organized 

structure. However, our understanding of the cellular relationships and signaling pathways 

that contribute to this balance is incomplete. A cell type integral to development of the 

cerebellum is the cerebellar granular neuron precursor (CGNP), which occupies a transient 

layer on the outer surface of the cerebellum from embryonic day 14 to two weeks 

postnatally in mice. CGNPs proliferate in response to Sonic hedgehog (Shh) ligand, which is 

secreted by neighboring Purkinje cells (PC). The Shh signal is transduced in CGNPs by the 

Smoothened (Smo) transmembrane protein to initiate production of activator forms of the 

Gli transcription factors (iGoodrich et al. 1996; Ingham and McMahon 2001; Marigo et al. 

1996; Varjosalo and Taipale 2008; Fuse et al. 1999). After exiting mitosis, differentiated 

granular neurons migrate inward, past the PC layer, where they populate the internal 

granular layer (IGL). CGNPs are the presumed cell-of-origin for the Shh-driven subset of 

the malignant pediatric brain tumor medulloblastoma; thus understanding the cellular and 

molecular factors that govern their proliferation is critical.

Neuronal progenitors including CGNPs are often in close contact with glial cells (Shiga, 

Ichikawa, and Hirata 1983; Buffo and Rossi 2013), however relatively little attention has 

been given to the function of neuron-glial interactions in the cerebellum. Specialized, 

unipolar astrocytes called Bergmann glia (BG) are present in the cerebellum and originate 

from radial glia of the cerebellar ventricular zone. As early postnatal cerebellar development 

proceeds, BGs migrate behind PCs, ultimately aligning their cell bodies in the same single-

celled layer. Their characterized functions in the cerebellum are three-fold. First, BG radial 

fibers extend to the pial surface shortly after birth where their endfeet contact the basement 

membrane (Rakic 1971; Yamada et al. 2000). The endfeet adhere to one another to form a 

glia limitans over the cerebellum (Das 1976), providing structural support as the cerebellar 

plate expands (Hausmann and Sievers 1985; Sievers and Pehlemann 1986; Sievers et al. 

1981). Second, as granular neurons differentiate and begin to migrate inwards to form the 

internal granular layer, BG radial fibers function as guides to the closely aligned CGNP cell 

bodies (Rakic 1971). And last, BG radial fibers synapse on PC dendrites; it has been 

proposed that BGs contribute to PC dendritic elaboration (Lippman et al. 2008; Yamada et 

al. 2000) and stabilization of neuronal synaptic connections (Iino 2001; Yue 2005).

BGs belong to a select group of specialized astroglia that retain radial glial-like morphology 

postnatally and into adulthood; members of this group include BGs, Muller cells in the 

retina, and tanycytes of the hypothalamus (Rakic 2003). Importantly, while both Muller cells 

and tanycytes have been demonstrated to have neurogenic potential and contribute to 

neurogenesis in their respective regions (Haan et al. 2013; Surzenko et al. 2013; Robins et 

al. 2013), BGs have not been found to display such features. Rather, mice with BG defects 

during development exhibit altered cerebellar layering, neuronal migration, synaptic 

connectivity, and a disrupted pial membrane (Belvindrah et al. 2006; Graus-Porta et al. 

2001; Wang et al. 2011; Eiraku et al. 2005; Komine et al. 2007; Weller et al. 2006). The 

contribution of BGs to neuronal specification and proliferation in the cerebellum has not 

been extensively studied.
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Many signaling pathways are important for the formation and maintenance of BGs. Genetic 

studies using mice that lack Notch pathway components have demonstrated the pathway to 

be integral for BG specification, maturation, and monolayer formation (Eiraku et al. 2005; 

Komine et al. 2007; Weller et al. 2006). Other studies have shown that PTEN and integrin-

linked kinase play roles in BG differentiation (Yue 2005; Belvindrah et al. 2006), whereas 

APC maintains BG morphology (Wang et al. 2011) and the guanine nucleotide exchange 

factor Ric-8a regulates BG basement membrane adhesion (Ma, Kwon, and Huang 2012). 

Transcriptional profiling studies of BGs also identified the Wnt and TGFβ signaling 

pathways as developmentally upregulated in BG though their function in BG has yet to be 

identified (Koirala and Corfas 2010). Interestingly, BGs have been shown to be capable of 

responding to Purkinje-derived Shh signals in postnatal stages through adulthood (Corrales 

et al. 2004; Corrales et al. 2006). It has been observed that Shh signaling induces the glial 

differentiation of immature postnatal mouse astroglia in vitro (Dahmane and Ruiz i Altaba 

1999). In addition, inhibition of Shh activity using 5E1 hybridoma cells injected into chick 

embryos at early stages resulted in massive perturbations of cerebellar development, 

including a concomitant reduction in BLBP+ BG (Dahmane and Ruiz i Altaba 1999) 

(Dahmane and Ruiz i Altaba 1999). However, the role of Shh signaling activity in BG in 
vivo and its consequences for cerebellar development are not well understood. 

Understanding how BG contribute to CGNP proliferation and thus overall architecture of the 

cerebellum can shed light on basic developmental processes and have implications for 

cerebellar diseases that derive from aberrant Shh signaling and neuronal-glial relationships.

In this study, we spatially and temporally alter Shh signaling activity in postnatal BG. Mice 

in which Shh activator Smoothened (Smo) is postnatally ablated in BG demonstrate an 

obvious reduction in cerebellar size within two days of ablation of Shh signaling. 

Surprisingly, mutant CGNPs exhibit severely reduced proliferation and increased 

differentiation accompanied by a loss of Shh activity, suggesting a novel role for the BG-

CGNP interaction in promoting CGNP precursor proliferation. Interestingly, Wnt signaling 

is ectopically elevated in mutant CGNPs concomitant with a reduction in EGL area, 

suggesting that this pathway is involved in cross-talk with the Shh pathway in regulating 

CGNP proliferation. In addition, loss of Shh signaling in BG leads to disrupted PC laminar 

organization and dendritic arborization as well as BG fiber morphology, indicating that BG-

Shh signaling activity contributes to the maintenance of proper cerebellar laminar formation. 

Collectively, these data show a previously unappreciated role for BG Shh signaling activity 

in the proliferation of CGNPs and preservation of cerebellar architecture, thus leading to a 

new level of understanding of the neuronal-glial relationship in the cerebellum.

MATERIALS AND METHODS

Animals and Tamoxifen Administration

Mice of the following genetic lines, of either sex, were used in the study: Gli1nlacZ (Bai et al. 

2002), TNCYFP-CreER (Fleming et al. 2013), SmoF/F (Long et al. 2001), Bat-gal (Maretto et 

al. 2003), Math1CreER (Machold and Fishell 2005), R26ReYFP (Srinivas et al. 2001), 

tdTomato (Madisen et al. 2009), L7-Cre (Lewis et al. 2004) and ShhF/F (Lewis et al. 2001). 

