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1. INTRODUCTION 

1.1. Statement of the problem 

The cerebellum plays a key role in the neural control of motor movement. 

Fundamental to cerebellar function is its unique laminar organization (Apps and 

Garwicz, 2005). The adult cerebellar cortex has three distinct layers- an outer 

molecular layer (ML), a middle Purkinje cell layer (PCL), and an internal granule 

layer (IGL) (Figure 1A). Cell bodies of granule neurons and Purkinje neurons 

reside in the IGL and PCL, respectively, while axons of granule neurons synapse 

onto dendrites of Purkinje neurons in the ML. The PCL also contains soma of 

Bergmann glia (BG), that extend unipolar processes to contact the pial 

membrane and are important for cerebellar lamination (Rakic, 1971 ). During 

development, granule cells in the cerebellum migrate from the EGL, where they 

proliferate, to the IGL, where they mature and establish functiona l synapses. 

Glial scaffolding abnormalities result in impaired migration, and consequently, 

ectopic positioning of granule neurons. Morphological abnormalities of the 

cerebellar cortex, including granule neuron heterotopia and loss of Bergmann 

glia are observed in patients with cerebellar cortical dysplasia, a disorder that 

leads to ataxia, speech impairments, and delays in motor and cognitive 

development (Laure-Kamionowska and Maslinska, 2007; Poretti et al. , 2009; 

Rorke et al. , 1968; Soto-Ares et al., 2000). Whereas mechanisms underlying 

proliferation of granule cell precursors as well as migration and differentiation of 
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granule neurons have been studied extensively, little is known about Bergmann 

glial proliferation and scaffold formation. 

2 

Morphological studies of the brain in mutant mice, and analyses of glia and 

neurons cultured in the presence of various trophic factors, chemokines and 

extracellular matrix proteins have identified molecules important for cerebellar 

development. Among those factors is neuregulin 1 (NRG1), a neurotrophic factor 

that belongs to the family of epidermal growth factors (EGF) (Mei and Xiong, 

2008). It signals by binding to ERBB3 and ERBB4, which leads to formation of 

heterodimers or homodimers of ERBB kinases and activation of intracellular 

signaling cascades. NRG1-ERBB signaling is thought to regulate neural 

development, including neuron-glia interactions during cerebral and cerebellar 

lamination (Anton et al., 1997; Mei and Xiong, 2008; Rio et al. , 1997). In vitro 

studies suggested that NRG1 secreted by neurons signals through its receptors 

ERBB2 and ERBB4 in radial glial cells and thereby promotes the migration of 

granule neurons along radial glia (Rio et al. , 1997). However, conditional double 

knockout mice lacking both ERBB2 and ERBB4 in the brain do not display any 

gross neuro-developmental defects of the cerebellum (Barros et al. , 2009; 

Gajendran et al., 2009). These findings suggest the potential involvement of 

ERBB3, the other receptor of NRG1 , in cerebellar lamination. Therefore, we 

hypothesized that ERBB3 may play a role in lamination. We investigated the role 

of ERBB3 in development of the cerebellum by characterizing CNS-specific 

Erbb3 mutant mice. 
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1.2. Statement of Specific Aims 

Aim 1. To investigate whether ERBB3 is required for cerebellar lamination. 

To address this, we generated CNS-specific, conditional mutant mice 

(hGFAP::Cre;ErbbYIF) (Qu and Smith, 2005; Zhuo et al. , 2001). Morphological 

analyses of hGFAP::Cre;ErbbYIF mutants revealed severe defects in the 

Bergmann glial scaffold that is necessary for granule neuron migration. 

Moreover, granule neurons were dislocated and ectopically clustered in the ML. 

In addition, mutant mice performed poorly on tasks that test cerebellar functions 

like balance, motor-coordination and control. 

Aim 2. To determine if the defects in granule neuron placement were cell 

autonomous or cell non-autonomous. 

Successful migration of granule neurons into the IGL depends on well

orchestrated interactions between granule neurons and Bergmann glia. Deletion 

of Erbb3 in either could lead to incomplete migration of granule neurons. In 

hGFAP::Cre;ErbbYIF mutants, the Erbb3 gene was knocked out both in granule 

neurons and Bergmann glia, thereby precluding our analysis of whether glial or 

neuronal Erbb3 is required for cerebellar lamination. Therefore, we generated 

mice lack1ng Erbb3 in granule neurons alone (Math1::CreERT2; ErbbY~ to 

determine if aberrant placement of granule neurons was cell autonomous or cell 

non-autonomous. Cerebellar development was normal in 



Math1::CreERn;Erbb:f1F mice, suggesting that Erbb3 in glial cells, but not 

granule neurons is critical for cerebellar lamination 

Aim 3. To understand the cellular mechanism by which ERBB3 controls glial 

development. 

A well-defined Bergmann glial scaffold was absent in hGFAP::Cre;ErbbYIF 

mutants. This could be caused by aberrant generation, proliferation and/or 

survival of Bergmann glia. Therefore, we performed immunohistochemical 

analyses of hGFAP::Cre;ErbbYIF mutants at different ages to determine the 

cellular mechanism underlying the absence of Bergmann glial scaffold. Our data 

showed that in hGFAP:Cre;ErbbYIF mutants, Bergmann glia failed to proliferate, 

resulting in inadequate scaffolding for migrating granule neurons. 

4 
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1.3. Review of literature 

1.3.1. Cerebellum 

1.3.1.1. History of cerebellar studies 

The sheer anatomy of the cerebellum, quite distinct from other regions of the 

brain, has long fascinated neuroscientists. The history of cerebellar studies dates 

back to 4th century B.C when Aristotle, a Greek philosopher, included a 

description of the cerebellum in studies he published of the nervous system. He 

termed it the parancephalon and distinguished it from the more rostral 'large 

brain ' or the cerebrum (Finger, 2001 ). Following Aristotle's description, 

Erasistratus, a Greek anatomist, reported that the complexity of cerebellar folds 

was greater in fast-running animals compared to sedentary ones (Finger, 2001 ), 

and suggested that the nerves of motion originate in the cerebellum (Pearce, 

2013) . Although the former idea was proved to be inaccurate, the latter notion 

was corroborated by a contemporary, Herophilus, who ascribed muscular control 

to the cerebellum based on anatomical study of nerves originating from the 

cerebellum (Staden, 1989). Until the early 1 yth century theones were abound on 

the functions of the cerebellum. While Galen and Varolius suggested that the 

cerebellum was important for hearing and taste, Johaan Vesling and Nicolaas 

Tulp believed that the cerebellum was important for memory, and some others 

subscribed to the idea that the cerebellum was the seat of intelligence and a 
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center for sensation (Finger, 2001). It was in 1814 that Luigi Rolando, an Italian 

anatomist, approached the question of cerebellar function experimentally for the 

first time. He either stimulated or removed various parts of the cerebellum in 

goats, guinea pigs, pigs, sheep, birds and reptiles and noted its effect on their 

behavior (Glickstein et al. , 2009; Manni and Petrosini, 2004). Based on his 

observations of swaying of the body and tremor of muscles, he concluded that 

the cerebellum was important for muscle movement. A decade later, Marie-Jean

Piere-Fiourens, a contemporary of Rolando, independently performed similar, but 

less crude experiments in pigeons (Glickstein et al. , 2009; Manni and Petrosini, 

2004). From his observations of uncontrolled voluntary movements, Fluorens 

concluded that the cerebellum is important for co-ordination of movement, but not 

for the initiation of movement itself (Glickstein et al. , 2009; Manni and Petrosini, 

2004). Several studies performed over the course of the next two centuries have 

provided irrefutable evidence for the role of cerebellum in controlling movement. 

Discussed below are cerebellar anatomy, circuitry, development, and function. 

1.3.1.2. Cerebellar histology 

The adult cerebellar cortex contains repetitive modules of a simple, basic circuitry 

involving neurons arranged in a unique laminar pattern. Morphologically, the 

cerebellar cortex can be classified into three layers - (a) an internal granule layer 

(IGL), which is the innermost layer, composed of densely packed granule 

neurons and a few Golgi cells, (b) a Purkinje cell layer (PCL), which is the 



middle layer, composed of soma of Purkinje neurons and specialized astroglial 

cells called Bergmann glia, and (c) a molecular layer, the outermost layer, that 

contains few interneurons called stellate and basket interneurons and synapses 

between axons of granule neurons and dendrites of Purkinje neurons (Figure 1). 

This laminar pattern of the cerebellum is critical for assembly of the cerebellar 

circuitry. 
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Figure 1. Laminar structure of the adult cerebellar cortex. 

Molecular 
layer (ML) 

Purkinje cell 
layer (PCL) 

Internal 
granule layer 
(IGL) 

Major types of cells in different layers are· granule neurons in the IGL and Purkinje 

neurons (PN) and Bergmann glia (BG) in the PCL The ML contains intemeurons, and 

synapses between axons of granule neurons and dendrites of Purkinje neurons. 

Bergmann glia extend unilateral processes that contact meningeal cells in the pial 

surface. 
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1.3.1 .3. Cerebellar circuitry 

Granule neurons in the IGL receive excitatory glutamatergic input from the 

pontine nuclei, reticular formation, vestibular nuclei, and the brain stem via 

mossy fibers (Figure 2, s1 ). Axons of granule neurons form 'parallel fibers' that 

synapse onto the dendrites of Purkinje neurons in the molecular layer (Figure 2, 

s2). Dendrites of Purkinje neurons are arranged perpendicular to the length of 

parallel fibers, and each Purkinje neuron receives synaptic input from 

approximately 1800 granule neurons. Purkinje neurons, which are GABAergic, 

send inhibitory input to three nuclei called deep cerebellar nuclei (DCN) (Figure 

9 

2, s3), located above the fourth ventricle. Finally, deep cerebellar nuclei project to 

different regions of the brain to convey information from the cerebellum. 

Temporal and spatial refinement of neuronal activity is controlled by the 

concerted action of interneurons in the cerebellum, namely the Golgi cells in the 

IGL and stellate and basket cells in the ML. Dendrites of Golgi neurons, that are 

present in the ML, receive excitatory input from activated parallel fibers (Figure 2, 

s4); axons of Golgi neurons, that are in the IGL, terminate on synapses between 

mossy fibers and granule neurons (Figure 2, s5). Thus, activated granule 

neurons excite the Golgi cells, which in turn terminate the activity of granule 

neurons by providing feedback inhibition. This inhibitory activity of Golgi neurons 

ensures that granule neurons are activated only for a brief period of time. On the 

other hand, spatial regulation of Purkinje neurons is brought about by the activity 

of stellate and basket cells in the ML. These cells receive excitatory input from 
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activated parallel fibers (Figure 2, s6 and s7) and are arranged in an orientation 

that is transverse to the length of the folia . Stellate cells synapse onto the 

dendrites of Purkinje neurons (Figure 2, s8), and basket cells synapse onto the 

soma of Purkinje neurons (Figure 2, s9) that fall outside the strip of excitation 

created by the parallel fiber. Thereby, when activated, stellate and basket cells 

inhibit neighboring Purkinje neurons and create a narrow strip of excitation along 

the cerebellar cortex. 

The Purkinje neurons in the cerebellum also receive information from the 

inferior olivary nucleus of the brainstem via climbing fibers (Figure 2, s1 0) in a 1:1 

ratio. A climbing fiber is thought to be activated only when it detects an erroneous 

motor signal, and its input to Purkinje neuron consists of complex spikes that are 

considerably stronger than the simple spikes fired by granule neurons. Our 

current understanding of cerebellar learning is that error signals cause strong 

bursts of climbing fiber activity, which weakens the existing synapse between the 

parallel fiber and granule neuron and modifies Purkinje neuron firing . 



Molecular 
layer 

Purkinje 
cell layer 

Internal 
Granule layer 

• 

Parallel fiber 12 

alO 

PN 

Input from 
vestibular nuclei. 
bra1n stem. and 

sp1nal cord 

... 

a3 

a l1 4 

Climbing fiber a!2 

Figure 2. Cerbellar circuitry 

PN 

Deep 
cerebellar 

nucle1 

PN 

to thalamus. sp1nal cord. 
red nucleus. bram stem 

Excitatory and inhibitory synapses in the cerebellum. Input to the cerebellum is via 

mossy fibers (s1) and climbing fibres (s10). Mossy fibers from different regions of the 

brain and spinal cord synapse on the granule neurons (GN)(s1). Granule neurons 
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synapse on the dendrites of Purkinje neurons (PN)(s2), Golg1 cells (GC)(s4), basket cells 

(BC)(s6) , and stellate cells (SC)(s7). Golgi cells modulate the exc1tatory input onto 

granule neurons (s5), while stellate and basket cells modulate the excitatory input onto 

Purkinje neurons (sB and s9, respectively). Purkinje neurons inh1b1t the glutamatergic 

neurons in the deep cerebellar nuclei (s3) that convey mformat1on from the cerebellum to 

various parts of the brain and spinal cord. Deep cerebellar nucle1 also receive excitatory 

input from mossy fibers (s11) and climbing fibers (s12). 
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1.3.1.4. Cerebellar anatomy 

The cerebellum is composed of many regularly organized folia each of which is 

created by the infolding of the pial membrane that runs along the surface of the 

cerebellar cortex. Anatomically, the presence of two major fissures in the 

cerebellum -the posteriolateral fissure and the primary fissure allows for the 

identification of three major lobes- floculonodular lobe, anterior lobe, and 

posterior lobe. The anterior and posterior lobes can be further classified into two 

regions- (a) vermis, the central region, and (b) hemispheres, paired structures, 

that flank the vermis. The hemispheres can be further subdivided into an 

intermediate zone, that is adjacent to the vermis, and a lateral zone (Figure 3). 

Purkinje neurons in the vermis and the intermediate and lateral zones of the 

hemispheres provide inhibitory input to glutamatergic neurons in the dentate, 

interposed, and fastigial nuclei (deep cerebellar nuclei), respectively, that are 

located above the brain stem. 

The cerebellum can be functionally classified into three regions, each of 

which is closely associated with the anatomical divisions- the 

vestibulocerebellum, spinocerebellum and cerebellocerebellum. These regions 

differ in the source of their afferents. Afferents to the cerebellum originate in 

various regions of the brain and spinal cord and carry vestibular, proprioceptive, 

visual and motor information. 



