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Abstract 

In a mutant mouse called nax as the result of mutation in Lysosomal Acid phosphatase 

(Acp2), layers of the cerebellar cortex are impaired and monolayer Purkinje cells 

(Pcs) turn to multi-layered Pcs that ectopically invade the molecular layer. We 

investigated reelin-Dab1 signaling as an important pathway for Pcs migration and 

monolayer formation in cerebellum. ERK1/2 is a member of mitogen activated 

kinases family and suggested to be a downstream of reelin signaling. We hypothesize 

that the establishment of mono-layered Pcs rely on reelin through ERK1/2 pathway. 

Acp2 mutant mice were used for this study and molecular expression and distribution 

were assessed by immunohistochemistry, RT-PCR, western blotting, and cell culture. 

Results suggest that reelin may modulate the ERK1/2 expression, thus lower 

expression of reelin and higher phosphorylation of Dab1 leads to over expression of 

the ERK1/2 that causes the Pcs to over migrate and form multilayer in nax cerebellar 

cortex.  
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CHAPTER 1: INTRODUCTION 

The purpose of this study was to increase our knowledge of cerebellar 

corticogenesis with a focus on the migration of Purkinje cells (Pcs) in mice. Purkinje 

cells are originated from ventricular zone (VZ) during early embryonic development 

and after migration form a monolayer of cells in cerebellar cortex postnatally. The 

mechanism of cerebellar Pcs migration and monolayer formation have been 

investigated using a mouse model called nax that shows severe defects in Pcs 

migration and monolayer formation during development.  

1.1 Cerebellum  

The cerebellum is an important organ which plays a vital role in motor 

coordination and cognition (1). Cerebellar motor functions are involved with balance, 

posture, coordination, and balanced muscular activity. However increasing body of 

evidence are confirming the role of the cerebellum  in cognitive functions including 

emotions, attention, sleep, language, and also the non-somatic visceral responses (2). 

The cerebellum is made of a vermis at the midline and two hemispheres on each side. 

Avian and mammalian cerebellum is divided into 3 lobes and subdivided into 10 

lobules (1-10). Due to well-defined cerebellar neuronal organization, numerous 

researchers have used this organ to investigate neurodevelopmental processes 

including cell fate specification and stem cell maintenance (3). 

An adult cerebellum has a three-layer cortex including; the molecular layer 

(ml), Purkinje cell layer (Pcl), and granule cell layer (gcl). Ml which is the most 

superficial layer located beneath the pia matter contains dendrites of Purkinje cells 

(Pcs), axons of granule cells (gcs), basket cells, stellate cells, and Bergmann glial cell 

processes. The second layer positioned at the middle consists of a single layer of Pc 



2 
 

bodies and the third layer includes gcs, Golgi cells and Unipolar Brush cells (UBCs) 

(4-6). Cerebellum receives afferents and efferent to process the information about 

motor programing. There are two major types of the afferents in the cerebellum called 

climbing fibers and mossy fibers. Mossy fibers synapse on the cerebellar gcs. Axons 

of the gcs then give rise to the parallel fibers ascending toward the ml. The parallel 

fibers then relay the excitatory synapse on the dendrites of the Pcs. The Pcs project 

the output of the cerebellum to cerebellar nuclei. Climbing fibers carry information 

from inferior olivary nucleus and synapse with the Pcs directly (7). 

1.2 Development of central nervous system 

Formation of the neural tube is the basis of central nervous system (CNS) 

development which occurs during neurulation process. Neurulation is a 

morphogenetic event, which takes place in early embryogenesis at the Carnegie stage 

13 (28 days post fertilization) in human (8) and E7-7.5 in mouse (9). It initiates with 

ectoderm thickening and neural plate formation, in which a flat sheet of 

neuroepithelial cells roll up and form the neural tube (10). Initially, the cortical plate 

consists of neuroepithelial, mantle, and marginal layers (11). The neural tube is 

formed under the control of genes and molecules that define the basal plate, the alar 

plate, roof plate and floor plate. The neural tube development is patterned along 

dorsal–ventral (DV) and anterior–posterior (AP) axes, some vesicles that are 

generated at the rostral part of the neural tube will produce prosencephalon (forebrain) 

comprising the telencephalon and the diencephalon, the mesencephalon (midbrain), 

the rhombencephalon (hindbrain) (which is relevant to this study) comprising the 

metencephalon and myelencephalon, and the spinal cord at the caudal part (12, 13). 

There are four basic morphogenetic signals participating in neural tube formation  and 

differentiation including: Wingless-Int protein family (Wnt), Hedgehog family (HH), 
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Bone morphogenetic protein family (Bmp) and Fibroblast growth factor family (Fgf) 

(14). The patterning of the neural tube relies on ventralizing factors of SHH and 

dorsalizing factors of BMP which are produced from notochord/floor plate and roof 

plate, respectively (15, 16). In general, the basal plate produces all motor neurons and 

related interneurons, while the alar plate is the source of sensory component of the 

CNS. 

1.3 Development of the cerebellum 

Development of cerebellum occurs during both embryonic and postnatal 

stages. In human embryology development of different layers of the cerebellum were 

identified by Rakic and Sidman spanning from 7-40 week gestation and into one year 

after birth (17). Cerebellar primordium is formed at stage 14 (32 days) and migration 

of neuronal progenitors occurs at stages 18 and 19 (44–48 days) (2) however, in the 

mouse it starts at embryonic day 9 and continues up to postnatal day 18. The 

hindbrain or rhombencephalon segmentation occurs after neural tube closure and 

leads to the production of rhombomere 1-8. The alar plate of the rhombomere 1 is 

developing cerebellum territory that is called cerebellar anlage (primordium).  

Development of the cerebellar anlage depends on the signals from the isthmic 

organizer (IsO), a neural tube narrowing between mesencephalon and 

rhombencephalon. IsO maintains structural polarity to the neighboring parts and 

arranges the cellular composition of the rhombomer 1 and mesencephalon (6, 18). 

FGF8 which is specified in the most anterior hindbrain is an essential molecule to a 

developing cerebellum (19). Gbx2 in hindbrain and Otx2 in midbrain are two genes 

with opposite but complementary developmental roles. Since their action is on the site 

of Iso they play a role in regulating FGF8 expression (20). Differential development 
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and cellular survival in developing cerebellum is highly dependent on the gradient of 

FGF8 signals in Iso (18, 21). 

1.4 Specification of cerebellar germinal zones 

Formation of different subtypes of neurons in the cerebellum is determined by 

the spatial and temporal specification of cerebellar primordium germinal zones. 

Ventricular zone (VZ) and Rhombic lip (RL) are the main germinal zones located at 

the ventral and dorsal regions of the cerebellar primordium that will generate distinct 

neuronal subtypes including cerebellar glutamatergic and GABAergic neurons. The 

identities of these cerebellar progenitors are derived from important components 

including basic-helix-loop-helix (bHLH) proteins, ATHO1 (also called MATH1) and 

PTF1a (22, 23). RL germinal zone expresses ATOH1 resulting in the production of 

glutamatergic neurons and Ptf1a expressed in VZ targets the production of 

GABAergic neurons (23, 24). 

1.4.1 Patterning of the rhombic lip-derived phenotypes 

Granule cells, UBCs, and large cerebellar nuclei neurons are categorized as 

cerebellar glutamatergic neurons. They are generated from rhombic lip and use 

glutamate as their neurotransmitter. 

1.4.2 Granule Cells  

Granule cells are located at the most inner layer of cerebellar cortex. Each cell 

contains 4 to 5 dendrites and a thin unmyelinated axon that splits and forms a “T” 

shape parallel fiber and synapse with the Pc dendrites in the molecular layer. 

Excitatory inputs from mossy fibers and inhibitory inputs from Golgi cells are 

received through the enlarged structures at the end of dendrites (25). Granule cells 

formation, migration, and differentiation starts from embryonic days E12.5- E16 in 
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mouse and at embryonic stage 23 in human (8 weeks), and progenitors of granule 

cells which are newly born from RL, migrate rostrally in a sub-pial stream to form an 

external germinal zone. When ATOH1 is turned on, granule cell precursors start their 

migration from RL. Expression of ATOH1 which is the main factor to produce gcs 

precursors is influenced by signaling of BMP at choroid plexus and roof plate (26). 

During postnatal stages, gcs are proliferated by the major signaling mechanism of 

SHH that is secreted by Pcs. (5, 27, 28). Differentiation of gcs happens after 

formation of the external germinal zone when the cells exit the cell cycle. Migration 

of the gcs is facilitated by the formation of a neuron-glial adhesion underneath the cell 

surface and a leading process containing lamellipodia and filopodia covering the glial 

fiber (29).  

1.4.3 Unipolar Brush cells 

Unipolar Brush cells are categorized as a group of interneurons in cerebellar 

cortex that has excitatory functions. They are found abundantly in the areas that 

regulate the sensorimotor signals, control position of the eyes, head, and body. A 

UBC with a typical phenotype contains one thick dendrite that ends in a brush-like 

structure that synapses with terminals of mossy fibers (30, 31). Regarding their 

function and chemical composition, UBCs are categorized as type I and type II (32). 

During the cerebellar development, UBCs are; 1) generated by their progenitors in RL 

(E10.5–13.5) controlled by the expression of WNT1, however, WNT1 will be 

downregulated when UBCs start migrating from their germinal zone (33). The 

newborn neurons remain 1-2 days in RL before moving toward their destination and 

then they dorsally migrate through white matter and by p10 they reach the granular 

layer. The ultimate differentiation of these cells happens during P2-P28.  
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1.4.4 Development of the Cerebellar Nuclei 

Development of Cerebellar Nuclei (CN) takes place in accordance with the 

cerebellar cortex and uses almost the same molecular mechanisms. Lineage mapping 

of ATOH1 and PTF1a  has proven that excitatory and inhibitory neurons of CN are 

generated from the RL and VZ. Thus both ATHO1 and PTF1a genes will give rise to 

formation of CN. The ATHO1+ CN neurons which are large excitatory projection 

glutamatergic neurons are determined from the first stages in RL. CN neurons that are 

produced from PTF1a zones are the first set of inhibitory neurons intended to be 

positioned in superficial layers (23, 34). In fact, Pax2-positive interneuron 

progenitors (PIPs) which are coming from Gsx1
+
/PTF1a domain reach white matter 

and participate in CN construction.  

1.4.5 Rhombic lip-derived Neurons Are Glutamatergic 

Glutamatergic neurons are the major excitatory neurotransmitters found in 

CNS. Glutamate is released from a presynaptic neuron and can be received by three 

essential receptors within neurons including N-methyl-D-aspartate receptors (NMDA 

receptors), kainate receptors, and AMPA receptors. Activation of NMDA receptor 

leads to long-term potentiation and requires glycine as well as glutamate to mediate 

calcium flux into the neuron and trigger the downstream signaling cascades. AMPA 

receptors regulate fast excitations meaning that ion channels of the receptors respond 

quickly to glutamate. The proper function of Kainate receptors needs formation of a 

complex of its subunits (GluK1-GluK3) (35, 36). These receptors have a role in 

regulating the release of inhibitory GABA transmitters.  In developing cerebellum 

glutamatergic neurons are produced from RL germinal zone. Although the precise 

mechanism to identify the cerebellar glutamatergic neuronal subtypes has not been 
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fully understood yet, expression of PAX6 from RL-derived cells for instance CN, gcs 

and UBCs indicate excitatory neurons in the cerebellum (37). 

1.5 Patterning of the ventricular zone-derived phenotypes 

Purkinje cells, Golgi cells, and interneurons are categorized as cerebellar 

GABAergic neurons. They are generated from different progenitors of ventricular 

zone. 

1.5.1 Purkinje cells 

Purkinje cells are large-sized neurons with a branched dendritic tree. Pcs are 

arranged in a monolayer which is crossed by the extended axons of gcs that create 

parallel fibers. It has been estimated that a single Pc synapses with 150 000 to 200 

000 parallel fiber. Thus dendritic formation and differentiation is a crucial process 

during cerebellar development (38, 39). Two excitatory afferent pathways from 

climbing fibers and mossy fibers are received and modulated by Pcs. Pcs are 

considered as central neurons of cerebellar cortex because these are the only neurons 

that project the output of cerebellar cortex to CN (40, 41).  

