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ABSTRACT 

 

Our lab generated a transgenic mouse line that carries a silent floxed LacZ-stop-Shh 

transgene, which upon breeding with a mouse that expresses Cre recombinase, the Cre 

protein excises the LacZ reporter and drives ectopic expression of Sonic hedgehog (Shh), 

in any tissue that expresses Cre. When bred to Atoh1-Cre mice, the resulting Atoh1-Cre x 

LoxP-Shh mice had increased and aberrant expression of Shh in the external granule 

layer (EGL) of the cerebellum, where Atoh1 (Math1) is expressed. We confirmed that the 

mutant mice did in fact have an increase of Shh indirectly by staining for β-galactosidase 

activity and directly by measuring Shh transcript and protein expression. We then 

investigated the effects of the exogenous Shh expression in the cerebellum by comparing 

the cerebella of the transgenic mice morphologically and histologically to the cerebella of 

the control mice. We also compared the expression on a marker of proliferation and a 

marker of differentiation between control and mutant mice at various time points. 

Postnatal day 6 (P6) and postnatal day 24 (P24) were the principal time point examined. 

At P6, the main difference in cerebella between control and mutant mice is that the 

mutant cerebellum is much larger and has more folia. The P24 mutant exhibited many 

differences in comparison to the P24 control. Namely, in addition to hyperplasia and 

increased foliation, the mutant P24 cerebellum has a population of cells that remain in the 

EGL long after they are supposed to migrate inward to establish the internal granule layer 

(IGL). These cells express the marker of proliferation. Eventually, the mutant mice 

resulting from the Atoh1-Cre x LoxP-Shh cross develop medulloblastoma-like tumors 

around postnatal month 4 or 5 (P4 or P5 month). This was confirmed through histological 
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and immunohistochemical data. These data support our hypothesis that the mis-

expression of Shh in the cerebellum leads to morphological, histological, and cellular 

abnormalities.  
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INTRODUCTION 

 

Medulloblastomas (MB) are types of malignant, diverse tumors that are believed to stem 

from the granule cell precursors (GCPs) in the developing cerebellum. These tumors are 

the most common type of all malignant central nervous system cancers, specifically of 

those formed during childhood and developmental years.
1,2

 Since MB is so widespread, a 

better understanding of their development and progression is needed for better outcomes 

among patients suffering from this type of cancer. 

 

Importance 

MB is a form of brain cancer with one of the highest incidences in children, affecting 

approximately 10 children per million and only 0.5 adults per million each year.
3
 Nearly 

40% of diagnoses occur in patients under five years of age.
4
 The most aggressive tumors 

arise in infants and very young children
5
 and can be debilitating or even fatal. In fact, 

approximately half of all MB cases are terminal.
6
 In addition, management of MB tumors 

can be quite debilitating for those patients who survive the cancer. Resectioning, or 

surgical removal of the tumor and healthy tissue surrounding the tumor, is the primary 

treatment method, and is typically followed by a combination of radiation and 

chemotherapy, depending on an array of patient-dependent factors.
6
 The side effects of 

these therapies can manifest as severe emotional, physical, and/or cognitive defects. 

Following surgery to remove the tumor, the patient may experience post-operative 

posterior fossa mutism syndrome, which includes decreased speech ability, irritability, 

decreased muscle tone, ataxia, and the inability to coordinate voluntary movements 

among other symptoms.
7,8

 They may also experience emotional instability, various 
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endocrinopathies, sterility, and increased risk of glioma and meningioma.
6
 Furthermore, 

patients may also be negatively affected by the side effects of typical radiation and 

chemotherapy, such as damage to the developing nervous system, behavioral 

abnormalities, toxicities of vital organs, and the risk of secondary dysplasias. 

 

With such high rates of incidence and harsh cytotoxic treatment regimens, new therapies 

are needed to treat MB. New specific treatments are likely to become available from a 

better understanding of the pathways involved in the formation of MB tumors. 

 

Medulloblastoma  

MBs are heterogeneous in nature in that there are three main subtypes. These subtypes 

consist of classic MB, desmoplastic nodular MB, and large-cell or anaplastic MB (Table 

1).  Data suggests that each of these arise from different cell types and differences in 

pathway mutations.
9
 The desmoplastic nodular variety is of interest for this project since 

data suggest that it is derived from the GCPs located in the external granule layer 

(EGL),
10

 and roughly half of the large cell type is due to a defect in Sonic hedgehog 

(Shh) signaling.
11

 At present, distinguishing between the various types of MB has no 

effect on the type of treatment received but is gaining clinical significance.
11,12

 Health 

care providers are beginning to offer different treatments based on the subtype of 

medulloblastoma presented in the patient. Up to 30% of MB cases are associated with a 

dysfunction in the Shh signaling pathway despite the heterogeneity of these tumors.
9,10,11 
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Table 1. Subtypes of medulloblastoma.
10

 

Name of Subtype 

 

Characteristics Figure 

Classic Undifferentiated cells 

with a high nucleus-

to-cytoplasm ratio; 

necrosis areas, 

mitoses, and apoptotic 

bodies may be present 

 

Desmoplastic 

Nodular 

Cells are less dense 

than in the classic 

subtype and  overall 

contains less nuclei; 

reduced growth and 

increased apoptosis 

 

Large or Anaplastic Large cells, more 

cytoplasm than classic 

subtype, cell wrapping 

occurs, high mitotic 

activity with plenty of 

apoptosis. 
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Sonic hedgehog and Medulloblastoma 

Shh, a secreted morphogen, has vastly important concentration-dependent effects in the 

developing organism. It is involved in cell growth, cell fate determination, limb 

patterning, organogenesis, and the development of the central nervous system. Shh 

activity remains significant in the adult animal as well, and the pathway continues to 

regulate cell division, proliferation, and homeostasis as neurogenesis and gliogenesis 

continues in the adult brain.
13,14,15 

 

In the murine cerebellum, the Shh pathway drives the proliferation of GCPs in the 

external granule layer (EGL) of the cerebellum.
16

 Shh is first expressed in the Purkinje 

cells at embryonic day 17.5 (E17.5) at low levels, and Shh expression is limited spatially 

in the area in which the folia form, within the fissures.
17,18

 It has been suggested that Shh 

is produced and used in an autocrine manner by the GCPs prior to production of Shh by 

the Purkinje neurons.
19

 In the mouse embryonic day 18.5 (E18.5), the concentration is 

elevated, and, at postnatal day 2 (P2), remains expressed at higher levels throughout the 

parasagittal domains.
18

 At postnatal day 14 (P14), Shh is detected in the internal granule 

layer (IGL) of the cerebellum.
18

 During this period, Shh is directly involved with the 

expansion of the progenitor cells in the EGL. Reduced concentrations of Shh mediate the 

exit from the cell cycle for the GCPs.
20 

 

The normal development of the cerebellum and the onset of MB share their origins 

(Figure 1). MB tumors are believed to develop from progenitors in the EGL that have 

abnormalities in gene regulation, preventing the normal growth and development of these 
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cells in both mice and humans.
15

 An increase in Shh expression may cause a disruption in 

the balance between proliferation and differentiation in GCPs in the EGL, which is 

suggested to result in MB. 
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Figure 1. Abnormal Shh signaling may cause the GCPs in the EGL to maintain a 

tumorigenic environment.
15

 An abnormality in Shh signaling, which is drives the 

expansion of the GCPs, may cause the development of medulloblastoma. Pictured is 

the growth of one folium in the cerebellum. The arrows indicate growth driven by Shh 

in the EGL. 
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This thesis project investigated the potent and proliferative effects of Shh on the GCPs in 

the EGL, from which some MBs are believed to arise, in a transgenic mouse line as 

compared to control mice cerebella. This increased expression of Shh causes hyperplasia, 

disorganization, continuous proliferation, and eventually, tumor formation in the 

cerebellum of our mutant mice. 

 

Normal Prenatal Cerebellar Development in the Mouse 

The cerebellum, which is involved in sensory-motor learning, speech, and spatial 

memory, undergoes a very rapid growth period that begins in the embryo and finishes 

after birth. In the mouse, cerebellar development is completed around postnatal day 20 

(P20).
16,18,21

 In comparison, the human cerebellum is fully developed after one year of 

age.
22

 In order to understand the abnormal development and subsequent growth of 

cerebellar tumors, it is crucial to understand the conventional maturation and timeline of 

development of the cerebellum.  

 

The neural plate, the primary basis for the nervous system, in the early embryo closes to 

form the neural tube in the mouse around embryonic day 9.5 (E9.5).
23

 The neural tube is 

made up of the telencephalon, diencephalon, mesencephalon, and the hindbrain, with the 

most anterior portion (rhombomere 1) of the hindbrain giving rise to the cerebellar 

territory (Figure 2).
23

 Between E9.5 and E11.5, the cerebellar anlage arises, which in turn 

gives rise to two germinal areas: the ventricular zone, adjacent to the fourth ventricle, and 

the rhombic lip (Figure 3).
23

 At E10.25, in the ventricular zone, the earliest cerebellar 

progenitors exit the cell cycle and migrate from this zone toward the surface of the 
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cerebellum to generate differentiated neurons and glial cells.
1
 Specifically, from E11 to 

E14 in the mouse, precursors of the Purkinje neurons that have already differentiated 

migrate away from the ventricular zone.
1
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Figure 2. A diagram of the developing central nervous system in an E9.5 mouse.
23

 

The segments of the neural tube include the forebrain (green), midbrain (yellow), 

hindbrain (red), and the spinal cord (blue). The hindbrain is made up of seven 

rhombomeres, and the cerebellum arises from rhombomere 1 in the hatched section, 

which has been labeled accordingly.  
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Figure 3. Germinal zones in the embryonic mouse.
1
 The two germinal zones, the 

rhombic lip and the ventricular zone, are represented by the orange and blue areas 

respectively. The round blue cells indicate the stem cells that migrate inward from the 

ventricular zone to differentiate into neurons and glial cells. The round orange cells 

represent the progenitor cells that differentiate and migrate inward from the EGL to 

form the IGL over time. 
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Atoh1, also known as Math1, a basic helix-loop-helix (bHLH) transcriptional activator, is 

expressed in the developing mouse brain as early as E9.5, principally in the dorsal 

regions.
24

 Atoh1 is necessary for the production of granule neurons, starting in the 

GCPs.
25

 The cells of the rhombic lip express Atoh1 as early as E12.5.
25

 At E14.5, Atoh1 

continues to be expressed in the rhombic lip GCPs until they exit the cell cycle.
25

 These 

GCPs migrate from the rhombic lip to spread across the surface of the anlagen to form 

the outermost layer of cells known as the external granule layer (EGL).
25 

Eventually, the 

EGL disappears from the murine cerebellum when the GCPs differentiate and migrate 

inward. Until then, the GCPs proliferate in response to Shh.  