Tamoxifen (Sigma) was dissolved to a final concentration of 2 mg/ ml in corn oil (Sigma). 
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Postnatal TNCYFP-CreER; tdTomato, TNCYFP-CreER; R26ReYFP, TNCYFP-CreER; SmoF/− 

(Smocko), Math1CreER; SmoF/−, and WT littermates received 50 uL of tamoxifen by 

intraperitoneal injection on P1 and P2 or on P4 and P5 where noted.

Tissue processing and Immunohistochemistry

For animals younger than P30, brains were dissected and fixed in 4% paraformaldehyde for 

either 4–6 hours or O/N at 4°C. Animals P30 and older received 50 uL intraperitoneal 

injections of Ketamine and received ice-cold PBS via transcardial perfusion followed by 4% 

paraformaldehyde. Brains were collected and submersion fixed in 4% paraformaldehyde 

O/N at 4°C. These tissues were either processed for frozen embedding in OCT compound or 

processed for paraffin embedding. Frozen tissues were sectioned on a Leica cryostat at 10 

um, paraffin embedded tissues were cut at 5 um. Immunohistochemistry were performed as 

previously described (X. Huang et al. 2009; X. Huang et al. 2010). The following primary 

antibodies were used on frozen and/or paraffin tissue sections: chicken α-β-Gal (ICL), rabbit 

α-β-Gal (ICL), rabbit α-BLBP (Abcam), rabbit α-GFAP (Abcam), chicken α-GFP (Aves), 

guinea pig α-Gli2 (Qin et al., 2011), rabbit α-Calbindin (Swant), rabbit α-phospho-

Histone-3 (Upstate Cell Signaling), mouse α-NeuN (Millipore), mouse α-Parvalbumin 

(Sigma), rabbit α-3-PGDH (Thermo-Scientific), rabbit α-Sox2 (Millipore), mouse α-

Laminin (Thermo-Scientific), rabbit α-p27Kip1 (BD Transduction Labs). For bright-field 

staining, species-specific HRP-conjugated secondary antibodies (Invitrogen) were used 

followed by incubation in DAB reaction (Invitrogen) or alkaline-phosphatase (Invitrogen). 

Double-labeling fluorescence immunohistochemistry was performed using species-specific, 

AlexaFluor-tagged secondary antibodies Alexa 488, Alexa 568, and Alexa 647 (Invitrogen) 

followed by counterstaining with To-pro3 iodide (Invitrogen).

X-Gal and In Situ Hybridization

X-Gal staining for β-Galactosidase activity was performed on post-fixed, frozen sections 

according to standard protocols. Section in situ hybridizations were performed using 

digoxygenin-labeled riboprobes as previously described (Li et al. 2006; Li et al. 2008). 

Riboprobes were synthesized using the digoxygenin RNA labeling kit (Roche). The 

following cDNAs were used as templates for synthesizing digoxygenin-labeled riboprobes: 

Shh and Sfrp1 (gift of Paula Bovolenta, Centro de Biologia Molecular Universidad 

Autonoma Madrid, Madrid, Spain).

CGNP and Cerebellar Isolation and Western Blotting

For CGNP isolation, P4 or P5 cerebella from CD1 or SmoBG mice were dissected into 

calcium-free Hanks buffered saline solution (Mediatech) supplemented with 6g/L D-

glucose. The meninges were stripped and pooled cerebella dissociated with Accutase 

(Gibco) and trituration. Cells were pelleted and resuspended in Neurobasal A-medium 

containing 250 µM KCl, 500µL 100× GlutaMAX I, 500µL 100× penicillin-streptomycin, 

and 10% FBS. Cells were passed through a 70µm filter and incubated for two times 20 

minutes on poly-d-lysine coated plates. Following the settling step, the cells remaining in the 

media were considered the CGNP fraction and were collected, pelleted, and ready for lysis. 

For cerebellar isolation, P4 or P5 cerebella from CD1 or SmoBG mice were dissected and 

tissue mechanically dissociated by trituration. Cell or tissue lysis was performed in RIPA 
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buffer containing 2.5 mM EDTA, 1mM PMSF, 10mM NEM, 0.1 mM sodium orthovanadate, 

0.2 mM sodium fluoride, and EDTA-free complete mini protease inhibitor tablets (Roche), 

for thirty minutes, followed by boiling in SDS, and resolution on 10% SDS-polyacrylamide 

gels. For cerebellar Shh ligand detection, P4 or P5 cerebella from CD1 or Smocko mice were 

dissected and immediately boiled in SDS for 5 minutes.

Primary antibodies used for Western blotting were mouse α-Sfrp1 (Abcam, 1:500), rabbit α-

Gli1 (Cell Signaling Technology #2534, 1:2000), guinea pig α-Gli2 (gift of Jonathan 

Eggenschwiler, 1:500), rabbit α-Shh (H160) (Santa Cruz Biotechnology, 1:500), mouse anti-

α-tubulin (Hybridoma Bank, 1:10,000), mouse α-β-actin (ThermoScientific BA3R, 

1:10,000).

Flow cytometry, RNA isolation, reverse transcription, and RT-PCR

Identical methods to those described previously (Fleming et al. 2013) were employed in this 

study. Briefly, following dissociation of neonatal cerebella, YFP fluorescence intensity was 

used to purify Bergmann glial cells from the TNCYFP-high fraction. Total RNA was purified 

from sorted cells using the RNeasy mini kit (QIAGEN) and cell homogenization was 

performed using QIAshredder columns (QIAGEN). cDNAs were synthesized with 300 ng 

total RNA input for all samples using a high-capacity cDNA reverse transcription kit 

(Applied Biosciences). PCR was performed with primers for Smo and Gapdh.

Quantification and statistical analyses

Stained slides for quantification were scanned with the Leica SCN400 Slide Scanner and 

quantification was performed using the Leica Ariol Software. Statistical analyses were 

performed using Prism software (GraphPad).
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RESULTS

Smocko mutants display a hypoplastic cerebellum

In our experiments, we used a tamoxifen-inducible Cre line, Tenascin-C(TNC)YFP-CreER in 

order to ablate Shh signaling in BG. TNCYFP-CreER mice express CreER and YFP as a 

bicistronic message from the endogenous TNC locus (Fleming et al. 2013); thus YFP can be 

used to mark TNC expressing cells. We first wanted to verify that TNC-YFP+ was indeed 

localized to BG cells, as previously described (Bartsch et al. 1992; Yuasa 1996). Using 

antibodies against YFP and radial glial markers Sox2 and Blbp (Feng, Hatten, and Heintz 

1994; Yamada et al. 2000) at postnatal day 1, we confirmed that TNC-YFP was expressed 

by Sox2+, Blbp+ BG (Figure 1A–D”), whose cell bodies are seen in the developing 

cerebellar cortex with radial processes extending towards the pia matter. Notably, these 
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TNC-expressing cells were proliferative as many of them expressed proliferative marker 

Ki67 (Figure 1E–E”, inset and arrowheads).

In order to determine the role for Shh signaling in BG, we crossed TNCYFP-CreER mice with 

SmoF/− mice to generate TNCYFP-CreER; SmoF/− (Smocko mutant) mice in which Shh 

effector protein Smoothened (Smo) is removed from TNC-expressing BG (Yuasa 1996). We 

chose to affect the time period when BG are closely apposed to their final destination 

between PC bodies, thus we injected one dose each of tamoxifen at P1 and P2 (Yuasa et al. 