Development of Pcs in human occurs during an extended period of time, Pcs 

plate is established by 13 week pregnancy. In terms of morphology, they are 

considered to be multipolar up to the 28 week pregnancy when they start forming a 

monolayer. Ultimate dendritic tree differentiation extends well into the first postal 

year (2, 42). However in mouse, they are born at E10-12 and then form embryonic 

clusters at E14-P1 followed by cluster dispersal at P1-4 and finally, a monolayer of 

Pcs is formed by P4-7 (2). 

Calcium binding protein (Calbindin) and inositol phosphate 3 receptor (IP3R) 

are the proteins that specifically expressed in axon, soma, and dendrite of Pcs (43). 
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Calbindin-D28k is a fast calcium buffer protein being expressed once Pcs mitosis is 

terminated and they are about to migrate and differentiate. The complex function of 

this protein has not been fully understood, however it is known that plays role in 

neuronal survival through modulation of calcium channels and calcium sensor 

proteins (44). Differentiated Pcs establish inhibitory neurotransmission in order to 

take part in configuring different zones of the cerebellum (45, 46). 

1.5.2 Golgi Cells 

Golgi cells are considered as slow firing interneurons spanning throughout the 

gcl. Their long and numerous processes extend in different cortical zones. Their 

dendrites receive inputs from mossy fibers-gcs-parallel fibers and their axons toward 

gcs dendrites in the cerebellar glomeruli. Using glycine and GABA neurotransmitters 

they deliver feed-backward inhibition to gcs (44). 

1.5.3 Molecular layer Interneurons  

The role of GABAergic interneurons is to adjust the stability and dynamics of 

neural circuits. Pax-2 expression indicates GABAergic interneurons including stellate 

cells, basket cells, and Golgi cells in the developing cerebellar cortex. Is has been 

suggested that Pax-2 accept this role as a transcription factor for these specific cell 

types after E12 (47). The interneurons including stellate cells and basket migrate 

toward the ml without penetrating into the population of gcs precursors at that stage 

(48). 

1.5.6 Ventricular zone-derived neurons are GABAergic  

Among various amino acid that play either inhibitory or excitatory roles in 

CNS, γ-aminobutyrate (GABA) is considered principal inhibitory neurotransmitter. 

GABA is not able to cross the blood-brain-barrier thus it is synthesized within the 
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neurons through the metabolic pathway in which glucose is used as a precursor to 

produce GABA. GABA-A and GABA-B are two major receptors for this 

neurotransmitter and binding of ligand to these receptors will lead to 

hyperpolarisation of the membrane and reduces the firing of the action potential (49, 

50).  

Particularly during cerebellar development, GABAergic neurons are classified 

as Pcs and PAX-2
+
 interneurons. These neuron precursors are produced from 

progenitors that highly express PTF1a in VZ (51). In addition, Pc development and 

cell cycle is also regulated by neurogenin 1 and 2 as the other downstream factors of 

PTF1a (52). From E10-12 they produce Pcs, interneurons in cerebellar nuclei and 

from E13.5 they produce Golgi cells, lead to stellate and basket cells in later stages 

(53).  

1.6 Neuronal Migration in Brain 

Neuronal migration is developmental process in which neurons travel from 

their germinal zones to their final position (54). There are two modes of migration in 

the developing central nervous system including somal translocation and glia-

dependent locomotion. Somal translocation happens in newly-born neurons where the 

distance between birthplace and destination is short, thus, migration is mediated 

through leading process of the migrating cell. At later stages of migration, neurons 

use radial glial fibers to move from one place to another, this mode of migration is 

called glia-dependent locomotion. Radial glial cells facilitate the neuronal migration 

by having their long radial process extended toward the cortical surface while their 

cell bodies are located at VZ (55, 56). Reelin signaling pathway plays an essential role 

in migration of neurons in developing brain. Expression of reelin from Cajal-Retzius 
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neurons starts from embryonic stages. Although most of the population of Cajal-

Retzius neurons will be degenerated throughout the first postnatal week, secretion of 

reelin continues well into adulthood (57). During the early postnatal stage (both mice 

and human), reelin is expressed by the gcs of the cerebellum, interneurons of the 

hippocampus, and a subset of GABAergic interneurons in the cerebral cortex (58). 

The signaling pathway and its components will be discussed in detail in the following 

sections. Numerous studies have exhibited the role of reelin deficiencies in the 

patients with schizophrenia, bipolar disorder, autism, and major depression. In reelin-

deficient rodents, ataxia is the most noticeable symptom and affected animals die 

around the first postnatal month of their life. Ataxia is not the prominent symptom in 

humans with a mutation in RELN gene, but neurodevelopmental delay, hypotonia 

(low muscle tone), and language deficit make the most critical symptoms (59). 

Mutation in RELN gene in humans that can be inherited as an autosomal recessive 

disorder causes a severe deficiency in the cerebral cortex, brain stem, hippocampus, 

and cerebellum. The form of this malformation is categorized as lissencephaly with 

cerebellar hypoplasia (LCH). In addition, it is important to consider that reelin 

signaling is the same in the cerebellum as the other parts of developing cerebral cortex 

(59).  

1.6.1 Neuronal migration in cerebellum 

The migration process of the cerebellar neurons mostly takes place through 

interaction with radial glia cells. The connection between these neurons and radial 

glia is mediated through detection of extracellular factors by neuronal receptors. reelin 

is the most important extracellular factor to trigger embryonic Pc clusters (E14) to 

migrate in the cerebellar cortex (60). All rhombic lip-derived cells in the cerebellum 

express reelin during development. Reelin is co-localized with other important 
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developmental transcription factors such as ZIC1, PAX6, and TBR2 in a subset of the 

cells derived from RL (61). During early postnatal development, reelin is expressed 

from gcs precursors in external germinal zone (EGZ) and aggregates in their 

extracellular matrix during Pcs spread from cluster phase. When the formation of the 

monolayer is completed reelin expression will be downregulated from EGZ (62).  

1.6.2 Purkinje cells Migration and Monolayer Formation 

During perinatal development in mice, Pcs which are derived from VZ migrate 

to the core of the developing cerebellum and establish Purkinje cell cluster.  However; 

it has been shown that Pcs that are born at posterior periventricular zone around E10.5 

exhibit tangential migration to the anterior direction (5).  

Embryonic Pcs that are born at E10, use radial migration to move from VZ of 

fourth ventricle toward the caudodorsal direction and form Pcs plate. Primarily, the 

Pcs plate is a thick layer made of several cells known as Pc cluster, but the Pcs 

consequently spread out and form a monolayer during perinatal development (2). 

During radial migration phase, Pcs express a high amount of reelin receptors in 

addition to Dab1 protein and mRNA. There are two basic approaches currently being 

adopted in research into the role of reelin on Pcs migration. One approach suggests 

that reelin plays a role when migrating Pcs tend to detach from radial glia fibers. In 

the absence of reelin (reeler mutant), numerous adherence junctions between Pcs and 

radial glial fibers have been observed. The second approach recommended indirect 

effect of reelin on migrating Pcs. This approach was formed based on the abnormal 

curves and disorganized processes of radial glial fibers in the absence of reelin (59). 

Monolayer formation of Pcs is a very critical step during development, firstly because 

it defines cerebellar boundaries as well as folia formation and secondly, cerebellar 
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output depends on the appropriate synapse of Pcs with the molecular layer input to 

generate cerebellar circuit (63). However, Kim et al. used synchrotron X-ray 

microscopy to show 3-D images of Pcs dendrites and reported that unlike the direct 

role of reelin in Pcs migration it does not directly contribute to dendrite formation 

(64). 

1.7 Structure and chemistry of reelin 

Reelin protein was first discovered by the end of 20
th

 century. This large 

glycoprotein with 388 kDa of molecular weight is encoded by RELN gene, which is 

localized on chromosome 7 in human and chromosome 5 in mice (65). The structure 

of the molecule includes an N-terminal region, reelin domain, and a highly conserved 

C-terminal region. N-terminal part of the molecule is composed of a signaling 

peptide, a domain similar to F-spondin (an extracellular protein that promotes neurite 

growth), and a small region containing CR-50 epitope. This epitope is critical for 

reelin signaling cascade (66). Reelin domain contains 8 repeats and each repeat 

contains two sub-repeats that are separated by an EGF (Epidermal Growth Factor) -

like domain. The C-terminal region is comprised of several positively charged amino 

acids (67). When the protein is synthesized in the cytoplasm, it moves toward the 

extracellular matrix. At the beginning, the secreted protein has a molecular weight of 

~450 kDa; however, it undergoes several cleavages between its 8 repeats and 

consequently, divides into 3 fragments. Cleavage of N-terminal sites is facilitated by a 

metalloprotease while C-terminal cleavage is carried out by a protease that is yet 

unknown (59). Jossin et al., 2007 have shown that the central fragment with 190 kDa 

is a principal determining factor to trigger reelin signaling pathway (68). This protein 

has proteolytic function and acts as a serine protease in signaling cascades. Proteolytic 
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activity of reelin involves with appropriate nerve-muscle connection, neuromuscular 

junction development, and maturation of motor end-plate (57). 

1.8 Receptors of reelin 

The molecular cascades that regulate the development of cortical structures are 

not well understood. The development of  cortical layers requires the neurons to exit 

their cell cycle at some exact periods of time, adhere to and transport along glial 

fibers, then separate from the fibers, and locate into distinct layers. Receptors on the 

surface of neurons control these interactions and play important roles in these events 

(69). Apolipoprotein E receptors 2 (ApoER2; which is also identified as LRP8) and 

VLDLR (Very Low Density Lipoprotein Receptor), are two reelin receptors that 

belong to the family of Low Density Lipoprotein Receptors (LDLR). This family of 

receptors is comprised of multifunctional proteins that are ubiquitously expressed on 

the surface of all cells and play critical role in cholesterol hemostasis. Cholesterol 

facilitates the communication and signaling of neurons in brain (70). All the members 

of this family have five structural domains including an EGF domain, ligand binding 

domain in the N-terminal region, a transmembrane domain, cytoplasmic tail with 

NPxY motif, and an O-linked sugar domain (71, 72). Regulation of signaling and 

endocytosis occurs by the interaction of NPxY motif with the proteins containing 

phosphotyrosine binding (PTB) domain. It has been demonstrated that VLDLR and 

ApoER2 have 50% of sequence homology. Upon binding of reelin to receptors, a 

specific lysine amino acid in reelin extracellularly interacts with the first binding 

repeats of the receptors (71). Among reelin fragments, the one containing C-terminal 

residue has the highest affinity to ligand the ApoER2 and VLDLR (73).  
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1.8.1 Very Low Density Lipoprotein Receptor (VLDLR) 

Very low density lipoprotein receptor contains 837 amino acid residues, which 

the initial 27 of them are hydrophobic and considered to play a role as a signal 

peptide. Several studies have compared VLDLR amino acids in human and mouse 

and found that they are essentially identical up to 97% (74). mRNA transcripts of 

VLDLR are in their highest expression in brain specifically in the cerebellum and 

cerebral cortex. Skeletal muscles and heart are the other two parts of the body with 

high VLDLR expression (75). Iwata et al., showed that over-expression of VLDLR in 

rat leads to a significant hyperactivity accompanied by impaired memory function. 

They concluded that expression levels of this protein play a role in motor function and 

cognition (76). 

1.8.2 Apolipoprotein E Receptor 2 (ApoER2) 

The ApoER2 protein is comprised of 870 amino acids. The basic structure of 

the ApoER2 is similar to VLDLR; however they differ significantly in the size of 

their O-linked glycosylation domains, which is more than double in size in ApoER2 

(71). It has been reported that this glycosylation is associated with the stability of the 

receptors, nevertheless, little is known about its mechanism of action on receptors and 

their functions (77). The expression level of ApoER2 mRNA is high throughout the 

CNS with higher expression specifically in Pcs of the cerebellum. mRNA transcripts 

of this receptor have been measured to be high in testis and placenta as well (78). 