-----
-~ -

Figure 3. Cerebellar anatomy 

The cerebellum is composed of three lobes - an anterior lobe, posterior lobe and 
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flocculondular lobe. Along the mediolateral axis, the anterior and posterior lobes can be 

classified into three regions - a middle vermal region, an intermediate zone, and lateral 

hemispheres. The vermis and intermediate region receive information from the spinal 

cord and relay it to the fastigial and interposed nuclei, respectively. The fastigial and 

interposed nuclei m turn project to the spinal cord via the reticular formation and red 

nucleus, respectively. The hemisphere rece1ves information from the cortex and relays it 

to the dentate nuclei. The dentate nuclei projects back to the cortex v1a the thalamus. 

The f/oculonodular lobe on the other hand sends and rece1ves mformation to and from 

the vestibular nuclei. The vestibular nuclei project to the spmal cord and the oculomotor 

nerve that controls eye muscles. 
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1.3.1.4.1. Vestibulocerebellum 

The vestibulocerebellum includes the floculonodular lobe and is evolutionarily the 

oldest part of the cerebellum. It receives vestibular information from the 

vestibular hair cells and semi-circular canals via the vestibular nuclei, and visual 

information from the visual cortex and the superior colliculus. Purkinje neurons in 

the vestibulocerebellum project back to the vestibular nuclei, which in project to 

the spinal cord via the vestibulospinal tract, and also to the oculomotor neurons 

that control the eye muscles (Figures 3 and 4). Therefore, this region is involved 

in control of balance and eye movements. 

1.3.1.4.2 Spinocerebellum 

The spinocerebellum or the paleocerebellum includes the vermis and 

intermediate zones of the hemispheres and their respective deep cerebellar 

nuclei, namely the fastigial and interposed nuclei. This region receives 

proprioceptive information from the spinal cord via the spinocerebellar tract and 

also feedback input from the reticular formation of the brain stem. Purkinje 

neurons in the spinocerebellum send inhibitory input to the fastigial and 

interposed nuclei, that in turn connect to the reticular formation and red nucleus, 

respectively. Efferents from the reticular formation to the spinal cord via the 

reticulospinal tract help control muscle tone of the trunk and proximal limb 

muscles, while those from the red nucleus to the spinal cord via the rubrospinal 
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tract help control distal limb muscles (Figures 3 and 4) 

1.3.1.4.3 Cerebrocerebellum 

The cerebrocerebellum or the neocerebellum consists of the lateral hemispheres 

and associated deep cerebellar nuclei and receives a copy of the motor 

commands generated in the precentral gyrus of the cerebral cortex via the 

cortico-pontine-cerebellar tract. Afferents from the cerebral cortex synapse in the 

pontine nuclei of the brain stem en route to the cerebellar hemispheres. Purkinje 

neurons in this region project to the dentate nuclei, which in turn send efferents 

to the precentral gyrus via the ventrolateral thalamus and to the spinal cord via 

the red nucleus. Since the lateral hemispheres of the cerebellum modulate the 

motor output of the cortex to the muscles, lesions of th1s region result in lack of 

co-ordination of limb muscles (Figures 3 and 4). 
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nucleus, spinal border cells) and brain stem (accessory cuneate nucleus) via sensory 

neurons. This information is then relayed to the cerebellum v1a the spinocerebellar 

tracts Motor information from the motor cortex ts relayed to the cerebellum by the 

pontine nucleus via the cortico-pontine and ponto-cerebellar tracts The cerebellum also 

receives vestibular input from the semiclfcular canals that 1s relayed by the vestibular 

nuclei through the vestibulocerebellar tract. 



1.3.1.5. Cellular and molecular mechanisms underlying cerebellar 

development 
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Cerebellar development occurs in three phases - (1) Specification of the 

midbrain-hindbrain boundary (MHB), (2) generation of Bergmann glia and 

Purkinje neurons from the ventricular zone of the fourth ventricle and granule 

neurons from the rhombic lip, and (3) migration of granule neurons from the EGL 

to the IGL along Bergmann glial fibers. 

1.3.1.5.1. Specification of the midbrain-hindbrain boundary 

During the early stages of neural development, anatomical constrictions along 

the anterio-posterior axis of the neural tube demarcate three regions- (a) the 

prosencephalon, that gives rise the forebrain, (b) the mesencephalon, that gives 

rise to the midbrain, and (c) the rhombencephalon , that gives rise to the 

cerebellum and the brain stem (Hatten, 1999). The rhombencephalon can be 

further divided into 8 segments called rhombomeres, of which the first and 

anterior-most segment, rhombomere 1, gives rise to the cerebellum. Normal 

cerebellar development is contingent upon proper specification of the boundary 

between the midbrain and the hindbrain. 

In the embryonic mouse brain, the midbrain-hindbrain boundary roughly 

corresponds to an anatomical constriction in the posterior region of the neural 

tube. At around E7.5, the transcription factors OTX2 and GBX2 are expressed is 

the regions immediately rostral and caudal, respectively, to the constriction 
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(Simeone et al. , 1992; Sotelo, 2004; Wassarman et al. , 1997). Complementary 

expression of OTX2 and GBX2 in a spatially refined manner, approximately at 

the interface between the mesencephalic and rhombencephalic vesicles plays a 

critical role in sharpening the midbrain-hindbrain boundary and also establishing 

the molecular identity of the midbrain-hindbrain boundary (Broccoli et al. , 1999; 

Millet et al. , 1999). The expression of FGF8, a soluble growth factor, is repressed 

in regions expressing OTX2, and maintained in regions expressing GBX2 

(Martinez et al. , 1999; Wang and Zoghbi, 2001). Regions expressing OTX2 

develop into midbrain, and regions expressing GBX2 and FGF8 develop into the 

hindbrain. 

While the chronological sequence of molecular events that lead to the 

specification of midbrain-hindbrain boundary are not clear, deletion of several 

genes whose expressions are centered around the MHB junction including Wnt1 , 

Otx2, Gbx2, En1 , En2, Lmx1b, FgfB, Pax2, and Pax5 results in impaired 

patterning of the midbrain-hindbrain boundary, and subsequent abnormalities in 

cerebellar development (Liu and Joyner, 2001 ; Wang and Zoghbi, 2001 ). On the 

other hand, the caudal limit of rhombomere1 is marked by expression of the 

homeobox protein HOXA2. Loss of Hoxa2 gene in mice results in expansion of 

the cerebellar territory and eventually an enlarged cerebellum (Gavalas et al. , 

1997). 
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1.3.1.5.2. Generation of cerebellar neurons and glia 

Cells of the cerebellum originate in two different germinal zones -(a) the rhombic 

lip, and (b) ventricular zone of the fourth ventricle. 

1.3.1.5.2.1. Rhombic lip progenitors give rise to glutamatergic neurons 

The embryonic rhombic lip is a transient germinal zone that is located at the 

interface between the thinned roofed plate of the fourth ventricle and the neural 

tube. Rhombic lip precursor cells give rise to granule cell precursors, hindbrain 

nuclei, and glutamatergic neurons of the deep cerebellar nuclei (Wang and 

Zoghbi, 2001 ). Molecular interactions between the roof plate cells and the neural 

tube play a critical role in cerebellar formation. The roof plate is composed of a 

thin layer of non-neuronal epithelial cells that express the transcription factor 

LMX1A (Millonig et al. , 2000). LMX1A positive roof plate cells express factors like 

GDF7, BMP7, and BMP9, which induce the expression of the bHLH transcription 

factor Math 1 in the adjacent rhombiC lip (Alder et al., 1999). Fate mapping 

studies in Math1-CreERT2 mice have shown that Math1+ precursors of the 

rhombic lip gives rise to different neurons in distinct temporal sequences. Early 

cohorts (E10-12) of Math1 positive cells give rise to glutamatergic nuclei of the 

deep cerebellar nuclei and hindbrain nuclei, while the cells that are generated 

later (E12-E17) give rise to granule cell precursors. Granule cell precursors 

migrate in a rostromedial direction along the cerebellar surface and settle 
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beneath the pial surface, where they form a secondary germinal zone called the 

EGL (Machold and Fishell, 2005). Loss of Math1 results in the absence of 

rhombic lip derivatives suggesting that Math 1 plays a critical role in the 

development of rhombic lip precursors (Ben-Arie et al. , 1997; Wingate, 2001) 

1.3.1.5.2.2. Neuroepithelial cells of the ventricular zone give rise to 

inhibitory neurons and glia. 

Neuroepithelial cells in the ventricular zone of the fourth ventricle give rise to two 

main groups of cells - (a) inhibitory neurons of the cerebellum including the 

Purkinje neurons, golgi epithelial cells of the IGL, stellate and basket cells in the 

ML, and inhibitory neurons of deep cerebellar nuclei, and (b) cerebellar 

astrocytes including Bergmann glia. 

Between E11 .5 and E13.5 in mice, mitotic progenitors in the ventricular 

zone of the fourth ventricle that express the transcription factors PTF1A (the 

pancreatic transcription factor) and ASCL 1 give rise to Purkinje neurons and 

other inhibitory neurons of the cerebellum (Hoshino et al. , 2005; Sudarov et al. , 

2011 ). Once generated, Purkinje neurons migrate away from the ventricular 

zone, and settle beneath the presumptive EGL formed by granule cell 

precursors. Interestingly, mutations in the Ptf1a gene have been observed in 

patients with cerebellar agenesis (Sellick et al. , 2004). Studies of Ptf1a mutant 

mice have shown that loss of Ptf1 a causes the ventricular zone precursors to 

adopt the fate of granule cell precursors, thereby resulting in near complete loss 



of Purkinje neurons and other interneurons. These studies suggest that under 

normal circumstances, Ptf1a might directly or indirectly counteract inductive 

signals from the rhombic lip that are aimed at transforming ventricular zone 

progenitors into granule cell precursors (Sellick et al., 2004; Wingate, 2001 ). 
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Around E13-E1 4, ASCL 1+ neuroepithelial cells in the ventricular zone of the 

fourth ventricle give rise to Bergmann glial cells (Sudarov et al. , 2011 ). Once 

generated, Bergmann glia migrate from the ventricular zone of the fourth 

ventricle to their final destination in the presumptive PCL (Yamada and 

Watanabe, 2002). By E18, there is a substantial number of Bergmann glia in the 

PCL, which proliferate to increase their number in the growing PCL. The 

proliferative activity of Bergmann glial cells during the perinatal period is 

important for normal cerebellar development. In fact, ganciclovir-mediated 

ablation of proliferating Bergmann glial cells in mice at P1 has a profound effect 

on cerebellar lamination (Delaney et al. , 1996). 

1.3.1.5.3. Migration of granule neurons from external granule layer to 

internal granule layer 

Perinatally, the EGL serves as a secondary proliferative zone for granule cell 

precursors (Figure 5). Granule cell precursors 1n the EGL require both cell 

intrinsic and extrinsic factors for their proliferation. Genetic studies have identified 

several genes that play a critical role in this process. For example, loss of 

transcription factors cyclin 01 and ZIC1 results in reduced proliferation of granule 
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cell precursors (Aruga et al. , 1998; Huard et al. , 1999), while loss of the cell cycle 

inhibitor P27/KIP1 or overexpression of the transcription factor RU49/Zipro1 

results in an increase in proliferation of granule cell precursors (Miyazawa et al. , 

2000; Yang et al. , 1999), which 1n turn results in a larger cerebellum. In addition 

to cell intrinsic factors, meningeal cells in the pial surface and Purkinje neurons in 

PCL also regulate proliferation of granule cell precursors. Meningeal cells in the 

pial surface secrete extracellular matrix proteins like laminin and fibronectin , that 

anchor the proliferating granule cell precursors to the pial surface and promote 

their proliferation. Indeed, granule cell precursors that lack integrin p1, a receptor 

for laminin, fail to proliferate, resulting in impaired cerebellar lamination (Biaess 

et al. , 2004; Graus-Porta et al. , 2001). Granule cell precursors that lack GPR56, 

a cell adhesion protein, fail to adhere to the extracellular matrix, resulting in 

aberrant cerebellar lamination (Koirala et al. , 2009). Diphtheria-toxin mediated 

ablation of Purkinje neurons have shown that these cells non-autonomously 

promote the proliferation of granule cell precursors in the EGL (Smeyne et al. , 

1995). At the molecular level, this proliferative effect of Purkinje neurons on 

granule cell precursors is mediated through release of the morphogen SHH 

(Dahmane and Ruiz i Altaba, 1999), as conditional ablation of the Shh gene in 

PurkinJe neurons alone (Lewis et al., 2004) results in reduced proliferation of 

granule cell precursors in the EGL. 

Granule cell precursors in the proliferating EGL are thought to release 

soluble molecules that instruct the Bergmann glia in the PCL to extend unipolar 

processes towards pial surface Among these molecules are two major families 
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of growth factors, the fibroblast growth factors, and the NRG-ERBB family of 

growth factors and receptors. Cerebellar astrocytes cultured in the presence of 

Fgf9 mutant granule neurons fail to extend radial glial processes. The effect of 

FGF9 requires its receptors FGFR1 and FGFR2 on astrocytes because FGFR1/2 

mutant astrocytes fail to adopt radial glial morphology upon treatment with FGF9. 

In agreement, the Bergmann glial scaffold is malformed in brain specific FGF9 

knockout mice and FGFR1/2 double knockout mice (Lin et al. , 2009). On the 

other hand the role of the NRG-ERBB family is unclear. In vitro studies by Rio 

and group (Rio et al. , 1997) showed that treatment of cerebellar astocytes with 

NRG1 induced radial glial morphology in these cells, and that the effect was lost 

in cerebellar astrocytes lacking ERBB2 and ERBB4. However, NRG1-ERBB4 

mediated induction of radial glial morphology seems to be dispensable in-vivo 

because conditional double knockout mice that lack ERBB2 and ERBB4 do not 

display any abnormalities in granule neuron migration or cerebellar lamination 

(Barros et al. , 2009; Gajendran et al. , 2009). 