1991). We began our analysis of tamoxifen-injected animals at P3 and also analyzed later 

stages at P4, P5, P7 and P30.

Interestingly, Smocko mutant mice at P5 revealed a noticeably hypoplastic cerebellum 

(Figure 2A–B). H&E staining of sagittal sections demonstrated a reduction in cerebellar area 

and folia size (Figure 2C–D”). By P7, a 35.8% (n=3, p=0.0282) reduction in cerebellar area 

was observed (Figure 2E–F”, M). At P30, the smaller cerebellar size was accompanied by a 

profound decrease in internal granular layer (IGL) density (Figure 2G,H).

We note that the phenotype is not as severe as other mutants with aberrant cerebellar Shh 

signaling, L7-Cre;ShhF/− (Lewis et al. 2004) mice, in which Shh ligand is deleted from PCs, 

and Math1CreER; SmoF/− mice in which Smo is temporally ablated in CGNPs using 

tamoxifen at P1 and P2 (Machold and Fishell 2005). As shown in Figure 2I–M at P7, both 

the L7-Cre;ShhF/− and the Math1CreER;SmoF/− mutants displayed more severe cerebellar 

hypoplasia as compared to Smocko mutants, with a 49.7% (n=3, p=0.0033) and 49.8% 

decrease (n=3, p=0.0008) in cerebellar size compared to WT littermates, respectively. In 

addition, L7-Cre; ShhF/− and Math1CreER; SmoF/− mutants lacked an EGL as would be 

expected since Shh signaling is required for expansion of CGNPs (Figure 2I–L’)(Dahmane 

and Ruiz i Altaba 1999; Wechsler-Reya and Scott 1999). Taken together, these studies 

demonstrate that ablation of Shh signaling in TNC-expressing BG results in severe reduction 

in cerebellar size.

Smocko EGL is largely agranular due to severely reduced CGNP proliferation

One striking feature noted in the Smocko mutant was that, despite all cortical layers being 

present at early postnatal stages, the EGL was noticeably reduced in thickness at P7 (Figure 

2C). In order to determine the earliest time point at which EGL area reduction could be 

observed, we collected SmoBG mutants at P3 and P5 and quantified EGL area. At P3, the 

EGL in Smocko mutants was significantly reduced in area by 24.8% (n=3, p=0.0014) (Figure 

3A, Figure S1). By P5, the reduction in EGL area was 50.3% (n=3, p<0.0001) (Figure 3A, 

Figure S1).

In order to determine whether reduction in EGL area was due to changes in proliferation, 

differentiation, or apoptosis of CGNPs, we performed immunohistochemistry for mitotic 

marker phospho-histone H3 (pH3), differentiated neural marker p27Kip1, and cleaved 

caspase 3, respectively. At P3, we observed a 19.5% decrease in pH3 (n=3, p=0.0314) 

(Figure 3A, B) and an 18.9% increase in p27Kip1-positive cells (n=3, p=0.0052) (Figure 3C, 

D). At P5, we observed a 51.1% decrease in pH3 (n=3, p=0.0166) (Figure 3A, B) and a 

39.2% increase in p27Kip1-positive cells (n=3, p=0.0026) (Figure 3C, D). Similar results 
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were obtained with Ki67 and Tag1, which marks proliferating and differentiating CGNPs, 

respectively. At P5, we observed a 56% increase (n=3, p=0.0615) in Tag1-positive cells and 

a 28.3% decrease (n=3, p=0.0128) in Ki67-positive cells (Figure 3 E, F). No changes in 

apoptotic marker cleaved-caspase 3 were observed (data not shown). These results suggest 

that ablation of Shh signaling in BG results in a profound reduction in CGNP proliferation 

with a concomitant increase in differentiation. As the current understanding of BG function 

during early postnatal development has been limited to roles in CGNP migration and PC 

synaptogenesis (Rakic 1971; Yamada et al. 2000; Lordkipanidze and Dunaevsky 2005), 

these findings represent a novel role for BG in the regulation of cerebellar development. 

Specifically, these data demonstrate that Shh signaling in BG serves to maintain the 

proliferative capacity of CGNPs.

Loss of Shh signaling is profound in CGNPs

It is now well-established that CGNP expansion in the EGL relies on Shh signaling activity 

from PC as a proliferative signal (Dahmane et al. 1997; Wallace 1999; Wechsler-Reya and 

Scott 1999; Pons et al. 2001). In the absence of Shh, CGNPs cease proliferating, withdraw 

from the cell cycle, and differentiate (Dahmane and Ruiz i Altaba 1999; Wallace 1999; 

Wechsler-Reya and Scott 1999). As Smocko mutants display a profound reduction in CGNP 

proliferation in the EGL and an increase in differentiation, we next sought to determine 

whether Shh signaling activity was specifically affected in this progenitor population. 

Therefore, we crossed Smocko mutant and WT mice with the Gli1nlacZ knock-in mouse (Bai 

et al. 2002). In WT animals, X-gal staining was localized to the EGL and PC layer as 

previously reported (Corrales et al. 2004; Lewis et al. 2004) (Figure 4A), indicating the 

presence of Shh responsive cell types in those layers. As expected, in Smocko mutants, X-gal 

staining was reduced in the PC layer, indicating a decrease in Shh signaling in BG (Figure 

4A). RT-PCR analysis for Smo and Gli1 mRNA confirmed mosaic deletion of Smo and 

attenuation of Shh signaling of purified TNC-YFP cells (Figure 4B). In addition to BG, X-

gal staining was noticeably reduced in the EGL at P4 (Figure 4A). Likewise, β-gal antibody 

staining was visibly reduced in CGNPs in the EGL in addition to the BG (Figure 4C). We 

corroborated these results by isolating fresh CGNPs from the cerebellum and blotting for 

Gli1 protein. We found that CGNPs isolated from Smocko mutant cerebella demonstrated a 

decrease in Gli1 and Gli2 protein levels as compared with those from WT cerebella (Figure 

4D). Smocko mutant cerebellar lysates at P5 also demonstrated a decrease in Gli1 levels 

compared to WT cerebellar lysates (Figure 4E), indicating an overall reduction in Shh 

signaling in mutant cerebella. These results demonstrate that reduction in proliferation of the 

EGL and subsequent differentiation of CGNPs in Smocko mutants occurs as a result of 

attenuated Shh signaling activity.

Resident astroglial cells in the EGL do not contribute significantly to the granular neuron 
population

In our characterization of the TNCYFP-CreER mouse, we observed a small subset of sparsely 

dispersed TNC-YFP expressing cells in the EGL (Figure 5A). In order to investigate their 

identity, we used Sox2 and Blbp to determine if they were astroglial cells because a small 

subset of astroglia have been described in the external granular layer (EGL) that express 

Sox2 and Blbp and are capable of giving rise to CGNPs (Silbereis et al. 2010; Sievers et al. 
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1981). We found the TNC-YFP-expressing EGL cells to be both Sox2+ and Blbp+ (Figure 

5A), suggesting that TNC-YFP marks these previously described astroglial cells (Silbereis et 

al. 2010).