 

In the human cerebellum, the same events, including establishing the cerebellar territory, 

the formation of the two germinal zones, and the eventual migration of progenitors from 

the EGL, occur just as in the murine cerebellum.
22

 Of course, the timeline of 

development is much different than that of the mouse. The differentiation and migration 

of cells in the ventricular zone are estimated to take place around five weeks post-

fertilization.
22

 After eight weeks, the human embryo has undergone spreading of the 

GCPs from the rhombic lip.
22

 Math1 (Atoh1) is also expressed in the GCPs of the human 

cerebellum.
22

 

 

Normal Postnatal Cerebellar Development in the Mouse 

A considerable amount of the morphogenesis and development of the cerebellum occurs 

after birth. When mice are between 2 and 4 postnatal (P2-P4) days old, multiple signaling 

pathways are involved with maintaining GCP proliferation, including the Shh signaling 
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pathway (Lewis). Pools of progenitors are maintained and created in between postnatal 

days 5 (P5) and 8 (P8), which is the phase of peak GCP proliferation in the EGL.
25

 

However, overlapping this time, from birth (P0) to postnatal day 14 (P14), is when the 

GCPs begin to exit the cell cycle.
25

 This is an extremely significant part of cerebellar 

development and is one of the final events that lead to a fully matured cerebellum. In the 

EGL, GCPs are formed, and then generate axons that migrate along the Bergmann glia 

cells through the molecular layer (ML) and the Purkinje cell layer (PCL) to form the 

internal granule layer (IGL) just underneath the PCL.
19

 During this time, the progenitors 

differentiate into granule cells as they move into the IGL. The EGL is no longer present 

in the fully-formed cerebellum, and the IGL is the final destination of the granule cells. 

As the GCPs differentiate into granule cells, Atoh1 is down-regulated.
26

 Again, at 

postnatal day 20 (P20) the cerebellum is considered fully developed. 
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Figure 4. The migration and differentiation of GCPs to form the EGL.
19

 During 

the first two postnatal weeks, the GCPs are maintained in their mitotically-active state 

following the Shh signaling produced by the Purkinje neurons. The GCPs exit the cell 

cycle, and migrate beneath the PCL to form the IGL. 
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The human cerebellum undergoes the same events as in the mouse cerebellum under a 

different timeline. When the fetus is 16 to 25 weeks of age, the GCPs are undergoing 

differentiation, extending their axons and migrating beneath the PCL to form the IGL.
22

 

However, the EGL does not completely disappear until approximately one year after 

birth.
22

 

 

Upon the complete migration of the GCPs in the EGL, the developed cerebellum contains 

the molecular layer (ML), the Purkinje cell layer (PCL), the inner granule layer (IGL), 

and white matter (Figure 5).  The two principle neurons within the cerebellum post-

development are granule cells and Purkinje cells. 
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Figure 5. Layers of the cerebellum in a wild type P24 mouse. The mature brain 

should consist of four major layers: 1) the outermost molecular layer (ML); 2) the 

Purkinje cell layer (PCL), which cannot be seen but is located between the ML and the 

IGL; the inner granule layer (IGL), and the white matter (WM).  
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Hypothesis 

In order to examine the effects of ectopic Shh signaling during cerebellar development, 

our laboratory generated a mouse model that mis-expresses Shh.  Mutant mice resulting 

from an Atoh1-Cre x LoxP-Shh cross have ectopic expression of Shh in the cerebellum. 

We hypothesize this mis-expression will by targeted to the GCPs and will lead to 

cerebellar defects and disruption of downstream signaling pathways. To further 

investigate the defects resulting from abnormal Shh expression, we developed three 

specific aims: 1) to confirm the mis-expression of Shh in the mutant mouse cerebellum; 

2) to compare morphologically and histologically the effects of increased Shh on mutant 

mice to those of the control mice at various time points; and 3) to investigate expression 

of a marker of proliferation and of differentiation in the control and mutant cerebella at 

significant developmental time points. 

  



17 

MATERIALS AND METHODS 

 

Mice 

The LoxP-Shh transgenic mouse line was generated at the Mouse Genome Engineering 

Facility at University of Nebraska Medical Center. The transgene used to create the 

LoxP-Shh transgenic mice was designed and generated in our laboratory. As shown in 

Figure 6, this transgene contains a 1.8kb chicken β-actin promoter (isolated from 

pCAGGS-Flpe, Gene Bridges), a 9.4kb LacZ fragment flanked by two LoxP sites 

(isolated from plox-nls-LacZ vector, kindly supplied by the Beisel and Salbaum Labs), 

and a 2.6 kb full-length Sonic hedgehog (Shh) cDNA insert (Clonetech). 

 

Mice were house and maintained in the Animal Resource Facility (ARF) of Creighton 

University following standard operating procedures. All experiments involving 

sacrificing and harvesting tissue from both embryonic and postnatal mice were conducted 

in accordance with procedures approved by the Creighton University Institutional Animal 

Care and Use Committee (IACUC).   
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Figure 6. Schematic of the LoxP-Shh gene plasmid. Atoh1-Cre mice were supplied 

by Dr. Bernd Fritzch (Creighton University) and have been described previously.
27 

When crossed with the Atoh1-Cre transgenic strain, the STOP sequence is removed 

and LacZ is expressed in tissues where Cre is expressed. All mice were maintained in 

the Creighton University Animal Resource Facility, and all experiments were 

performed in accordance with procedures approved by the Creighton University 

Institutional Animal Care and Use Committee. 
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Cre-Lox Transgenic System 

In the transgenic Cre-Lox design, LoxP-Shh mice carry a LacZ reporter driven by the 

strong β-actin promoter, which is expressed in all cell types.
28

 In the absence of Cre, the 

LacZ reporter gene is active, but the expression of the Shh transgene, which is proceeded 

by a STOP codon, is turned “off.”  When LoxP-Shh mice are crossed with mice from the 

Atoh1-Cre line, Cre excises the LacZ reporter construct and STOP codon and turns “on” 

ectopic expression of Shh. When embryos from this cross are stained for β-galactosidase 

activity, tissue that carries the LoxP-Shh transgene stains blue in the absence of Cre. In 

contrast, embryos that carry both the LoxP-Shh transgene and the Atoh1-Cre transgene 

will lack blue staining in tissues that express Cre. Figure 7 shows a schematic diagram of 

this cross. 
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Figure 7. Schematic of the cross generating the transgenic mice. The LacZ reporter 

is driven by the strong β-actin promoter and expressed in all cell types. Without Cre, 

the LacZ is expressed. Upon breeding with LoxP-Shh mice, the LacZ reporter is 

excised, and Shh is expressed. Atoh1-Cre x LoxP-Shh mice will lack blue staining 

resulting from a β-galactosidase assay in tissues that express Cre. 



21 

Mouse Dissections 

Mice were either sacrificed by administering increasing amounts carbon dioxide or by 

cardiovascular perfusion preceded by anesthesia. For Western blotting, tissue treated with 

fixatives cannot be used. The carbon dioxide protocol was followed, with either whole 

embryos or brain tissue harvesting to follow immediately. Either embryonic sacs or tails 

were removed from each animal to be used in genotyping. 

 

For sacrificing via perfusion, mice were anesthetized with an intraperitoneal (IP) 

injection of avertin (Sigma-Aldrich). Mice were weighed in order to dose the anesthesia 

correctly. To ensure that the mice were anesthetized after injection, sufficient time passed 

after the introduction of avertin, and mice were tested for lack of sensory response by 

paw pinching. The thoracic cavities were opened and blood was cleared by pumping 0.1 

M phosphate buffer (PB) through the left ventricle of the heart. Fixation occurred through 

injecting 4% paraformaldehyde (PFA) (Election Microscopy Sciences) in the same way. 

Brains were harvested following cardiac perfusion. Tails from these adult mice were 

removed for use in genotyping as well. 