Following the last mitotic division , granule cell precursors accumulate in the 

inner third of the EGL (Wang and Zoghbi, 2001 ). At this stage, the EGL could be 

distinguished into two distinct regions- the outer region composed of 

proliferating cells and an inner region composed of immature granule neurons, 

that are ready to migrate to the IGL. Immature granule neurons m the inner EGL 

undergo morphological changes that prime them for migration and begin to 

express neuronal markers like TAG1 and TUJ1 (Qu and Smith, 2005). They have 

an elongated soma, that is oriented along the longitudinal axis of the Bergmann 
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glial fiber, and a leading and trailing process, that are remin iscent of neurites 

(Komuro and Yacubova, 2003). The ability of granule neurons to extend neurites 

is one of the key determinants of granule neuron migration, as disruption of 

genes critical for neurite extension like Trio, Pax6, Unc5h2, and Unc5h3, result in 

impaired migration of granule neurons (Engelkamp et al. , 1999; Peng et al. , 

2010). 

Electron micrographic analyses of granule neurons migrating along 

Bergmann glia have revealed the presence of interstitial junctions between 

granule neurons and Bergmann glia (Gregory et al., 1988). Interaction between 

cytoskeletal elements at these junctions enables mechanical attachment of 

granule neurons to Bergmann glia (Hatten, 1999). Granule neurons also express 

proteins that promote their attachment to Bergmann glial fiber. For example, 

disruption of astrotactin using anti-astrotactin antibodies results in loss of 

interstitial junctions and disrupts attachment of granule neurons to Bergmann glia 

(Edmondson et al., 1988). Once granule neurons reach the IGL, they regain their 

rounded somata (Komuro and Yacubova, 2003) and begin to express mature 

neuronal markers like NeuN and GABA receptors (Wang and Zoghbi, 2001 ) . 
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Figure 5. Granule neurons migrate along Bergmann glia from EGL to IGL. 

Granule cell precursors (red) proliferate in the outer region of the external granule layer 

(EGL). Following the last mitotic division, granule cell precursors accumulate in the inner 

region of the EGL where they express markers of immature granule neurons (green) like 

TAG1 and TUJ1 . Immature granule neurons migrate along the Bergmann glial scaffold 

(black) into the internal granule layer (IGL), where they mature (gray) and form functional 

synapses. Lower panel shows aberrant m1grat1on of granule neurons. Disruptions of the 

Bergmann gl1al scaffold and/or abnormal development of granule neurons could lead to 

impalfed m1grat10n and ectop1c clustering of granule neurons Purkmje neurons are 

md1cated m orange. EGL, external granule layer; IGL mternal granule layer, PCL, 

PurkinJe eel/layer 
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1.3.2. ERBB3 

ERBB3 is a receptor tyrosine kinase that belongs to the family of epidermal 

growth factor receptors (EGFR), that also includes EGFR, ERBB2, and ERBB4. 

It was discovered by Kraus and colleagues (Kraus et al., 1989) in 1989 during an 

attempt to identify homologues of EGFR and ERBB2 in the human genomic 

DNA. Based on in situ hybridization studies, ERBB3 was mapped to the 12q13 

region of the human chromosome (Kraus et al. , 1989). Discussed below are 

structure, expression, and functions of ERBB3. 

1.3.2.1. ERBB3 structure 

The ERBB receptors are single-pass transmembrane proteins that contain an 

extracellular domain, a transmembrane domain , and an intracellular domain 

composed of a carboxy terminal domain and a kinase domain. The kinase 

domains of ERBBs share a high degree of sequence homology (59-81 %), while 

the C terminal domains are the least homologous (Schulze et al. , 2005). The 

extracellular domain of ERBB3 is similar to that of other ERBBs and is composed 

of 4 subdomains- L 1, C1 , L2, C2 In the absence of a ligand, the C1 and C2 

domains are bound together, thereby masking a dimerization arm in the C1 

domain. In the presence of a ligand, brnding of the L 1 and L2 subdomains to the 

ligand drives the receptor into an extended conformation that exposes the 

dimerization arm in C1 . The dimerization arm of an activated ERBB can interact 
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with that of another ERBB, leading to the formation of hetero and/or homodimers 

of ERBBs (linggi and Carpenter, 2006) (Figure 6). Activated monomers within a 

hetero- or homodimer trans-phosphorylate each other on specific tyrosine 

residues in the intracellular domain. Phosphorylated tyrosine residues serve as 

docking site for intracellular signaling molecules that contain SH2 (Src homology 

domain 2) or PTB (phosphotyrosine binding) domains. Schulze and colleagues 

(2005) identified some of these interacting proteins by performing mass 

spectrometric analysis of proteins that could be immunoprecipitated by 

phosphorylated ERBB peptides. The intracellular domain of ERBB3 contains 23 

phosphotyrosine sites out of which 7 interact with the p85 subunit of PI3K, 2 with 

Grb2, and one each with She and Src (Schulze et al., 2005) (Figure 6). Later, 

Jones and colleagues performed microarray analyses and identified novel 

proteins that could bind to phosphorylated tyrosine residues on ERBB3. For 

example, ABL 1 (Abelson murine leukemia viral oncogene homolog 1 ), a 

cytoplasmic tyrosine kinase, and CRK, an adaptor protein, bind to ERBB3 (Jones 

et al. , 2006). The intracellular signaling cascade depends on the combination of 

receptors that are recruited. 
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ERBB family of tyrosine kinases consists of four receptors- EGFR, ERBB2, ERBB3, 
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and ERBB4. ERBB receptors have four domams- an extracellular domain that binds the 

ligand, a transmembrane domain, a kinase domain, and a carboxy terminal domain. 

NRG1 and NRG2 can bind ERBB3 and ERBB4, but not EGFR and ERBB2. NRG6 can 

bind only to ERBB3. Ligand binding to the L 1 and L2 subdomains of the extracellular 

domain causes a conformation change that exposes a d1menzat1on arm in the C1 

subdomam Receptors undergo hetero or homod1merizat1on that leads to the activation 

of their kmase domains. Phosphorylated tyrosine residues (sticks with open circles) in 

the mtracellular domain serve as docking sites for vanous dockmg proteins. Shown are 

dockmg sites for P13K-p85 (blue), She (green) Grb2 (red) 
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1.3.2.2. ERBB3 expression 

Widespread expression of Erbb3 mRNA and protein has been observed by RT

PCR and western blot, respectively, throughout development and in adulthood . 

Tissues and cells that express ERBB3 include placenta, sperm, ova, uterus, 

neural crest cells, heart, pancreas, liver, peripheral blood mononulcear cells, 

kidney, lung, adrenal gland, brain, dorsal root ganglion, intestine, ovary and 

mammary glands (Sithanandam and Anderson, 2008). ERBB3 has also been 

reported to be over-expressed in a host of malignancies including cancers of the 

pancreas, lungs, liver, kidney, prostrate, breast and ovary (Sithanandam and 

Anderson, 2008). However, lack of antibodies that specifically recognize the 

ERBB3 protein has precluded our understandrng of the cellular distribution of 

ERBB3 protein. Indeed, reports on the expression of ERBB3 in the central 

nervous system are conflicting . While some studies suggest that ERBB3 

expression is limited to neural crest cells, Schwann cells, and oligodendrocytes in 

the adult brain (Fox and Kornblum, 2005), other studies have reported the 

expression of ERBB3 in cortical and hippocampal neurons (Gerecke et al. , 

2001 ), granule neurons of the cerebellum (Ozaki et.al, 2005), astrocytes (Sharif 

et al., 2009), and interstitial neurons in the white matter (Thompson et al. , 2007). 
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1.3.2.3. ERBB3 kinase activity 

Initial in-vitro kinase assays and crystallographic studies suggested that although 

ERBB3 could bind ATP, its kinase domain was inactive. The latter was attributed 

to the absence of key conserved residues within the kinase domain (Guy et al. , 

1994; Sierke et al. , 1997). This lead to the perception of ERBB3 as a co-receptor 

for other EGFR fami ly members. However, this idea needs to be re-thought 

considering findings that demonstrate the ability of ERBB3 to autophosphorylate 

itself. Quantum mechanics/molecular mechanics simulation studies by Shi and 

others showed that ERBB3-catalyzed phosphoryl transfer could proceed in the 

absence of conserved catalytic residues (Shi et al. , 2010). 

1.3.2.4. ERBB signaling 

ERBBs can be activated by members of the EGF family of growth factors, 

including six members of the Neuregulin family of EGF (epidermal growth factor)

like domain-containing proteins. 

Following the identification of ERBB3 in 1989, chemical cross-linking studies 

revealed that ERBB3 could bind and be activated by Neuregulin1 (NRG1) 

(Shwkowski et al. , 1994). NRG1 is a member of the Neureguhn family of growth 

factors that is composed of six structurally prote1ns, each encoded by an 

individual gene (Mei and Nave, 2014). TheN-terminal region of Neuregulins 
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contain a EGF-Iike domain that can bind to L 1-L2 domains of the ERBB 

receptors. NRG1 was independently identified by four different laboratories, each 

based on a unique function. Originally identified as an activator of ERBB2 

(heregulin and neu differentiation factor). NRG1 was also shown to induce acetyl 

choline receptor clustering in muscles {ARIA) and proliferation of Schwann cells 

(GGF). Alternative splicing of the Nrg1 gene produces 31 isoforms that can be 

classified into six categories based on theN terminal sequence, NRG1 types 1 

through 6. 

Screening of the adult mouse brain eDNA library using a Nrg1 probe led to 

•· the discovery of Neuregulin 2 (NRG2) (Carraway et al. , 1997), another member 

of the Neuregulin family of ligands that can bind both ERBB3 and ERBB4. 

In-vitro pulldown studies by Kinugasa and group (2004) revealed another 

ligand of ERBB3 , Neuroglycan C, a transmembrane chondroitin sulfate 

• proteoglycan expressed in the brain. Indeed, the ability of Neuroglycan C to bind 

and activate ERBB3 led to its classification as the sixth member of the NRG 

family, NRG6 (Kinugasa et al. , 2004). 

Split-ubiquitin membrane yeast two-hybrid studies have identified four 

intracellular proteins that interact with ERBB3 - ERBB3 binding protein (EBP), 

Regulator of G protein signaling (RGS4), Early growth response 1 (EGR), Zinc 

finger protein (ZNF207) (Thaminy et al., 2003) 
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1.3.2.5. Role of ERBB3 in neural development 

Several studies have shown that ERBB3 is important for morphogenesis of 

different organs, including the heart, pancreas (Erickson et al. , 1997), and the 

peripheral nervous system (Riethmacher et al. , 1997). Most Erbb3 null embryos 

die at E13.5 due to cardiac defects and display severe defects in patterning of 

the midbrain/hindbrain region including the cerebellum (Erickson et al. , 1997). 

The most well-understood function of ERBB3 is its role in the development of the 

peripheral nervous system. Erbb3 null embryos that are born to term die soon 

after birth due to death of sensory and motor neurons, that stems from the 

absence of Schwann cell precursors (Riethmacher et al. , 1997). Schwann cell 

precursors fail to proliferate, migrate (lyons et al. , 2005) and survive 

(Riethmacher et al., 1997) in the absence of ERBB3. Post-natally, loss of Erbb3 

and Erbb4 in Schwann cells leads to dysmyelination of peripheral nerves 

(Brinkmann et al. , 2008). Due to high expression of ERBB3 1n the white matter of 

the brain (Fox and Kornblum, 2005; Gerecke et al. , 2001 ; Steiner et al. , 1999; 

Thompson et al. , 2007), and its well-established role in Schwann cell 

development, several studies on ERBB3 in the bra1n have focused on its role in 

oligodendrocyte development and myelination (Brinkmann et al. , 2008; 

Makinodan et al. , 2012; Schmucker et al., 2003; Vartanian et al., 1997). 

However, studies on the role of ERBB3 in the brain have been conflicting. 

Brinkmann and colleagues showed that conditional knockout of ERBB3 and 

ERBB4 in pre-myelinating oligodendrocytes (Cnp::Cre) does not affect myelin 
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thickness in the brain and thus concluded that ERBB3 and ERBB4 are 

dispensable for myelination in the central nervous system. However, these mice 

die at P11 due to impaired myelination of motor neurons in the PNS and 

myelination thickness in the cortex could not be examined past P11 (Brinkmann 

et al. , 2008). Since myelination in the murine cortex begins around P7 and peaks 

between P15 and P21 ((Baumann and Pham-Dinh, 2001 ), death of these mice at 

P11 renders them insufficient for analysis of the roles of ERBB3 and ERBB4 in 

CNS myelination. On the other hand, Makinodan and colleagues knocked out 

ERBB3 specifically in oligodendrocytes at different stages of development using 

a tamoxifen-induced Plp::CreERn mouse and showed that loss of ERBB3 from 

oligodendrocytes at P1 0 or P19, but not P35 causes significant hypomyelination 

in the cortex (Makinodan et al. , 2012), suggest1ng that ERBB3 may be important 

for late stages of oligodendrocyte maturation and controlling myelin thickness 

(Makinodan et al. , 2012). 



2. MATERIALS AND METHODS 

2.1. Generation of mice 

ErbbYIF (SV129/C57BL) mice were crossed with GFAP::Cre (FVB/J), or 

Math1::CreERT2 (FVB/J) mice (Machold and Fishell, 2005; Qu et al. , 2006; Zhuo 

et al. , 2001 ). All mice were housed in a room at 23°C m a 12 hr light/dark cycle 

with access to food and water ad libitum. Math1 ::CreERT2 was activated by 

injecting pregnant dams intraperitoneally (ip) once with tamoxifen at a dose of 4 

mg/35 g mouse. PCR-based genotyping was performed on genomic DNA 

isolated from the tail or cerebellum. The following primers were used: GFAP::Cre, 

forward primer ACT CCT TCA T AA AGC CCT CG and reverse primer ATC ACT 

CGT TGC ATC GAC CG; floxed Erbb3 allele, forward primer GGC AGG CAT 

GTI GAC TIC ACT TGT and reverse primer CCA ACC CTI CTC CTC AGA 

TAG G; wild-type Erbb3 allele, forward primer TGT TIG TGA AAT GTG GAC 

TIT AC C and reverse primer CCA ACC CTI CTC CTC AGA TAG G; 

Math1 CreERT2 allele, forward primer GCG GTC TGG CAG TAA AAA CTA TC 

and reverse pnmer GTG AAA CAG CAT TGC TGT CAC TI Experimental 

procedures were approved by the Institutional Animal Care and Use Committee 

of Georgia Regents University. 