Similar to VLDLR, expression of ApoER2 starts from E12 (mouse) in preplate and it 

is considerably high in Pcs from E16.5 / E17. In contrast, VLDLR expression is 

strong at E18 and continues into postnatal day P0-P6 in Pcs (71, 79). 
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 1.9 Reelin signaling 

During the development of brain, binding of reelin to either one of the 

ApoER2 or VLDLR initiates the downstream signaling cascade. Clustering of the 

receptors then activates two families of kinases including Fyn kinase family and Src 

tyrosine kinase family. This activation phosphorylates Dab1 (Disabled 1) on its four 

tyrosine residue. Dab1 interacts with the intracellular regions of reelin receptors (65, 

80). Phosphorylation of Dab1 results in the induction of several pathways. One of the 

major cascades is activation of Phosphatidylinositol-3-Kinase (PI3K), which 

consequently increases the phosphorylation level of protein kinase B (PKB) and 

inhibits Glycogen Synthase Kinase-3 beta (GSK3). In normal condition, GSK3 effects 

on tau protein and mediates microtubule stability; however, in this pathway inhibition 

of GSK3 alters the dynamic of microtubule formation and leads to neuronal migration 

(80). Alternation of the microtubule dynamics, which occurs following Dab1 

phosphorylation, is influenced by LIS1 Protein. Termination of the signaling cascade 

happens when a specific population of Dab1 is phosphorylated and degraded via 

proteasome system (81). reelin signaling is a very complex cascade that can activate 

and regulate many other intracellular pathways, therefore, in this section only 

molecules that have been the focus of recent researches are being addressed (Figure 

1). 
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Figure 1. Reelin signaling pathway in migration and monolayer formation of 

cerebellar Purkinje cells. 

 

Three basic functions have been reported to occur as the result of reelin-Dab1 

signaling during brain development including cellular adhesion, dendritic process 

growth, and neuronal positioning and migration (82). In the context of neuronal 

migration, which is also considered as a critical issue in cerebellar development, 

reelin signaling regulates the formation of the cytoskeletons for migration of neurons.  

It has been recently reported that reelin-Dab1 signaling through ApoER2 

activates LIM kinase 1 (LIMK), which then leads to the phosphorylation of a protein 

called cofilin at the leading processes of migrating neurons as well as the growing 

branches in dendrites and axons. Cofilin can depolymerize F-actines and consequently 

facilitate the formation of new actin filaments. Phosphorylation of cofilin inhibits its 

ability to depolymerize and leads to cytoskeleton stability of the leading process 

toward the marginal zones under the cortical surface (83). In addition, reelin is 
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considered as a signal to stop migrating neurons via stabilizing the cell cytoskeleton 

(84). 

EphB tyrosine (Ephrin-B) kinases are the other critical regulators for cell 

adhesion in developing brain. Bouche et al., demonstrated that reelin is able to 

activate EphB signaling in neurons independent from the classical pathway mediated 

through ApoER2 and VLDLR. This signal integration is facilitated by direct binding 

of reelin to the EphB transmembrane extracellularly. Additionally, they have 

confirmed their data by reelin treatment that led to auto-phosphorylation and 

consequent proteolytic degradation of EphB proteins, signifying that the reelin-EphB 

interaction can induce EphB signaling in responsive cells (85). On the other hand, if 

the EphB is impaired the reelin-Dab1 does not function properly while activation of 

EphB is able to rescue the neuronal disorganization in the absence of reelin in reeler 

mouse (reelin mutant will be discussed in section 1.10 ) (86).  

CDK5, a member of the family of Cyclin Dependent Kinase (CDK), is a 

Serine/Threonine protein kinase principally expressing in neurons and Cdk5 mutant 

exhibits the similar neuronal positioning in its cortex to reeler mouse (87). Together 

with previous studies in this field, Fuchigami et al., confirmed that CIN85, a protein 

that interacts with Dab1 is phosphorylated by CDK5 activation. CIN85- Dab1 

signaling can modulate the actin formation and stability in neuronal structures (88, 

89). 

Integrin’s are family of transmembrane receptors that connect the cytoskeleton 

to the extracellular matrix and play role in cell adhesion and migration. The function 

of α3β1 integrin that mediates adhesion of neurons to the radial glia fibers has 

suggested the potential reelin- α3β1 integrin interactions. Embryonic analysis 

revealed co-expression of α3β1 integrin with Dab1 (90). It has been suggested that 
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α3β1 integrin binding to Dab1 in response to reelin, can trigger their degradation and 

consequently facilitate the detachment of neurons from Radial glia fibers (91). 

1.9.1 Reelin and ERK signaling 

Mitogen activated protein kinases (MAPK) mediate the phosphorylation and 

activation of nuclear transcription factors that regulate cell proliferation, 

differentiation, migration, stress responses, apoptosis, and survival. This family of 

kinases includes the extracellular signal-regulated kinase 1 and 2 (ERK1/2), c-Jun N-

terminal kinases 1-3 (JNK1-3) and P38. In the process of the migration, cells may 

apply different types of kinases in this family depending on the cell type, extracellular 

stimulus, and/or phosphorylation of the distinct substrates. Variety of mitogens and 

growth factors can stimulate the Ras_Raf-1_MEK-1/2_Erk-1/2 (main components of 

Erk1/2 signaling) signaling module. In this signaling pathway Thr and Tyr residues 

within the Erk1/2 Thr-Glu-Tyr motif is phosphorylated and eventually results in 

alteration of cell adhesion dynamics and cell migration. 

Recently there have been some studies which link the reelin signaling pathway 

to the MAP family of kinases.  ERK1/2 in association with reelin formed the central 

focus of a study by Lee et al., in which the authors demonstrated that full-length 

reelin moiety can activate the ERK 1/2 signaling, however, this activation is not 

mediated through the canonical signaling pathway of reelin. reelin-ERK1/2 signal 

transduction can significantly regulate learning, memory, and synaptic plasticity in 

postnatal and adult brain (92). C-Jun N-Terminal kinase (JNK) is another member of 

the MAPK family that plays a role in cell trafficking, adhesion, morphogenesis in 

neurons, neurotransmission, and cell response to stress. Studies suggest that ApoER2 

is important in the recruitment of this kinase (93). In this context it is necessary to 
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mention that MAPK family are activated by various factors for instance the ERK 

pathway that is activated by number of cell matrix proteins including vitronectin, 

collagen and fibronectin, in additions other stimuli such as EGF, FGF, VEGF, and 

urokinase plasminogen activator (uPA) (94). Brain-derived neurotrophic factor 

(BDNF) is another factor that has been reported to play a role in maturation of 

cerebellar gcs. It is suggested that MEK is modulated by BDNF (95). 

1.10 Animal Models of reelin /Dab1/ Vldlr/ ApoER2 

Reeler mouse is the result of an autosomal recessive mutation on RLN gene. 

Many regions of the brain are affected by this mutation including the hippocampus, 

neocortex, inferior olive, olfactory bulb, substantia nigra, and cerebellum (96). All 

these structures in the brain are interconnected together but in this section, we will 

focus on the malformations that influence the cerebellum. There are a number of 

important differences between reeler mutant and a normal mouse. According to 

Mariani et al., the cerebellum size of the reeler mouse is 25-33% less than a normal 

mouse, exhibits no foliation, and has neuronal disorganization in most areas of the 

cortex, accompanied by the decreased number of UBCs and gcs. The first sign of a 

cerebellar defect in reeler mouse appears by malformation of Pcs clusters around E14 

(97). In addition to abnormal Pc migration, these mutants reveal no significant amount 

of foliation in their cortex, while wild-type embryos exhibit initial evidence of 

foliation by E17. In spite of the severe cerebellar neurons disorganization, 7% of the 

Pcs manage to form a monolayer and consequently, normal cytoarchitecture can be 

observed in small cortical regions. 10% of the Pcs are positioned in the granular layer 

and the rest (around 80%) are in the form of cellular masses (96, 98). In addition, 

axon growth and connections are distorted in cerebellar neurons, which can be the 

consequence of altered migration of Pcs. Electrophysiological studies of Pcs in reeler 
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mouse indicated that these neurons have normal sodium and calcium-dependent 

spikes (99). Based on neurobehavioral tests performed on heterozygous and 

homozygous reeler mice, it has been suggested that heterozygous reeler is an 

appropriate model to study the psychiatric disorders specifically schizophrenia (100). 

In contrast, Krueger et al., reported that heterozygous reeler can be considered as a 

model to study general concepts of psychiatric disorders but not schizophrenia (101). 

Deficiencies in downstream molecules of reelin signaling pathway such as 

Dab1, ApoER2/ Vldlr, and Src/Fyn indicate approximately identical phenotype and 

cerebellar malformations (102). Spontaneous autosomal recessive mutation in Dab1 

gene located on chromosome 4 results in scrambler mutant phenotype. Observation of 

adult cerebellum revealed hypoplasia accompanied by the lack of foliation in this 

mutant. Scrambler mutants are distinguishable from the wild type at around age P8 by 

their ataxic gate and tremor (59). Histological studies confirmed decreased number of 

gcs by 80% as well as significant reduce in the number of Pcs (96).  

Double Vldlr/ApoER2 knockouts show precisely the same phenotype in the 

reeler or scrambler (103). Single knockouts of Vldlr and ApoER2 exhibit smaller size 

cerebellum with decreased foliation and cortical lamination, however, this phenotype 

is more evident in the cerebellum of Vldlr mutant (71).  

ApoER2 regulates the endocytosis of ligand called Selenium. This transport is 

mediated by Selenoprotein P (Sepp1) transported from the liver to the brain. The 

phenotype of ApoER2 mutant mice is similar to the Sepp1 knockout showing lower 

levels of selenium at the brain, which is the site of ApoER2 expression (104). 



21 
 

1.11 Lysosomal acid phosphatase 2 (Acp2) mutant mice 

The animal model used in this study called nax (naked-ataxia) is the result of a 

spontaneous mutation of lysosomal acid phosphatase 2 (Acp2/LAP) in mouse. ACP2 

is one of the many soluble luminal hydrolases responsible for lysosomal catabolic 

functions. It is an enzyme ubiquitously expressed in all cells of the body. There are 

two lysosomal acid phosphatases expressed in the lysosomal compartments. The first 

is sensitive to inhibition by tartrate (LAP/Acp2) and the second is acid phosphatase-

type 5 (Acp5), which is resistant to tartrate. LAP is a transmembrane protein that is 

comprised of alpha and beta subunits. In humans, the beta and alpha subunits are 

encoded by the Acp2 and Acp3 genes, respectively (105). The Acp2 gene is located 

on the short arm of human chromosome 11, and on chromosome 2 in the mouse. 

ACP2 is a transmembrane protein containing a single transmembrane domain, a 

highly glycosylated luminal domain, and a carboxy-terminal cytoplasmic tail. This 

isoenzyme is responsible to hydrolyze orthophosphoric monoesters into alcohol and 

phosphate. In addition, Acp2 contributes in the removal of the M6P recognition 

marker from proteins entering into the lysosomes. A spontaneous autosomal recessive 

mutation in Acp2 (when a replacement of guanine with adenine at exon 7 happens and 

results in the conversion of a glycine into glutamic acid at position 244 of the protein) 

is responsible for cerebellar and skin malformations in nax mice.  

1.12 Acp2 expression in cerebellum 

Expression of the acp2 in mouse tissue has its highest levels in testis and 

brain. In brain, it is exclusively expressed in choroid plexus epithelial cells, pyramidal 

neurons, and Pcs of cerebellum. Our laboratory has already shown that regulation of 

the expression of ACP2 in the cerebellum of C57B/6 mouse is dynamic during 

development. In neonatal mice, ACP2 is expressed in the cerebellum, caudal 
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midbrain, and choroid plexus of the 4th ventricle. In the cerebellum, until P4, ACP2 is 

expressed in most of the neuronal types of the cerebellum. However, by around P8, 

ACP2 expression of is limited to the somata of Pcs in the posterior lobe vermis and 

hemispheres. By P10, an increase in the expression level was observed in the vermis 

and hemispheres of the entire cerebellum, while the enzyme was still detected in soma 

of the Pcs, but also weakly in the dendrites. By P13, ACP2 expression was clearly 

observed in the soma and dendrite of a subset of Pcs. 

1.13 Cerebellum abnormalities in nax mice 

Nax mice can be distinguished from normal siblings by their phenotypic 

characteristic, which includes short stature, delayed coat hair appearance or whole 

body alopecia, and ataxic gait. In addition, the size of the whole brain is smaller 

(0.28g) compared to the wild type (0.47 g) based on the examination of the fixed 

whole brains at P19. Cerebellum of the nax mutant is also smaller in size with 

underdeveloped characteristics such as partially hypo-plastic or absent vermis. The 

average weight of the nax mutant is around 50% less than the wild type sibling and a 

significant reduction of their weight occurs at ~ P17 and the mutant death happens 

shortly after that at around P18-P26 (1).  