We next determined whether these cells, in addition to BG, were Shh signaling-responsive, 

because if so, these cells would also undergo deletion of Smo, and could explain the 

reduction of CGNPs in our mutants. Using β-gal and YFP double immunohistochemistry in 

TNCYFP-CreER;Gli1lacZ mice at P5, we found that YFP-expressing BG located in the PC 

monolayer co-labeled with β-gal (Figure 5B), as has been previously described (Corrales et 

al. 2004). In addition, YFP-expressing astroglial cells in the EGL co-labeled with β-gal 

(Figure 5B), indicating that both subsets are capable of responding to Shh signaling.

Because the major defect observed in Smocko mutants was reduced CGNP proliferation, we 

wanted to determine whether the TNC-YFP+ population residing in the EGL could 

contribute significantly to CGNPs, similar to what has been reported (Silbereis et al. 2010). 

Fate-mapping of the TNC lineage using TNCYFP-CreER; tdTomato mice indicated that the 

majority of tdTomato+ cells in the P11 cerebellum were largely confined to Sox2+ BG 

(Figure 5C) with GFAP+ fibers (Figure 5D). There was a subset of Pax2+, tdTomato+ cells 

apposed to the EGL (Figure 5E), which were immature GABAergic interneurons that have 

not yet begun to express Parvalbumin (Fleming et al. 2013). In order to determine whether 

tdTomato+ cells contributed to the mature granular neuron population, we co-labeled with 

granular neuron marker NeuN (Figure 5F). Approximately one or two cells per lobe co-

labeled with NeuN, demonstrating that TNC-expressing cells can contribute to the granular 

neuron population, but this number remained very small (no more than 1–2 per lobe, or 

<0.1% of total NeuN+ cells). In fact, the majority of tdTomato+ cells in the IGL were Sox2+ 

glial cells (Figure 5C). These results were corroborated by NeuN, tdTomato double 

immunohistochemistry in TNCYFP-CreER; tdTomato mice at P30, a stage when the EGL has 

completely disappeared. In all lobes examined, no more than 2 NeuN, tdTomato double 

positive cells could be found (Figure 5G, arrows), and the majority of tdTomato cells in the 

IGL were NeuN-negative (Figure 5G, arrowheads). These results demonstrate that TNC-

lineage cells do not contribute significantly to the adult granular neuron population. 

Therefore, it is unlikely that the Smocko mutant EGL phenotype occurs as a consequence of 

attenuated Shh signaling in the EGL astroglial population rather than in BG.

Smocko mutants display altered BG arrangement and cytoarchitecture

In order to further study whether loss of Shh signaling in BG affected the cytoarchitecture of 

BG and other cerebellar cell types, we analyzed PC and BG arrangement, density, and 

morphology. At P7, Calbindin+ PCs in WT cerebella formed the single-celled layer in 

between the molecular layer and internal granular layer that is characteristic of normal 

cerebellar architecture, but, in P7 Smocko mutant cerebella, PC soma localization was 

disrupted with many bodies out of alignment from the single-cell layer (Figure 6A, starred). 

BG fibers normally form a well-organized scaffold and extend processes towards the pial 

membrane where their endfeet contact the pial surface, and cell bodies of BG are uniformly 

arranged between PC bodies in the PC monolayer. We observed that BG cell soma size, as 

labeled by BG cell marker Sox2, were similar between WT and mutant; however positioning 
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of cell bodies in Smocko mutants was irregular and aberrantly disorganized such that there 

was a significantly increased number of Sox2+ BG per mm of PCL due to smaller cerebella 

(68.4%, n=3, p=0.0339) (Figure 6A, arrows and graph). Rather than being localized in 

between PC soma, mutant BG cell bodies were displaced behind PC soma.

In order to more extensively study Smocko mutant BG fibers, we used 

immunohistochemistry against BLBP, GFAP, and 3-phosphoglycerate dehydrogenase (3-

PGDH) (Furuya et al. 2000) to label BG at P3, P5, and P7. BLBP is strongly expressed in 

BG cell bodies and fibers at early postnatal stages and is increasingly downregulated into 

adulthood (Feng, Hatten, and Heintz 1994). On the other hand, GFAP expression cannot be 

detected in BG fibers until P5 (Piper et al. 2011) and is upregulated throughout the next two 

weeks as BG mature (Giménez Y Ribotta et al. 2000). The enzyme 3-phosphoglycerate 

dehydrogenase (3-PGDH) strongly labels BG soma and fibers throughout postnatal 

development and adulthood (Furuya et al. 2000).

Mutant BG were positive for Blbp (Figure 6B, S2), indicating that differentiation along a 

glial lineage was preserved in the mutant. However, beginning at P5 we observed an 

expansion of the endfeet upon contact with the pial surface, which was particularly 

pronounced at the fissures in BG lacking Shh signaling (Figure 6B, arrows). In addition, in 

WT cerebella, BG fibers were uniformly rod-like and parallel to one another as they 

stretched from cell body to pial surface. However, in mutant cerebella the rod-like domain 

was severely disrupted and tortuous with an increase in lateral branching and complexity 

(Figure 6B). 3-PGDH and GFAP expression likewise demonstrated an increased complexity 

of BG fibers and expansion of endfeet at the pial surface (Figure 6C, D, arrows), which 

increased in severity over time.

Defects in BG fibers are also associated with aberrant formation or maintenance of the 

meningeal basement membrane, as has been demonstrated in several genetic mouse mutants 

with BG fiber defects (Belvindrah et al. 2006; Graus-Porta et al. 2001). Therefore, we 

assayed for laminin expression, which revealed in WT cerebella that the cerebellar cortex 

was covered with a continuous laminin+ layer that separated cerebellar folia (Figure 6E). We 

did not see any differences in laminin staining in Smocko mutants, indicating the basement 

membrane of mutant cerebella is intact (Figure 6E).

Smocko mutants have disrupted PC alignment and dendritic arborization

As the radial processes of BG provide a scaffold for the directed vertical growth of PC 

dendrites (Lordkipanidze and Dunaevsky 2005), we examined PC morphology and 

dendritogenesis using immunohistochemistry for the PC-cell specific marker Calbindin 

(Lordkipanidze and Dunaevsky 2005). At P3, the earliest time-point collected, we did not 

see a difference in PC morphology, layering, or dendritogenesis (Figure 7A and 7B–B”). 

However, as mentioned above, at P7, Calbindin+ PC soma localization was disrupted 

(Figure 6A and 7D–D”, starred). During early postnatal cerebellar development, clustered 

PCs disperse into the characteristic monolayer seen in the adult cerebellum in response to 

Reelin secreted by the EGL (Miyata et al. 1997; Miyata et al. 1996; Schiffmann, Bernier, 

and Goffinet 1997). As the EGL is severely disrupted in Smocko mutants, PC soma 

mislocalization is likely due to a consequence of loss of CGNPs and subsequently reduced 
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CGNP-derived Reelin signaling. Consistent with this, we found that the absolute number of 

Calbindin+ PCs were comparable between the WT and mutant (Figure 7E), however there 

was a significant increase in the number of PCs per mm of PCL in Smocko mutants (28.3%, 

n=3, p=0.0027) (Figure 7F).