2.2. Western blotting 

Western blotting was performed as described previously (Shen et al., 2013; Yin 
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et al., 2013). Brain tissues were homogenized in RIPA buffer (50 mM Tris-HCI, 

pH 7.4, 150 mM NaCI, 2 mM EDTA, 50 mM NaF) containing 1% sodium 

deoxycholate, 1% SDS, 1 mM PMSF, 1 mM Na3vo •. 1 mM OTT and protease 

inhibitor cocktail. Debris was cleared by centrifuging samples at 12,000 x g for 20 

min at 4°C. Lysates (- 200 J..lg of protein) were resolved by SDS-PAGE and 

transferred to nitrocellulose membranes (Bio-Rad), which were blocked in Tris

buffered saline (TBS) containing 0.1% Tween and 5% skim milk for 1 hour at 

room temperature. Blocked membranes were incubated in primary antibody 

overnight at 4 °C, and then in HRP-coupled secondary antibody (Thermo 

Scientific) for 1 hour at room temperature. Membranes were incubated with 

enhanced chemiluminescence substrate (E3012, Denville Scientific), and 

immunoreactive bands were captured on HyBiot CL films (Denville Scientific). 

The following dilutions of primary antibodies were used rabbit anti-ERBB3 

(1 :500, sc-285, Santa-Cruz), rabbit anti-ERBB3 (1: 100, 12708S, Cell Signaling), 

mouse anti-u-tubulin (1 :5000, sc-23948, Santa Cruz}, mouse anti-CRK (1: 1000, 

610035, BD Biosciences), rabbit anti-phospho CRK (1 :1000, 3491 , Cell 

Signaling), and mouse anti-p-actin (1: 1000, A 1978, Sigma). In cases where 

membranes had to be probed for phosphorylated and non-phosphorylated forms 

of the same protein , membranes were incubated in a stripping buffer containing 

1 OOmM 13-Mercaptoethanol, 2% SDS, and 62.5mM Tns HCI (pH 6.8) for 30 

minutes at 55°C. Membranes were then blocked and probed with primary and 

secondary antibodies as mentioned above. 
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2.3. lmmunoprecipitation 

Brain tissues were homogenized in RIP A buffer containing (50 mM Tris-HCI, pH 

7.4, 150 mM NaCI, 2 mM EDTA, 50 mM NaF) containing 1% Triton X-100, 1 mM 

Na3V04, 1 mM PMSF and protease inhibitor cocktail. Debris was cleared by 

centrifuging samples at 12,000 x g for 20 min at 4°C. Equal volumes of lysate 

(containing 500 ~!g of protein) were diluted 1:3 in RIP A buffer containing 1 mM 

PMSF, 1 mM Na3V04, and protease inhibitor cocktail. Diluted lysate was 

incubated with Protein-G agarose beads and anti-CRK antibody (1 :200; BD 

Biosciences) overnight at 4°C. Beads were washed thrice with RIP A containing 

0.3% Triton X-100 and boiled in Laemmli sample buffer (0.125 Tris-HCI, pH6.8, 

4%SDS, 20%Giycerol, 10% ~-mercaptoethanol , 0.2% Bromophenol blue). 

Samples were resolved by SDS-PAGE. 

2.4. Cell culture 

Granule cells and astroglia cells were purified as previously described (Hatten, 

1985). Briefly, cerebella were isolated from PO mouse pups in ice-cold phosphate 

buffered saline (PBS) (Corning). After the meninges were removed , cerebella 

were cut into small pieces and incubated in PBS containing 0.25% trypsin 

(Cormng) and 0.1% deoxyribonuclease (Sigma) at 3rC for 40 minutes. Trypsin 

was inactivated by incubation with DMEM (Corning) containing 10% fetal bovine 

serum (FBS) (Life Technologies) and penicillin-streptomycin (PS) (Hyclone). The 

mixture was centrifuged at 3000 rpm for 5 minutes. The pellet was resuspended 
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in PBS and used for preparation of granule cell precursors (see below) and 

astroglial cells. For astroglial culture, the suspended pellet was gently loaded on 

top of a two-layer Percoll (Sigma) gradient (35% Percoll and 60% Percoll in 

PBS), and centrifuged at 3000 rpm for 5 minutes. After centrifugation, astroglial 

cells were collected from the top of the gradient, and re-centrifuged and re

suspended in DMEM containing 10% FBS and PS. The mixture of cells was 

passed through a 70-~Lm nylon filter (Falcon) to obtain a single cell suspension 

and pre-plated twice on uncoated 1 00-mm dishes (Bio-lite), 20 minutes each to 

remove contaminant fibroblasts. Media containing unattached cells was aspirated 

and plated in triplicates on 12-well plates containing coverslips coated with 75 

~g/ml of poly-L-Iysine (Sigma) in PBS. After 4 hours, fresh DMEM containing 

1 0% FBS and PS was added to the cells. Half the media was replaced with fresh 

media once every 3 days. 

For granule neuron culture, granule neurons were collected from the 

interface between the Percoll gradients, and re-centrifuged and re-suspended in 

DMEM containing 10% FBS and PS. The mixture of cells was passed through a 

40-~m nylon filter (Falcon) to obtain a single cell suspension and pre-plated twice 

on uncoated 100-mm dishes (Bio-lite), 20 minutes each to remove contaminant 

fibroblasts . Media containing unattached cells was aspirated and plated in 

triplicates on 12-well plates containing coverslips coated with 500 ~g/ml of poly

L-Iysine (Sigma) in PBS. After 4 hours, plating medium was replaced by 

neurobasal medium supplemented with 200 ~M L-Giutamine, 827, and PS. Half 

the media was replaced with fresh media once every 3 days. 
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To prepare granule cell precursors for adhesion assay, the cell pellet was 

resuspended in serum-free DMEM containing PS and passed through a 40-Jlm 

nylon filter to obtain a single cell suspension. Cells were pre-plated twice on 

uncoated 100 mm dishes, 20 minutes each to remove contaminant fibroblasts 

and plated in triplicates on 12-well plates containing coverslips coated with 2 

Jlg/ml mouse Engelbreth-Holm-Swarm laminin (L2020, Sigma). Two hours after 

plating, cover-slips were washed twice gently with PBS, fixed in 4% 

paraformaldehyde (PFA) (Sigma) and processed for immunostaining (see 

below). 

Cerebellar microexplants were cultured as described previously (Fischer et 

al. , 1986), with modifications. PO cerebella were stripped of meninges and deep 

cerebellar nuclei, and the remaining cortical tissue was m1nced with Vannas 

Micro scissors and loosely suspended in PBS. The suspension containing 

minced cortical tissues was spun at 1000 rpm and the pellet was washed twice 

with DMEM/F12 media containing PS and plated on coverslips coated with 100 

~g/ml poly-L-Iysine and 10 Jlg/ml mouse Engelbreth-Holm-Swarm laminin, and 

maintained in DMEM/F12 media containing 20 Jlg/ml insulin, 1 mg/ml bovine 

serum albumin (BSA), 30 mM glucose, 1.8 mM glutamine, 24 mM sodium 

bicarbonate, and PS. Two days later, cover-slips were washed twice gently with 

PBS, fixed in 4% PFA and processed for immunostaining. 

For neural stem cell assay, cerebella was isolated from pups in ice-cold 

neurobasal medium supplemented with PS, 200 JlM L-Giutamine, and B27 

(minus vitamin A, Invitrogen). After the meninges were removed, cerebella were 
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cut into small pieces and triturated with 1 ml pipette tips. Media containing the 

cells was centrifuged at 1 OOg for 5 minutes. The pellet was resuspended in 

neurobasal medium supplemented with 200 J..lM L-Giutamine, B27 (minus vitamin 

A), 20ng/ml EGF, and 10ng/ml bFGF. After 5 days in vitro, media containing 

neurospheres was transferred to 24 well dishes containing poly-L-Ornithine 

(PLO) and fibronectin coated coverslips for quantification of neurosphere number 

and size. For differentiation assays, media containing neurospheres was 

centrifuged at 1 OOg for 5 minutes. The pellet containing the neurospheres was 

resuspended in Tryple express and incubated at 3r C for 10 minutes in order to 

dissociate the neurospheres. The suspension was centrifuged at 1 OOg for 5 

mmutes and the pellet was resuspended in DMEM containing 10% FBS and PS. 

For differentiation of neural stem cells into astrocytes, cells were plated on 

coverslips coated with 15ng/ml PLO and maintained in DMEM containing 10% 

FBS and PS. For differentiation of neural stem cells into neurons, cells were 

plated on coverslips coated with 15ng/ml PLO, and after 3 hours of plating , 

plating media was replaced by neurobasal media supplemented with 200 J..lM L

Giutamine, B27, and PS. 

2.5. lmmunostaining 

lmmunostaining was performed as descnbed previously (Yin et al., 2013). 

Anesthetized mice were perfused transcardially with 4% PFA in PBS and tissues 

were fixed in 4% PFA at 4°C for 12 hours. Fixed brains were incubated in 20% 

sucrose in PBS overnight and 30% sucrose in PBS overnight again. 
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Cryopreserved brains were embedded in OCT medium (Sakura) and sectioned 

to yield 40-~m thick floating coronal slices. Slices were permeabilized and 

blocked in blocking solution containing 5% BSA (Sigma) in PBS with 0.3% Triton 

X-100 (Sigma), and incubated with primary antibodies at 4°C overnight. Primary 

antibodies were prepared in PBS containing 0.3% Triton X-100 by the following 

dilutions: mouse anti-NeuN (1 :500, MAB377, Millipore), rabbit anti-ERBB3 

(1 :100, 12708S, Cell Signaling), mouse anti-GFAP (1 :500, MAB360, Chemicon), 

rabbit anti-S100P (1 :500, Z031129-2, Dako), rabbit anti-BLBP (1 :500, ab32423, 

Abeam), rabbit anti-Ki67 (1 :500, RM-9106-S1 , Abeam), mouse anti-Tuj1 (1 :500, 

MMS-435P, Covance), mouse anti-nestin (1 :500, 556309, BD pharmingen), 

mouse anti-parvalbumin(1 :500, PV-25, Swant), mouse anti-calbindin (1 :500, 

028k-300, Swant). Slices were washed thrice in PBS, 5 m1nutes each, and 

incubated with Alexa 488-conjugated goat anti-mouse lgG (1: 1000, A-11 029, 

Invitrogen) and Alexa 594-conjugated goat anti-rabbit lgG (1 :1000, A-11012, 

Invitrogen) for 1 hour at room temperature. Slices were washed thrice in PBS, 5 

minutes each and mounted on Superfrost Plus Glass slides (Ted Pella) with 

VectaShield mounting medium with DAPI (H-1200, Vector laboratories). TUNEL 

staining of fresh frozen brain sections was performed using In Situ Cell Death 

Detection Kit (Fluorescein) (11684795910, Roche), following the manufacturer's 

instructions. Images were captured using a confocal LSM 510 NLO system 

(Zeiss) and processed using FIJI software. 

2.6. Elevated beam-walk assay 
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Beam walk assay was performed as described previously (Carteret al. , 2001 ; 

Luong et al. , 2011 ). On days 1-4, mice (3 months old) were subjected to testing 

on a round beam (12 mm in diameter, 1 m in length, 50 em from the ground) 

(twice on days 1-2 and once on days 3-4) and latency to cross the beam was 

measured. On day 5, mice were subjected to testing on a square beam (5 mm in 

width, 80 em in length , 50 em from the ground). Both latency and foot slips 

(analyzed by videotape) were measured. During the tests, mice occasionally 

stalled whi le crossing the beam. They were encouraged to cross the beam by 

gentle prodding. However, the stalling time was not included in the readout. The 

latency time for mice that were unable to cross the beam was calculated as 60 

seconds. 

2.7. Statistical Analysis 

Statistical analyses were performed using GraphPad prism software. Two-way 

ANOVA was used in analyses of brain weight, latency on beam walk test, and 

glial proliferation and followed by either Fisher's Least significance test or 

Bonferroni correction. Two-tailed student's t-test was used to compare data from 

two groups. Welch's correction was applied to Student's t-test if the standard 

deviation was significantly different between the two groups. Data are expressed 

as mean ± SEM. Differences among groups were considered significant if P < 

0.05 



3.RESULTS 

3.1. Loss of ERBB3 in the brain causes motor impairments 

To investigate whether ERBB3 plays a role in brain development, we 

characterized its expression by Western blot analysis. As shown in Figure 7 A, 

ERBB3 was expressed in the brain as early as E16 and plateaued around P20. 

This temporal expression correlates with cerebellar lamination, which occurs 

from E15 to P21 (Goldowitz and Hamre, 1998). Embryonic lethality of Erbb3 null 

mutation (Erickson et al. , 1997) has precluded the study of ERBB3's role in 

cerebellar lamination. To address this 1ssue, we used Cre-Lox based conditional 

knockout approach to knock o Jt the Erbb3 gene specifically in the CNS. Floxed 

Erbb3 m1ce (Qu et al., 2006) were crossed w1th GFAP.:Cre m1ce (Zhuo et al., 

2001 ), which express Cre under the control of the human GFAP promoter. Cre 

expression in GFAP::Cre mice occurs as early as E13.5 in radial glial precursor 

cells that give rise to both neurons and glia. Resulting GFAP::Cre;ErbbYIF mice 

(hereafter referred to as Erbb3 mutants) were vital at birth and did not express 

ERBB3 in the brain (Figure 7B,C). 
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100- • Gapdh (110 bp) 

Figure 7. ERBB3 expression in the brain and loss of ERBB3 protein and Erbb3 

mRNA in GFAP::Cre;ErbbYIF mice 
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A. Age-dependent increase in ERBB3 express1on in the brain. Brain homogenates from 

wild-type mice were blotted with indicated antibodies. 