Performing macroscopic observation of the adult nax mouse brain revealed a 

substantial reduction in the cerebellum size when compared with the wild type 

siblings. Histological analyses indicated that in nax mice the cerebellum 

cytoarchitecture is disrupted compared with the organization of the classical 

cerebellar cortex (including three layers of molecular. Precursor in the external 

granule cells fail to migrate to form EGZ, the Pcl is disorganized, and the Bergmann 

fiber structure is disrupted. The EGZ, which is composed mainly of very densely 
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packed soma of gcs, is lacking in nax cerebellum and there is a significant decrease in 

the number of the gcs. 

In the human, a disorder called Gomez Lopez Hernandez syndrome (GLHS) 

shows similar symptoms of the nax mutant including alopecia, rhombencephalon-

synapsis, and trigeminal anesthesia. 

1.14 Rational of the Study 

Purkinje cells are normally aligned into a monolayer that separates the ml 

from the gl. Immunohistochemically staining with Calbindin reveals that the soma of 

these cells are ectopically placed in a multilayer manner and do not develop organized 

dendritic trees, but rather extend their dendrites in a completely uncoordinated 

fashion, appearing shorter and clearly disoriented. On the contrary to the wild type 

sibling, there is not a clear boundary between the molecular and Pc layer and it seems 

that Pcs have not followed a normal pathway to migrate, stop and form a monolayer 

however they invaded the molecular layer. In this study we investigate which 

molecular signaling pathway controls the Pcs migration process in Acp2 mutant 

mouse that leads to mal-positioning of Pcs in cerebellar cortex. 

 

 

  

http://www.nlm.nih.gov/medlineplus/hairloss.html
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Hypothesis: 

 

In this project I will test the hypothesis that reelin-ERK1/2 signalling pathway 

plays a critical role in the formation of monolayer Pcs in mouse cerebellar 

cortex  

 

Aims: 

1. To investigate differential expression of reelin pathway in the cerebellum of 

the wild type and nax mutant mouse 

 

2. To determine whether reelin-Dab1 affects the ERK 1/2 signaling pathway in 

developing cerebellum 
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CHAPTER 2: MATERIAL AND METHODS 

 

2.1 Animal Model and Maintenance 

Regulations of the Canadian Council on Animal Care (CCAC) were applied 

for the animal husbandry for all the animals used in this study. Nax mutant was 

obtained by transferring the nax mutant embryos from Institute of Human Genetics in 

the University Medical Center, Georg-August University, Gottingen, Germany 

followed by establishing the colony in the Genetic model center of University of 

Manitoba. Initially mice (C57 BL/6) heterozygous were bred to achieve nax mutant 

(homozygote/heterozygote/wild type ratio was 25%:50%: 25%, respectively). The 

mice colony was kept at room temperature with relative humidity (18–20°C, 50–60%) 

on a 12:12 light and dark cycle. Based on the phenotypic characteristics including 

smaller size, alopecia (lack of hair), and ataxia nax mutant can be distinguished from 

the wild type sibling. Since there are a number of animals in this study that were used 

at the early ages such as P1 and P3, PCR was performed to confirm the genotype of 

the animals. 

2.2 Mouse Genotyping 

Genotyping of the mutant mouse was performed using AccuStart
TM

 II Mouse 

Genotyping Kit (Quanta, Biosciences). 

2.2.1 DNA Extraction 

Tail samples were added to a 70µl of Extraction Reagent. Then samples were 

heated to 95°C for 30 minutes followed by cooling them in room temperature. An 

equal volume of Stabilization Buffer was then added to the extracts. DNA extracts can 

be directly used to run PCR. 
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2.2.2 Polymerase Chain reaction (PCR)  

Extracted DNA’s were used for PCR and all the PCR reactions were 

performed in 25μl of PCR master mix solution. 

 

Table 1: Reagents for PCR 

PCR Reaction Setup 

Component 

Volume for 25-μL rxn. 

AccuStart II GelTrack PCR 

SuperMix (2X) 

12.5 μL 

Forward primer 0.5 μL 

Reverse primer 0.5 μL 

Nuclease-free water 9 μL 

DNA Extract 2.5 μL 

Final Volume (μL) 25 μL 

 

Transcripts were amplified from nax mutant colony. The PCR cycle 

comprised of an initial step including 5 cycles of denaturation step at 95˚C for 4 min, 

32 cycles of annealing step at 56 for 45 ˚C sec was done followed by 1 min at 72˚C 

extension and final extension at 72 ˚C for 10 min. Annealing temperature was selected 

based upon the GC and AT content in each primer pair. Acp4F (5’ 

GCACTCTGTGCCTTCTCCAT-3’) and Acp4R (5’-

CTGGGAGATTTGGGCAACTA-3’) primers were utilized in PCR reaction. 

2.2.3 Restriction digestion with BamHI enzyme 

Master mixture for restriction digestion for each sample contained 2.5 l of 

Buffer and 1.66 l of BamHI enzyme. Then 4.16 l of reaction mixture was added to 

each tube of 25l PCR product.  PCR products were incubate at 37°C for 2 hrs for the 

digestion and run on a 2.5% agarose gel prepared in 1x TAE buffer with 1μg/ml 
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ethidium bromide. The bands were visualized using a gel documentation system 

Fluorchem-8900 gel imager (Alpha Innotech Corp, San Leandro, CA, USA). 

Fragments of 525 bp were indicative of homozygous genotype, two fragments of 320 

bp and 200 bp were indicative of wild type genotype. 

Figure 2. Agarose gel showing different genotypes of nax mutant mouse 

 

2.3 Perfusion and Sectioning 

All mice were deeply anesthetized with 20% isoflurane, USP (Baxter Co. 

Mississauga, Ontario, Canada) in propylene glycol (Sigma-Aldrich Canada Co., 

Ontario, Canada) using a desiccator. The mice were transcardially perfused with 15 

ml of 0.1 M phosphate buffer saline (pH 7.4) and 30 ml of 4% paraformaldehyde 

(PFA) in phosphate buffer saline (PBS). The brains were removed and post-fixed in 

4% PFA at 4°C for at least 24 hours. The cerebellum was removed and cryoprotected 

using 10% (2 h), 20% (2 h) and 30% (24 h) sucrose solution in PBS. The cerebella 

were then frozen in clear frozen section compound (VWR, Mississauga, Ontario, 

Canada) at -80°C for 30 min. Transverse sections of the cerebellum were serially cut 

at a 20 µm thickness using a -20°C cryostat and collected in PBS for free-floating 

immunohistochemistry. 
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2.4 Immunohistochemistry 

Peroxidase immunohistochemistry was performed on cerebellar sections by 

washing the sections thoroughly with PBS followed by stopping the endogenous 

peroxidase activity using 0.3% H2O2 for 20 min. Then sections were blocked with 

10% normal goat serum and then incubated in 0.1M PBS buffer containing 0.1% 

Triton X-100 and the primary antibody for 16–18 h at room temperature. Secondary 

incubation in horseradish peroxidase (HRP) –conjugated goat anti-rabbit or HRP-

conjugated goat anti-mouse antibody lasted 2 h at room temperature. 

Diaminobenzidine (DAB, 0.5 mg/ml) was used as the chromogen to visualize the 

staining. Sections were dehydrated through an alcohol series, cleared, and cover-

slipped with mounting medium. For negative control samples, similar as mentioned 

above, addition of primary antibody was replaced by a suitable IgG isotype. Sections 

were washed with PBS and peroxidase activity was measured by using DAB.  

2.5 Immunofluorescence 

For double immunofluorescence, samples were co-incubated in primary 

antibodies overnight (at room temperature) and then incubated in Alexa Fluor 488 

goat anti-mouse IgG and Alexa Fluor 594 goat anti-rabbit IgG for 1 hat RT. Samples 

were then washed with PBS and cover slipped with Fluorsave. 

 

 

 

  

http://topics.sciencedirect.com/topics/page/Peroxidase
http://topics.sciencedirect.com/topics/page/Phosphate_buffered_saline
http://topics.sciencedirect.com/topics/page/Horseradish_peroxidase
http://topics.sciencedirect.com/topics/page/Horseradish_peroxidase
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Table 2: Primary antibodies used in immunohistochemistry and 

immunofluorescence 

Primary 

Antibody 

Dilution Source 

reelin (Mouse 

monoclonal) 
1:250 Hybridoma bank, 

University of IOWA 

Dab-1 (Rabbit 

polyclonal) 
1:300 #117055, SIGMA-

ALDRICH 

CaBP (Mouse 

monoclonal) 
1:1000 #300, 

CEDARLANE 

CaBP (Rabbit 

polyclonal) 
1:1000 #CB-38a 

CEDARLANE 

Erk1/2 (Rabbit 

polyclonal) 
1:100 #4370, Cell 

Signaling 

PAX6 (Mouse 

monoclonal) 
1:50 Hybridoma bank, 

University of IOWA 

 

Table 3: Secondary antibodies used in immunohistochemistry and 

immunofluorescence 

Secondary Antibody Dilution Source 

Goat anti rabbit IgG, 

HRP conjugate 

1:500 #12-348,Millipore 

Goat anti mouse IgG, 

HRP conjugate 

1:500 #AP308P,Millipore 

Alexa Fluor 488 goat 

anti-mouse IgG 

1:1000 #A32727,Thermo 

Fisher 

Alexa Fluor 594 goat 

anti-rabbit IgG 

1:1000 #A11037,Thermo 

Fisher 

 

2.6 Image Acquisition  

In order to perform bright field microscopy, Zeiss Axio Imager M2 

microscope (Zeiss, Toronto, ON, Canada) was used and images were analyzed with 

Zeiss Microscope Software (Zen Image Analyses software; Zeiss, Toronto, ON, 

Canada). Florescent microscopy of the cerebellar sections was performed using Zeiss 

Lumar V12 Fluorescence stereomicroscope (Zeiss, Toronto, ON, Canada). High 
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magnification fluorescence microscopy was performed using a Zeiss Z1 and Z2 

Imager and a Zeiss LSM 700 confocal microscope (Zeiss, Toronto, ON, Canada). 

Adobe Photoshop CS5 Version 12 was used to edit, crop, and correct contrast and 

brightness of the images. 

2.7 Western Blotting 

After cerebellar tissues were collected from the animal they were added to the 

appropriate amount of lysis buffer (based on the tissue size) containing protease 

inhibitor cocktail (Life Science, cat# M250) and phosphatase inhibitor (Sigma 

Aldrich, cat# P5726) and samples were kept in -80 until used for western blotting. 

Concentrations of the protein were measured using BSA kit (Bio-Rad cat#5000121) 

and loading samples were prepared by adding loading buffer (Tris-Hcl 60mM, 

glycerol 25%, SDS 2%, mercaptoethanol (ME) 14.4Mm, bromophenol blue 0.1%, 

H2O). In order to perform electrophoresis on samples they were first heated at 90 ˚C 

for 5 min and 15 μl of each sample was loaded on a 6-15% polyacrylamide gel based 

(percentage of the gel was selected based on the molecular weight of the protein) 10 

μl of precision plus protein were used as marker standard (Thermo Fischer Scientific, 

ON, Canada). After proteins were separated using electrophoresis they were 

transferred onto a PVDF membrane using a transfer buffer (500nM glycine, 50mM 

tris-HCl, and 20% methanol) for 1 h, at room temperature, 100 volts. Blocking of the 

membrane then performed using 5% milk for ERK1/2 antibody and 3% Bovine 

Serum Albumin (BSA) for Anti Dab-1 antibody in 1x TBST (Tris-buffered 

saline/0.01% tween 20) at room temperature overnight. Then membranes were 

incubated overnight at 4˚C with suitable primary antibodies (see Table 4) in 5% milk 

and 5% BSA for in 1x TBST. After enough incubation with primary antibody, 

membranes were washed with 1xTBST 3x20 min and incubated with secondary 
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antibodies (HRP) (see Table 4) for 1hr at room temperature. Membranes were washed 

3x20 min and incubated with ECL reagent (Pierce, ON, Canada) for 2-3 min.  

Table 4: Primary antibodies used in western blotting 

Primary Antibody Dilution Source Molecular Size 

 

reelin 

 

1:1000 

Hybridoma bank, 

University of 

IOWA 

 

388kD 

Dab-1 1:1000 #SAB4503448 

,Sigma-Aldrich 

59 kD 

P-Dab1 1:1000 #SAB4504377 

,Sigma-Aldrich 

59 kD 

Total ERK1/2 1:1000 # 9102S,Cell 

Signaling 

42,44 kD 

P-ERK1/2 1:1000 #4370,Cell 

Signaling 

42,44 kD 

VLDLDR 1:1000 #sab1303099, 

Sigma-Aldrich 

95 kD 

Beta(β)- Actin 1:5000 # A5441, 

Sigma-Aldrich 

40 kD 

 

Table 4: Secondary antibodies used in western blotting 

Dilution Source Secondary Antibody 

1:1000 #12-348,Millipore 

 

Goat anti rabbit IgG, HRP 

conjugate 

1:1000 #AP308P,Millipore Goat anti mouse IgG, HRP 

conjugate 
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2.8 Densitometry Analysis of Western Blots 

The signal intensity of each protein band was measured by using Alphaease 

software. For each protein, the band was measured and normalized to the total protein 

band or the β-Actin/GAPDH. 