While PC dendritic arborization is immature at P7 (Sotelo and Dusart 2009), dendritic tips 

have begun to ascend vertically and enter the base of the EGL (Yamada et al. 2000), which 

was observed in our WT cerebella (Figure 7C). In contrast, mutant PC had a severely 

disrupted fiber network, with stunted, thinned dendrites and poorly branched arbors (Figure 

7D, arrowheads). PC dendritic outgrowth depends on electrical activity (Schilling et al. 

1991; Baptista et al. 1994) and neurotrophins secreted from CGNPs, including thyroid 

hormone (Heuer and Mason 2003), neurotrophin-3 (Lindholm et al. 1993), and BDNF 

(Shimada, Mason, and Morrison 1998). Thus, the disruption in PC arborization seen in 

Smocko mutants could be attributed to the loss of the EGL.

However, neuron dendritogenesis can also depend on factors derived from glial cells 

(Martin, Brown, and Balkowiec 2012; Procko and Shaham 2010), and it has been proposed 

that BGs contribute to PC dendritic elaboration (Lippman et al. 2008; Yamada et al. 2000). 

Therefore a possibility remained that BG-Shh signaling may play a role in PC dendrite 

formation that was unable to be appreciated due to the severity of the reduction in EGL area 

in Smocko mutants. In order to investigate BG Shh signaling contribution to PC 

dendritogenesis independent of CGNP proliferative effects, we ablated Shh signaling in BG 

at later developmental stages by injecting one dose each of tamoxifen at P5 and P6 and 

analyzed at P8. This later time point enabled us to examine the cerebellar phenotype after 

the first wave of CGNP proliferation has taken place. Changes in cerebellar size and EGL 

area were less severe when BG Shh signaling was ablated at P5 and P6 compared to ablation 

at P1 and P2 (Figure 7G–I, M–O). Notably, the PC dendrites still lacked secondary 

branching structures as revealed by Calbindin immunohistochemistry (Figure 7J–K and 7P–

Q, arrows), though a BG fiber defect was not observed as determined by GFAP 

immunohistochemistry (Figure 7L and 7R). Because we continued to observe a PC dendrite 

defect in the absence of a severe EGL phenotype or BG fiber morphology defects, and in the 

absence of severe cerebellar hypoplasia, our results suggest that proper outgrowth of PC 

dendrites depends on Shh signaling activity to BG. However, we cannot rule out the 

possibility that minor defects in granule cell development may still contribute to PC 

dendritic defects.

Smocko mutants exhibit aberrant Wnt signaling

Next, we wished to determine downstream signaling pathways that could be influenced by 

depletion of BG-Shh signaling in Smocko mutant cerebella, and thus augmenting the 

reduction in CGNP proliferation. Several studies have implicated that antagonism of the Wnt 

pathway is important for the maintenance and proliferation of CGNPs. First, Wnt signaling 

is active in the rhombic lip and early migratory CGNPs at E14.5 but not in later stages of 

CGNP development (Fiacco and McCarthy 2006; Perea and Araque 2007; Pascual 2005). 

However, while it is not detected in the EGL, Wnt signaling is active postnatally in the PC 
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layer in S100β+ BG (Selvadurai and Mason 2011) and at least one Wnt ligand, Wnt3, is 

expressed by BGs (GENSAT Mouse Brain Atlas).

Additionally, CGNP-specific deletion of Wnt inhibitor APC resulted in severely inhibited 

CGNP proliferation and premature differentiation (Lorenz et al. 2011) and conditional 

activation of Wnt signaling using a dominant active form of β-catenin in neural precursors 

impaired CGNP proliferation (Pöschl et al. 2013). These studies suggest that ectopic Wnt 

signaling to the EGL may inhibit CGNP proliferation. Since we observed impaired CGNP 

proliferation in Smocko mutants, we hypothesized that Wnt signaling could be ectopically 

activated in the EGL. To test this hypothesis, we used a BAT-Gal transgenic reporter strain 

that expresses a lacZ gene under the control of β-catenin/T-cell factor responsive elements 

(Maretto et al., 2003) and has been widely used as a general reporter of Wnt/β-catenin 

activity. By crossing these mice with our mutants to obtain TNCYFP-CreER; SmoF/−; BAT-Gal 
mice, Wnt signaling activity could be examined in the EGL. In WT mice examined at P4, we 

observed very few cells expressing β-gal positivity (Figure 8A), corroborating studies 

demonstrating that Wnt signaling is not normally active in CGNPs at that stage (Selvadurai 

and Mason 2011). However, in the Smocko mutant we observed the presence of ectopic β-gal

+ cells in the EGL of mutant mice (Figure 8B, arrows). These results indicate that Smocko 

mutant mice have enhanced Wnt signaling in CGNPs, suggesting that BG-derived Shh 

signaling may regulate Wnt signaling activity to the EGL.

As several extracellular modulators of the Wnt pathway are expressed in BG and CGNPs, 

including Wnt-inhibitory factor 1 (Wif1) and Shh target gene secreted frizzled receptor 

protein-1 (Sfrp1), we hypothesized that the enhanced Wnt signaling observed in Smocko 

mutants may be due to reduced levels of Wnt antagonist expression. Sfrp1 is a 30-kDa 

secreted glycoprotein that acts as an antagonist of Wnt signaling (Finch et al.1997). It has 

been identified as a Shh signaling target gene, frequently upregulated in Hh-activated tumors 

(Romer et al. 2004), and suggested to serve as a molecular link for Shh-mediated Wnt 

inhibition (Katoh and Katoh 2006). Therefore, we examined gene expression of Sfrp1 in 

Smocko mutant cerebella using in situ hybridization. As seen in Figure 8C, Sfrp1 is localized 

to the EGL in the P4 WT cerebellum. In Smocko mutants, there was a striking decrease in 

Sfrp1 expression (Figure 8D), a finding we confirmed by probing lysates of freshly isolated 

CGNPs via Western blotting (Figure 8E). This data indicates a downregulation of Sfrp1 

expression in the EGL of Smocko mutants, suggesting one possible downstream target of 

BG-derived Shh signaling activation.

DISCUSSION

In this study, we provide genetic evidence that Shh signaling in BG is required for proper 

CGNP proliferation and subsequent cerebellar cortical expansion. Our study provides a 

novel role for Shh signaling in the cerebellum, the non-cell-autonomous regulation of CGNP 

proliferation by BG. Interestingly, Smocko mutants have profound reductions in EGL area 

that can be observed starting 24 hours after the last tamoxifen injection (Figure 3A, S1) and 

prior to observable defects in BG fiber formation (Figure 6). This rapid time course from 

initiation of Cre-mediated recombination to EGL size reduction in mutants demonstrates the 
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remarkable sensitivity of CGNP proliferation to BG-Shh activity, underscoring its relevance 

for the maintenance of overall cerebellar size and architecture.