8 Reduced ERBB31evel in GFAP::Cre;ErbbYIF (Erbb3 mutant) m1ce Brains of control 

(ErbbYIF) and mutant mice (3 months of age) were homogemzed and resulting 

homogenates were blotted as in A. Similar data was obtained from 9 controls and 9 

mutants 

C Reduced Erbb3 mRNA in Erbb3 mutant mice RNA was extracted from brain of 

control and mutant mice (P90 (n = 3 mice per group), converted to eDNA and subjected 

to q-PCR analysis for Erbb3 and Gapdh mRNA. Resulting products (-190 bp and 110 

bp, respectively) were resolved by agarose gel electrophoresis. 
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At birth, Erbb3 mutant mice appeared normal, had normal brain mass, and 

were indistinguishable from control mice. However, as they aged, their brain 

weight became significantly reduced (Figure 8A). Approximately 90% of mutant 

mice had significantly smaller brains compared to controls. There was no 

difference in body weight between control and mutant mice as late as P90 

(Figure 88), suggesting that reduction in brain weight was not secondary to body 

weight reduction. 
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Figure 8. Reduction in brain weight, but not body weight in Erbb3 mutants. 
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A Reduced brain weight of Erbb3 mutant mice. Data are shown as mean .:!: SEM and 

analyzed by two way ANOVA with Bonfen-ont con-ection, Genotype F(1 ,21) = 412 1, P < 

0 0001; Age F(4,21) = 594 8, P < 0.0001, Genotype x Age interaction F(4,21) = 41 7, P < 

0 0001, n = 3 mice per genotype 

B. Similar body weight between control and Erbb3 mutant mice Data were collected at 3 

months of age. P = 0. 73; n = 7 and 8 for control and mutant mice, respectively, two tailed 

t-test Data are presented as mean .:!: SEM. 
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Intriguingly, ataxic gait was observed in 15.6% of the Erbb3 mutants, but not 

in any of the control mice. Since we observed gait abnormalities in 15.5% 

mutants, we asked if motor skills were impaired in mutants which did not display 

any gait abnormalities in normal behavior. Therefore, to further assess motor co

ordination and balance in these mutants without obvious gait abnormalities, we 

performed an elevated beam-walk assay. In this assay, mice are trained to cross 

a narrow, elevated beam. The amount of time the mice take to cross the beam 

and the number of footslips they make during the process are inversely 

correlated to their motor skills. On the first day of trial , control mice crossed a 

beam of round cross sectional area (12 mm diameter) in 15.4 ± 2.1 seconds (n = 

9), while mutants took significantly longer (by 73.7 ± 28.3%) (two tailed t-test, 

P=0.03, 26.7 ± 4.4 seconds for mutants, n = 13) to cross the beam (Figure 9A). 

Both controls and mutants improved over time, and on day 4, the difference in 

latencies was insignificant (two tailed t-test, P = 0.12, 6.7 ± 0.3 seconds for 

controls, n = 9; 13.3 ± 3.9, n = 13). On day 5, when mice were challenged on a 

narrower beam of square cross sectional area (5 mm width), controls performed 

significantly better than mutants (Figure 98). Controls were able to cross the 

square beam is less than 10 seconds (8.1 ± 0.8 seconds, n = 9), and displayed 

less than 3 slips of the hind paw on average (2.9 ± 1 5 foot slips, n = 9) (Figure 

9C,D). In contrast, mutants took significantly longer (13.9 ± 1.8 seconds, n = 10, 

two ta1led t-test with Welch 's correction, P < 0.05) to cross the square beam, and 

also displayed significantly more foot slips (15.5 ± 3.8 foot slips, n = 10, two 

tailed t-test with Welch's correction , P < 0.05) compared to controls while 



47 

traversing the square beam. These results indicate that Erbb3 mutant mice have 

impaired motor skills, suggesting that brain regions involved in motor control and 

co-ordination might be altered by Erbb3 mutation. 
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Figure 9. Motor deficits in Erbb3 mutant mice. 

A. Increased round beam-crossing time by Erbb3 mutant mice. Mice were allowed to 

cross a round beam (12 mm diameter, 1 m long) and latency was measured. Data are 

shown as mean .:t SEM and analyzed by repeated measure two-way ANOVA followed by 

Fisher's least stgnificance difference test, Genotype F(1,20) =58, P = 0.03; trial F(3,60) 

= 5. 1, P = 0 003, Genotype x trial interaction F(3, 60) = 0 49, P = 0. 69, n = 9 and 13 for 

control and mutant mtce, respectively. 

8 Increased square beam-crossing ttme by Erbb3 mutant mice Mtce were allowed to 

cross a square beam (5 mm wide x 80 em long) and latency was measured. Data are 

shown as mean .:t SEM and analyzed by two tailed t-test with Welch 's correction, P = 

0. 01; n = 9 and 10 for control and mutant mice, respectively 
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C and 0 More foot-slips by Erbb3 mutant mice. Mice were tested as in B and monitored 

for foot sltps (C). Data are shown as mean .:t SEM and analyzed by two tailed t-test with 

Welch 's correction, P = 0.01; n = 9 and 10 for control and mutant mice, respectively). 

Photographs (E) of control and mutant mice at different pomts on a 5 mm-wide square 

beam Arrows indicate foot slips of the hind paw. 



50 

Based on brain size and gait, mutants could be classified into three groups -

Group A (9.8% of mutant mice) with normal gait and brain size; Group B (74.6% 

of mutant mice) with smaller brain (70.4% of control brain weight) and normal 

gait; and Group C (15.6% of mutant mice) with smaller brain (55.3% of control 

brain weight) and ataxic gait (Figure 1 OA,B). 
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A 

ErbbJFIF GFAP::Cre;ErbbJFIF 

Phenotype Group A Group A Group B Group C 

Frequency 100% 9.8% 74.6% 15.6% 

Bra1n s1ze Normal Normal Small Small 

Brain Weight (P90) 506.7 ± 3.3 mg 500 ± 5.8 mg 356.7 ± 12 mg 280 ± 17.3 mg 

Gait Normal Normal Normal Ataxic 

B GFAP::Cre;Erbb3F1F 

Erbb3FIF 

Figure 10. Classification of Erbb3 mutant mice. 

Mice were grouped by brain size and gait (n = 111 controls, 122 mutants). Data are 

presented as mean~ SEM (n = 3 per group for brain weight). 



52 

3.2. The cerebellum fails to laminate normally in the absence of 

Erbb3. 

Disorders of the cerebellum often manifest in the form of ataxia and impairments 

in motor co-ordination and balance (Manni and Petrosini, 2004; Donkeelar et al. , 

2003). Since mutants displayed significant motor defects, we suspected that their 

cerebella were affected. Moreover, NRG1-ERBB signaling has been implicated 

in neuron-glia interactions in the peripheral and central nervous systems 

(Riethmacher et al. , 1997; Rio et al. , 1997; Anton et al., 1997). Therefore, we 

hypothesized that ERBB3 maybe important for cerebellar lamination. In order to 

determine if cerebellar lamination was abnormal in mutants, we carried out 

morphological examination of Nissl-stained cerebellum. At P3, gross anatomy of 

cerebellum was similar between control and Erbb3 mutant mice. However, at P9, 

Nissl staining revealed the presence of cerebellar lamination defects in mutants. 

The EGL and IGL were readily visible at P9 in control and Erbb3 mutant 

cerebella. However, the EGL and IGL were poorly defined and not easily 

distinguishable in mutant mice (Figure 11 ). At P30, most granule cells in the EGL 

had migrated into the IGL in control mice and thus replaced by the ML that 

contains axons of granule neurons and dendrites of Purkinje neurons. The 

cerebellum had fully developed folia , and the boundary between the ML and IGL 

was well-defined. In Erbb3 mutants, however, adjacent cerebellar folia appeared 

to be fused and the boundary between the ML and IGL was ill-defined. Ectopic 

clusters of cells were visible in the ML layer, most likely granule neurons that had 
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failed to migrate into the IGL (Figure 11 , arrow). The cerebella of Erbb3 mutants 

were smaller at P9 and P30, but not at P3 when the cerebellar cortex starts to 

develop. These results suggest that Erbb3 mutant mice are impaired in 

cerebellar lamination. 
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Figure 11. Abnormal cerebellar lamination in Erbb3 mutant mice. 

Brains were isolated from mice after transcardial perfusion with 4% PFA. Sagittal 

sections of the cerebellum were subjected to Cresyl violet staining. Columns 2 and 4 are 

higher magmfication views of areas framed m respective low magnification images in 

columns 1 and 3 Ectop1c clusters of granule neurons (arrows) were observed along the 

fus1on lmes of adjacent folia. Ectopic clusters were observed in 100% of group 8 

mutants (n = 30 controls and 28 mutants, ages P7 to P100) 

EGL, external granule layer; IGL, internal granule layer, ML, molecular layer; WM, white 

matter. 
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During cerebellar lamination, granule cell precursors proliferate in the outer 

region of the EGLand thus are positive for Ki67, a marker of proliferating cells (Li 

et al., 2013). After mitotic division, granule cell precursors migrate from the outer 

EGL to become immature granule neurons that accumulate in the inner EGL, and 

are Tuj1 + (Qu and Smith, 2005). Subsequently, immature granule neurons 

migrate to the IGL where they become mature granule neurons, indicated by 

expression of NeuN (Weyer and Schilling, 2003). To investigate the cellular 

mechanisms underlying aberrant cerebellar lamination in Erbb3 mutants, P9 

cerebella were stained for Ki67, Tuj1 , and NeuN. In control mice, Ki67+ granule 

cell precursors of the outer EGL were in close apposition to the pial membrane 

that extended into the fissures between adjacent folia (Figure 12). Beneath the 

outer EGL were post-mitotic, Tuj1 + immature granule neurons (Figure 12). In 

contrast, in Erbb3 mutants, the boundary between the outer and inner EGL was 

ill-defined and Ki67+ granule cell precursors were interspersed among immature 

granule neurons in both inner and outer EGL (Figure 12). 
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Figure 12. Ill-defined boundary between outer and inner EGL. 

P9 coronal sections were stained with antibodies against Ki67 (to label granule cell 

precursors) and Tuj1 (for immature granule neurons). Outer EGL is between dashed 

lines whereas mner EGL is area between solid and dashed white lines. Solid blue line 

indicates the pial surface Data are representative of results obtamed from 5 mice 

per group. Bar, 100 J,Jm. 

Pictographs on the right illustrate immunostained cells and cerebellar morphology. 

BG, Bergmann glia; EGL; external granule layer, GN, granule neuron, IGL, internal 

granule layer, PCL, Purkin}e eel/layer; PN. Purkmje neuron. 



57 

In control mice, mature NeuN+ granule neurons were confined to the IGL 

(Figure 13). However, in Erbb3 mutants, mature, NeuN+ granule neurons failed 

to reach the IGL, but instead clustered in the EGL and in areas between the EGL 

and IGL. These results demonstrate misplacement of granule cell precursors and 

immature and mature granule neurons in Erbb3 mutant cerebella and suggest 

that ERBB3 plays a role in granule neuron migration. 



58 

~ ~~ 

~ 
<") 
.Q 

I ~~ 

it 

u ,.., 
... 

I ~S "' <") 

I!! .Q 

it e 
~ 
Q 
~ 
(!) 

Figure 13. Mislocation of granule neurons in cerebella of Erbb3 mutant mice. 

Presence of mature granule neurons in the EGL and in areas between EGL and IGL. P9 

coronal sections were stained with anti-NeuN antibody to label mature granule neurons. 

Data are representative of results obtained from 5 mice per group Bar, 100 J.lm. 

Pictographs on the nght illustrate immunostamed cells and cerebellar morphology. 

BG, Bergmann glta, EGL, external granule layer, GN, granule neuron, IGL, internal 

granule layer, PCL, Purkinje eel/layer; PN, Purkmje neuron. 
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Besides granule neurons, we examined Purkinje neurons, another major 

type of neurons in the cerebellum that could be labeled by calbindin (Celio, 

1990). In control mice, soma of calbindin+ cells were restricted to the PCL of the 

cerebellar cortex (Figure 14). In contrast, calbindin+ cell somas in Erbb3 mutants 

were not confined to the PCL. Because the Cre in GFAP::Cre mice was 

expressed in granule neurons and glia, but not Purkinje neurons in the 

cerebellum (Zhuo et al., 2001 ), Purkinje neuron mislocation may be secondary to 

cerebellar lamination abnormality stemming from ERBB3 deficiency in other 

cells. 
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Figure 14. Misalignment of Purkinje neuron soma in Erbb3 mutant cerebella. 

P9 coronal sections were stained with ant1-calbmdm ant1body to label Purkinje neurons. 

Solid wh1te arrowheads point to the soma of Purkm}e neurons Data are representative 

of results obtained from 5 mice per group Bar, 100 pm. 

Pictographs on the right illustrate immunostained cells and cerebellar morphology 

BG, Bergmann glia; EGL; external granule layer; GN, granule neuron; IGL, internal 

granule layer; PCL, Purkmje eel/layer; PN, Purkmje neuron. 



In Group C Erbb3 mutant mice, that exhibited ataxia (Figure 15), cerebellar 

lamination deficits were more severe: adjacent folia were not well demarcated 

(Figure 15). 
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GFAP::Cre;ErbbJFIF I 
Group C ----=:J 

--

Figure 15. Varying degrees of severity of the cerebellar lamination phenotype in 

GFAP::Cre;ErbbYIF mutant mice. 

Coronal cerebellar sections of control and mutant (P90) mice were stamed with 

antibodies against NeuN and PV to visualize the granule neurons and Purkinje neurons, 

respectiVely In control mice, NeuN and PV stammg revealed normal arrangement of 

granule neurons and Purkin}e neurons in the IGL and PCL, respectively. In Group B 

mutants, granule neuron clusters were ectopically located m the ML with misaligned 

Purkinje neuron soma. Neighboring folia could be distinguished from each other. In 

group C mutants, neighboring folia could not be distinguished from each other. Data are 

representative of results obtained from at least 3 m1ce per group. Bar, 50 J.lm. 

IGL, internal granule layer; ML, molecular layer. 
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3.3. Neuronal Erbb3 is dispensable for cerebellar lamination. 