2.9 Cell Culture 

2.9.1 PC12  

PC12 is a cell line derived from a pheochromocytoma of the rat adrenal 

medulla. Since this cell line has an embryonic origin from the neural crest it is 

considered as an appropriate model for in vitro studies. Based on the previous studies 

(106-110) this cell line was used to explore the association of ERK1/2 

phosphorylation with DAB1 phosphorylation. PC12 cells were maintained in DMEM-

high glucose (Invitrogen) with 10% fetal bovine serum (FBS), 100 U/mL Penicillin 

and 100 μg/mL streptomycin in a 5% CO2 incubator at 37°C. 

2.9.2 Preparation of reelin Condition Medium 

Reelin is also expressed from other tissues such as kidney during the 

development. HEK-293 (Human Embryonic kidney) cells were used to provide reelin 

condition medium for this study. In addition it should be mentioned that since the 

genomic structure of the Reln gene is highly conserved, this gene has the same 

structure in mouse and human tissue (111). Cells were grown in 10-cm plates until 

they reached 80% confluence in a 5% CO2 incubator at 37°C. They were washed 

once with PBS and incubated for 24 h with serum-free medium (DMEM-high 

glucose, 100 U/mL penicillin and 100 μg/mL streptomycin) in a 5% CO2 incubator at 

37°C. Later, the cell medium was collected and centrifuged at 1,000 rpm for 5 min, 

and the supernatant was stored at 4°C. The remaining plates with cells were filled 

https://en.wikipedia.org/wiki/Cell_culture#Common_cell_lines
https://en.wikipedia.org/wiki/Pheochromocytoma
https://en.wikipedia.org/wiki/Rat
https://en.wikipedia.org/wiki/Adrenal_medulla
https://en.wikipedia.org/wiki/Adrenal_medulla
https://en.wikipedia.org/wiki/Embryonic
https://en.wikipedia.org/wiki/Neural_crest
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again with serum-free medium and incubated for 24 h in a 5% CO2 incubator at 37°C. 

The collecting procedure was repeated a total of three times (72 h), and then the 

supernatant was concentrated 10 times using Amicon Ultra-15 centrifugal filter units 

with a 100 kDa membrane cut-off, according to the manufacturer’s protocol 

(Millipore)(112). 

2.10 Gene expression analysis  

Total RNA was extracted using a kit (TRIzol® Plus RNA Purification Kit, 

Life Technologies, NY, USA) according to manufacturer’s instructions. Quality and 

quantity of RNA were determined by measuring the absorbance at 260 and 280 nm 

using NanoDrop ND-1000 UV-Vis Spectrophotometer (Thermo Fisher Scientific, 

Waltham, MA, USA). All samples had an absorption ratio A260/A280 between 1.8 – 

2.2. RNA (1 μg) from each sample was treated with RQ1 RNase-Free DNase® 

(Promega Corporation, Madison, WI, USA), according to the manufacturer’s 

instructions, to remove genomic DNA contamination. Reverse transcription was 

performed using SuperScript VILO cDNA Synthesis Master Mix (Invitrogen, Grand 

Island, NY, USA), according to the manufacturer’s instructions. Real-time PCR (RT-

PCR) reactions were performed in a Roch lightCycler 96 Real-Time System using 

Power SYBR green master mix (Life Technologies) in a final volume of 20 μl 

reactions. All samples were tested in triplicates. Differences in the threshold cycle 

(ΔCt) number between the target genes and the housekeeping gene TATA Box 

binding protein (TBP), which was used to calculate differences in expression. Primers 

sequences are provided in table 4. 
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Table 4. Primer sequences used in gene expression analysis 

Gene Forward Primer Reverse Primer 

reelin TCGCCTTTCTTTTTCCTGTG TTCCTGTCCCGGTACGTAGT 

DAB1 CAGCGAAGCCACTTTGATAA TAACTTGTCTCCCCGAGCTG 

VLDLR TCGGGCTTTGTTTACTGGTC AGTAGAGGCGGCTTTTGACA 

 

2.10.1 Statistical analysis 

The results were compared and analyzed using a student t-test to compare 

between two groups and one-way/two-way analysis of variance (ANOVA) to 

compare between more than two groups. The significance level was adjusted at P < 

0.05. All the experimental conditions were repeated at least GraphPad Prism 6 ( 

GraphPad Software, Inc. La Jolla, CA, USA) was used for statistical procedures and 

graph plotting.  

2.10 Migration assay 

 

Two well silicone insert with a defined cell-free gap was used to performed 

migration assay. The culture inserts were placed in 12 well culture plate and 5000 

cells were added to each chamber. Before the day of migration the cells were cultured 

under starved condition for 24 hours. Then inserts were removed and cells were 

treated with reelin condition medium for 72 hours to migrate. Untreated cells were 

used as control. ERK1/2 inhibitor U0126 (Cell signaling Cat#9903S) used to co-treat 

the cells with reelin condition medium. 10µM concentration of ERK1/2 inhibitor was 

used in this assay. 
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CHAPTER 3: RESULTS 

 

3.1 Purkinje cell are mal- positioned and disorganized in nax mutant mouse 

compared to the wild type sibling 

Initially to study the difference in distribution and localization of the Pcs in wt 

and nax mutant we applied the immunostaining of Calb1 antibody as a specific 

marker for Pcs in P17 wt and mutant mouse. P17 mice were chosen because at this 

stage the development of the lobules can be clearly seen and also migration and 

monolayer formation of the cerebellar Pcs is completed, thus the differences of the wt 

and nax is more clear to investigate. In addition to the smaller size (1) and 

underdeveloped lobulation of nax cerebellum, Calb1 revealed a significant difference 

in organization of the Pcs. The lobules with two distinct hemispheres and well-

developed vermis are observed in the wild type sibling cerebellum. Purkinje cells are 

localized in a monolayer manner beneath the molecular layer with no sign of ectopic 

Pcs. CN is located intact in the cerebellum. 
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Figure 3. Transverse sections through the wild type and nax mutant cerebella at 

P17 immunostained with Calb1 

(A) Transverse section of P17 wt mouse stained using Calb1 show that Pcs are 

arranged in monolayer. Cerebellum has a developed vermis with two hemispheres on 

both sides. (B) Examination of nax cerebellum reveals that the size of the cerebellum 

is smaller and lobules are not fully developed. Hemispheres are not divided by an 

underdeveloped and hypoplastic vermis. Purkinje cells are arranged in a multilayer 

manner instead of a monolayer. Examination of the Pcs in nax cortex 

immunoflourscence staining with Calb1 indicates disorientation and the lack of the 

proper migration of the Pcs. No distinct boundary is observed between molecular 

layer and the Pcl and Pcs have moved toward the ml and reach to pia surface. Arrows 

indicate the Pcs soma (C). ml, molecular layer; h, hemisphere; V, vermis; cn, 

cerebellar nuclei; gl, granular layer; wm, white matter. Scale bar = 500 μm in (A, B); 

50 μm in (C). 
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3.2 Reelin in expressed by the cells of external germinal zone in wt and nax 

mutant mouse at P1 

To determine if reelin is present in nax mutant and also observe the 

localization and distribution of this protein in developing cerebellum the 

immunohistochemistry with anti-reelin antibody was performed at P1 wt and nax 

mouse. reelin is expressed by the precursors of the granule cells localized in the 

external germinal zone (egz).and staining revealed the similar expression and 

distribution in nax and wt. This data is in accordance with the level of mRNA 

expression (that will be discussed in figure 10) and protein expression shown by 

western blot (in figure 7) confirms that the reelin as a critical protein to stimulate the 

Pcs migration cannot be the only determinant factor to the differential migration seen 

in Pcs of the nax mutant mouse. 

 Figure 4. Sagittal sections of P1 wt and nax immunostained with reelin 

 

Sagittal sections immunostained with Calb1 antibody at P1 specify uniform 

expression of reelin protein in the nax and wt sagittal cerebellar (A) wt (B) nax 

showing that there is no significant difference in the pattern of expression at this age. 

egz, external germinal zone; pcl, Purkinje cell layer. Scale bar = 50 μm in (A) and 

(B). 
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3.3 Reelin in expressed by the cells of egz in wt and nax mutant mouse at P3 

Since proteins may play different roles during development they might 

dynamically be expressed in different regions thus we further investigated the reelin 

expression and distribution in wt and nax mouse by immunostaining of reelin 

antibody on the sagittal sections of P3 mouse. Smaller cerebellum of the nax reveals 

almost the same pattern of the expression of reelin in egz compared to the wt sibling. 

Figure 5. Sagittal sections of P3 wt and nax immunostained with reelin 

 

Immunostaining of the sagittal sections of P3 wt and nax mutant cerebellum revealed 

the similar pattern of expression and distribution of reelin in egz in both wt and nax 

sections (A, B). However, the underdeveloped cerebellum and egz in nax mutant (B) 

compared to the wt (A) is accompanied by slightly less expression of reelin.(a) Shows 
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the higher magnification of (A) and (b) is higher magnification of (B). egz, external 

germinal zone; pcl, Purkinje cell layer; gl, granule layer. Scale bar = 100 μm in (A) 

and (B) and 50 μm in (a) and (b). 

3.4 Reelin and Calb1 expression in P8 wt and nax mutant mouse 

To further characterize the expression of reelin during the postnatal stages of 

mouse life span, expression of reelin in Pcs at P8 mouse cerebellum was investigated. 

We found that egz of the wt section is well developed and reelin expressing cells can 

be clearly observed in the lateral and medial cerebellar cortex. As our lab recently 

reported the anteromedial cerebellum in nax mutant is not properly developed 

compared to posterolateral cerebellum thus reelin expression in the antromedial part 

of the nax cerebellar cortex is observed to be weaker; however reelin expression in 

lateral parts is almost comparable to the wt.  
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Figure 6. Double immunostaining of reelin (green) and Calb1 (red) on frontal 

sections of P8 wt and nax mouse. 

The wild type (A) shows reelin expression in the well-developed egz in the medial (B-

F) and lateral (C-G) cerebellar cortex. (H) The nax cerebellum shows reelin 

expression in the lateral cerebellar cortex (J-N) but lack/weak in anteromedial part (I-

M). Scale bar= 500 μm in (A) and (H) and 20 μm in (B-G) and (I-N) 

3.5 Reelin expression is showing a similar trend in wt and nax mutant mouse 

Western blot analysis of reelin expression during cerebellar development 

performed at P1, P4, P7, P15 and P20. Due to different roles of reelin during 

development we chose wide range of ages from P1 to P20 in order to have a better 

understanding of reelin expression in nax. Immunoblots of total cell lysate from wt 

sibling and nax mouse cerebellum indicate an up-regulation of reelin from P1 to P4 in 
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both wt and mutant followed by a down-regulation from P12 to P20 in wt and nax 

samples. It is observed that the trend of reelin expression is the same in both wt and 

nax samples during Purkinje cell monolayer formation that is started at P4 and is 

continued by P7.  

Figure 7. Western blotting of the cerebellar samples of wt and nax mouse at P1, 

P4, P7, P12, P15, and P20 with reelin. 

 

 

 

 

 

 

Western blotting of the cerebellar samples of wt and nax mouse at P1, P4, P7, P12, 

P15, and P20 shows the same trend but lower expression of reelin in nax compared to 

the wt. This experiment was repeated over three different litters for each postnatal 

days in wt and nax siblings (wt; n=3 and nax; n=3). The data in the bar graph are 

presented as the mean ± SEM, and statistical analysis was performed using one-way 

ANOVA. 
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3.6 Reelin expression is lower at P4 and P7 in wt compared to the nax mutant 

To have a better understanding of reelin expression we compared its 

expression in wt and nax separately. As it is observed in the following graphs 

expression of reelin is significantly lower at P4 and P7. These two days are 

considered critical during Pcs development, since spreading of Pcs clusters and Pcs 

monolayer formation occurs during this period from P4 to P7. However expression of 

reelin is lower in all days in this study but they are significant. 
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Figure 8.Comparison of the reelin expression level in wt and nax  

 

Comparison of the reelin expression between wt and nax shows lower expression of 

this protein in the nax mutant during the P4 (B) and P7 (C) which are the most critical 

days in development of the Purkinje cells and monolayer formation in mouse. The 

data in the bar graph are presented as the mean ± SEM, and statistical analysis was 

performed using unpaired t-test ( P* <0. 05).  
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3.7 Proliferation of Granule cell precursors is severely affected in nax mutant 

mouse 

Granule cell precursors that establish egz are main cells that produce Reelin. 