 

Genotyping 

DNA from embryonic sacs and tails was extracted for genotyping. Both embryonic sacs 

and tails were digested in 500 μL of Tail Digestion Buffer and 6 μL of Proteinase K 

(Sigma-Aldrich) overnight at 55 °C in 1.5 L microcentrifuge tubes. Tail Digestion Buffer 

was comprised of 5.0 M NaCl (Fisher Scientific), 1.0 M Tris (pH 8.0) (Fisher Scientific), 

0.5 M EDTA (pH 8.0) (Fisher Scientific), 10% SDS (Fisher Scientific), and water to 500 



22 

mL. The day following digestion, these mixtures were cooled to room temperature, and 3 

μL of RNase A (Sigma-Aldrich) was added. The mixtures were then incubated at 37 °C 

for 30 minutes to an hour. Following incubation, 250 μL of saturated NaCl solution was 

added and mixed by inverting the tubes 4-6 times. They were then kept at 4 °C for at least 

30 minutes, or until a precipitate was formed. The mixtures were then centrifuged at 

13,000 rpm for 10 minutes at room temperature. Each supernatant was transferred to a 

new microcentrifuge tube containing 500 μL of isopropanol and inverted several times to 

mix. New tubes were centrifuged at 13,000 rpm for 10 minutes at room temperature, and 

supernatants were poured off and discarded. 500 μL of 70% ethanol was added to wash 

each pellet. Centrifugation at 13,000 rpm for 10 minutes followed. Supernatants were 

poured off, and the pellets were allowed to air dry at room temperature. Pellets were 

resuspended in 100 μL of Tris EDTA (TE), comprised of 1mM Tris [pH 8.0] (Fisher 

Scientific), 0.1 mM EDTA (Fisher Scientific), diluted in nanopure DI water. If necessary, 

resuspension was aided by incubating at 55 °C for 5-10 minutes and vortexing. 

 

Extracted DNA was then used to genotype the mice. Primers for Shh and Cre were used 

to distinguish between the control and mutant animals (primers were purchased from 

Integrated DNA Technologies). The Shh primers are as follows: Forward: 5’ GTT CGG 

CTT CTG TGT GAC 3’; Reverse: 5’ GGC ATG CAA GCT CCT ATA ACT TC 3’. The 

Cre primers are as follows: Forward: 5’ GCC TGC ATT ACC GGT CGA TGC AAC GA 

3’; Reverse: 5’ GTC GCA GAT GGC GCG GCA ACA CCA TT 3’. RedTaq Ready Mix 

PCR Reaction Mix (Sigma-Aldrich) was used for polymerase chain reaction (PCR). Each 

0.6 L PCR tube contained 12.5 μL RedTaq (Sigma-Aldrich), 10.5 μL nuclease-free water 
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(Sigma-Aldrich), 0.5 μL forward primer, 0.5 μL reverse primer, and 1 μL sample DNA. 

The PCR program was as follows: Stage 1 - 1 cycle: 94ºC - 6 Min, 55ºC - 1 Min, 72ºC - 2 

Min.  Stage 2 - 35 cycles: 94ºC - 30 Sec, 55ºC - 30 Sec, 72ºC - 1 Min.   Stage 3 - 1 cycle: 

72ºC - 10 Min.  Stage 4 - 4ºC Hold.   

 

Beta-Galactosidase Staining 

Embryos or cerebella were fixed in 4% paraformaldehyde for 1 hour in 24-well plates. 

They were then washed in 0.1 M phosphate buffer (PB) for 10 minutes.  For each 

milliliter of staining solution, 0.948mL 0.1M PB, 10μL 0.5M K3Fe(CN)6, 10μL 0.5M 

K4Fe(CN)6, 2μL 1M MgCl2, 10μL 1% Deoxycholic Acid, 10μL 1-2% NP-40, and 10μL 

X-gal (Sigma-Aldrich -100mg/ml) was prepared.  Samples were incubated at 37 °C in 2 

mL of X-gal staining solution and monitored every few hours until a reaction was seen. 

Reactions were completed, on average, at the 24 hour mark. After staining occurred, the 

embryos were rinsed twice in 0.1 M PB and stored in 4% paraformaldehyde at 4 °C. 

Pictures of stained embryos or cerebella were taken at varying magnifications using an 

Amscope Model ZM-1TNW2-80AM-9M Microscope and Paint Shop Pro 5.1 software. 

 

Hematoxylin and Eosin Staining 

After harvesting and fixation in paraformaldehyde, brains were prepared for paraffin 

embedding. Tissue was dehydrated in scintillation vials according to the following steps: 

50% ethanol, 2 changes, 1 hour each; 70% ethanol, 2 changes, 1 hour; 80% ethanol, 2 

changes, 1 hour each; 95%, 2 changes, 1 hours each; 100% ethanol, 2 changes, 1 hour 

each; 1 part 100% ethanol and 1 part xylene, 2 changes, 1 hour each; xylene, 2 changes, 1 
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hour each. Brain tissue was then placed in paraffin wax for four changes for 30 minutes 

each at 60 °C and embedded into paraffin blocks. After embedding, brains were sliced 10 

μm thick on a Leitz Model 1512 microtome into paraffin and tissue ribbons, and ribbons 

were placed into a 45 °C water bath. The paraffin sections flattened in the water bath, and 

then were placed onto HistoGrip-treated (Invitrogen) glass slides. Sections were allowed 

to dry on the slides overnight. 

 

After tissue sectioning, the slides were deparaffinized and rehydrated according to the 

following protocol: xylene, 3 changes, 15 minutes each; 100% ethanol, 3 changes, five 

minutes each; 90% ethanol, 1 change, five minutes; 80% ethanol, 1 change, 5 minutes; 

water, 1 change, 5 minutes. 

 

Next, sections were stained according to the following protocol: hematoxylin, 1 change, 1 

minute; deionized water, 10 dips; tap water, 1 change, 2 minutes; acid alcohol (182.4 mL 

95% ethanol, 65.1 mL deionized water, 2.5 mL hydrochloric acid), 8-12 dips; tap water, 2 

changes, 5 minutes each; deionized water, 1 change, five minutes; 80% ethanol, 1 

change, five minutes; eosin, 1 change, 3-5 minutes; 95% ethanol, 3 changes, 5 minutes 

each; 100% ethanol, 3 changes, 5 minutes each; Safeclear (Protocol®), 2 changes, 5 

minutes each. Slides were then mounted with Permount (Fisher Scientific), and 

coverslipped. 
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Immunohistochemistry 

For immunohistochemistry, cerebella from control and mutant mice were embedded in 

paraffin, sectioned, and deparaffinized as described previously. 

 

For antigen retrieval, slides were places in a 400 mL beaker, submerged in sodium citrate 

buffer (10 mM tri-sodium citrate (dihydrate) (Fisher Scientific), 0.05% Tween 20 (Fisher 

Scientific) [pH 6.0]) at 100 °C for 20 minutes. The slides were allowed to cool to room 

temperature for 20 minutes, still submerged in the sodium citrate buffer. 

 

After antigen retrieval, slides were rinsed in water and incubated in 0.3% hydrogen 

peroxide (Sigma-Aldrich) for 30 minutes. Slides were rinsed in phosphate buffered saline 

(PBS) (Sigma-Aldrich) for five minutes and blocked and permeabilized with 1% Triton 

X-100 (Fisher Scientific) in normal serum of the secondary antibody for 20 minutes at 

room temperature. All incubations were done either in slide mailers, which accommodate 

five slides and 15 mL of solution, or directly upon the slide under a layer of Parafilm. 

Following a five-minute rinse in PBS, tissue slides were incubated in primary antibody 

according to the manufacturer’s protocol. Primary antibodies used were anti-Shh (sc-

9024, Santa Cruz), anti-NeuN (mAb377, EMD Millipore Chemicals), or anti-

phosphohistone H3 (06-570, EMD Millipore Chemicals). Anti-Shh was used at a 

concentration of 1:50, anti-NeuN at 1:100, and anti-phosphohistone H3 at 1:200. Slides 

were then rinsed in PBS for two changes, five minutes each. 
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Vectastain® ABC Kits (Vector Labs), which stands for Avidin-Biotin Complex, were 

used to enhance signaling. The ABC Kit used depended upon the necessary secondary 

antibody, either rabbit or mouse. The ABC Kit contains a secondary antibody, Reagent 

A, and Reagent B. 

 

Slides were incubated in the ABC Secondary for 30 minutes, prepared by using 1 drop 

(50 μL) of secondary with 10 mL of blocking buffer. At this time, the ABC solution, 

which needs at least 30 minutes of room temperature incubation prior to use, was made 

using 2 drops of Reagent A and 2 drops of Reagent B (100 μL  each) in 10 mL of 

blocking buffer. Following secondary incubation, slides were rinsed in PBS for 2 

changes, five minutes each. Slides were then incubated in the ABC solution for 30 

minutes. Following another five-minute rinse with PBS, slides were incubated in Metal 

Enhanced DAB Substrate Kit solution (Thermo Scientific). This was prepared by creating 

a 1X working solution by adding 13.5 mL of the Stable Peroxide Buffer to 1.5 mL of the 

DAB/Metal Concentrate. As soon as color developed without noticeable background 

staining, the reaction was stopped by placing the slides into PBS. Counterstaining was 

done with methyl green according to the following protocol. Slides were rinsed for 5 

minutes in DI water, then placed for 2-5 minutes in the Methyl Green Solution (0.5%). 

Methyl Green Solution was prepared from 0.5 g of Methyl green (Sigma-Aldrich) in 100 

mL of 0.1 M sodium acetate buffer (pH 4.2) (Sigma-Aldrich). Then, slides were dipped 

5-10 times in DI water, and dehydrated by dipped 10 times in 95% ethanol, 10 times in 

100% ethanol, and 10 more times in 100% ethanol. Following dehydration, slides were 
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placed in Safeclear (Protocol®) for five minutes and 2 changes, mounted with Permount 

(Fisher Scientific), and coverslipped. 