Next, we sought to understand whether the observed defects in granule neuron 

placement in the cerebellum were cell-autonomous or non cell-autonomous. In 

the developing cerebellum, proliferation and migration of granule cell precursors 

is dependent of two cell intrinsic factors - (a) the ability of granule cell precursors 

to adhere extracellular matrix proteins in the basement membrane and (b) the 

ability of granule neurons to extend neurites (Sotelo C, 2004; Komuro and 

Yacubova, 2003). In fact, mutation of genes that regulate granule cell adhesion 

(Ko1rala et al , 2009), or neurite outgrowth (Engelkamp et al. , 1999; Peng Y J et 

al. , 201 0) result in mis-location of granule neurons and laminar defects of the 

cerebellum. 

Therefore, we isolated granule cells from control and mutant animals to 

evaluate these properties in-vitro. Neurite extension was apparently normal in 

granule neurons from GFAP::Cre;Erbb:f!F mice, compared to those from controls 

(Figures 16A,B). These results suggest that misplacement of granule neurons in 

GFAP::Cre;Erbb:f!F mice may not be due to inability of granule neurons to 

extend neurites. Next, we performed an adhesion assay to evaluate the ability of 

granule cell precursors to bind laminin, a major component of the extracellular 

matrix The attachment of GFAP::Cre;Erbb:f!F granule cell precursors to lam in in

coated coverslips was similar to that of control granule cell precursors, indicating 

that the ability of mutant granule cells to adhere lamimn was not impaired. These 

results suggest that granule neuron misplacement in GFAP::Cre;Erbb:f!F mice 

may not be due to impaired adhesion of granule cell precursors or neurite 
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extension in granule neurons. 



65 

B 
ErbbJFIF 

e 500 • GFAP·.Cre;Erbb:YIF 

::1. 400 -£ 
Ol 300 c 
~ 

2 200 
·c 
:) 100 Q) 

z 

c D 
Erbb:JFIF 

60 • GFAP::Cre;ErbbJFIF 
"0 
Qi 
1;::: -.!!1 

~ 
+ .... 
.s:; 
~ 
~ 

Figure 16. Loss of ERBB3 does not affect neurite outgrowth or adhesion of 

granule cell precursors to the extracellular matrix. 

A. Similar neurite outgrowth in cerebellar ex plants between control and Erbb3 mutant 

mice. Cerebellar explants from PO pups (4 pups per group) and cultured in vitro for 2 

days Shown are images of Tuj1-staining. 

B. Quantification of neurite length in A. P = 0. 07; n = 26 and 25 ex plants for controls and 

mutants, respectively, two tailed t-test with Welch 's correction. Bar, 100 pm. 

C. Similar number of control and Erbb3 mutant Math1 + cells adhered to laminin. Granule 

cells from PO (4 pups per group) were isolated by Perco/1-gradtent centrifugation and 

plated m dishes coated with laminin for 90 minutes Shown are tmages of Math 1-

stammg Bar, 100 pm. 

0 Quantification of Math 1 + cell number m A. P = 0 17, n = 15 fields for controls and 

mutants, two tatled t-test. Bar, 100 pm. 
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To further test this hypothesis, we selectively ablated Erbb3 in granule cell 

precursors that give rise to granule neurons. Math1 is a transcription factor that is 

expressed in progenitors in the rhombic lip that give rise to cerebellar granule 

neurons as well as neurons in nuclei of the hindbrain and midbrain (Ben-Arie et 

al., 1997). ErbbYIF mice were crossed with Math1::CreERT2 mice; pregnant 

dams were injected with tamoxifen at E15, a time when the Cre is induced only in 

granule cell precursors (Machold and Fishell, 2005). However, Erbb3 deletion by 

Math1::CreERT2 (Figure 17A) did not appear to alter ERBB3 levels in the 

cerebellum (Figure 178), indicating that ERBB3 was not expressed in granule 

cell precursors or granule neurons. 
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B 

Figure 17. Mutation of the Erbb3 gene in granule neurons does not affect ERBB3 

expression in the cerebellum. 

A Floxed Erbb3 alleles were recombined in Math1 CreERT2, ErbbYIF mice. Pregnant 

dams carrying control and Math1::CreERT2, Erbb:f'" embryos were mjected with 

tamoxifen (tp) to induce Cre expresston. Genomtc DNA was isolated from the cerebella 

ofwtld-type, Math1 ·. CreERT2;ErbbYIF, GFAP Cre,Erbb3 FiF mtce and their respective 

controls at P30 and subjected to PCR usmg primers that ampltfied the wild-type Erbb3 

gene (280bp), and recombined (650 bp) and recombined floxed Erbb3 (500 bp) genes. 

Resulting products were resolved by agarose gel electrophoresis. Data are 

representative of results from 3 controls and 3 mutants. 

B Similar ERBB31evels in cerebellar lysates of control and Math1 ::CreERr2;Erbb:f1F 

mtce Expression of Cre was induced as m A P30 mice were sacrificed and cerebella 

were tsolated for western blot. Data are representattve of results from 4 controls and 4 

Math 1 CreERT2, Erbb:f1F mtce. 
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In agreement, cerebellar morphology in Math1::CreERT2;ErbbYIF mutants 

showed no difference from that of control mice, after tamoxifen injection (Figure 

18A). Unlike GFAP::Cre;ErbbYIF mutants, ectopic clusters of NeuN+ granule 

neurons were not observed in the ML of Math1::CreERT2;ErbbYIF mice. Instead, 

NeuN+ granule neurons were localized in the IGL, as observed in control mice. In 

addition, staining with GFAP, an intermediate filament protein, showed no 

difference between tamoxifen-injected control and Math1 ::CreERn;ErbbY1F 

mutants (Figure 188), suggesting that the Erbb3 gene in granule cell precursors 

or granule neurons was not required for Bergmann glial development or 

maintenance. Together, these observations indicate that deletion of the Erbb3 

gene 1n granule cell precursors or granule neurons had no effect on cerebellar 

cortical lamination. 
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Figure 18. Normal cerebellar lamination in granule neuron-specific Erbb3 mutant 

mice. 

A and B Normal cerebellar lamination in Math1 .:CreERT2, ErbbTIF mice. Pregnant dams 

carrying control and Math1 ::CreERr2,ErbbTIF embryos were injected with tamoxifen (ip) 

to induce Cre expression. Sections were stained with ant1-NeuN (A) and ant1-GFAP (B) 

antibodies to visualize granule neurons and Bergmann glia, respectively. Bar, 200 J.lm 

IGL, internal granule layer; ML, molecular layer. Data are representative of results 

obtained from 8 mice per group 
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3.4. Glial scaffolding abnormalities in Erbb3 mutant mice 

The above results suggest that the phenotypes in Erbb3 mutants may be due to 

lack of Erbb3 in glial cells in the cerebellum. Cerebellar glial cells including 

Bergmann glia are derived from glial precursors in the ventricular zone of the 

fourth ventricle and express GFAP (Bignami and Dahl, 1973; Yamada and 

Watanabe, 2002). We determined if ERBB3 was expressed in astroglial cells of 

the cerebellum. Astrogllal cells were isolated from the cerebellum by 

discontinuous Percoll gradient centrifugation, cultured and subjected to 

immunostaining with anti-ERBB3 and GFAP antibodies. As shown in Figure 19A, 

the purified cells were positive for GFAP, an astroglial marker, and thus were 

astroglial cells ERBB3 was detected in all GFAP+ astroglial cells (Figure 19A) 

including Bergmann glia. Interestingly, ERBB3 was undetectable in Tuj1+ granule 

neurons, in keeping with our observation that loss of Erbb3 in granule neurons 

did not affect cerebellar lamination (Figure 19B). Remarkably, ERBB3 

immunostaining was absent in astrocytes purified from the cerebella of 

GFAP::Cre;ErbbYJF mice. These results indicate that ERBB3 1s expressed in 

cerebellar astrocytes (Figure 19) Occasionally, a small number of cells were 

found to express ERBB3, but not GFAP (Figure 19A, arrowhead). Most likely 

they were fibroblasts because their expression of ERBB3 was not altered by 

Erbb3 mutation. 
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Figure 19. ERBB3 expression in GFAP+ cerebellar astrog/ial cells 

A and B Cerebellar astrocytes and neurons were cultured from control and 

GFAP ·Cre,Erbb:fiF mice and at DIV4 (glia) or DIV7 (granule neurons), subjected to 

immunostaining with anti-ERBB3 antibody ERBB3 was detected in control astrocytes 

but not control neurons, mutant neurons or mutant astrocytes Solid white arrowheads in 

A indicate cells that express ERBB3 but not GFAP, which were most likely fibroblasts. 

Bar, 50 J.im. 
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During cerebellar development, unipolar Bergmann glial cells extend 

processes to the pial surface. These processes serve as a scaffold for granule 

neurons migrating from the EGL to the IGL (Rakic, 1971). Genetic ablation of 

cerebellar Bergmann glial cells at P1 leads to smaller cerebellum, mispositioning 

of granule neurons and Purkinje cell bodies, and severe ataxia (Delaney et al. , 

1996; Cui et al. , 2001 ). Because Erbb3 mutants exhibited similar phenotypes and 

because ERBB3 is expressed in cerebellar astroglial cells, we characterized 

Bergmann glial morphology in Erbb3 mutants. To visualize the Bergmann glial 

scaffold, we immunostained coronal sections with anti-GFAP that highlights the 

astrocytic cytoskeleton. In cerebella of P9 control mice, GFAP+ astrocytes were 

present in the white matter (Figure 20A). Bergmann glia, located in the PCL, 

extended parallel processes to the pial surface, forming glial scaffolds. Their 

endfeet were in close apposition to the pial surface, forming glia limitans (Figure 

20A, arrowhead). In contrast, in Erbb3 mutants, there was a significant reduction 

in GFAP staining in the white matter (Figure 20A). Remarkably, the glial scaffolds 

were severely disorganized and failed to form glia limitans at P9. Similar deficits 

were observed in P90 mutant mice (Figure 20C). 
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A crbbJFIF (P9) GFAP.:Cre;Erbb:JFIF (P9) 8 crbb:JFIF (P9) GFAP:. Cre;Erbb:JFIF (P9) 

Figure 20. Disruption of the Bergmann glial scaffold in Erbb3 mutant cerebella. 

A-C. P9 (A) and P90 (C) coronal sections were stamed with anti-GFAP antibody to label 

cerebellar astrocytes including Bergmann glial scaffolds In controls, endfeet of BG cells 

were in close apposition to meningeal cell membrane and formed a continuous glia 

lim/tans (arrowheads). In mutants, the well-defined Bergmann glial scaffold was absent 

and the gl1a flmitans discontinuous. Pictographs (B) illustrate Bergmann glia and 

cerebellar morphology in A. Bar, 100 JJm Data are representative of results obtained 

from 5 mice per group. 

EGL, external granule layer; IGL, internal granule layer; PCL, Purkinje eel/layer; WM, 

white matter 
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The disorganized glial scaffolds may be caused by the inability of Erbb3 

mutant Bergmann glia to form a scaffold. Alternatively, it could be due to reduced 

number of Bergmann glial cells. To determine if Erbb3 mutant cerebellar 

astroglial cells were able to form radial ghal scaffold, we analyzed their 

morphology in culture by performing BLBP (Brain Lipid Binding Protein) 

immunostaining. BLBP is expressed in most cerebellar astrocytes including 

Bergmann glial cells (Feng et al., 1994). Under normal conditions, the 

percentage of control and mutant cells that displayed a radial glial morphology 

(Figure 21A, yellow arrowhead) was similar (Figure 21 ). A previous study has 

shown that NRG1 can induce radial glial morphology 1n cultured cerebellar 

astrocytes (Rio et al., 1997). In control cells, NRG1 treatment induced radial glial 

morphology in a dose-dependent manner. Th1s effect of NRG1 was not abolished 

in Erbb3 mutant cerebellar astroglial cells (Figures 21A and B). Together, these 

results suggest that ERBB3 is dispensable for scaffold formation by cerebellar 

astroglial cells. 
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Figure 21. Normal induction of radial glial morphology in Erbb3 mutant mice. 

A Cerebellar astrocytes were cultured from control and mutant pups (5-6 pups per 

group) and subjected to NRG1 treatment (OIV1, 4, and 7). At OIV8, cells were 

immunostained with anti-BLBP antibody to reveal morphology of astrocytes. Solid, blue 

arrowheads indicate BLBP+ cells with fibroblast-like morphology. Solid, yellow 

arrowheads indicate BLBP+ cells with radial glial morphology. Yellow arrows indicate 

radial glial fibers; Bottom, quantification of data Bar, 50 pm 

B The percentage of BLBP+ cells with radial glial morphology in A was counted. Data 

were analyzed by two way ANOVA (Genotype F(1,84) = 0 05, P = 0.83; NRG1 treatment 

F(2,84) = 16.88, P < 0.0001; Genotype x time mteractton F(2,84) = 0.24, P = 0. 78; n = 

15 images per group). 
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3.5. Reduction in BG cells in Erbb3 mutant cerebellum 

To understand how loss of ERBB3 led to scaffolding defects, we characterized 

Bergmann glial defects in mutant mice at different stages of Bergmann glial 

development. Bergmann glia are generated from the neural stem cells in the 

ventricular zone of the fourth ventricle. Around E15, there is an acceleration in 

Bergmann glial migration from the ventricular zone of the fourth ventricle where 

they are generated to final destination in the PCL (Yamada and Watanabe, 

2002). Once Bergmann glia reach the PCL, they proliferate in the growing PCL. 

This proliferative activity of Bergmann during the perinatal period is important for 

cerebellar development (Delaney et al. , 1996). 

In order to determine if Erbb3 mutation affected the proliferation of neural 

stem cells, we isolated neural stem cells from the cerebella and assayed their 

ability to form neurospheres in vitro. The number and size of neurospheres 

cultured from control and mutant cerebella were similar, suggesting that 

proliferation of neural stem cells (NSC) in the cerebellum was not altered by 

Erbb3 mutation (Figure 22B). Moreover, mutant NSCs were not impaired in their 

ability to differentiate into GFAP+ cells (Figure 22C). In agreement, BLBP 

immunostaining did not reveal any differences in the number of BLBP+ cells in 

the PCL between control and mutants at E18 5, suggesting that generation and 

migration of Bergmann glia was not altered 1n mutants (Figure 22A). 
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Figure 22. Erbb3 mutation does not affect NSC proliferation. 