BG belong to a select group of astroglia. They are astrocytic derivatives of radial glia that 

retain radial-glial like morphology into adulthood. While the other members of this group, 

retinal Muller cells and hypothalamic tanycytes, have been found to be neurogenic (Haan et 

al. 2013; Surzenko et al. 2013; Robins et al. 2013), BG have not been described as such and 

our lineage tracing studies demonstrate that TNC-YFP cells contribute very minimally to the 

granular neuron population (Figure 5C, D). Thus, it is unlikely that BG neurogenesis plays a 

significant role during normal development. Rather, our study indicates that, in addition to 

their well-characterized role in providing guidance cues for the inward migration of CGNPs 

(Rakic 1971), BG have a previously undescribed postnatal function in modulating 

proliferation of a cerebellar neuronal precursor population. This is consistent with a role for 

astrocytes in providing factors that support neuronal growth (Vernadakis 1988) and adds to 

our understanding of the neuronal-glial relationship in the cerebellum.

Although a select few other Shh-responsive cell types express TNC-YFP in the cerebellum, 

we conclude that the phenotype we observed is mainly due to Shh signaling ablation in BG. 

Several lines of evidence support this conclusion. First, our lineage tracing studies in 

TNCYFP-CreER; tdTomato mice indicate that the contribution of TNC-expressing cells to the 

granular neuron population in the IGL is insignificant, with no more than one or two per 

lobe in the cerebellum at P30 (Figure 5C, D). Thus, while the small TNC-expressing Sox2+/

Blbp+ astroglial population in the EGL has been demonstrated to contribute to CGNPs 

(Silbereis et al. 2010) and is Shh responsive (Figure 5B), their contribution to the total 

number of granular neurons is too small to cause the severe phenotype we observe in Smocko 

mutants. However, we cannot exclude the possibility that these Sox2+/Blbp+ EGL cells 

secrete an inhibitory factor that modulates CGNP responsiveness to Shh ligand. The 

difficulty of studying these cells in isolation of other radial glial cells limits our ability to 

draw conclusions regarding this hypothesis, as currently there is no specific marker for this 

cell population and their function is unknown. Nevertheless, our lineage tracing studies and 

the sheer number of BG cells compared to these sparsely populated EGL cells, as well as the 

ability of the BG fiber to reach to the pial surface and contact all CGNPs, all support our 

conclusion that BG Shh signaling ablation is responsible for the phenotype of Smocko 

mutants. Additionally, the small population of TNC-expressing astroglial cells in the white 

matter does not contribute to GCP lineage (Fleming et al. 2013). However, in the absence of 

BG-specific Cre line, we cannot rule out the possibility that these astroglial cells secret a 

factor that contributes to granule cell precursor development.

It has been speculated that Shh signaling promotes differentiation of BG (Dahmane and Ruiz 

i Altaba 1999). These studies were performed in vitro and also through the use of blocking 

antibodies in vivo at early stages in the chick embryo when Shh is important in development 

of the entire neural tube. Thus, it has been difficult to distinguish between Shh regulation of 

radial glial cells and Shh signaling regulation of BG development without a BG-specific 

blockade of Shh signaling. Using the TNCYFP-CreER driver line to ablate Shh signaling in 

postnatal BG cells, we demonstrate that BG cell number is unchanged between the WT and 

mutant (Figure 6A). Indeed, BG mitotic activity peaks between P1 and P6 (Yuasa 1996) and 
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our analysis following tamoxifen injection at P1 and P2 showed no difference in absolute 

numbers of BG at P7. Our findings suggest that Shh signaling in BG is not necessary for 

their postnatal differentiation but do not rule out the possibility that Shh signaling regulates 

their specification prior to birth.

The question remains as to how BG-Shh signaling alters CGNP Shh-responsiveness. One 

possibility is that BG Shh signaling serves to modulate levels of inhibitory secreted factors, 

allowing for full activation of the Shh pathway in CGNPs. Several signaling pathways have 

been identified that are antagonistic to Shh signaling in regulating CGNP proliferation. For 

example, extracellular matrix glycoproteins (Pons et al. 2001) and FGFs (Wechsler-Reya 

and Scott 1999) are able to differentially modulate, but not completely suppress, Shh-driven 

proliferation of CGNPs. However, we did not find differences in gene expression of FGF 

transcriptional target Etv5 in Smo mutants compared to WT cerebella (data not shown), 

suggesting that FGF signaling does not occur downstream of Shh signaling in BG. BMP2 

and BMP4 significantly reduce CGNP proliferation in organotypic slice cultures (Rios et al. 

2004) via the Smad signaling pathway (Zhao et al. 2008), however we did not find 

differences in protein localization and intensity of BMP signaling readout phospho-Smad1 

(Ser463/465) (data not shown), suggesting that this pathway is also not regulated by Shh 

signaling in BG.

Notably, our data using BAT-gal reporter mice demonstrate that Wnt signaling activity is 

upregulated in the EGL of Smo mutants (Figure 8A), concomitant with a reduction in EGL 

area. While we cannot rule out the possibility that the upregulation in Wnt activity is a 

consequence rather than a cause of BG-Shh signaling ablation, several studies have 

implicated that antagonism of the Wnt pathway is important for the maintenance and 

proliferation of CGNPs. First, Wnt signaling is active in the rhombic lip and early migratory 

CGNPs at E14.5 but not in later stages of CGNP development (Selvadurai and Mason 2011). 

Additionally, CGNP-specific deletion of Wnt inhibitor APC resulted in severely inhibited 

CGNP proliferation and premature differentiation (Lorenz et al. 2011) and conditional 

activation of Wnt signaling using a dominant active form of β-catenin in neural precursors 

impaired CGNP proliferation (Pöschl et al. 2013). Interestingly, the latter study observed a 

comparably severe cerebellar phenotype in their mutant mice as that seen when blocking 

Shh in vivo, with cerebellar hypoplasia with a thinned EGL, abnormally positioned Purkinje 

cells, and reduced Bergmann glia (Pöschl et al. 2013). Thus, Wnt signaling to the EGL is 

likely inhibited during normal cerebellar development to allow for complete Shh pathway 

activation. Our results indicate that BG Shh signaling is involved in Wnt signaling 

antagonism. The source of the Wnt signal to the EGL may very well be BG as Wnt3 is 

expressed in BG (Gensat Brain Atlas). While we do not find differences in Wnt3 gene 

expression in Smocko mutants (data not shown), several extracellular modulators of the Wnt 

pathway are expressed in BG and CGNPs, including Wif1 and Shh target gene Sfrp1. 

Notably, we detect a substantial downregulation of EGL Sfrp1expression in Smocko mutants, 

suggesting at least one possible mediator of Wnt inhibition that may be downstream of BG-

Shh signaling.

Our study of BG fiber morphology demonstrates that Shh signaling in BG is required for 

proper BG fiber expansion, as BGs of Smocko mutants display expanded end-feet and 
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increased lateral branching (Figure 6B–D). However, an EGL area reduction is observed 

prior to detection of BG fiber defects, which are noticeable at P5. Thus, we conclude that the 

aberrant growth of BG fibers is secondary to the reduction in EGL area and subsequent 

hypoplasia. Consistent with this hypothesis, we observe a similar increase in BG lateral 

branching and thickening of fibers in Math1CreER;SmoF/− mice which lack an EGL (Figure 

7D).