These cells are located at the outer layer of developing cerebellar cortex at this stage. 

To determine the probable reason that caused the reduction in Reelin expression, we 

performed the immunohistochemistry to investigate whether the egz formed normally 

in nax mutant mice or not. Sagittal sections of a P6 mouse cerebellum immunostained 

with PAX6 as a marker for gc precursor shows a significant reduction in number of gc 

precursors in nax mutant mouse compared to the wt sibling.  

Figure 9.Immunostaining of P6 cerebellar sections of wt and mutant with Pax6  
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Immunostaining of P6 cerebellar sections of wt and mutant with Pax6 revealed (A) 

thick layer of granule cell precursor that is indicated by double headed arrow in egz, 

(B) Number of the granule cells precursor is reduced in the egz that is shown by 

arrow. Scale bar= 100 μm in (A) and (B). Cell counting of the sagittal sections of P6 

samples revealed a significant difference in the number of granule cell precursors in 

wt and nax(C). The bars represent the average cell counts at P6 wt and nax siblings 

(wt; n=3 and nax; n=3) and shown that granule cell precursors are less in nax mutant 

compared to wt. The data in the bar graph are presented as the mean ± SEM, and 

statistical analysis was performed using unpaired t-test (P<0.05).(D) A sample of the 

section showing three fields were selected on each sagittal section and cells were 

counted from each field. 

3.8 Lower mRNA transcription levels of the Reln was observed in nax 

Gene expression level of the Reelin was performed to investigate the 

differences at gene level in wt and nax mutant. We observed that the level of mRNA 

expression is downregulated in both wt and nax however it starts increasing from P7 

in wt and P12 at nax. Transcription level of mRNA is significantly lower at P7.This 

confirms the western blotting data showing that lysosomes do not play role in 

degrading protein however they could have an essential role in their transcription 

level. Unlike the protein analysis with western blot for Reelin that was performed 

with mice samples up to P20, all the RT-PCR analysis in this study was performed 

with mice samples up to age P12. The reason for this selection is that unfortunately 

recently many litters in our nax colony do not survive for long time (up to P20) and 

we were not able to maintain older mice for this part of the experiments. 
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Figure 10. Reln mRNA expression was analyzed by RT-PCR 

 

Transcription levels of Reelin by semi-quantitative RT-PCR from wt and nax 

cerebellum at P1, P4, P7, P12 shows that a lower transcription level of Reelin is 

observed in nax mutant compared to the wt sibling and it is significantly lower at P7.  

2 sets of mice samples were used to perform this experiment. The data in the bar 

graph are presented as the mean ± SEM, and statistical analysis was performed using 

one-way ANOVA and statistical analysis for P7 was performed using unpaired t-test 

(P*<0.05). 
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3.9 Higher transcription levels of the Vldlr observed in nax compared to the wt 

sibling 

After observation of the reelin molecule as an important component of the 

reelin signaling pathway, transcription level of Vldlr as the receptor of the pathway 

was analysed. mRNA expression level downregulated from P1 to P7 and upregulated 

afterward in wt while in nax transcription level has increased steadily from P1 to P12. 

At P7 the transcription level is significantly lower in wt compared to nax. 

Figure 11. Vldlr mRNA expression was analyzed by RT-PCR 

 

Higher mRNA expression level of Vldlr in nax is observed compared to the wt 

siblings. P7 shows a significant increase in the transcription level of Vldlr gene. Two 

sets of mice cerebellar samples used to perform this experiment. The data in the bar 

graph are presented as the mean ± SEM, and statistical analysis was performed using 

one-way ANOVA. Statistical analysis for P7 wt and nax was performed using 

unpaired t-test (P* <0.05). 
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3.10 Higher expression level of Dab1 was observed in nax compared to the wt 

sibling 

 

Dab1 is a critical downstream of the reelin signaling pathway and mRNA 

transcription level of the Dab1 is shown that at P1 is higher in the wt than the nax 

cerebellum. While increasing the level of transcription is observed in nax afterward. 

Significant increase is observed at P4 and P7 in wt. This data is in accordance with 

the lower level of reelin expression at P7 while higher level at P7 for Vldlr and Dab1 

gene.  

 Figure 12. Dab1 mRNA expression was analyzed by RT-PCR 

 

Higher mRNA expression level of Dab1 in nax is observed compared to the wt 

siblings. P7 and P4 show a significant increase in the transcription levels of Dab1 

gene. Two sets of sample used to perform this experiment. The data in the bar graph 

are presented as the mean ± SEM, and statistical analysis was performed using one-
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way ANOVA and statistical analysis for P4, P7 graphS was performed using unpaired 

t-test. 

3.11 Similar expression of P-Dab1 at P3 wt and nax mutant mouse cerebellum 

To determine whether P-Dab1 is present in Pcs of nax and to investigate its 

distribution and localization, the immunohistochemistry was performed using anti P-

Dab1 antibody on P3 wt and nax mutant mouse cerebella. Expression of P-Dab1 is 

observed uniformly in Pcs of both wt and nax cerebellum of P3 mice.  

Figure 13. Sagittal sections of wt and nax mouse at P3 immunostained with P-

Dab1 

 

 

 

 

 

 

 

 

 

 

 

 

 

Sagittal sections of wt and nax mouse at P3 immunostained with P-Dab1 showed a 

similar pattern of expression. (A) wt and (B) nax mutant sections of P3 mouse 
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immunostained with P-Dab1.(a) higher magnification of (A) and (b) higher 

magnification of (B). Arrowheads indicate localization of P-Dab1in Pcs. Scale bar= 

500 μm (A) and (B), 50 μm (a) and (b). Pcl, Purkinje cell layer; egl, external granule 

layer; ml, molecular layer 

3.12 P-Dab1is expressed in Pcs of P3 wt and nax mice 

 

To further confirm if the phosphorylation of Dab1 is localized in Pcs, double 

immunostaining of P-Dab1 (red) and Calb1 (green) was performed. In both wt and 

nax, P-Dab1 is co-localized with Calb1, the uniform distribution of P-Dab1 is 

observed in the pcl and their processes in the molecular layers are shown.  

Figure 14. Double immunostaining of P-Dab1 and Calb1 was performed on 

midsagittal sections of P3 wt and nax mutant cerebellum 

Double immunostaining of P-Dab1 and Calb1 shows that Calb1 (green) and P-Dab1 

(red) were uniformly co-localized in Pcs (A,B). Arrowheads in (A-C) are showing Pcs 

and arrowheads in (D-F) show the Pcs that migrated toward the ml. Scale bar= 50 μm 

in (A-F). pcl, Purkinje cell layer; ml, molecular layer. 
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3.13 P-Dab1 expression is decreased at P6 in wt while is continued in the nax 

mutant 

To further characterize P-Dab1 expression we performed 

immunohistochemistry of P-Dab1 antibody at P6 cerebellar wt and nax sections. The 

P-Dab1 immunopositive Pcs were observed in nax mutant mouse. wt sections showed 

the lack of obvious P-Dab1 expression in Pcs soma; this could suggest that by this age 

which is close to completion of the Pcs monolayer formation, wt Pcs stop 

phosphorylation of Dab1 while nax Pcs continuously phosphorylate of Dab1. 

Figure 15 .Sagittal sections of wt and nax mouse cerebellum at P6 

immunostained with P-Dab1  

Sagittal sections of wt and nax mouse cerebellum at P6 (A) wt and (E) nax 

mutant sections of P6 mouse immunostained with P-Dab1. P-Dab1 expression is not 

observed in wt (A) however Dab-1 expression in showed by arrowhead in Pcs of nax 

mutant (E). Scale bar= 50 μm in (A) and (B).pcl, Purkinje cell layer. 
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3.14 P-Dab1 is co-labelled with Calb1 in Pcs of nax mutant at P6 but not in wt 

sibling  

Confirmation of the previous experiment was performed using double 

immunofluorescent  staining of P-Dab1 (red) and Calb1 (green) of P6 wt and nax 

mice  to investigate if Dab1 is continuously phosphorylated in Pcs. Similar to the 

single staining P-Dab1 is not present in the wt however still expressing in the nax 

sibling. 

Figure 16. Double immunostaining of P-Dab1 (red) and Calb1 (green) was 

performed on sagittal sections of P3 wt and nax mouse 

 

Double immunostaining of P-Dab1 (red) and Calb1 (green) was performed on sagittal 

sections of P3 wt and nax mouse. Calb1 was uniformly expressed in wt (A, B) and 

nax (D, E), however P-Dab1 phosphorylation is not observed in wt (C) and it is 

present in nax (F). Arrowheads indicate Pcs and the co-localization of Dab-1 and 

Calb1 in Pcs is shown in (D). Scale bar= 20 μm in (A-F). pcl, Purkinje cell layer. 
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3.15 Different expression pattern of P-ERK1/2 in wt and nax mouse cerebellum 

To examine whether monolayer formation of Pcs through the reelin signaling 

pathway depends on activation of downstream signaling molecules, we performed in 

vivo and in vitro analysis of ERK1/2 which is a kinas regulating cell migration, 

proliferation and differentiation. ERK1/2 can also play a role as the downstream of 

Dab1 signaling. Firstly, the immunohistochemistry performed to observe the 

distribution and localization of P-ERK1/2 in the cerebellar sections of wt and nax 

mutant mouse at P6. Results revealed that in wt, Phosphorylated ERK1/2 is mostly 

present at white matter and some scattered gcs and in the nax, high expression of P-

ERK1/2 is observed in Pcl/ml layer.  
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Figure 17. Sagittal sections of wt and nax mouse at P6 immunostained with P-

ERK1/2. 

 

Sagittal sections of wt and nax mouse at P6 immunostained with P-ERK1/2. (A) the 

P-ERK1/2 immuno-positive cells are located in gc, Pc layer, and neurons of cerebellar 

nuclei, but not in ml. (a) a higher magnification of the box in A. (B) ERK1/2
+
 cells are 

shown a higher density  of expression and disorganized manner in Pcl/ml and ml. (b) 

higher magnification of B is indicated. Scale bar= 500 (A,) and 100 (a,b). gcl, granule 

cell layer; pcl, Purkinje cell layer; wm, white matter.  



55 
 

3.16 Differential expression of ERK1/2 in wt and nax mutant mouse cerebellum 

Followed by performing immunostating to observe differential pattern of 

expression of P-ERK1/2 in nax compared to wt sibling, immunoblotting was 

performed to realise the different amount of P-ERK1/2 expression in cerebellum 

samples of (P1, P4, P12, P15, P20) mice. Higher expression of P-ERK1/2 is observed 

in the nax mutant at P4 and P7. 

Figure 18. ERK1/2 expression in cerebellum of the wt and nax mice 
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Total cell lysate from cerebellum of wt and nax mutant mice have been prepared for 

indicated time points after the birth (P1, P4, P7, P12, and P20) and immunoblots were 

arranged for expression of ERK1/2 in the cerebellum. Phosphorylation of ERK1/2 is 

increased in day 4 in wt and decreased afterwards while in nax cerebellum it increases 

in day 4 and remained active till day 7. 2 sets of sample used to perform this 

experiment. The data in the bar graph are presented as the mean ± SEM, and 

statistical analysis for graph was performed using one-way. 