A Normal BLBP staining in PCL at E 18. 5. Coronal cerebellar sect10ns of control and 

mutant embryos were immunostained with anti-BLBP anttbody to visualize Bergmann 

gltal cells Bar. 100 pm. Data are representattve of results obtamed from 3 embryos per 

group. 

B. Normal generation of neurospheres in Erbb3 mutant mtce. Neural stem cells were 

isolated from control and mutant cerebella (4 controls and 4 mutants) and assayed for 

thetr ability to form neurospheres. Shown are Nestin+ neurospheres. The number and 

size of neurospheres were quantified. Data were analyzed by student's t-test 

(neurosphere number, P = 0.28, n = 22 images for controls and 21 images for mutants; 

neurosphere dtameter, P=O. 87, 146 and 142 neurospheres for controls and mutants, 

respecttvely) 

C Normal dtfferentiation of Erbb3 mutant neural stem cells mto astrocytes and neurons. 

Neural stem cells were isolated from control and mutant cerebella (n = 4 controls and 4 

mutants) and differentiated into neurons or astrocytes Data were analyzed by student's 

t-test (Tuj1 + cell number, P = 0. 57, n = 10 tmages per group, GFAP+ cell number, P = 

0 69, n = 10 tmages per group). 
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In P9 cerebellar slices of control mice, the soma of Bergmann glia were 

present in the PCL layer. They appeared to extend processes towards the pial 

membrane (Figure 23A). However in P9 Erbb3 mutants, Bergmann glial soma 

were conspicuously absent in the PCL, and there were no well-defined glial 

scaffolds. Similar results were obtained by immunostaining for S100p, a 

cytoplasmic protein which is expressed in cerebellar glial cells including 

cerebellar astrocytes and Bergmann glia (Figure 23B). These results indicate that 

the number of Bergmann glial cells was reduced in Erbb3 mutant cerebella. 
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Figure 23. Reduction in Bergmann glial number in Erbb3 mutant cerebella. 

A ReductiOn in BLBP+ cell number in PCL m Erbb3 mutant mtce. Coronal cerebellar 

sections from control and mutant mice (P9) were tmmunostained with anti-BLBP 

antibody. PCL is outlined by dashed white lines. White arrowhead indicates glia fimitans. 

Bar, 100 J.lm. Data are representative of results obtained from 4 mice per group. 

B. Reduction in S100f3+ cells in P9 Erbb3 mutant mice. Coronal cerebellar sections were 

stained with S100f3 antibody to visualize Bergmann glial soma in the PCL. The PCL is 

outlmed by dashed white lmes. The nght column shows tmages at high magnification. 

Bar. 100 J,Jm Data are representattve of results obtamed from 4 mice per group. 

PCL. Purkm}e eel/layer. 
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To test this hypothesis further, we isolated cerebellar astroglial cells from 

control and mutant cerebella and analyzed their ability to expand in culture 

(Figure 24A,B). In controls, we observed a ten-fold increase in the number of 

BLBP positive cells from DIV 1 (days in vitro) (13.5 ± 1.1 cells per field) to DIV 12 

(115.1 ± 5.6 cells per field) (Figure 24A,B). However, the number of mutant 

cerebellar astroglial cells was only 50% of control (mutant BLBP positive cells 

being 13.8 ± 1.2 and 60.3 ± 2.8 cells per field at DIV 1 and 12, respectively). 

Together, these data suggest that Erbb3 ablation impairs the expansion of 

cerebellar glial cells. 
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Figure 24. Erbb3 mutant astrog/ia/ cells fail to expand in vitro. 
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Reduction in astroglial cell number in vitro. Cerebellar astroglial cells were cultured from 

control and mutant pups (5-6 pups per group) and subjected to BLBP immunostaining at 

indicated t1mes BLBP+ cells were quantified Data were analyzed by two way ANOVA 

(Two way ANOVA. Genotype F(1 , 112) = 90.9, P < 0 0001, t1me F(3, 112) = 134.5, P < 

0 0001, Genotype x time interaction F(3, 112) = 21 3, P < 0 0001, n = 15 images per time 

pomt) 
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3.6. Reduction in Bergmann glial number is due to reduced proliferation. 

Reduction in astroglial number could either be due to increased apoptosis or 

reduced proliferation of astroglial cells. To determine whether Erbb3 ablation 

alters the apoptosis of cerebellar astroglial cells, we cultured cerebellar astroglial 

cells from control and mutant cerebella and performed TUNEL and GFAP 

staining to visualize apoptotic astroglial cells. As shown in Figure 25A, TUNEL

Iabeled, GFAP+ cells were similar between control and mutant mice, suggesting 

little effect of Erbb3 ablation on apoptosis of cerebellar astroglial cells. We next 

determined whether ERBB3 is necessary for astroglial proliferation. Cerebellar 

astroglial cells were subjected to staining with antibody against GFAP and Ki67, 

a proliferation marker (Figure 258). Compared to control, fewer GFAP+ mutant 

astroglial cells expressed Ki67 (Figure 25B,C), indicating that the proliferation of 

cerebellar astroglial cells requires ERBB3. Together, these data suggest that 

reduced number of mutant Erbb3 cerebellar astroglial cells results from impaired 

proliferation, but not increased cell death. 
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Figure 25. ERBB3 is required for astroglial proliferation, but not survival. 

A. Similar TUNEL labeled cells in astroglial cultue. Cerebellar astroglial cells were 

cultured from control and Erbb3 mutant cerebella (5-6 pups per group) and subjected to 

TUNEL and GFAP staining at DIV3 to reveal apoptotic astrogllal cells. 

8 and C Reduced proliferation of Erbb3 mutant astrogltal cells Cerebellar astroglial 

cells were cultured from control and mutant pups (4-6 pups per group) and subjected to 

GFAP, K16? immunostainmg at DIV5 Percentage of GFAP+ cells that expressed Ki67 

was quantified and data were analyzed by student 's t-test (P < 0 001, n = 13 images for 

controls, and 15 tmages for mutants) 
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In agreement, the number of TUNEL-Iabeled cells in the PCL was similar 

between control and Erbb3 mutant mice (Figure 26A,B), in keeping with the 

notion that fewer Bergmann glial cells in mutants was not due to compromised 

Bergmann glial survival. To determine if Bergmann glial proliferation was reduced 

in vivo in Erbb3 mutant mice, we determined the number of proliferating, Ki67+ 

glial cells in the PCL at different ages. In the PCL, Bergmann glial cells are 

mitotic and thus Ki67+, whereas Purkinje neurons are post-mitotic and should not 

be labeled by Ki67. As shown in Figure 26C,D the number of Ki67+ Bergmann 

glial cells in the PCL was significantly reduced in the mutants as early as E18.5 

(27.7 ± 4.6% of controls). These Ki67+ cells in the PCL also expressed nestin, an 

intermediate filament protein expressed in cerebellar astroglial cells including BG 

(Figure 27). At P0.5, proliferating BG cells were further reduced in the mutants 

(49.2 ± 2.8% of controls) (Figure 26C,D). Together these results support a model 

where cerebellar Bergmann glia require ERBB3 for proliferation, and that the 

absence of ERBB3 leads to cell autonomous impairments in proliferation that in 

turn result in cerebellar lamination defects. 
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Figure 26. The number of proliferative cells is reduced in the PCL of Erbb3 mutant 

cerebella. 

A and B Similar TUNEL labeled cells in PCL Fresh frozen cerebellar sections (E18.5) 

were subjected to TUNEL staining to reveal apoptotic cells The PCL is outlined by 

dashed white lines. Bar, 100 JJm. TUNEL + cells in the PCL were quantified and data 

were analyzed by student's t-test (P = 0.32, n = 80 folia from 4 controls, and 56 folia 

from 3 mutants, two tailed t-test). 

C. Decreased proliferation of BG cells in Erbb3 mutant mice. Coronal cerebellar sections 

at E18.5, P0.5 and P4 were subjected to anti-Ki67 immunostaining to reveal proliferating 

cells in the PCL (outlined by dashed white lines) The nght column shows images at high 

magmficatton for each genotype. Bar, 100 JJm 

D. Kt67+ cells m PCL in A were quantified Data were analyzed by student t-test with 

Welch 's correction (E18.5, P < 0.01, n = 30 tmages from 3 animals per genotype, two 

ta1led t-test with Welch 's correction, P0.5, P < 0 0001 , n = 48 images from 3 controls, n = 

50 images from 3 mutants; P4, P < 0.0001, n = 10 1mages from 3 controls, n = 7 images 

from 3 mutants, two tailed t-test). 

EGL, external granule layer,· PCL, Purkinje eel/layer. 
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Figure 27. Reduced proliferation of Bergmann glia in Erbb3 mutants. 

Coronal cerebellar sections from E18.5 control and mutant embryos were subjected to 

anti-Nestin and anti-Ki67 immunostaining. Ki67 and Nestin-double positive cells were 

reduced m the PCL (area between dashed white lines) of Erbb3 mutants. Bar, 100 J.lm. 

EGL, external granule layer; PCL, Purkinje eel/layer Data are representative of results 

obtamed from 3 embryos per group. 



4. DISCUSSION 

Our study provides genetic evidence for the role of a member of the EGFR family 

of receptor tyrosine kinases, ERBB3, in lamination of the cerebellum. First, 

cerebellar lamination was aberrant in GFAP::Cre;Erbb3FIF mice that lack Erbb3 in 

both neurons and glia of the cerebellum. In these mutants, the two major types of 

neurons in the cerebellum, granule neurons and Purkinje neurons were 

misplaced (Figures 12-14). Granule neurons failed to migrate into the inner 

granule layer, and consequently, ectopic clusters of granule neurons were 

deposited between adjacent folia in the molecular layer The boundary between 

the EGL and the ML was indiscernible, and concomitantly, the soma of Purkinje 

neurons were misaligned. 

Second, Erbb3 is not cell autonomously required in neurons for their 

development or migration (Figure 5). In hGFAP::Cre mice, Cre is not expressed 

in Purkinje neurons, and yet these neurons failed to laminate normally. In 

addition, granule neurons migrated normally in granule neuron-specific Erbb3 

knockout mice (Math1 ::CreERr2;ErbbYIF) (Figure 4). 

Third, ERBB3 is cell autonomously required for proliferation of Bergmann 

glial cells. Cultured cerebellar astroglial cells including Bergmann glial cells 

expressed ERBB3 and proliferated normally. In contrast, proliferation of mutant 

cerebellar astroglial cells was significantly reduced . In hGFAP::Cre;ErbbYIF mice, 

the number of proliferating Bergmann glial cells in the PCL was significantly less 

compared to controls. Consequently in these mutants, the Bergmann glial 

89 
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scaffold upon which granule neurons migrate was deficient, resulting in aberrant 

cerebellar lamination. 

Together these results support a model where cerebellar Bergmann glia 

require ERBB3 for proliferation, and that the absence of ERBB3 leads to cell 

autonomous impairments in proliferation that in turn result in cerebellar 

lamination defects (Figure 28). 
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Figure 28. ERBB3-mediated proliferation of Bergmann g/ia is required for 

cerebellar lamination. 

In controls (top) and mutants (bottom), Bergmann glta (red) are generated at the 

ventricular zone of the fourth ventricle. Around 15. 5, Bergmann glia migrate to their final 

destination in the PCL. While control Bergmann glia proliferate (blue circles) in the PCL 

to increase their number, ERBB3 mutant Bergmann glia (bottom) fail to proliferate, 

thereby resultmg in reduced Bergmann glial number Inadequate Bergmann glial 

scaffolding results m impaired mtgrattOn of granule neurons (not shown). 
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4.1. Penetrance and expressivity of Erbb3 mutation 

Genome wide association studies and linkage studies in humans, and genetic 

manipulations in vertebrates and non-vertebrates have significantly contributed to 

our understanding of the genetic mechanisms underlying biological processes in 

health and sickness. However, two key attributes of gene expression, penetrance 

and expressivity, tend to confound the interpretation of phenotypic data obtained 

from genetic studies. Penetrance refers to the percentage of individuals with a 

particular genotype that express a certain phenotype. Expressivity, on the other 

hand, refers to the degree of severity of a phenotype. As shown in Figures 9 and 

15, in our analysis of GFAP::Cre;Erbb:f!F mutant, we observed incomplete 

penetrance and variable expressivity of the Erbb3 mutation . While -10% of 

GFAP::Cre;Erbb:f!F mice (group A) did not display any deficts in brain size, 

lamination, and gait, -15% of mutants displayed a significant reduction in brain 

size, severe defect in cerebellar lamination and ataxic gait. Mice that were ataxic 

tended to show a higher degree of severity of the cerebellar lamination 

phenotype (Figure 15). 

Incomplete penetrance and variable expressivity could be due to the 

following reasons. 

(a) Varying levels of protein expression· It is likely that levels of ERBB3 

expression could be different among the three groups (groups A, B and C) of 

GFAP::Cre;Erbb:f!F mice. However, while ERBB3 protein level appeared to 

persist in brain lysates from a group A mutant (n=1) (Figure 29), ERBB3 was 
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significantly reduced in the brains of group B mice (Figures 7 and 29). This 

suggests that incomplete penetrance in group A mutants maybe due to 

persistence of ERBB3 expression which in turn maybe caused by incomplete 

ere-mediated recombination of floxed Erbb3 allele. On the other hand, since 

ERBB3 was not detectable in brain lysates from Group B mice, protein 

expression may not be a contributing factor to the variable expressivity observed 

between groups B and C. Alternatively, it is possible that albeit less, group B 

mice may express more ERBB3 protein compared to group C, which however, 

could be beyond the range of detect1on of the anti-ERBB3 antibody. 

(b) Genetic background: Previous studies have suggested that the genetic 

background may have a significant effect on the penetrance and expressivity of a 

genetic mutation (Ilona, 2008). For example, mutation of the engrailed1 (En1) 

gene in 129/Sv mice, but not C57BU6J mice results m the absence of a 

cerebellum and caudal midbram structures (Bilovocky et al. , 2003). Similarly, the 

lifespan of EGFR mutants is dependent on their genetic background. For 

example, EGFR mutants die at different stages of development (perimplantation, 

CF-1 ; E 11 .5, 129/Sv; PO, C57BU6; P20, CD-1) depending on their genetic 

backgrounds (Sibilia et al. , 1998; Sibilia and Wagner, 1995). On the contrary, 

mutations of certain genes could lead to different phenotypes even when all 

mutants are on the same background . For example, deletion of Co/1a1 , the gene 

that encodes the pro alpha 1 (I) cham of type I procollagen, resulted 1n 

osteogenesis imperfecta in only 73% of the mutants, out of which 70% percent 

mice display a mild phenotype and 30% display a severe phenotype, although 



the mice were maintained on the same background (Pereira et al. , 1994). 