Our results also indicate that Shh signaling in BG is necessary for proper PC soma 

localization and dendritic arborization. Post-mitotic PC migrate from the ventricular zone to 

form clusters in the postnatal cerebellum, and cluster dispersal depends on EGL-derived 

Reelin signaling (Miyata et al. 1997). As the EGL in our mutants is severely reduced, the 

disorganization of PC cell bodies is most likely due to the secondary effect of decreased 

Reelin secretion. These results are corroborated by similarly disrupted PC soma localization 

in L7Cre;ShhF/− and Math1CreER;SmoF/− mutants where the EGL is completely absent. PC 

dendritogenesis is a dynamic process, with constant restructuring, retraction, and regrowth 

of fibers. It is speculated that PC dendrites eventually use BG fibers as a guide for 

synaptogenesis and subsequent arborization (Wang et al. 2011; Lordkipanidze and 

Dunaevsky 2005; Yue 2005). We find that PC dendrite arborization in Smocko mutants is 

reduced compared to PC in WT mice (Figure 7A). While the PC dendrite phenotype we 

observed could be a consequence of disrupted BG fiber morphology, a second possibility is 

that PC dendritic arborization is dependent on BG Shh signaling directly. Our studies in 

Smocko mutant animals with later stage tamoxifen injections indicate that the latter 

explanation is more likely. In these mutants, we find that cerebellar hypoplasia, EGL 

reduction, and BG fiber morphology are comparable to WT, whereas PC dendritic 

arborization defects are strikingly apparent (Figure 7G, H) indicating that this PC phenotype 

precedes the observed disruption of BG fiber morphology. The mechanism by which Shh 

signaling in BG regulates PC dendritogenesis requires further study.

Because CGNPs are the presumed cell of origin for medulloblastoma, determining factors 

that inhibit their proliferation are central to the investigation of medulloblastoma 

development and may elucidate pathways that can be exploited in the development of future 

therapies. Our study suggests that BG play a role in providing modulatory factors, likely 

involving Wnt signaling, that positively regulate Shh signaling in the postnatal EGL. Thus, 

their potential contribution to medulloblastoma pathogenesis should not be ignored. Further 

studies are needed to determine the molecular mechanism by which this regulation of CGNP 

proliferation occurs. In addition, as Shh signaling is still active in BG in the adult (Corrales 

et al. 2004), its function in that context may be very different from that utilized in early 

postnatal development and warrants further investigation. Ultimately, our Smocko mutant 

mouse model demonstrates a requirement for Shh signaling in BG for proper proliferation of 

CGNPs and multiple aspects of cerebellar architecture and lamination and therefore sheds 

light on the importance of neuron-glia communication in the cerebellum.
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Refer to Web version on PubMed Central for supplementary material.
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Highlights

Early postnatal ablation of Shh signaling in Bergmann glial cells causes cerebellar 

hypoplasia.

Shh signaling in Bergmann glia is required for CGNP proliferation.

The absence of Shh signaling in Bergmann glia induces ectopic Wnt signaling in the 

CGNP.
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Figure 1. TNC-YFP-expressing cells are Bergmann glia
(A–A”) YFP immunohistochemistry on sagittal sections demonstrates pattern of TNC 

expressing cells. Boxed region denotes enlarged area in (B’). TNC-YFP expression is 

observed in cells that extend long processes to the pial surface (A”). (B–C”) TNC-YFP 

expressing cells are Blbp+ (B–B”) and Sox2+ (C–C”), indicating that they express astroglial 

markers. Inset shows example of co-labeled cell (B”, C”). (D–D”) TNC-YFP expressing 

cells are ki67+, indicating that they are proliferative. Inset shows example of co-labeled cell 

(D”). Abbreviation: EGL, external granular layer. Scale bars are 20 µm except A”, B”, C” 

and D” (100 µm).
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Figure 2. TNCYFP-CreER;SmoF/− (Smocko) mutants display a hypoplastic cerebellum
Tamoxifen was injected at P1 and P2 in WT and Smocko mutants. Mice were analyzed as 

early as P3 and as late as P30. (A–B) External view of Smocko mutants and WT littermates 

at P5 demonstrates the reduction in overall cerebellar size. (C–F’) H&E staining of mid-

sagittal sections of Smocko mutants (D, D’ F, F’) and WT (C, C’, E, E’) littermates at P5 (C–

D’) and P7 (E–F’). (G–H) NeuN staining at P30 demonstrates that mutants have significant 

cerebellar hypoplasia. (I–L’) H&E staining of mid-sagittal sections of WT (I, I’), Smocko (J, 

J’), Math1CreER;SmoF/− (K, K’) and L7Cre;ShhF/− (L, L’) mutants at P7. (M) Quantification 

of cerebellar area of WT littermates and Smocko mutants, Math1CreER;SmoF/− mutants, and 

L7Cre;ShhF/− mutants. Data are mean of n=3 WT and littermate pairs for each genotype. 

Boxed region shows enlarged region in adjacent panel. Abbreviations: EGL, external 

granular layer. ML, molecular layer. PCL. Purkinje cell layer. IGL, internal granular layer. 

Scale bar: 20 µm.
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Figure 3. Mutant EGL is largely agranular due to severely reduced CGNP proliferation
(A) Immunohistochemistry for pH3 (brown) at P3 and P5 in WT and Smocko mutants. (B) 

Quantification of pH3 staining as a percentage of total EGL cells. At P3, a 19.5% decrease 

(n=3, p=0.0314) in pH3 was observed. At P5, a 51.1% decrease in pH3 (n=3, p=0.0166) was 

observed. (C) Immunohistochemistry for p27Kip1 (brown) at P3 and P5 in WT and Smocko 

mutants. (D) Quantification of p27Kip1 staining as a percentage of total EGL cells. At P3, an 

18.9% increase (n=3, p=0.0052) in p27Kip1-positive cells was observed. At P5, a 39.2% 

increase (n=3, p=0.0026) in p27Kip1-positive cells was observed. Sections in A and C were 

counter stained with hematoxylin to highlight the nuclei (blue). (E) Immunofluorescence 

staining of Ki67 (green) and Tag1 (red) at P5 in WT and Smocko mutants. (F) Quantification 

of Tag1 staining as a percentage of total EGL cells. A 56% increase (n=3, p=0.0615) in 
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Tag1-positive cells was observed. In contrast, a 28.3% decrease (n=3, p=0.0128) in Ki67-

positive cells was observed. Abbreviations: EGL, external granular layer. Scale bar: 20 µm.
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Figure 4. Loss of Shh signaling is profound in CGNPs
(A) X-gal staining for β-galactosidase in Gli1lacZ and TNCYFP-CreER;SmoF/−;Gli1lacZ 

mutants shows that X-gal is reduced in the PCL and EGL of mutants at P3 and P4. 