 

In Situ Hybridization 

Whole mount RNA in situ hybridization was performed using digoxigenin-UTP-labeled 

riboprobes for Shh. Prior to the experiment, cerebella were dissected out in 1X phosphate 

buffer (PB) and fixed in 4% PFA at room temperature (RT) or 4 °C. Cerebella that had 

been fixed for 1 week or longer were then dehydrated in 100% methanol and stored at -20 

°C. Prior to beginning in situ hybridization (ISH), cerebella stored in 100% methanol 

were rehydrated at room temperature (RT) in 75% methanol for 5 minutes, 50% methanol 

for 5 minutes and finally in 25% methanol for 15 minutes or until the cerebellum sinks to 

the bottom of the tube. All of the following steps described for ISH were done in 2 mL 

Eppendorf tubes using 2 mL total volume of solution per tube, unless otherwise 

indicated. After rehydration, cerebella were washed in Phosphate Buffer Saline (PBS), 3 

times at RT for 5 minutes each. Cerebella were then digested in 10 ug/mL of Proteinase 

K at RT for 20 minutes. Following Proteinase K digestion, cerebella were immediately 

fixed in a mixture of 0.2% glutaraldehyde and 4% paraformaldehyde for 5 minutes and 

washed 3 times at 5 minute intervals in PBS. Cerebella were then incubated in 1.8 mL 

pre-hybridization buffer (Pre-Hybridization Mix: 50% Formamide by volume, 50% 2X 

Sodium Saline Citrate by volume, 6% Dextran sulfate by mass) for 1 hour in a rotation 

hybridization oven at 60 °C. Following prehybridization, 200 uL of denatured salmon 

sperm DNA (Applied Biosystems/Ambion) was added to each sample along with 100 ng 

of riboprobe. Riboprobes used for ISH were generated in the laboratories of Drs. Garrett 
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Soukup and Sonia Sanchez (Creighton University). The primers used for riboprobe 

generation were as follows: Shh Forward: 5' GTT GGA CAG CGA GAC CAT GC 3', 

Shh Reverse: 5' TAA TAC GAC TCA CTA TAG GGC AGG AGA GGA ATG CGG 

AGG T 3'. Cerebella were incubated overnight in the hybridization mix at 60 °C in a 

rotation hybridization oven. After 24 hours, the hybridization mix was removed and 

replaced with Sodium Saline Citrate (SSC) for 10 minutes at 60 °C. The same step was 

repeated 3 times and then incubated for an hour at 60 °C in a heat bath. The embryos 

were washed with PBS for 5mins at RT. PBS was discarded and fresh PBS along with 2 

uL of RNAse enzyme (Sigma) was added and the cerebella were incubated for 1 hour at 

37 °C. The PBS – RNAse mix was then discarded and cerebella were washed twice in 1X 

Wash (DIG Wash and Block Buffer Set - Roche) for 10 minutes. Next, they incubated in 

fresh 1X Wash Buffer for 1hr at 70 °C. Wash Buffer was discarded and 1X Block Buffer 

(diluted with Maleic acid-DIG Wash and Block Buffer Set - Roche) was added and the 

cerebella were incubated for 1 hour at RT. After 1 hour the Block Buffer was removed 

and 2 mL of fresh Block Buffer (previously diluted with Maleic acid) containing 1ul of 

the Antidegoxigenin antibody (Roche) was added to the samples and incubated overnight 

at RT. After 24 hours, the Antidegoxigenin antibody/Block Buffer solution was discarded 

and cerebella were washed with the 1X Wash Buffer 5-7 times a day for one hour each 

and left in the final wash at RT overnight. The next day cerebella were rinsed with the 1X 

Detection Buffer (DIG Wash and Block Buffer Set - Roche) for 10 minutes at RT and 

upon completion, BM Purple (Roche) was added to the cerebella in a 6-well plate and 

wrapped in aluminum foil to protect the reaction from light. Cerebella were then 

monitored every 1 hour until staining was obtained. After staining, samples were stored 
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at 4 °C in 4% PFA. Photographs were taken on a Fisherbrand Stereomaster Dissecting 

microscope with Adobe Photoshop CS2 software and on a LeicaS8AP0 microscope with 

an Olympus DP71 camera with Olympus DP Controller and DP manager software. 

 

Western Blotting 

To isolate protein, whole embryonic heads and postnatal brains were homogenized in 

Cell Lysis Buffer. For every 10 mL Cell Lysis Buffer, 8.4 mL nanopure DI water, 500 μL 

1 M Tris pH 7.5 (Fisher Scientific), 300 μL 5 M NaCl (Fisher Scientific), 500 μL 10% 

Triton X-100 (Sigma-Aldrich), 100 μL 100 mM VO4 (Sigma-Aldrich), 100 μL 1 M NaF 

(Sigma-Aldrich), and 100 μL 50 mM PMSF (Sigma-Aldrich) were added. Cell Lysis 

Buffer was prepared fresh each use and kept on ice for the duration of the protocol. 20 

volumes of Cell Lysis Buffer were added to each sample, and samples were homogenized 

with an OMNI International S/N GHL-1300 homogenizer, using short bursts. Samples 

were kept on ice for one hour, mixed by pipetting, and kept on ice one more hour. The 

samples were centrifuged at 13,000 rpm for 10 minutes 4 °C and cellular debris was 

collected in the pellet. 

 

After protein isolation, a Pierce® BCA Protein Assay Kit (Thermo Scientific) was used 

to evaluate the concentration of protein in each sample. A 1:4 dilution of sample to Cell 

Lysis Buffer was made. 25 μL of each sample was added to a 96-well plate in triplicate. 

200 μL of Working Reagent, made by mixing 50 parts of BCA Reagent A with 1 part of 

BCA Reagent B. A 2.0 mg/mL BSA standard was supplied and was diluted 1:1, 1:4, 1:8, 

and 1:16 in Cell Lysis Buffer to create the standards. A blank of Cell Lysis Buffer was 
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also used. All standards were added in triplicate. 200 μL of Working Reagent was added 

to each standard and blank well. The 96-well plate was covered and shaken and incubated 

at 37 °C for 30 minutes. After cooling to room temperature, the plate was read on a 

Thermo Electric Corporation Original Multiskan MCC by Fisher Scientific at 562 nm. 

Results were given using Ascent Software for Multiskan. 

 

For the Western Blot, 10 μg of protein was desired per sample. At least ¼ of each sample 

loaded was comprised of loading buffer, which was 90% Li-cor 4X Protein Loading 

Buffer (Bio-Rad) and 10% beta-mercaptoethanol (Sigma-Aldrich). After the addition of 

Loading Buffer, samples were boiled at 97 °C for 10 minutes on a heating block in 1.5 

mL centrifuge tubes. Samples were placed briefly on ice, spun down at 4 °C, and stored 

at -20 °C overnight. 

 

Following overnight incubation, the samples were again boiled at 97 °C for 10 minutes 

on a heating block. The samples were added in the desired order to the gel (Mini-

PROTEAN TGX Gel, 10% SDS and 30 μL wells, from Bio-Rad), alongside the ready-to-

use Precision Plus Protein Kaleidoscope Ladder (Bio-Rad). 10 μL of 1X loading dye was 

added to all unused wells if necessary. The gel was ran at 125 volts for 1-1.5 hours using 

a Mini-PROTEAN Tetra Cell from Bio-Rad in a Running Buffer that consisted of 100 

mL 10X Tris-Glycine-SDS (Bio-Rad) and 900 mL water. The membrane (Trans-Blot 

Transfer Membrane from Bio-Rad), Whatman filter papers, and sponges were soaked in 

Transfer Buffer for at least 15 minutes prior to use. Transfer Buffer contained 50 mL 10X 

Tris-Glycine (Bio-Rad), 100 mL Methanol (Fisher Scientific), and 350 mL water. 
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After running the gel, proteins were transferred from the gel to the membrane. Two wet 

sponges were placed in the transfer case, anode-side down. A wet piece of cut filter paper 

was added and the wet membrane was placed on top of the paper. Gels were aligned onto 

the membrane, being careful to avoid any bubbles or wrinkles. A second wet piece of 

filter paper was placed on the gel, and two wet sponges were placed on top. The transfer 

cases were then placed in the electrophoresis box (Bio-Rad). The inner chamber was 

filled with Transfer Buffer, and the outer chamber was filled with water. Transfers were 

run at 25 volts for 2 hours at room temperature. The transfer apparatuses were then 

disassembled, and membranes were washed in 30 mL PBS for 5 minutes. After washing, 

the PBS was poured off, and 30 mL of Pierce Protein-Free T20 (PBS) Blocking Buffer 

was added. Membranes were blocked for 1 hour at room temperature. Following a five-

minute rinse in PBS, primary antibody was diluted in the Protein-Free T20 (PBS) 

Blocking Buffer according to manufacturer’s protocol and was incubated in anti-Shh at 

1:200 (sc-9024, Santa Cruz Biotechnology, Inc.) solution according to the manufacturer’s 

protocol.  

 

Following incubation with the primary antibody, membranes were washed in 0.1% 

Tween and PBS for four five-minute changes. The goat anti-rabbit IRDye 680RD (H+L) 

secondary antibody (LI-COR, 926-68171) was diluted in Odyssey Blocking Buffer (LI-

COR) and were incubated according to the manufacturer’s instructions. Following 

incubation in secondary antibody, membranes were washed four times with 30 mL 0.1% 

Tween and PBS for five minutes and two times with 30 mL PBS. Bands were imaged 
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using a Li-Cor Odyssey Model 9120. Band intensity was determined through Image 

Studio software for the Odyssey imaging system, and statistics were done using a 

Student’s t-test to find the standard deviation, error, and P-values. 
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RESULTS 

 

Comparing Shh Expression in Control vs. Mutant Atoh1-Cre x LoxP-Shh Mice 

Mice resulting from the Atoh1-Cre x LoxP-Shh cross exhibited severe cerebellar defects. 

To confirm that these mutants did mis-express Sonic hedgehog (Shh), several 

experiments were performed. 