Moreover, incomplete penetrance of the Erbb3 null phenotype has been 

observed even in Erbb3 null homozygotes irrespective of the genetic 

backgrounds. While 80% of the Erbb3 null embryos die at E13.5, some survive 

till PO (C57BL/6/ SV129 hybrid background and SV129), irrespective of their 

genetic backgrounds (Riethmacher et al. , 1997). 

In this study, since GFAP::Cre;Erbb3FIF mice were maintained on a mixed 

background (SV129/C57BL and FVB/J), incomplete penetrance and variable 

expressivity maybe due to differences in genetic background. 
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Figure 29. Persistence of ERBB3 expression in group A GFAP: :Cre;Erbb~IF mice. 

P90 mice were sacrificed and brains were tsolated for western blot and blotted with 

mdtcated antibodies. ERBB3 level was reduced to a lesser extent in group A mutants 

compared to that of group B mutants. 
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4.2. Cerebellar cortical dysplasia 

The phenotypic abnormalities in Erbb3 mutant mice are similar to those observed 

in patients with cerebellar cortical dysplasia. Cerebellar cortical dysplasia is a 

type of neuron migration disorder, a class of disorders defined by abnormal 

migration of neurons in the brain (Poretti et al., 2009; Soto-Ares et al. , 2000) 

Affected patients frequently present with ataxia, speech impairments, and delays 

in motor and cognitive development (Soto-Ares et al. , 2000). Morphologically, 

cerebellar cortical dysplasia in characterized by granule neuron heterotopia 

(Rorke et al. , 1968), abnormal position1ng of Purkinje neurons, absence of 

Bergmann glial fibres, and disorientation of Purkinje neuron fibres (Laure

Kamionowska and Maslinska, 2007). 

Human genetic association studies to identify gene mutations underlying 

cerebellar dysplasia are lacking , and thus the genetic causes underlying 

cerebellar cortical dysplasia in humans are not completely known (Soto-Ares et 

al. , 2000). In the absence of that, genetic knockout studies in mice have 

contributed to our understanding of vanous molecules important for various steps 

of cerebellar lamination and identified gene mutations that give rise to cerebellar 

malformations and -for example, GPR56 and beta 1 integrin regulate GCP 

adhesion to the ECM (Biaess et al. , 2004)(Biaess et al. , 2004; Koirala et al. , 

2009), Cyclin 02 regulates granule cell proliferation (Huard et al. , 1999), SHP2 

and FGFR1 control the generation and scaffold-formation, respectively, of 

Bergmann glia (L1 et al. , 2014; Lin et al , 2009) and Maxer controls the 

proliferation of Bergmann glia (Shiwaku et al. , 2010). In this study, we have 



identified a novel candidate, ERBB3, which can be tested for mutations in 

patients with cerebellar dysplasia. 

4.3. NRG-ERBB signaling in cerebellar lamination 
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Our work provides evidence for the cell autonomous role of Erbb3 in Bergmann 

glial proliferation and cerebellar lamination. It remains to be determined what the 

upstream activator of ERBB3 might be. ERBB3 can be activated by three 

ligands- all of which belong to the Neuregulin family of growth factors- NRG1 , 

NRG2, and NRG6 (Mei and Nave, 2014). Unlike Erbb3 null mice, Nrg2 and Nrg6 

null mice are viable, do not display cardiac or myelination defects, and have 

normal cerebellar lamination (Britto et al. , 2004, Juttner et al., 2005). Intriguingly, 

both NRG2 and NRG6 are enriched in the cerebellum (Aono et al. , 2000; 

Busfield et al. , 1997; Carraway et al. , 1997; Juttner et al. , 2005; Kinugasa et al., 

2004), and so, they might have functionally redundant roles in cerebellar 

lamination. 

On the other hand, Erbb3 and Nrg1 null mice share similar phenotypes

deletion of either gene, Erbb3 or Nrg1 in mice results in cardiac defects, motor 

neuron death, and myelination defects 1n the penpheral nervous system 

(Enckson et al. , 1997; Riethmacher et al. , 1997, Yang et al. , 2001). However, the 

role of NRG1 in CNS lamination is not completely understood. Owing to 

embryonic lethality of Nrg1 null mice, most of our understanding of NRG1-ERBB 

signaling in CNS development initially came from in-vitro and explant studies that 

showed that NRG1 signaling through its receptors, ERBB2 and ERBB4 is 
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important for glia-guided neuronal migration in the cortex and cerebellum (Anton 

et al. , 1997; Rio et al. , 1997). However, later, in contrast, analysis of conditional 

double knockout mice lacking both ERBB2 and ERBB4 in the CNS revealed 

absence of morphological abnormalities, thereby providing evidence for 

dispensability of NRG-ERBBs in CNS lamination (Barros et al. , 2009). Since 

ERBB2 and ERBB4 were thought to be the only receptors of NRG1 with 

functional kinase activity, inactivation of ERBB2 and ERBB4 was deemed 

sufficient to disrupt NRG1 signaling in the brain. Therefore, the same evidence 

also suggested that NRG1-ERBB signaling is dispensable for cortical and 

cerebellar lamination. However, in light of a recent report that the third receptor of 

NRG1 , ERBB3, does have a functionally active kinase domam (Shi et al. , 2010), 

in contrast to what was previously thought, the role of NRG1 in CNS 

development needs to be tested directly by ablating Nrg1 in neural progenitors. 

Direct genetic evidence for the role of NRG1 in cerebellar lamination is still 

lacking. Interestingly, unpulished data from our lab showed that knockout of the 

Nrg1 gene by GFAP::Cre had no effect on cerebellar lamination, suggesting that 

NRG1 might be dispensable for the process. 

However, as mentioned earlier, the existence of multiple ligands might 

contribute to functional redundancy. This adds a layer of complexity in 

deltneatmg the role of NRG family members by conventional conditional knockout 

approach of a single ligand, because lack of phenotype in these mice, if any, 

might be due to funct1onal redundancy and not due to the absence of a biological 

function under normal conditions. On the other hand, tissue-specific over-



expression of single or multiple ligands, or simultaneous knockout of multiple 

ligands might be more sensitive in unraveling the contribution of NRG1-ERBB 

signaling pathway in CNS development and lamination 

4.4. ERBB3 signaling in cell proliferation 
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During development, ERBB3 is required for the proliferation of Schwann cells 

precursors, the most predominant glial cells of the PNS. Loss of Erbb3 in 

Schwann cell precursors results in reduced proliferation of Schwann cells both in 

vivo and in vitro (Levi et al. , 1995; Lyons et al. , 2005). Second, over-expression 

of ERBB3 has been reported in various malignancies including pancreatic 

cancer, ovarian cancer, breast cancer, lung cancer, intestinal cancer, and 

gliomas, including pilocytic astrocytoma, that occurs mostly in the cerebellum 

(Addo-Yobo et al. , 2006; Andersson et al., 2004; Bodey et al. , 2005; Buschmann 

et al. , 2003; Gershon et al. , 2005; Sithanandam and Anderson, 2008; Torp et al., 

2007; Wang et al. , 2013), and the mitogenic role of ERBB3 in these malignancies 

is well-established. However, due to its perceived lack of kinase activity, ERBB3 

had been long thought to require EGFR, ERBB2, or ERBB4 for its mitogenic 

activity in response to EGF or NRG1 stimulation. In the brain, ablation of Egfr 

alone (Sibilia et al. , 1998) or both Erbb2 and Erbb4 (Barros et al., 2009) does not 

affect cerebellar lamination while ablation of Erbb3 alone is enough to disrupt 

cerebellar lamination. This suggests that although EGFR, ERBB2 and ERBB4 

might partake in ERBB3-mediated proliferation of Bergmann glial cells under 

normal conditions, they are dispensable, and that ERBB3 is sufficient to promote 
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Bergmann glial proliferation. 

Alternatively, ERBB3 may be involved in a Signaling pathway that is 

independent of NRG ligands and ERBB receptors. As mentioned previously, 

many molecules have been shown to play a role in cerebellar lamination. Of 

particular interest here is the FGF (fibroblast growth factor) family of growth 

factors and receptors, for three reasons. First, members of the FGF-FGFR 

signaling pathway have been implicated in proliferation and survival of astrocytes 

and neural precursors as well as in tumors (Kang and Song, 201 0; Morrison and 

de Vellis, 1981 ). Second, conditional knockout of FGF9 or conditional double 

knockout of FGFR1 , a protein that has weak kinase activity, and FGFR2 results 

in cerebellar defects similar to that in Erbb3 mutants (lin et al. , 2009). Third, 

ERBB3 phosphorylation was not only increased in FGFR2-overexpressing 

cancer cells, but also required for FGFR2-mediated proliferation of these cells, 

suggesting that ERBB3 maybe downstream of FGF-FGFR signaling pathway 

(Kunii et al. , 2008) . Therefore, ERBB3 may act together with FGF signaling to 

regulate cerebellar lamination. 

Biochemical studies have shown that ERBB3 has 23 tyrosine residues in its 

intracellular domain which when phosphorylated could serve as docking sites for 

at least 39 proteins containing SH2 or PTB doma1ns. Of interest are five proteins 

- P13K, CRK, CRKL, ABL 1, and ABL2. each of which can bind phosphorylated 

tyrosine residues on the intracellular domain of ERBB3 and are critical for 

cerebellar lamination. 

The carboxy terminal domain of ERBB3 contains 6 PI3K binding motifs in 
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comparison with one in ERBB4 and none in EGFR and ERBB2 (Schulze et al. , 

2005). Therefore, activated ERBB3 homodimers could be a potent activator of 

the PI3K-AKT signaling pathway (Soltoff et al., 1994) that has previously been 

implicated in ERBB3-dependent proliferation and survival of various cancer cells 

(Cook et al., 2011 ; Smirnova et al. , 2012; Young et al., 2013). Moreover, deletion 

of Pten, a negative regulator of PI3K-AKT signaling results in cerebellar 

lamination deficits (Marino et al., 2002; Yue et al. , 2005), suggesting that normal 

levels of PI3K-AKT activity is important for cerebellar lamination. 

CRK and CRKL are adaptor proteins that can bind to pY1276 in the carboxy 

terminal domain of ERBB3 (Jones et al. , 2006). Both proteins have been shown 

to play important roles in various cellular processes including proliferation, 

adhesion, migration, and regulation of gene transcription (Birge et al. , 2009; 

Feller, 2001 ). Notable, deletion of Crk or Crk/ in the brain using a conditional 

knockout strategy results in impaired migration of granule neurons in the 

cerebellum (Feller, 2001 ). 

ABL 1 (Abelson murine leukemia viral oncogene homolog 1) and ABL2 are 

intracellular kinases that participate in various signaling pathways including cell 

proliferation, survival, adhesion, and migration (Greuber et al., 2013). The 

intracellular region of ERBB3 has 7 and 5 phosphotyrosine residues that can 

bind to ABL 1 and ABL2, respectively (Jones et al. , 2006). Interestingly, ABL2 is 

the only protein that can bind pY868 of ERBB3 (Jones et al., 2006). Conditional 

inactivation of the Ab/1 gene in the brain on an Ab/2 null background leads to 

severe defects in cerebellar lamination (Qiu et al., 2010). 
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In order to understand the underlying molecular mechanism, we performed 

biochemical analysis of P2 cerebellar lysates from control and mutant mice and 

probed for some of the direct (AKT and CRK) and indirect (ERK) downstream 

effectors of ERBB3. However. western blotting failed to reveal a difference in the 

levels of phosphorylated AKT, CRK. or ERK (Figure 30A,B), suggesting that 

ERBB3 may signal through other downstream effectors. 
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Figure 30. Loss of ERBB3 does not affect phosphorylation of AKT, CRK, or ERK. 

A and B. P2 pups were sacrificed and brains were isolated for western blot and blotted 

with indicated antibodies. Levels of phosphorylated AKT and ERK were similar between 

controls and mutants. Quantification of ratio of phosphorylated to total levels of AKT and 

ERK (pAKT/total AKT, P=0.84, n = 3 cerebella per group, pERK/total ERK, P=0.48, n = 3 

cerebella per group) 

C. Cerebellar Jysates from P2 pups were immunoprecipitated with anti-CRK antibody 

and blotted wtth anti-pCRK(Y221) . Levels of phosphorylated CRK were similar between 

controls and mutants. Each lane represents samples pooled from 3 pups. 



5. SUMMARY 

The cerebellar cortex is composed of three distinct layers- an outer molecular 

layer, a middle Purkinje cell layer, an inner granule layer. This laminar 

organization facilitates the establishment of a complex, yet well-organized neural 

circuitry. Bergmann glia play a central role in cerebellar lamination. They provide 

a scaffold for the directed migration of granule neurons from their germinal zones 

in the EGL to their final destinations in the IGL. Glial scaffolding abnormalities 

cause aberrant migration of granule neurons in the cerebellum, which in turn 

manifests in ataxia and motor defects. However, the cellular and molecular 

mechanisms underlying cerebellar lammation are not well-understood . 

Here, we studied the role of ERBB3, a receptor of neuregulin 1, in cerebellar 

lamination. In mice lacking Erbb3 in the brain (hGFAP:Cre;Erbb:f!F), Bergmann 

glia failed to proliferate normally resulting in inadequate scaffolding for migration 

of granule neurons from the EGL to IGL. Consequently, granule neurons were 

located ectopically in the ML. Mutants also showed severe motor impairments. 

lmmunostaining revealed that ERBB3 is expressed in cerebellar astrocytes, 

including Bergmann glia. Accordingly, deletion of Erbb3 in granule neurons 

(Math1 ::CreERn;Erbb:f~. did not affect Bergmann glia development. These 

observations identify a novel, cell autonomous role for ERBB3 in Bergmann glial 

proliferation during cerebellar lamination. 
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