3.17 Validation of the presence of reelin and its receptor in the medium 

In order to perform the in vitro experiments, reelin condition medium was 

prepared from HEK cells as explained in the methodology. (A) To confirm the 

presence of reelin protein in the medium, 10 times concentrated reelin conditioned 

medium was analyzed using western blotting. Cerebellum sample of a P7 wild type 

mouse was used as the positive control. (B) The presence of the VLDLR in PC12 cell 

line was also confirmed in using Western blotting. Cerebellum sample of a P7 wild 

type mouse was used as the positive control. (C) Ponceau staining shows that 

concentrated medium is filtered properly since there are only proteins with molecular 

wight higher that 100 kD available after transfer onto the membrane. As shown in the 

Ponceau stained membrane there is a chance of possible non-reelin band in the 

medium. It is speculated that these high molecular bands are extracellular matrix 

proteins secreted by cells, however these factors are unlikely to induce activate 

ERK1/2 pathway, since most of the ERK1/2 activators have low molecular weight 

which have been filtered from the medium). 
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3.18 Reelin induces Dab1 tyrosine phosphorylation in PC12 cells 

Tyrosine phosphorylation of Dab1 is mediated by binding of reelin to the 

lipoprotein receptors (ApoER2 and/or VLDLR). Interaction of the proteins and 

receptors occurs when protein binds to the NPxY motifs in the cytoplasmic tails of 

receptors in the cell. We measured the phosphorylation level of Dab1 when reelin is 

added to the environments of the PC12 cells at different time points (0, 5, 15, 30,120 

minutes). Results revealed higher level of phosphorylation from 15 min in treated 

group compared to the controls. 

Figure 19. Expression of Dab1 in PC12 cells after reelin treatment 
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Western blott analysis of PC12 cells treated with reelin conditioned medium in 

different time points (0, 5 min, 15min, 30min, 120 min) demonstrated an increased 

levels of Dab1 phosphorylation from 15 mins as compared to control- untreated cells. 

β-Actin was used as a loading control. Results are expressed as mean ± SEM in 3 

independent experiments. Statistical analysis for graph was performed using one-way 

ANOVA (**P < 0.05). 

3.19 Phosphorylation of ERK1/2 is in parallel with Dab1 phosphorylation in 

PC12 cells 

We have demonstrated that reelin as an extracellular glycoprotein stimulates 

Dab1 phosphorylation in PC12 cells. In this experiment, we have observed that 

ERK1/2 phosphorylation is induced followed by Dab1 phosphorylation in the same 

cell line. PC12 cells treated with reelin conditioned medium in different time points 

(0,5 min,15min, 30min,120 min) increased level of ERK1/2 phosphorylation at 15 
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min is observed in treated cells. Duration of the phosphorylation signal of ERK1/2 

can be transient and switch on/off quickly while effective to transduce the signal 

(113).  

Figure 20. Expression of ERK1/2 in PC12 cells after reelin treatment  

 

 

 

 

 

0 5
1
5

3
0

1
2
0

0

11 0 0

21 0 0

31 0 0

41 0 0

E
R

K
1

/2
 P

h
o

s
p

h
o

r
y

la
ti

o
n

(N
o

r
m

a
li

z
e

d
 t

o
 L

o
a

d
in

g
 C

o
n

tr
o

l)

T im e  in  m in u te

* w t

n a x

 

Western blot analysis of PC12 cells treated with reelin conditioned medium in 

different time points (0, 5 min, 15min, 30min, 120) demonstrated an increased level 

of ERK1/2 phosphorylation at 15 mins as compared to control- untreated cells. β-

Actin was used as a loading control. Results are expressed as mean ± SEM in 3 
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independent experiments. Statistical analysis for graph was performed using one-way 

ANOVA (*P < 0.05). 
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3.20. Reelin condition medium induces PC12 cell migration and ERK1/2 

inhibitor stops the migration 

Based on the data shown in figure 15 and 16 we decided to investigate if the 

Dab1-ERK1/2 phosphorylation is functional to mediate migration. Effects of reelin 

treatment on the migration of PC12 cells were assessed by scratch assay. PC12 cells 

have tendency to grow in clusters with some scattered cells attached cells. Confluent 

cells were incubated with reelin conditioned medium (RCM) and migration of 

scratched wounds after 48 hr and 72 hr were assessed. RCM treatment increased the 

migration capacity of PC12 cells. However, RCM treatment combined with ERK1/2 

inhibition had significant effect on the migration of the cells even at 10 µM 

concentration. 

Figure 21. Effect of reelin treatment and ERK1/2 inhibition on PC12 cells 

migration 

 

Cells were seeded in silicon chambers separated by an insert at the middle. When 

cells reached 60-80% confluency, the insert was removed resulting in a cell-free zone. 

Control cells are shown (A, D), cells were remained untreated (A) or incubated with 
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reelin condition medium (E). 10 µM concentration of ERK1/2 inhibitor was added to 

control (C) and reelin treated cells (F).Images were acquired from a bright field 

microscope at 0 and 72 hours. Original magnification: ×20. This data is representative 

of three independent experiments. 
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CHAPTER 4: DISCUSSION 

In the nax mutant (Acp2-/-) cerebellum, Pc migration is remarkably impaired 

and form multilayer disoriented cells positioned from putative Pcl to pial surface. 

reelin signaling pathway is crucial for Pc migration and monolayer formation. The 

reelin signalling pathway was examined in nax mutant cerebellum to determine 

whether the Pcs multilayer formation is due to misregulation of reelin pathway. The 

trend of reelin expression appeared to be similar in wt and nax cerebellum. However, 

reelin expression was significantly (P*<0.05) lower in nax mutant at P4 and P7. 

Meanwhile, RNA transcription levels of both VLDLR and adaptor protein Dab1 were 

significantly increased at P4 and P7. Phosphorylated ERK1/2 is affected in nax 

cerebellum and expressed in a subset of dispositioned unidentified cells and 

significantly increased at P7. Migration assay experiment using PC12 cells revealed 

that reelin can induce Dab1 and ERK1/2 phosphorylation and migration is stopped 

once ERK1/2 is inhibited. The result of this study suggests that ERK1/2 in association 

with the reelin-Dab1 signaling pathway can be a regulatory component in Pc 

monolayer formation and is impaired in nax mutant cerebellum. 

4.1 Reelin expression is down regulated in nax mutant mouse  

Multilayer Pc formation in nax mutant is probably independent to reelin 

expression per se. The differential expression of the reelin protein as the key factor in 

Pcs migration in nax cerebellum can be explained by decrease in the number of gcs, 

and an impairment in its transcriptional or translational regulatory mechanisms. It is 

necessary to realize if the protein is degraded due to the malfunction of the lysosomes 

in the cells (as the result of the lysosomal mutation in Acp2 mutant) or there is a 

difference in the level of mRNA transcription level of this molecule. 
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The first cerebellar cells that express reelin are born at around E13 during the 

development of the cerebellum from gc precursors that are derived from rhombic lip 

(114, 115). It is shown that Reln mRNA expression is exclusively present in 

cerebellar granular layer (116, 117). In the cerebellum of the reeler mouse the 

significant decrease in the number of the gc precursors in egz has been considered to 

interfere with Pcs maturation and high number of the ectopic Pcs through white 

matter (118). It has been reported in scrambler mutant cerebellum which is identical 

to reeler in many aspects; the gcs are greatly reduced in number (119). Thus, the 

number of the granule cells precursors during the development of the cerebellum 

appears to be a critical factor for secretion of reelin and the Pcs migration and 

maturation, consequently. However, a normal level of the Reln mRNA is detected in 

the scrambler cerebellum implying that migration defect can be linked to the 

downstream of the reelin pathway (119). As it has been mentioned earlier, all layers in 

the cerebellar cortex (gcl, pcl and ml) have been affected as the result of the ACP2 

mutation. Our laboratory has previously reported the significant decrease in the 

number of the granule cells in nax mutant which is the direct result of a lower number 

of gcs precursors (1). These findings suggest that the lower expression of the reelin is 

the direct result of the lower number of the gcs precursors in egz that express reelin, 

however, this amount is only significant at P4 and P7. reelin expression is comparable 

during the first postnatal day (P1-P4) in both nax and wild type. Given that the clear 

opposite phenotype of the Pcs positioning in reeler-scm mutant cerebellum (deep in 

white matter) and nax mutant cerebellum (Pcl and ml), indicate Pcs migration 

disorders, but independent to reelin expression.   

 In this study we have shown that as the animal ages from P7 till P20, the reelin 

expression is upregulated in wt and downregulated in nax. It has been reported that by 
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the completion of neuronal migration, a pattern of the change in expression of reelin 

is observed. In this phase, reelin mediates the synaptic plasticity in neurons. It is 

expressed in GABAergic interneurons of neocortex and hippocampus as well as the 

granule cells of the cerebellum (120).  

4.2 Differential expression of the reelin signaling components 

Source of the reelin protein secretion, its receptors, and downstream signaling 

molecules can be different during cerebellar development. reelin is expressed by gcs 

while the two receptors and downstream molecules are expressed in Pcs. To study the 

expression of reelin pathway, three components of the reelin signaling were selected: 

reelin, VLDL receptor, and Dab1 molecule. However, proper signaling of the reelin is 

highly dependent on the collaborative function of the two receptors, VLDLR and 

ApoER2.  In this study, VLDLR was considered to be tested because VLDLR 

knockouts have been shown with a greater number neurons migrating toward the 

marginal zone (121) meaning that in the cerebellum of VLDLR mutants Pcs invade 

the molecular layer. This phenotype is similar to the nax mutant cerebellar phenotype 

and confirms the important role of VLDLR as stop signal for Pcs migration. 

Moreover, fate mapping analysis revealed that late-born neurons in ApoER2 knockout 

mice fail to migrate appropriately in the cortex (122) but the early-born neurons of 

VLDLR knockouts, form an organized layer of the inner cortex, proves that VLDLR 

cannot have an essential influence on the migration of early-born neurons (123). In 

our study VLDLR gene expression was revealed to be higher in nax mutant compared 

to the wild-type sibling suggesting that due to a lower amount of reelin, Pcs of the nax 

mutant have up-regulated the expression of the receptors through a compensatory 

mechanism (124-126).  
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The level of Dab1 gene has been identified as a critical component affecting 

the response of the neuronal cells to reelin (127). However, Dab1 might have a role in 

the transduction of the signal by reelin to the target during the neuronal migration 

(121, 128). reelin acts as a ligand for the transmembrane receptors and induces the 

tyrosine phosphorylation of Dab1 protein in vivo. Reduction or augmentation in the 

phosphorylation level of the Dab1 protein can regulate the neuronal positioning and 

migration (129). In the present study, Dab1 mRNA level has interestingly revealed a 

gradual increase compared to the wt sibling which is similar to VLDLR. 

Immunostaining of the phosphorylated Dab1 reveals the same pattern of expression. 

Up to postnatal day 3 phosphorylation of the Dab 1 is observed in both wt and nax 

while Dab1 phosphorylation is decreased significantly in wt at P6, but continued in 

nax. Phosphorylation of the Dab1 is observed in ml/Pcs and also in egz. In the 

following section I have provided some possible explanations for this result. 

4.3 Higher Dab1 mRNA and phosphorylation level is observed in nax mutant 

Normally, Dab1 is stable in cells; however, it can be degraded through the 

proteasome activity in response to the reelin signaling. Proper Dab1 degradation is  an 

important factor in limiting the extension and spreading of the reelin molecule signals 

and it helps the fine-tuning of the reelin response (130). Dab1 and Src Family Kinase 

(SFKs) act in a positive-feedback loop, implying that tyrosine phosphorylation of 

Dab1 might continue as long as Dab1 is available (131). The Dab1 ubiquitination and 

proteasomal degradation are critical mechanisms to regulate the cellular response to 

reelin and are highly dependent on the SFKs rather that activation of PI3K (as a 

downstream of Dab1) (132). This fact highlights the role of ubiquitin-proteasome 

system and Dab1 on neuronal positioning. Cullin5 is a protein playing essential 

function in Dab1 degradation by binding to the phosphorylated Dab1. Cullin5 
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knocked down model revealed a significant increase in the level of Dab1 and 

interestingly the neurons were (similar to the nax cerebellar cortex) invaded the 

marginal zone of the cortex (133). It is, therefore, concluded that such connections 

exist between higher levels of Dab1 expression in nax and the system to degrade this 

protein. Thus, if degradation of Dab1 is not facilitated via proteasome system, reelin 

machinery stays active as long as Dab1 is available in the cell.  

Despite the fact that the exact mechanism of the reelin machinery is yet poorly 

understood, many studies have highlighted the role of reelin in migration and axon 

guidance as well as a stop signal or positional signal in migrating neurons (56, 134-

136). It is believed that reelin contributes to the stopping process of the neuronal 

migration which itself depends on two separate essential requirements:1) detachment 

of the migrating neurons from radial glial cells or Bergmann glial fibers and, 2) 

stabilization of the cytoskeleton of migrating neurons (137). One of the mechanisms 

to explain the stop signal role of the reelin is through phosphorylation of n-cofilin in 

which stabilize the cytoskeleton and stop the neurons migration (84). Real-time 

imaging revealed that cortical neurons stop migration when their leading processes 

encounter the reelin-rich marginal zone (138).  