Rectangular region in P4 panel shows enlarged area in adjacent panel. (B) β-galactosidase 

immunohistochemistry in WT and mutants reveals a decrease in antibody staining in the 

mutant EGL at P4. GFP and Calbindin staining demonstrates location of BGs and PCs, 

respectively. Arrowheads indicate presence of β-gal+ cells in WT EGL, note that β-gal 

expression is absent in the mutant EGL. Arrows indicate GFP+ BGs that no longer express 

β-gal+, indicating a reduction in Gli1 expression in the mutant. (C) RT-PCR of Smo and 

Gli1 from purified TNC-YFP population shows reduced Shh signaling in Smocko mutants. 

(D) Western blotting of P5 WT and mutant CGNPs shows a decrease in Gli1 and Gli2 

protein levels in the mutant. (E) Western blotting of P5 cerebellar lysates shows a reduction 

in Gli1 protein levels in the mutant. Abbreviations: EGL, external granular layer. PCL. 

Purkinje cell layer. CGNPs, cerebellar granular neuron precursors. CB, cerebellum. Scale 

bar: 100 µm and 20 µm.
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Figure 5. Resident astroglial cells in the EGL do not contribute significantly to the granular 
neuron population
(A) YFP immunohistochemistry of TNCYFP-CreER at P1 on sagittal sections demonstrates β-

gal+-expressing cells in the EGL. These are Blbp+ and Sox2+, indicating that they express 

astroglial markers. Inset shows example of co-labeled cell. (B) β-galactosidase 

immunohistochemistry of TNCYFP-CreER; Gli1lacZ sagittal sections at P5 demonstrates that 

YFP+ cells in the EGL and PCL are β-gal+. Arrows and arrowheads indicate cells that are 

co-labeled with YFP and β-gal in the PCL and EGL, respectively. β-gal+ cells in the PCL 

and EGL are Sox2+ and Blbp+. Boxed regions indicate examples of co-labeled cells. (C–F) 

Lineage tracing using TNCYFP-CreER; tdTomato sagittal sections at P11. (C) The majority of 
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tdTomato+ cells are in the PCL and are Sox2+. Boxed region labeled “1” demonstrates 

example of Sox2+ TNC-lineage cell in IGL. Boxed region labeled “2” shows enlarged 

region in adjacent panel. Arrowheads indicate co-labeled cells in PCL, indicating that TNC-

lineage cells are BGs. (D) The tdTomato+ cells in the EGL show GFAP+ fibers, boxed 

region shows enlarged region in adjacent panel. Arrowheads indicate tdTomato+ BGs 

associated with GFAP+ fibers. (E) Pax2 immunohistochemistry demonstrates that TNC-

lineage cells found adjacent to the EGL are immature GABAergic interneurons. Arrowheads 

indicate co-labeled cells. (F) NeuN immunohistochemistry demonstrates that the majority of 

TNC-lineage cells are not tdTomato+, indicating that TNC-lineage cells do not contribute 

significantly to the granular neuron population. Boxed region labeled “1” shows the only 

example of co-labeled cell. Boxed region labeled “2” shows enlarged region in adjacent 

panel, and arrowheads indicate tdTomato+ cells that are not NeuN+. (G) Lineage tracing 

using TNCYFP-CreER; tdTomato sagittal sections at P30 supports the data at P11 and shows 

that TNC-lineage cells do not contribute significantly to the granular neuron population. 

Arrowheads indicate tdTomato+ cells that are not NeuN+ and arrows indicate the only two 

examples of co-labeled cells that were observed in three lobes. Abbreviations: EGL, external 

granular layer. IGL, internal granular layer. PCL. Purkinje cell layer. Scale bar: Scale bar: 

100 µm and 20 µm.
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Figure 6. Smocko mutants display altered BG arrangement and cytoarchitecture
(A) Sox2 labeling (brown) in P7 Smocko mutants demonstrate positioning of BG cell bodies 

in Smocko mutants is irregular and aberrantly disorganized (arrowheads). Calbindin labeling 

(purple) indicates disrupted PC soma localization (starred). Graph shows a significantly 

increased number of Sox2+ BG per mm of PCL and absolute numbers of BG are not 

different. Data are mean of n=3 WT and littermate pairs for each genotype. (B–D) Blbp, 3-

PGDH, and GFAP staining (brown) at P3, P5, and P7 demonstrate an increased complexity 

of BG fibers and expansion of endfeet at the pial surface starting at P5 that increased in 

severity at P7. Sections are counter stained with hematoxylin to highlight the nuclei. (E) 
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Laminin staining for the basement membrane did not reveal any differences Smocko mutants, 

indicating the basement membrane of mutant cerebella is intact. Abbreviations: EGL, 

external granular layer. ML, molecular layer. IGL, internal granular layer. Scale bar, 100µm 

and 20 µm.
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Figure 7. Smocko mutants have disrupted alignment and dendritic arborization of PCs
(A–B”) At P3, Calbindin immunohistochemistry shows no difference in Smocko mutant (B–

B”) PC morphology, layering, or dendritogenesis. (C–C”) At P7, Calbindin 

immunohistochemistry shows that PC soma localization is disrupted and have a severely 

disrupted fiber network, with stunted, thinned dendrites and poorly branched arbors. (E) The 

absolute number of Calbindin+ PCs were comparable between the WT and mutant. (F) 

There was a significant increase in the number of PCs per mm of PCL in Smocko mutants. 

Data are mean of n=3 WT and littermate pairs for each genotype. (G–R) Tamoxifen 

injection scheme in Smocko mutant at later timepoints. One dose of tamoxifen was injected 

at P5 and P6 in WT (G–L) and Smocko mutants (M–R). Mice were analyzed at P8. (G, H, M, 

N) H&E staining shows that changes in cerebellar size and EGL area were less severe when 

BG Shh signaling was ablated at P5 and P6 compared to ablation at P1 and P2. (I–L, O–R) 

PC dendrites in later timepoint-injected Smocko mutants (O–Q) lacked secondary branching 

structures as revealed by Calbindin immunohistochemistry (arrowheads) and no appreciable 

differences in BG fibers can be observed using Blbp (I–K, O–Q) and GFAP (L, R) 
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immunohistochemistry. Abbreviations: EGL, external granular layer. IGL, internal granular 

layer. PCL. Purkinje cell layer. Scale bar: 100µm and 20 µm.
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Figure 8. Smocko mutants exhibit aberrant Wnt signaling
(A–B’) β-galactosidase immunohistochemistry in P4 TNCYFP-CreER; SmoF/−; BAT-Gal mice 

(B, B’) shows the presence of ectopic β-gal+ cells in the EGL of mutant mice (arrows), 

indicating that Smocko mutant mice have enhanced Wnt signaling in CGNPs. (C–D’) In situ 
hybridization for Sfrp1 in Smocko mutants (D, D’) at P4 indicates a downregulation of the 

mRNA in the EGL. (E) Western blotting of lysates of freshly isolated CGNPs indicates a 

downregulation of Sfrp1 expression. Abbreviations: EGL, external granular layer. CGNPs, 

cerebellar granular neuron precursors. Scale bar, 200µm and 20 µm.
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