 

Our LoxP-Shh transgenic mice carry a silent floxed LacZ-stop-Shh transgene driven by a 

strong beta-actin promoter. Therefore, the expression of LacZ in control mice 

corresponds with the location of the transgene. Figure 8 shows a representative control 

embryo at embryonic day 12.5 (E12.5) stained with X-gal. In this mouse, the staining was 

widely spread throughout the embryo indicating the LacZ-stop-Shh transgene is present 

but silently expressed. Upon breeding with mice that express Cre recombinase, the Cre 

protein excises the LacZ portion of the transgene along with the stop codon and 

subsequently Shh is turned on in these tissues. Therefore, an indirect measure of 

exogenous Shh expression in the Atoh1-Cre x LoxP-Shh mutant mice is to look for an 

absence of X-gal staining since the LacZ reporter gene is not present. Because the 

cerebellum was the tissue of interest for this project, we compared X-gal staining 

between control and mutant mice in this tissue. Figure 9 shows at postnatal day 2 (P2), 

there was less X-gal staining in the cerebellum of mutant mice, specifically in the region 

where Shh expression was increased in the Atoh1-Cre x LoxP-Shh cross. In the control 

mouse, even at a low magnification of 1.5x, the external granule layer (EGL) was clearly 

defined and made visible by blue X-gal staining, which was indicative that the transgene 
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is expressed in this region. In contrast, the mutant cerebellum was difficult to identify as 

it was almost completely unstained. The lack of staining throughout the mutant 

cerebellum indicated that the LacZ reporter had been excised from the transgene as a 

result of the Atoh1-Cre x LoxP-Shh cross and supports that there was ectopic expression 

of Shh in the mutant cerebellum. 
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Figure 8. E12.5 control embryo stained with X-gal to show Shh expression. X-gal 

staining indirectly shows the expression of Shh due to lack of staining. In this control 

embryo, staining occurred throughout the embryo due to the presence of LacZ driven 

by the strong β-actin promoter. Photo was taken at a magnification of 2.5x. 
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Figure 9. X-gal stained P2 control and mutant cerebella. P2 mice brains were 

harvested, fixed, sliced sagittally, and stained for β-galactosidase activity. The black 

rectangles in the lower magnification images (1.5x) indicate the cerebella of both the 

control (top) and mutant (bottom) mice, which are also shown at a higher 

magnification (100x). In comparison to the control, the mutant had considerably less 

blue X-gal staining throughout the entire brain. This lack of staining was very 

prominent in the cerebellum of the mutant. In the higher magnification pictures, it is 

clear that there was less staining, and therefore more Shh expression, in the outer 

layers of the cerebellum specifically.  
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Staining with X-gal is an indirect measure of mis-expression of Shh in mutant embryos. 

To directly compare Shh expression in control and mutant cerebella, we examined both 

RNA and protein expression in these tissues. To measure Shh transcript in cerebellar 

tissue, in situ hybridization (ISH) was performed using an mRNA probe. Figure 10 

depicts Shh mRNA expression in postnatal day 22 (P22) control and mutant cerebella. 

P22 mice were chosen since the murine cerebellum is fully developed by postnatal day 20 

(P20) and Shh should only be detected in the Purkinje cell layer (PCL) and inner granule 

layer (IGL) following postnatal day 14 (P14). The ISH data showed a visible increase of 

Shh mRNA in the mature mutant cerebellum when compared to that of the control. The 

control P22 cerebellum exhibited little to no staining whereas the mutant was found to 

have Shh mRNA in the cerebellum, particularly in the outer region, which corresponds to 

the area that expresses Atoh1.  
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Figure 10. In situ hybridization of a P22 mutant cerebellum compared to the P22 

control cerebellum. P22 brains were harvested and fixed, and the cerebella were 

removed from the brain. ISH was done as described in the Materials and Methods 

section. There was little Shh staining (purple) in the P22 control cerebella (top). 

However, the presence of Shh mRNA in the mutant (bottom) was apparent, 

particularly in the outer layer of the cerebellar cortex. Both pictures were taken at 10x.  
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To measure Shh protein in postnatal mutant and control cerebella, immunohistochemical 

(IHC) staining with anti-Shh antibody was performed. Again, the P24 time point was 

chosen for these experiments due to the fact that it is post-cerebellar development. Figure 

11 shows in the control cerebellum, the Purkinje cells stained positive for Shh, as 

expected. No other cells stained positive for this antibody. In the mutant cerebellum, the 

PCL also stained positive for Shh. In contrast to the control cerebellum, there are cells in 

the outer layer of the mutant cerebellum that stained positive for Shh. 
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Figure 11. Immunohistochemical staining identifying the Sonic hedgehog in P24 

control and mutant cerebella. These brains were harvested and fixed at P24. They 

were then embedded, sliced, stained with anti-Shh, counterstained with methyl 

green, and photographed at 40x and 100x. In the P24 control cerebellum, the Shh 

antibody had identified the Purkinje cells of the PCL as that is the site of Shh 

production. No other Shh staining was present. In the P24 mutant cerebellum, the 

PCL had stained positive for Shh as well. However, in some areas of the persistent 

EGL, brown staining occurred, indicated by double asterisks.  
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To further examine protein expression in the mutant and control brains, we performed 

Western blotting with anti-Shh, which measured the amount of Shh protein within the 

cerebellum. Figure 12 is a representative Western blot showing the differences between 

Shh expression in control and mutant cerebellar tissue at postnatal day 16 (P16) and 

postnatal day 24 (P24). A second blot with β-actin was performed to ensure an 

approximate equal loading of each sample. At both time points, there was more Shh 

protein present in the cerebellum of the mutant mouse than in the control. When 

standardized for β-actin, there was significantly more Shh in the mutant P24 than in the 

control P24. Taken together, data from X-gal staining, in situ hybridization, 

immunohistochemistry, and Western blot analysis confirmed that mutant mice resulting 

from the Atoh1-Cre x LoxP-Shh cross express more Shh in both the developing (LacZ) 

and mature (ISH, IHC, and Western blotting) cerebellum as compared to controls and 

that the mis-expression is targeted to the cells that express Atoh1. 
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Figure 12. Western blot of anti-Shh and anti-β actin in P16 and P24 control and 

mutant cerebella. Western blots were performed on lysates of P16 and P24 cerebella. 

The predicted band size of the Shh antibody is at 25 kDa, and the observed size is at 

25 kDa. The predicted and observed band size of β-actin is 42 kDa. A β-actin blot was 

used to standardize the amount of protein loaded in each sample (10 μg). In 

comparison, the mutants at both time points expressed more Shh protein than in the 

controls. In the graph, the stars note significant difference between the controls, 

labeled cre-, and the mutants, labeled cre+. There was significant difference between 

the P24 control and mutant when standardized for β-actin expression at a P-value of 

0.05. 
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Gross Morphology 

Once we confirmed that Shh was overexpressed in our mutant mouse model, we sought 

to examine the gross morphology of the cerebellum. To do this, Atoh1-Cre x LoxP-Shh 

mice were sacrificed at postnatal day 23 (P23) and postnatal 4 months (P4 months), and 

whole brains were harvested. We investigated the P23 time point since the brain is fully 

developed at this time. A later time point was also chosen for two reasons: the cerebellum 

has been developed for months rather than recently concluding cerebellar development, 

and it is a time point at which it is common for the mutant mice to form cerebellar 

tumors. Figure 13 compares the gross morphological appearance of control and mutant 

brains at both of these time points. In comparison to the control at the same time point, 

both the mutant P23 and mutant P4 Month cerebella were substantially larger in size. 

Also, the folds in the lateral hemispheres were irregular in comparison to the control 

cerebella. 
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Figure 13. Gross anatomy of Atoh1-Cre x LoxP-Shh mice at two time points as 

compared to their control littermates. Pairs of control and mutant mice were 

sacrificed at P23 days and P4 months and were harvested and fixed. At the 

macroscopic level, the cerebella of the P23 and P4 month mutant mice were 

considerably larger in size that those of the controls. The mutant brains at either time 

point contained irregularities in the shape, size, and definition of the segments of the 

lateral hemisphere (LH). Pictures were taken at a magnification of 0.7x.  
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Histological Analysis 

To better understand the cerebellar defects in our mutant mice, we looked for histological 

differences between mutants and controls. Three different postnatal time points (P6, P16, 

and P24) were used to investigate these differences. 

 

In the P6 control mouse, the cerebellum is still developing and the EGL is still present. 

The majority of the GCPs are still in their proliferative state and have not exited the cell 

cycle to populate the IGL yet. From P5 to P8, the number of proliferative cells in the 

cerebella is at its peak.
25

 However, some GCPs have exited and migrated past the PCL 

and the molecular layer (ML) to form the IGL.  For these reasons, the P6 time point was 

selected. Figure 14 shows hematoxylin and eosin (H&E) stained cerebella in both control 

and mutant P6 mice. At this time point, there was little variation between the control and 

mutant cerebella. The IGL was incompletely formed in both cerebella but can be seen 

through H&E staining. The most significant difference between the Atoh1-Cre x LoxP-

Shh mutant and the control at this time point was the amount of foliation. The mutant P6 

had more folia than both the control P6. At the same magnification, the P6 control 

cerebellum is noticeably smaller than the P6 mutant cerebellum in total size. This was a 

trend that continues in the mutant animals at the other time points investigated. 
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Figure 14. H&E stained P6 control and mutant cerebella. Mice were sacrificed, 

then brains were harvested, fixed, sliced in sagittal sections, and stained. The EGL 

(dark purple) is labeled in both images. The thickness and composition of the EGL in 

either P6 cerebellum exhibited few differences. The EGL did not exceed the 

characteristic size of this layer at this time point. The IGL was still developing and 

was incompletely formed in both the control and mutant cerebella. The main 

difference between the control and mutant is that the mutant had noticeably more 

folia. Pictures are at a magnification of 40x. 