Many studies with molecular genetics approaches have provided evidences 

that reelin signaling is the most important factor that attracts migrating neurons 

toward marginal zones. For instance, Hammond et al, generated the Dab1 mosaic 

chimeras and showed that, Dab1
+/+ 

cells were able to migrate radially toward the 

reelin-rich marginal zones to form a multilayer super cortex beneath the marginal 

zone (139). Additionally, in-utero electroporation of Dab1 shRNA at E18 mouse 

embryos revealed the delay in migration and process formation of the neurons (133). 
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There is also a growing body of research focused on the detachment role of 

reelin than a stopping signal role. In a study by Hack et al,  it has been shown that 

neuronal precursors in reeler mutant brain are accumulated in a form of clusters in the 

olfactory bulb indicating that they did not transform from tangential chain-migration 

to radial individual migration (140). 

The stop signal role of the reelin has been supported in an investigation on 

mutations that are involved with other molecules in reelin signaling pathway. A 

mutation in an key element of Dab1 phosphorylation, called Fyn (member of the src 

family kinases), revealed over migration and invasion of the late-born neurons toward 

reelin-rich marginal zone (141). Similarly, in the Dab1 mutant that lacks C-terminal 

region, late-born neurons of the cortical plate invade the reelin rich areas of the cortex 

(142). In addition, real-time imaging techniques have also shown that migration is 

being stopped when the neurons arrive at the reelin-rich marginal zone (138). 

Accordingly, in the nax mutant, over migration of the Pcs toward the ml is observed 

resulting in a multilayer of the cells beneath the reelin-rich zone of gcs precursors. 

Therefore, it can be concluded that Pcs continued their migration toward reelin-rich 

zone but due to a significant decrease in the amount of reelin transcription and 

translation in gcs precursors (reelin-rich zone); they have not received the proper 

signal to stop migration. 

Another possibility to study the over migration and multilayer formation of 

Pcs in nax cerebellum is to consider the role that radial glial cells may play a role in 

reelin signaling pathway. Formation of the radial glial cell scaffolds is a critical step 

in the neuronal migration process. There are a number of studies reported that genes 

encoding Dab1, Vldlr, and ApoER2 are also expressed in radial glial cells (143). In 
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reeler and/scrambler mutant, normal form of the glial scaffolds are not properly 

formed in the dentate gyrus and cerebellum (119, 144). Thus, it is speculated that the 

existence of the reelin might control the distribution and density of adhesive 

molecules on the surface of the radial glial fibers resulting in migration of neurons 

toward their destination (137). Thus is can be hypothesized that connections exist 

between low reelin expression and high expression levels of Dab1 and VLDLR in nax 

through Bergmann glial fibers. Immunostaining of the P-Dab1 molecule in this study 

indicates that, in addition to Pcs, P-Dab1 is observed in areas containing migrating 

granule cells in cerebellar sections. Expression of Dab1 is essential for migration of 

the Pcs but evidence shows that Dab1 is observed in radial glia precursors whose 

processes span the entire cortical wall from the ventricular zone to the pial surface 

(143). Radial glial processes are required for granule cell migration. Moreover, It has 

been suggested that reelin has a dual role as a differentiation factor for radial glial 

cells and a positional role for radial fiber orientation and dentate granule cell 

migration (136) but there is no literature available for this role of reelin in cerebellar 

gcs migration. 

In the brain of reeler embryos, Dab1 is expressed in a higher level but 

phosphorylated at lower level implying that Dab1 phosphorylation depends on reelin 

function (145). In the current study, lower level of reelin lead to higher expression and 

phosphorylation of Dab1, this result implies that there might be another limiting 

component of tyrosine phosphorylation of Dab1. Based on the literature, this 

component could be the reelin receptors (VLDLR and ApoER2), the SFKs, or some 

unknown molecule or cellular compartments acting downstream of the Dab1 signaling 

(e.g. MAPK).  
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4.4 ERK1/2 expression and distribution is affected in nax mutant 

P-ERK1/2 appears to be affected in nax and it is expressed in subset of 

dispositioned cells in cerebellum and probably under induction of Dab1 significantly 

increased at P7. Generally, ERK/MAPK has been associated with migration of 

various cell types and inhibition of this pathway using PD98059 and/or U0126 

inhibitors is implicated to block several factors that induce migration, for instance 

fibronectin, vitronectin and collagen, growth factors, and fetal calf serum. It has been 

shown that MEK
-/-

 mutant has  affected cell migration (146). Cellular migration of the 

endothelial cells is enhanced through ERK1/2 and PI3K/Akt pathway (147) and 

inhibition of Ras/Raf/ERK pathway has significantly increased the migration of 

endothelial cells (148). It is also reported that the regulation of the ERK1/2 in normal 

human neuronal progenitor cells is highly correlated to the cell migration (149). 

In CNS, ERK1/2 signaling plays a functional role in migration, proliferation, 

neuronal differentiation, synaptic maturation and activity (150-152). The important 

role of activated ERK1/2 in proliferation of glial cells in brain development is also 

reported (153). Recent studies revealed that upregulation of Raf/ERK induce 

the migration of both neurons in spinal cord and dorsal root ganglia. In addition, 

Raf/ERK up-regulation inhibits the formation of the dendritic spines in neurons and 

eventually leading to neural circuit imbalances (154, 155). Interestingly, inhibition of 

the ERK1/2 resulted in restoration of cell adhesion and affect neuronal migration, 

proper development, and  dendritic spines formation  in spinal cord neurons (156). In 

the cerebellum, Erk1/2 mRNA in adult rat cerebellar samples (157) and expression of 

ERK2 protein (158) have been studied and revealed its critical role in regulating 

cerebellar function and physiology. Nevertheless, the defined pathway in which 

intracellular signaling pathways organize the stereotypically precise development of 
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the cerebellum is far from being understood. ERK1 knockout mouse shows a mild 

defect in development of Tcells and MEK dominant-negative knockout reveals 

defects in placental vascularization and results in death of the mice (159).In our study, 

immunostaining of the ERK1/2 revealed a different pattern of expression in nax and 

wt. In the wt, immunoreactivity of ERK1/2 is observed in the cells located in white 

matter and in gcl, but not is ml, however in nax cerebellum there are many 

unidentified scattered cells in Pcl/ml layer. Immunostainings performed in our lab 

have not confirmed the co-localization of these cells with known cerebellar neuronal 

markers. These findings are in contrary to previous studies that suggested P-ERK1/2 

is co-localized with glial fibrillary acidic protein immunopositive cells and present in 

maturing Pcs and gcs. Recent studies also reported that activated ERK1/2 is observed 

in Bergman glia cells on P4, P10, P15 and astrocytes on P10 and P1. However, in 

adult mice p-ERK reactivity is shown in Pc layer and scattered cells in the cerebellar 

white matter (150). Overall the wide range of p-ERK immunoreactivity and 

distribution during cerebellar development indicate its dynamic role regarding 

differentiation, proliferation, and migration of the neuronal subtypes and glial cells in 

cerebellum. 

In vitro experiments of this study indicate that  reelin-Dab1- ERK1/2 pathway 

might be an important regulatory signal in Pc monolayer formation and is impaired in 

nax mutant cerebellum. ERK1/2 is activated by reelin through Dab1 phosphorylation 

and SFK.  

Moreover, it is shown that the inhibition of the PI3K pathway block reelin- 

dependent activation of ERK that is confirming a cross talk between PI3K and ERK 

pathway (160). While another study that focused on different isoforms of the reelin 

molecule, indicated that reelin is able to activate two signaling transductions through 
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different receptors and protein domains. The N-terminal fragment, the C-terminal 

fragment or the un-cleaved full length reelin protein can bind to an unidentified 

receptor that could result in activation of MEK/ERK1/2 signaling. Since 

phosphorylation of Dab1 is in a positive loop with SFKs expression, it can be 

assumed there might be a link between reelin induction and MEK/ERK1/2 activation. 

In addition, in a reeler or scrambler mouse brain, AKT and ERK 1/2 have shown to be 

defective (92). PI3K and Akt are the two critical components in both reelin and 

ERK1/2 that can be considered as the cross-talk between signaling pathways. In 

addition, a study highlighted that tyrosine phosphorylation of Dab1 is necessary for 

activation of the PI3K-dependent kinase, Akt, and Src family kinases. However, Fyn 

is another important regulator of Dab1; its deficiency does not stop the Akt activation 

by reelin. These results suggest that reelin can induce the MAPK pathway through 

non-canonical pathway involved with some unidentified molecules (161). 

CHAPTER 5: CONCLUSION AND FUTURE DIRECTION 

Reelin is an important glycoprotein that plays a dual role in development of 

the brain. The first phase of its function starts in the embryonic stage and is involved 

with neuronal migration and proper positioning of neurons in cerebral cortex. Several 

studies have investigated structure, function, and signaling pathway of reelin protein 

in recent decades. In this research, stop signal role of the reelin was studied in a 

mouse model called nax that shows severe migration defect of cerebellar Purkinje 

cells. During the development of mice, Pcs form a monolayer beneath the ml by P7; 

however, in nax mutant multilayer of Pcs invade the ml.  To investigate this migration 

disorder different in vivo and in vitro technique were used to study the downstream of 

reelin pathway. In vivo studies indicated the lower expression of reelin followed by a 

higher expression of the VLDL receptor and Dab1 protein in nax mutant compared to 
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the wild type sibling, in addition ERK1/2 was expressed in some unidentified cells 

with higher expression in nax cerebellum at p7.To investigate if ERK1/2 is a 

downstream of Dab1 the in vitro experiment carried out by treating the PC12 cells 

with reelin condition medium. The result of this study suggests the potential role of 

ERK1/2 in stop signal for Pcs during development. It seems that lower expression of 

reelin has led to higher expression of VLDLR and DAB1 on one side and higher 

expression of ERK1/2 as a downstream factor of Dab1 on the other side. Upon 

evidences provided in this study, it is concluded that reelin can modulate the ERK1/2 

expression and control the migration and positioning of the Pcs in cerebellum through 

reelin-Dab1-ERK1/2 pathway. Investigation of the detailed mechanism is out of the 

scope of this study, however, in the following paragraph there are some points 

suggested to further investigate the migration of Pcs. 

Purkinje cells are the most important subset of neurons in the cerebellum that 

their migration is directly regulated by reelin signaling; however, the exact 

mechanism of this regulation has not been fully explained yet. One source of 

weakness in this type of research could be the limitations to study the Pcs in vitro. 

Cell-cell interactions, which are necessary for differentiation and survival of Pcs, 

make it challenging for researches to provide purified cultures of Pcs. 

The present study has some limitations that need to be addressed in order to 

fully understand the mechanism underlying the migration disorder in Pcs. First, it 

seems necessary to confirm results of the in vitro experiments by using cerebellar 

primary cultures or neuronal cultures to observe the Pcs migration when treating with 

reelin and inhibiting ERK1/2. In this study PC12 cells were not treated with nerve 

growth factors to be differentiated into neuronal like phenotype cells. Preparation of 
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the reelin condition medium has been one of the limitations of this study. In the future 

studies it is suggested to use the HEK293 cells that stably express the reelin or 

pharmacological approaches should be taken into consideration. In addition, the 

PI3K/AKT changes should be analyzed since it is the factor linking reelin and 

ERK1/2 pathways. Finally, more profound studies should be performed to realize how 

Acp2 point mutation can affect the reelin signaling and neuronal migration. For 

instance, one of the factors linking reelin to the Acp2 enzyme is cholesterol 

metabolism. In hepatocyte cells of the Acp2/Acp5 deficient mice it has been shown 

that vldlr level has increased. Since vldlr is a member of low density lipoproteins with 

an important role in cholesterol metabolism it is suggested that the level of cholesterol 

need to be measured in nax and wt samples. 

Finally, we should consider that control of the cell migration is coordinated by 

all members of the MAPK family and depends on phosphorylation of certain 

substrates leading to reorganization of microtubules and filamentous actin (94). For 

example, there is a molecular link between ApoER2 and the JNK signaling pathway. 

ApoER2 is able to form a protein complex containing Dab1, JNK-interacting proteins, 

and other binding components on the surface of neurons (162). Since multiprotein 

complex can contribute to the reelin-ApoER2 signaling it is suggested that the role of 

other MAPK components can be tested in order to better understand Purkinje cell 

migration. 
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