47 

At P20, the cerebellum should be completely developed. The cells of the EGL should be 

done proliferating and should have differentiated to form the IGL. The time point of P24 

was chosen because the wild type cerebellum was expected to be fully developed and 

representative of the mature cerebellum. Figure 15 shows the histology of the control and 

mutant cerebella at P24. In the control P24, development of the cerebellum was complete 

and was in its mature state. There are distinct layers of the cerebellum, and the EGL has 

completely migrated inward to form the IGL.  

 

The mutant P24 had several histological differences in comparison to the control P24 

brain. The disorganization of the cerebellum  continued from the early postnatal brain. 

Instead of being a similar width throughout the IGL as in the control, the IGL in the P24 

mutant was much less consistent in size. In a few folia, toward the cortex, the IGL was 

particularly thick compared to the IGL in the control. However, in most regions of the 

cerebellum, the size of the IGL was tapered down in contrast to the IGL in the P24 

control. Throughout the whole cerebellum, the sizes of the ML and PCL have been 

exceptionally diminished compared to those of the control. While the IGL has still 

formed in the mutant, it is clear that the EGL has not migrated from the cortex of the 

cerebellum in the mutant mouse, contrary to the control P24. Overall, the mutant 

cerebella were much larger in total size at the P24 time point, especially from the 

contribution of the expanded persistent EGL.  
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Figure 15. H&E stained P24 control and mutant cerebella. Mice were sacrificed, 

then the brains were harvested, fixed, sliced in sagittal sections, and stained. The EGL 

and IGL have been indicated in the images. The overall size of the mutant cerebellum 

is much larger. The IGL, although established, had a diminished presence in 

comparison to the control’s IGL. Despite the formation of the IGL, the EGL persists, 

and it had more than doubled in size. As in the P6 cerebella, there were more folia 

present in the P24 mutant than in the P24 control. Pictures were taken at a 

magnification of 20x. 
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In addition to the early P6 and late P24 time points, we also compared the histology of 

both control and mutant cerebella at a time point that fell between these two in order to 

get a better understanding of what was taking place as GCPs transition from the EGL to 

the IGL. At P16, most of the GCPs of the EGL should have completed their migration 

past the PCL, extending their fibers inward, and establishing the IGL by postnatal day 14. 

Therefore, the EGL, if present at all, should be very few cells thick in the wild type P16. 

Comparative histology at all three time points, P6, P16, and P24, are shown in Figure 16.  

 

Again, the differences in histology between the P6 control and mutant cerebella were 

few. The EGL was still present in the control and mutant P6 mice, as expected, and did 

not exceed the typical size of 6-8 cells thick. In both control and mutant cerebella, the 

EGL was thickest at the base and tapers at the center. However, as the age of the mice 

increased, so did the disparities between the control and mutant cerebella. At P16, the 

increase in the mutant’s EGL compared to the control’s EGL began to become apparent. 

At P16, few cells remained in the control cerebellum’s EGL. The EGL persisted in the 

mutant P16 and has remained approximately the same size as in the P6. The mutant IGL 

appeared to be as developed as the IGL in the control P16. Compared to the P16 mutant, 

the P24 mutant had a persistent expanded EGL. In the P24 mutant, the EGL has increased 

in size immensely while the GCPs in the P24 control have presumably differentiated and 

migrated to form the IGL. Even though the IGL did form in the mutant mice, it was much 

smaller compared to that of the control mice. However, the persistent EGL, which should 

not be present, occupied most of the cerebellar space. 
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Figure 16. H&E stained P6, P16, and P24 control and mutant cerebella. Mice 

were sacrificed, then the brains were harvested, fixed, sliced in sagittal sections, and 

stained. At this higher magnification, the differences in the EGL at each time point are 

more obvious. Again, there was little difference between the P6 control and mutant 

EGL. At P16, few cells remained in the control cerebellum’s EGL. However, the EGL 

persisted in the mutant P16. The EGL has undergone complete migration in the P24 

control, but has expanded in the mutant. All photos were taken at 100x. 
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Proliferation and Differentiation 

Cell fate decisions, such as maintaining proliferation or exiting the cell cycle, sustain 

development in the embryonic and early postnatal murine cerebellum, and maintain 

homeostasis in the mature brain. Failure to regulate the balance between proliferation and 

differentiation may contribute to the persistent presence of the EGL and its 

tumorigenesis. To characterize the cellular activities in the cerebella of our mutant and 

control mice, we examined expression patterns of markers of cell proliferation and 

differentiation at multiple time points. 

 

The postnatal time points P6 and P24 were selected for the previously discussed reasons; 

P6 should be at the peak of proliferation in the cerebella, and P24 should be after the 

cerebellum is fully developed in the normal murine brain.  

 

Immunohistochemical staining with anti-phosphohistone H3, also known as Ser10, was 

performed to identify cells that are still in a proliferative phase and have not exited the 

cell cycle. Specifically, the phosphohistone H3 antibody recognizes phosphorylated 

Histone H3 expressed during the S phase. The P6 control and mutant cerebella have few 

differences in their expression of phosphohistone H3 (Figure 17). The EGL and the IGL 

of the control and mutant were both present and maintain approximately the same amount 

of cells and distribution. The EGL was characterized by proliferation in both the control 

and mutant cerebella. The PCL was not yet visible, and the IGL was not positive for 

phosphohistone H3. 
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Figure 17. Immunohistochemical staining identifying the proliferative marker 

phosphohistone H3 in P6 control and mutant cerebella. Brains were harvested and 

fixed at P6. They were then embedded, sliced, stained with anti-phosphohistone H3, 

and counterstained with methyl green. Few distinctions could be made between the P6 

control and mutant.  The EGL, which has been labeled, has counterstained green and 

is characterized by proliferation in both types of cerebella, as visualized by the 

punctate brown areas expressing the marker of proliferation phosphohistone H3. The 

IGL did not express this marker of proliferation in either the control or mutant 

cerebellum. Pictures were taken with magnifications of 100x and 200x. 
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Figure 18 shows phosphohistone H3 staining of proliferative cells in the P24 control and 

mutant cerebella.  In the control P24, the EGL has completely migrated inward to form 

the non-proliferative IGL, whose cells did not express this factor. The PCL was very 

visible due to the staining with anti-phosphohistone H3; the Purkinje cells, which 

produce Shh, were characterized as proliferative due to Shh’s overwhelming proliferative 

effect. Interestingly in the mutant, fewer Purkinje cells were identified by anti-

phosphohistone H3. The EGL of the mutant P24, which had not migrated, and has at least 

doubled in size, has persisted. The cells of the EGL remained in a proliferative state. 

Compared to the P24 control, whose EGL was not only done proliferating, but was nearly 

absent, it is clear that Shh had a significant proliferative effect in the Atoh1-Cre x LoxP-

Shh mutant throughout development that continues to affect the cerebellum after 

maturation. 
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Figure 18. Immunohistochemical staining identifying the proliferative marker 

phosphohistone H3 in P24 control and mutant cerebella. Brains were harvested 

and fixed at P24. They were then embedded, sliced, stained with anti-phosphohistone 

H3, and counterstained with methyl green. The cells that have stained positive for 

phosphohistone H3 are noted by punctate brown dots.  In the control cerebellum, the 

EGL was completely absent and has migrated inward to form the IGL. The IGL did 

not stain positive for the marker of proliferation, but the Purkinje cells expressed 

phosphohistone H3 due to their production of Shh. In the P24 mutant, the IGL has 

formed, but the EGL remained. The cells in the EGL strongly expressed this marker of 

proliferation. Fewer Purkinje cells in the mutant cerebellum were identified by 

immunohistochemical staining with anti-phosphohistone H3. The pictures were taken 

with magnifications of 40x (A, B) and 100x (C, D). C and D are higher magnifications 

fields of view selected within the rectangles in images A and B. 
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Immunohistochemical staining with anti-NeuN was performed to characterize 

differentiated cells that have exited the cell cycle. Anti-NeuN is a well-known, widely 

used antibody to identify post-mitotic neurons. As with phosphohistone H3, we selected 

the time points P6 and P24, using control and mutant cerebella, due to their varying 

stages in development. Once again, there were few differences between the P6 control 

and mutant cerebella. Upon staining with anti-NeuN, neither the control nor the mutant 

EGL expressed this marker (Figure 19). However, both the control and mutant IGL, 

which was still undergoing formation at this time point, were positive for NeuN, 

suggesting these cells have differentiated.  
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Figure 19. Immunohistochemical staining identifying the differentiation marker 

NeuN in P6 control and mutant cerebella. Brains were harvested and fixed at P6. 

They were then embedded, sliced, stained with anti-NeuN, and counterstained with 

methyl green. The anti-NeuN staining is represented by punctate brown dots. The 

EGL, which has been labeled, has counterstained green. These cells did not express 

NeuN in either type of P6 cerebellum. In either cerebellum, the IGL was still 

undergoing formation, and identified positive for this marker of differentiation. The 

pictures were taken with magnifications of 100x and 200x. 
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The Atoh1-Cre x LoxP-Shh mutant P24 did not differ much from its control counterpart 

(Figure 20).  In the control P24, the EGL has migrated inward past the ML and the PCL 

to form the IGL. The cells within the IGL were positive for NeuN, signifying that they 

have exited the cell cycle as expected. The P24 mutant cerebellum had the same staining 

pattern for NeuN as the P24 control. In the mutant P24, it is clear that some cells have 

become postmitotic and migrated inward to form the IGL in the same way as the control 

and are also positive for NeuN. What is significant in the P24 mutant was that the 

persistent EGL did not stain positive for NeuN, indicating these cells have not 

differentiated. 
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Figure 20. Immunohistochemical staining identifying the differentiation marker 

NeuN  in P24 control and mutant cerebella. Brains were harvested and fixed at P24. 

They were then embedded, sliced, stained with anti-NeuN, and counterstained with 

methyl green. The lower magnification depicts the cerebella before counterstaining for 

ease of viewing the antibody staining via DAB, which overlaps with the counterstain. 

The antibody staining is represented by punctate brown dots. The PCL was not visible 

by staining with anti-NeuN due to Shh’s proliferative effect. In both control and 

mutant cerebella, the IGL was easily identified by the NeuN marker, and these cells 

have undergone differentiation. Unlike the P24 control, the P24 mutant had the 

presence of an extra layer, the persistent EGL, which could not be identified by anti-

NeuN. None of the cells in the persistent EGL were positive for this marker of 

differentiation. The pictures were taken with magnifications of 100x and 200x. 
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Mutant Atoh1-Cre x LoxP-Shh Mice Develop Tumors That Resemble 

Medulloblastoma 

Mutant mice resulting from the Atoh1-Cre x LoxP-Shh cross eventually developed 

tumors that resemble MB around four-to-five postnatal months. Figure 21 shows the 

histology of the cerebellum from a transgenic P4 month mouse in comparison to that of a 

control P4 month mouse. The EGL of the P4 month control has migrated inward, and the 

IGL has fully developed. Contrarily, the malignant growth and development of the 

cerebellum in the mutant caused a huge disruption in tissue organization. The 

disorganization of the P4 month mutant was so extensive that it is difficult to see the 

diverse layers of the cerebellum. The persistent EGL has expanded in areas that were not 

affected by a tumor as well. The IGL has formed, but it was much smaller in size than in 

the control. In addition to these histological differences observed, it should be noted the 

considerable difference in overall cerebella size between the two mice. The tumors that 

eventually developed in the mutant cerebella appear to arise from the EGL, and the 

conventional growth and maintenance of the distinct layers of the cerebellum seemed to 

be impeded. 

 

Figure 22 shows a higher magnification of a mutant cerebellar tumor in a P5 month 

mutant. The cells could be characterized by the same set of general criteria used to 

identify malignancies.
28

 Typically, anaplasias are defined by large and round nuclei, 

varying amounts of eosinophilic cytoplasm, enlarged cells, mitoses, apoptotic bodies, cell 

wrapping, and nuclear molding.
28

 In mutant Atoh1-Cre x LoxP-Shh mice, the neoplastic 

cells could be defined as having large, round nuclei and undergoing nuclear molding 
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(Figure 22). In some subtypes of MB, there as a very low cytoplasm-to-nuclei ratio, 

which could be seen in the P5 month mutant cerebellar tumor.
10 
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Figure 21. H&E stained P4 month control cerebella and mutant cerebella with 

tumor. The mice were sacrificed, and the brains were harvested, fixed, sliced in 

sagittal sections, and stained. The EGL was no longer present in the control 

cerebellum, and the IGL has been fully formed. However, the mutant P4 month mouse 

had medulloblastoma-like tumor, interrupting the organization of the brain so that the 

IGL has been diminished. The tumor growth and the expansion of the non-tumor 

region of the persistent EGL have caused the cerebellum to grow noticeably larger 

than the control cerebellum. Pictures were taken at a magnification of 10x.  
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Figure 22. H&E stained P5 month mutant cerebella with tumor. This mouse was 

sacrificed and the brain was harvested, fixed, sliced in sagittal sections, and stained. It 

is evident that the cerebellar tumor in this Atoh1-Cre x LoxP-Shh mouse has arisen 

from the same tissue of the persistent EGL. Again, in this mouse that developed a 

tumor, the growth of the tumor has completely disrupted the regular growth of the 

cerebellum. Many characteristics of neoplastic cells, such as round nuclei, a high 

nuclei-to-cytoplasm ratio, and nuclear molding, could be seen at a higher 

magnification (D) in the mutant cerebellar tumors. Pictures were taken at 2x (A), 10x 

(B), 50x (C), and 100x (D). 
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Anti-NeuN staining is one criteria of identifying an MB tumor, so IHC was performed 

with anti-NeuN to identify tumors within the Atoh1-Cre x LoxP-Shh P4 month 

cerebellum and compared to the control P4 month.
30,31

  Figure 23 shows the expression of 

NeuN in the P4 month cerebella. In the control cerebellum, the anti-NeuN staining, much 

like the control P24, was limited to the cells in the IGL. The IGL in the mutant was 

deformed, and its presence is limited, presumably due to the tumor that has developed. 

Although irregular in shape and diminished in size, the mutant IGL stained for NeuN. 

NeuN could also be found in the malignant cells, which presumably have arisen from the 

persistent EGL, in addition to the IGL. NeuN is frequently used to identify primary 

heterogeneous brain tumors, such as MB, and the majority of MB tumors are positive for 

NeuN among all subtypes.
30,31

 Taken together the observed histological characteristics 

(Figure 22) and the fact that the tumor cells express NeuN, suggested that the tumors in 

our mutant mice are in fact MB. 
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 Figure 23. Immunohistochemical staining identifying the differentiation marker 

NeuN in P4 month control and P4.5 month mutant cerebella. These brains were 

harvested and fixed. They were then embedded, sliced, stained with anti-NeuN, and 

counterstained with methyl green. The antibody staining is represented by punctate 

brown dots. The IGL was the only region of the control cerebellum that was positive 

for NeuN. In the mutant, the IGL, although notably smaller in size, stained positive for 

NeuN. The tumor cells were also positive for this factor, which was a characteristic 

shared among medulloblastomas.
30,31

 The pictures were taken with magnifications of 

10x (A, B) and 100x (C, D). C and D are higher magnifications fields of view selected 

within the rectangles in images A and B 



65 

DISCUSSION 

 

In order to examine the defects associated with ectopic expression of Sonic hedgehog 

(Shh), our laboratory created a transgenic mouse model that mix-expresses Shh in the 

cerebellum. This mouse line carries a silent floxed LacZ-stop-Shh transgene, that, when 

bred to mice that express Cre recombinase, excises the LacZ reporter and turns on the 

expression of Shh in tissues that express Cre. When bred with Atoh1-Cre mice, the mis-

expression of Shh is driven to the external granule layer (EGL) of the cerebellum, where 

Atoh1 is expressed. 

 

It was found that mis-expression of Shh in the Atoh1-Cre x LoxP-Shh mutants had 

substantial developmental effects that eventually spurred the growth of tumors that 

resemble medulloblastoma (MB). Mutants from the transgenic cross were found to have 

cerebellar defects due to increased Shh expression, which included hyperplasia, 

disorganization of the cerebellar tissues, continued proliferation of the GCPs in the EGL 

long past the expected time that they exit the cell cycle, and tumor development 

originating from the persistent EGL.  

 

Mis-expression of Shh in the cerebellum was confirmed by several methods. Staining 

with X-gal confirmed the expression of LacZ and the silent Shh transgene throughout the 

embryo. Additionally, the presence of the silent Shh transgene was confirmed in the 

cerebellum at postnatal day 2 (P2), within the population of cells that corresponds to the 

EGL. In the P2 mutant resulting from the Atoh1-Cre cross, an absence of LacZ staining 
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verified that Shh is mis-expressed in the same region in which Atoh1 (Math1) is also 

expressed. 

 

Since LacZ is an indirect measure of Shh expression, we also confirmed Shh mis-

expression directly by comparing mRNA and protein levels in mutant and controls. In 

situ hybridization (ISH) confirmed that more Shh mRNA was present within the external 

layer of the P22 mutant as compared to the P22 control cerebellum. The localization of 

the Shh mRNA within the external layer is of interest because the granule cell progenitors 

(GCPs) within the EGL were expected to migrate to form the internal granule layer 

(IGL). Instead, these GCPs are still expressing Shh in the EGL of the mature cerebellum.  

 

Shh protein was measured in two ways: immunohistochemistry (IHC) and Western 

blotting. In the control and mutant cerebella of P24 mice, the Purkinje cells, which 

normally produce Shh, stain positive for the Shh antibody.  In control cerebella, this was 

the only region of the cerebellum where Shh protein was present. However, in the 

mutant, the GCPs within the persistent EGL were also positive for Shh. Since Shh is a 

secreted protein, the amount of staining for anti-Shh may not be representative of the 

amount of Shh protein within the cerebellum. Therefore, Western blotting was done to 

further examine Shh protein expression more reliably in mutant mice compared to their 

control littermates. Each protein immunoblot was standardized with anti-β-actin. This 

data showed that at both P16 and P24, the mutant cerebellum expressed significantly 

more Shh than in the control. Taken together, these experiments confirm that Shh is mis-
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expressed in the cerebellum of the mutant mice resulting from the Atoh1-Cre x LoxP-Shh 

cross. 

 

Once it was confirmed that Shh was expressed ectopically in our mutant mice, we 

proceeded to examine the mice for cerebellar defects. We found that cerebella from our 

mutants were considerably larger than the control cerebella. In addition, the folds of the 

lateral hemisphere in the mutants were irregular in shape due to their increased growth. 

This abnormal and additional growth overcrowds the skull, pushing outward against it 

while also growing toward the cerebrum. The comparison of mutants at both time points 

was found to be similar in terms of hyperplasia and abnormal foliation. 

 

No formal experiments have been done regarding either the timing of oncogenesis or the 

behavior after tumor development in our mice. In our observations during regular 

maintenance and breeding of the Atoh1-Cre x LoxP-Shh mice, tumorigenesis seems to 

occur from postnatal month 4 to postnatal month 10. The signs of development of 

cerebellar tumors in our mice are similar no matter at which time point they arise. Our 

mice do not have any noticeable changes in behavior when tumors develop. Instead, 

onset of tumors is accompanied by changes in the shape of the head area. Tumor-

containing cerebella in our mice begin to outgrow the boundaries presented by the skull. 

The extra tissue forms a conspicuous lump just under the skull, misshaping the 

surrounding skin.  
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After we observed the brains macroscopically, we investigated the histology of mutant 

cerebella in comparison to control cerebella at multiple time points so that we could 

better characterize the features of our mutant mice. Since MB is a result of developmental 

abnormalities, investigating developmental milestones in the cerebellum provided 

valuable insights in understanding the disruptive and oncogenic effects of Shh. The first 

time point selected was postnatal day 6 (P6). At this time, the cerebellum is still 

undergoing development. The control cerebellum possesses the characteristic width of 

cells in the EGL, distribution of GCPs in the EGL, and number of folia within the 

cerebellum. The features of the cerebellum in the mutant P6 showed only a few 

differences from the control P6. One such difference was that the mutant P6 has more 

folia in the cerebellum than what it considered normal. Foliation occurs alongside the 

expansion of the EGL, and the mature cerebellum should contain 8 to 10 folia.
17

 It is 

believed that folia function as the basis for which the primary foundation of sensory-

motor neural circuits are created.
17

 Shh regulates the process of cerebellar foliation, 

which may account for the increased folia and disorganization in the cerebella that over-

express this protein.
32

 In addition, the overall size of the cerebellum was noticeably larger 

in the P6 mutant than in the P6 control.  

 

The second time point considered was postnatal day 24 (P24), a time point when the 

cerebellar development should be completed. Unlike the P6 time point, the mutant P24 

cerebellum is remarkably different than that of the control P24. Instead of complete 

migration of the GCPs from the EGL to form the IGL, the EGL of the mutant has 

persisted. Furthermore, the amount of progenitor cells has more than doubled in the 
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persistent EGL, populating the EGL with even more progenitors than found in the P6 

cerebellum. Similar to the mutant P6 cerebellum, the mutant P24 cerebellum is overall 

much larger in area than the cerebellum in the P24 control.  

 

Since the EGL had expanded so greatly in the mutant P24 cerebellum, we looked for 

histological differences between control and mutant mice at postnatal day 16 (P16), an 

intermediate time point. When we saw the substantial differences among the mutant P6 

and P24 histology, the P16 time point became of interest to show the EGL at a point in 

time between early and late postnatal cerebellar development. Also, the majority of the 

progenitor cells in the EGL should have exited the cell cycle and migrated inward to form 

the IGL. The histology of the control P16 cerebellum shows just that. Very few cells 

remain in the control cerebellum at this time point. However, the GCPs in the mutant P16 

EGL continued to expand and grow in comparison to the mutant P6 EGL even though the 

IGL was established. 

 

Examining the histology of Atoh1-Cre x LoxP-Shh mutant mice cerebellum at critical 

developmental time point showed the progression of the EGL from being comparable to 

the control at P6 to its persistence and expansion in the mutant P24. To this end, it 

appears that a population of GCPs in the EGL do migrate inward to establish the IGL as 

expected, but another seemingly larger population of the progenitor cells remain in the 

EGL and increase the size of this layer. From postnatal 5 (P5) to postnatal 8 days (P8), 

the EGL contains more mitotically-active GCPs than at any other prenatal or postnatal 

time point.
25

 However, even more progenitors reside in the EGL of the mutant P16 and 
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P24 cerebella. This suggests that the persistence of the EGL due to the increase of Shh 

results in continued proliferation and the prevention of neuron differentiation. In other 

transgenic mouse models, the persistence of the EGL is a precursor to MB 

pathogenesis.
33

 To this end, we next looked into further characterizing the cells that 

reside within the various layers of the cerebellum. 

 

Under normal conditions, the signals within the cerebellum for cellular proliferation and 

differentiation are tightly regulated.
15

 Maintaining proliferation of a cell serves a very 

important purpose in the cerebellum. The cerebellum must grow to an appropriate size 

with the proper types of cells in their required locations. Differentiation is also very 

important since the proliferating cells require equilibrium between growth and stasis or 

apoptosis. The traditional view of oncogenesis suggests that tumors are the result of the 

progressive acquisition of mutations.
15

 However, Ruiz et al. summarizes recent findings 

that indicate cancer is a paradevelopmental disorder, meaning that it is the consequence 

of a dysregulated cell cycle and abnormal development.
34

 A number of dysregulated cell 

functions, such as proliferating to create an appropriate amount of cell lineages, 

apoptosing, or differentiation among others may help stimulate the growth of cancers.
34

 

These authors propose that tumorigenesis may be the result of continued proliferation that 

allows the cell to bypass these other processes that limit cell growth.
34 

 

To confirm that the abnormal population of cells that occupied the persistent EGL in the 

cerebellum of our mutant mice was proliferative, IHC with the proliferative marker 

phosphohistone H3 was carried out. The marker of differentiation NeuN was also used to 
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identify cells that have exited the cell cycle as well as tumors within the cerebellum. In 

both the control and mutant P6 cerebella, the GCP cell population expressed 

phosphohistone H3, indicating these cells were proliferating, as was expected and 

appropriate for this time point. In the control P24, only the Purkinje cells, due to the 

production of Shh, were positive for the phosphohistone H3 marker of proliferation. 

However, the very thick persistent EGL in the mutant P24 also stained positive for 

phosphohistone H3, indicating that the extra cells are dividing and growing cells. Overall, 

the IGL in either control or mutant at any time point does not contain proliferative cells. 

 

The marker NeuN is expressed in differentiated cells as well as cells of heterogeneous 

primary tumors.
30.31

 In our mice, NeuN is expressed in the IGL of both the control and 

mutant at P6 and at P24 even though the IGL of the mutant P24 is irregular in size and 

shape. Presumably the normal growth of the IGL has been disrupted due to the excessive 

size and outgrowth of the mutant EGL. Each adult fissure is supposed to contain a nearly 

equal distribution the IGL, molecular layer (ML), and Purkinje cell layer (PCL).
17

 

Between the control and mutant at each time point, there is not much difference in the 

staining pattern of anti-NeuN. This shows that the granule cells that reside within the IGL 

are not mitotically active at each time point examined, and some progenitor cells in 

mutant cerebella differentiate and migrate past the molecular layer and Purkinje cell layer 

as they do in control cerebella. However, the persistent EGL in the mutant P24 does not 

express NeuN. Along with the immunohistochemical data from anti-phosphohistone H3, 

this shows that the persistent EGL of our mutant mice consists of a population of 

proliferative cells, unchecked by normal cerebellar development programs, such as 
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differentiation. This unbalanced proliferative state may be what leads to hyperplasia, 

tissue disorganization, and eventual tumor formation in our mutant mice. 

 

To evaluate cerebellar tumors that eventually developed in our Atoh1-Cre x LoxP-Shh 

mutant mice, we examined their histology as well as NeuN expression. Again, in our 

mutant mice, the onset of these tumors happened as early as postnatal month 4 up until 

postnatal month 10. In the mutant P4 month, the persistent EGL has expanded 

considerably and occupies most of the space in the cerebellum. The mutant P4 month 

cerebellum is substantially larger in size compared to the healthy cerebellum in the 

control P4 month. The tumor cells exhibit many histological qualities shared by MB, 

such as having large, round nuclei and a low cytoplasm-to-nucleus ratio. Again, IHC 

staining with anti-NeuN is commonly used to identify MB as the majority of MB 

subtypes are positive for this factor.
30,31

 Upon staining the tumor sections, the presence of 

NeuN was confirmed. Considering the histological and immunohistochemical data, the 

tumors produced by our transgenic mice resemble MB. In this manner, our mutant mice 

should be a valuable tool for understanding the development and factors concerning the 

onset and progression of MB. 
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CONCLUSION 

 

Our laboratory generated a mouse carrying a silent floxed Lacz-stop-Shh transgene, that, 

when bred to mice that express Cre recombinase, express Sonic hedgehog (Shh) in the 

Cre-expressing tissues upon excising the LacZ reporter. When the LoxP-Shh mice are 

crossed with Atoh1-Cre mice, the Shh is targeted to the same cells that express Atoh1 

(Math1) that reside in the external granule layer (EGL) of the cerebellum. Our results 

demonstrate that the ectopic expression of Shh in the EGL of the mutant mice resulting 

from the Atoh1-Cre x LoxP-Shh cross results in hyperplasia, histological irregularities 

and disorganization, a continued proliferative state for the granule cell progenitors 

(GCPs), and, eventually, the formation of tumors resembling medulloblastoma (MB) in 

the cerebellum. As MB has one of the highest incidences in children among central 

nervous system cancers and half of MB cases are fatal, it is important to bring about 

further understanding of the development of MB.  

 

Since MB is a developmental disease, many stages during murine cerebellar development 

were investigated. It was found that at the earlier time point at postnatal day 6 (P6), the 

cerebella of the mutant mice offered little variability from the control cerebella, except 

for being overall larger in size and increased foliation. However, many differences were 

found from the experiments with the mutant and control mice at postnatal day 24 (P24). 

The mutant P24 cerebella, like the mutant P6 cerebella, also were larger and exhibited 

more folia. The tissue organization was disrupted due to the increase of Shh and Shh’s 

proliferative effect on the GCPs within the EGL. In the mutant, not only did the GCPs not 
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migrate inward past the molecular layer (ML) and Purkinje cell layer (PCL) to form the 

internal granule layer (IGL), but the progenitors continued to grow in the EGL. From 

characterizing the cells with immunohistochemistry (IHC), it was clear that the cells that 

populated the persistent EGL were proliferative and expressed phosphohistone H3 and 

were not differentiated as found from IHC with anti-NeuN. Mutant mice with cerebellar 

tumors were also examined, and histological data and IHC with anti-NeuN suggest that 

the tumor developed with this postnatal month 4 (P4 month) mouse resembles MB.  
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